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Abstract

Angiogenesis is the formation of new capillaries from preexisting vessels by migration and proliferation of endothelial cells, which
produce a cellular signaling messenger, nitric oxide (NO). The purpose of the present study was to examine the effects of exogenous NO
donors on angiogenesis by using a novel crystalline NO donor, S-nitrosocaptopril. The characteristic X-ray diffraction pattern of
S-nitrosocaptopril was demonstrated for the first time. On primary capillary endothelial cells pretreated with vascular endothelium growth
factor (VEGF), S-nitrosocaptopril (1-500 M), but not captopril, produced a dose-dependent inhibition of endothelial proliferation. On
chick embryos of entire living eggs, gelatin sponges adsorbed with VEGF were implanted on the embryo chorioallantoic membrane to
promote vascular growth activity within the sponges. Addition of S-nitrosocaptopril crystals (0.1 mg) to the gelatin sponges markedly
reduced vascular density around the sponges, whereas captopril did not inhibit neovascularization. The vascular hemoglobin content
surrounding each of the gelatin sponges was determined as a confirmatory test. S-nitrosocaptopril, but not captopril, significantly
decreased the hemoglobin content of the embryo tissues immediately surrounding the gelatin sponges. In conclusion, S-nitrosocaptopril
exerts an inhibitory effect on angiogenesis. This newly discovered function of S-nitrosocaptopril appears to be governed by distinct
structural NO moiety. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Magjor discoveries in the past have proven that the
vascular endothelium is more than a lining for blood
vessels. The endothelial cells locally produce
endothelium-derived relaxing factor (EDRF), which is now
recognized as nitric oxide (NO) (Furchgott, 1988). These
normally quiescent cells can rapidly proliferate with a
turnover time of 5 days during angiogenesis (Folkman,
1995), which is a highly regulated phenomenon and is
under the control of angiogenic stimulators and inhibitors.
Unregulated angiogenesis is seen under pathological condi-
tions of tumor growth, diabetic retinopathy, and psoriasis.
Angiogenic growth factors, such as vascular endothelium
growth factor (VEGF), act as autocrine or paracrine growth
factors to induce angiogenesis (Ferrara and Davis-Smith,
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1997). VEGF has been shown to induce EDRF-dependent
vasorelaxation in a dose-dependent fashion (Ku et al.,
1993).

NO has been implicated as a modulator of blood flow,
motility, electrolyte and water transport, and in the func-
tion of endothelia cells, platelets, mast cells, and
macrophages. Although the physiological and pathophysio-
logical functions of NO have been extensively studied, its
effects on angiogenic signal transduction pathways are
poorly understood and a little information is available
concerning the indirect activity of NO on angiogenic mod-
els (Pipili-Synetