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Cyclosporine is angiostatic *
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Abstract. The systemic effect of the immunosuppressive drug cyclosporine (CS) on formation of new blood vessels
was studied quantitatively in rats using the mesenteric-window assay. Angiogenesis was induced by i.p. injection of
saline. CS at a s.c. dose of 4 mg/kg/day, which is in the range used clinically, suppressed angiogenesis (inhibiting
branching or tortuosity more than spatial expansion), and appeared to be non-toxic. This is the first report on an
apparently selective angiostatic effect of CS. The finding is likely to have implications for the clinical use of CS, not
only in certain types of organ transplantation but possibly also in psoriasis and other angiogenesis-dependent

diseases.
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The cyclic undecapeptide cyclosporine (CS) molecule is
involved in a fairly wide spectrum of biological activities
including anti-parasitic effects, but it is mainly known for
its exceptional immunosuppressive properties and is
widely used in organ transplantation'. The immunosup-
pressive capability of CS is thought to be based on its
ability to inhibit the production of lymphokines (e.g.
interleukin 1 and 2) and to inhibit the responsiveness of
T lymphocytes to these lymphokines. Through mecha-
nisms which are as yet unclear, CS also induces a clinical
improvement in skin lesions and arthritis in patients with
psoriasis >~ °, Moreover, CS appears to exert an anti-tu-
mour effect with respect to the spontaneous occurrence
of tumours in rats, and certain clinical and experimental
epithelial cancers > ¢~ 8, although its suppression of cell-
mediated immunity should favour tumour growth rather
than tumour regression. Since angiogenesis, the develop-
ment of new blood vessels, is a characteristic of psoriatic
skin and arthritic lesions as well as prerequisite for solid
tumour growth, we studied the possible systemic anti-an-
giogenic effect of CS.

The mesenteric-window assay was used to quantify the
systemic effect of CS on de-novo microvascular forma-
tion in adult rats. Important aspects of the method are
that a) the test tissue, which is normally sparsely vascu-
larized, virtually lacks physiological angiogenesis®, like
most tissues that show clinically relevant angiogenesis,
b) the assay is truly quantitative, which is unique, and,
c) the assay is very well suited to the study of the systemic
effects of angiogenic and anti-angiogenic factors in a
mammalian system '°~*2, We found that CS at an appar-
ently atoxic dose of 4 mg/kg/day, which is in the dose
range used therapeutically in patients, significantly sup-
pressed angiogenesis.

Material and methods

Animals. Adult male Sprague-Dawley rats (Alab AB,
Sollentuna, Sweden) fed standard pellets and water ad
libitum were used. Two animals shared each cage. During
> 5 days prior to experimentation the animals were ac-
climatized to the standardized conditions in which they

were kept during the entire experimental period of 14 or
16 days '. The animals were weighed at least every other
day during the experimental period which included the
1.p. injection of either saline or the highly-selective mast-
cell secretagogue compound 48/80 (Sigma; see below);
48/80 was included since it interferes transiently with the
normal body-weight gain ** and thereby makes the test of
the effect of CS on body-weight gain more stringent (see
below). The mean body weights at day 0 were 192 and
224 g in the two experiments done. The controls gained
48 and 49 % in weight during the two experiments, com-
pared with their weight at day 0.

Cyclosporine. Cyclosporin A (CS), infusion concentrate
(Sandimmun®; Sandoz), a fungal, highly lipid-soluble
11-amino acid polypeptide with a molecular weight of
1202, was diluted with isotonic saline (0.9 %, w/v, NaCl;
B. Braun, Melsungen AG, Germany) and injected s.c.
once daily (at 07.00-07.30 h) from day 1 through days 13
or 15, i.e. up to the day before sacrifice. Doses of 4, § and
16 mg/kg/day (in about 0.7 ml) were injected s.c. into the
back. The s.c. route was chosen since it provides repro-
ducible and steady CS plasma levels with little variation
over a 24-h period in rats'*. CS is well distributed in
almost all tissues and metabolized in the liver to some 15
metabolites, some of which may have an immunosup-
pressive effect.

Angiogenesis assay. The mesenteric-window assay was
used to quantify the vasculature by two technically-inde-
pendent modes, both of which show a remarkably high
degree of sensitivity and reproducibility !°. From every
animal 4 windows were examined using each technique;
there was no significant difference in the mean size of the
windows used in the different experimental groups (data
not shown). a) The number of vessel profiles per unit tissue
length in 3-pm-thick, toluidine-blue-stained sections, ex-
amined microscopically at x 4001315 is a measure not
only of the degree of branching or tortuosity but also of
the spatial extension of the microvascular tree. The num-
ber is given per 25.6 mm. b) The relative vascularized area
was measured morphometrically in spreads of whole,
unsectioned windows !, after the vasculature had been
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visualized by enzyme histochemistry!”. This variable,
which represents the vascularized area in percent of the
whole window area, relates primarily to the spatial exten-
sion of the essentially two-dimensional vasculature.
Induction of angiogenesis. To induce mesenteric-window
angiogenesis, isotonic saline (0.9% NaCl; Braun) was
injected 1.p. twice daily for 4 1/2 days, starting on
day 0!3. This treatment, which does not significantly
activate the mast cells in the test tissue '8, causes signifi-
cant angiogenesis 1. The molecular mechanism of this
type of angiogenesis is not known, but saline possibly
exerts its angiogenic effect because of its low content of
endotoxins which, however, does not exceed the quantity
accepted by the European Pharmacopeia for human use,
as tested in rabbits.

Quantification of blood glucose. After 9 days of CS treat-
ment, blood was withdrawn from the tip of the tail and
analysed by a glucose oxidase peroxide method *°.
Quantification of histamine release as a marker of mast-
cell secretion. In the test tissue the mast cell is the major,
if not the only, repository of histamine. The histamine
base per protein (ng/pug) was measured 2 h after an i.p.
injection of compound 48/80 using a fluorometric
method %°.

Statistics. The non-parametric Mann-Whitney U rank
sum test for unpaired observations (two-tailed) was used.
The criterion for statistical significance was the probabil-
ity value p < 0.05.

Table 1. Body weight of the rats on day 14 after the start of the ip.
treatment of the selective mast-cell secretagogue compound 48/80 for
4'/2 days which per se suppresses normal body-weight gain moderately
and transiently 1*. The animals received a daily s.c. injection of cyclo-
sporine (CS) at different doses and of the saline vehicle for 14 consecutive
days. Bach group comprised 6 animals. At day 0 the animals weighed
191.8 4+ 1.3 g (mean + SEM.) and there was no significant difference
between the groups. The CS treatment significantly hampered the in-
crease in body weight in a dose-dependent manner.

Treatment Body weight

s.C. ip. g % change

days 0—13 days 0—4 mean + SEM

Saline 48/80 2834 +28 ©)

CS 4mg/kg 48/80 2764 + 4.0 -2

CS 8mg/kg 48/80 252.0 + 2.5 — 11 (p < 0.002)
CS 16 mg/kg 48/80 2203 £ 7.7 —22 (p <£0.001)

Table 2. Blood glucose concentration in rats treated daily with a s.c.
injection of cyclosporine (CS) at different doses for 9 days, as well as in
s.c. untreated controls. All animals received an i.p. injection of compound
48/80 for 4 1/2 days. The CS treatment caused a dose-dependent hyper-
glycaemia which was significant in statistical terms at 16 mg/kg.

Treatment Blood glucose

s.C. i-p. mmol/l % change

days 0—8 days 0—4 mean + SEM

Nil 48/80 4194+ 024(7) (0

CS 4 mg/kg 48/80 440 +010(7) +5

CS 8mg/kg 48/80 4.60 +£0.23(6) +10

CS 16 mg/kg 48/80 5.51 +0.24(6) + 32 (p<0.02)

Figures in parentheses indicate number of animals.
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Table 3. Histamine base concentration in mesenteric windows follow-
ing a s.c. injection of saline or cyclosporine (CS) in animals which re-
ceived or did not receive an i.p. injection of the mast-cell secretagogue
compound 48/80. There was no difference between the CS and the saline
treated animals.

Treatment Histamine per
protein, ng/pg
s.c. i.p. mean + SEM % change
Saline Nil 1.833 £ 0.036(9) -
Saline 48/80 0.770 £ 0.028(9) 58
CS 4 mg/kg 48/80 0.774 £ 0.038(8) 58

Figures in parentheses indicate number of animals.

Table 4. The effect of s.c. cyclosporine (CS) treatment at a dose of
4 mg/kg/day compared with that of saline on the saline-mediated angio-
genic response in the mesenteric windows. Each group comprised 32
windows. CS reduced the mean response by 64% in terms of the num-
ber of vessel profiles per unit tissue length and by 28 % in terms of the
relative vascularized area.

Treatment Number of vessels Relative

s.C. i.p. per mm vascularized area
days 0—-15 days 0-4 mean + SEM mean + SEM
Saline Saline 1.704 + 0.470 11.20 + 4.58

CS Saline 0.605 + 0.254 (p < 0.02) .8.02 +2.70 (n.s.)
Results

No animal died during the experimental period and no
hemorrhage, ulceration, or any other local tissue reaction
was observed at the site of the s.c. CS and saline injec-
tions. CS in combination with compound 48/80 reduced
the body-weight gain significantly in a dose-dependent
fashion (table 1). At a daily dose of 4 mg/kg it exerted no
statistically-significant effect, however.

CS increased the blood glucose concentration dose-de-
pendently. At a dose of 16 mg/kg/day, the mean increase
was 32%, which was significant in statistical terms
(table 2), whereas CS at a dose of 4 mg/kg/day increased
the glucose level insignificantly. CS at a dose of 4 mg/kg/
day did not influence 48/80-induced mast-cell secretion
either (table 3), thereby suggesting that the drug at this
dose was non-toxic.

At the apparently atoxic dose of 4 mg/kg/day, CS sup-
pressed saline-mediated-angiogenesis in terms of the
number of vessels per unit length (— 64% as a mean;
p < 0.02) and the relative vascularized area (— 28% as a
mean; not significant in statistical terms), as shown in
table 4. This pattern of effect suggests that CS hampered
microvascular branching or tortuosity to a greater extent
than it affected the microvascular spatial expansion (see
Material and methods).

Discussion

Although anti-angiogenic treatment may soon become a
clinical reality, useful in treatment of angiogenesis-de-
pendent diseases such as solid tumours, proliferative
retinopathy, arthritis and psoriasis 2!, it is sobering to
note that all the present candidates for clinical use as
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angiogenesis inhibitors appear to exhibit severe host tox-
icity 22. More recent studies suggest, however, that there
may be a few non-toxic anti-angiogenic agents, such as a
synthetic fumagillin analogue 2* and protamine for short
periods 24, Protamine may be immunogenic in humans,
however 22, It is in this perspective that one should see
the present finding that CS is an apparently atoxic angio-
static agent in normally-vascularized, adult mammalian
tissue. The fact that CS is an established drug certainly
increases the potential clinical significance of the present
finding.

Clearly, the issue of toxicity should be addressed in great
detail in studies of anti-angiogenesis since migrating,
proliferating, and differentiating endothelial cells, as well
as other cells, growth factors, enzymes and matrix com-
ponents participating in the angiogenic reaction, are
probably vulnerable to any toxic or adverse effects. As
there may be differences in the biological effect of the
native molecule to be tested and its metabolites formed in
vivo, studies of the systemic effect in vivo are also re-
quired in most cases to imitate the clinical situation. The
clinical use of CS as an immunosuppressant is limited by
side-effects such as nephrotoxicity, hepatotoxicity, hy-
pertension, hypertrichosis, gingival overgrowth and a de-
crease in testicular volume !- 25728 Although there are
a number of similarities between the absorption, distri-
bution and metabolism of CS in humans and in the rat 2°,
different rat strains, not to mention different species,
show a differing tolerance to CS®3°. In the present
study, a marked angiostatic effect was recorded in
Sprague-Dawley rats receiving 4 mg CS/kg/day s.c.,
which was seemingly atoxic. Daily doses of CS at 7.5-
25 mg/kg p.0.*%3! and of 10 mg/kg s.c.3? in Sprague-
Dawley rats appear not to alter the levels of serum testos-
terone, serum LH, a number of intratesticular steroid
intermediates, serum ceratinine, alkaline phosphatase,
SGPT and SGOT. However, Sprague-Dawley rats re-
ceiving 10 mg CS/kg/day s.c. may show reduced inulin
clearance 2 and bilirubinaemia 32.

In the majority of patients treated daily with CS, psoriat-
ic skin lesions improve considerably and the effect may
be visible within a week* % 33, The mechanism of this
beneficial effect is not known. It has, however, been
claimed that CS exerts a direct anti-proliferative effect on
epidermal keratinocytes in culture®*3° and in xeno-
grafts in nude mice *°. This has been taken as a possible
explanation of the beneficial effect of CS in psoriatic skin
lesions, where the keratinocytes are hyperproliferat-
ive, Other studies refute such an effect at therapeut-
ic doses, or in the presence of serum in the culture
medium, however 13738 Tt should also be noted
that, when the anti-proliferative effect of CS on human
keratinocytes was studied in the nude-mouse model 3,
a dose of 50mg CS/kg/day s.c. was used, which is
apparently toxic, as was also suggested from the
general decline in epithelial proliferation in the
host ?°,
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Since the rat physiologically gains markedly in body
weight in adulthood *°, unlike the mouse and most other
species used in biomedical research, the effect of drug
treatment on body weight gain in rats seems to be a fairly
sensitive measure of general toxicity 4. In the present
study, we noted a dose-dependent reduction in body-
weight gain as a result of the co-administration of CS and
compound 48/80, which was statistically significant at
daily doses of 8 and 16 mg/kg. The fact that CS also
caused a dose-dependent hyperglycaemia, which was sig-
nificant in statistical terms at a dose of 16 mg/kg/day, is
noteworthy and has, to our knowledge, not been report-
ed previously; hypothetically it relates to S-cell cyto-
toxicity. CS is, however, not a traditional cytostatic agent
since it does not suppress gastrointestinal epithelium or
cause myelotoxic, teratogenic, mutagenic or carcinogenic
effects ® %%, In fact, CS can stimulate liver cell prolifera-
tion following partial hepatectomy*! and hair growth,
causing hypertrichosis, as well as the proliferation of
cultured human fibroblasts*2. It is, moreover, known
that CS in culture media devoid of serum, or containing
only small quantities of albumin, can hamper mast-cell
secretion in vitro *3~#%, In the present study, however, we
found no effect by 4 mg CS/kg s.c. on the histamine se-
cretion of the tissue-bound mast cells in situ in the test
tissue in the intact animal, suggesting that the drug at this
dose was non-toxic.

It is interesting to note that CS appears to provide pro-
tection from the development, growth and spread of cer-
tain carcinomas when patients are compared with those
receiving conventional immunosuppressive therapy !+8.
The anti-tumour effect of CS has, moreover, been
demonstrated vis-a-vis the rate of spontaneously-occur-
ring tumours in rats treated daily with CS for 2 years®,
and 1n mouse skin exposed to the tumour-promoting
phorbol ester 12-O-tetradecanoylphorbol-13-acetate,
TPA". It is noteworthy that the TPA treatment induces
dermal angiogenesis, among other things*®. CS is also
able to enhance the effect of a number of cytotoxic anti-
tumour agents in vivo*”*® by as yet unclear mecha-
nisms. Could the fact that CS a) suppresses the occur-
rence of spontaneous tumours in normal animals,
b) counteracts the neoplastic effect of TPA treatment,
¢} increases the anti-tumour effect of a number of cyto-
toxic drugs and, d) exerts beneficial effects in psoriasis,
indeed relate to anti-angiogenesis? It should be remem-
bered that the effect of angjostatic therapy may be ob-
served within 24 hours *® %, In this context it is notewor-
thy that CS at low concentrations, even in the presence of
serum in the medium, suppresses the replication of cul-
tured rat microvascular and rabbit aortic endothelial
cells >+ %2 and affects cultured bovine aortic endothelial
cells cytotoxically °>. CS has, in fact, been reported to
impair neovascularization, but only at high and appar-
ently toxic doses: at 17 mg/kg/day i.v. in August and
Wistar rats, it suppresses revascularization in peripheral
nerve grafts, as observed by stercomicroangiography **.
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At 15 mg/kg/day i.p. it decreases vascular ingrowth into
transplanted pancreatic islets in mice, recorded by fluo-
rescence microscopy >°. '

Clearly, studies are needed to elucidate whether the ap-
parently specific angiogenesis-inhibiting property of CS,
which is demonstrated here for the first time, can be
exploited in new therapeutic modalities for patients suf-
fering from angiogenesis-dependent diseases. In future
investigations on the anti-angiogenicity of CS it will also
be interesting to study the structure-activity relationships
of analogues which lack immunosuppressive effects *¢.

*) The generic name cyclosporine is used in accordance with the recom-
mendation of the United States Adopted Name Council [Borel, 1 F,
Prog. Allergy 38 (1986) 9].
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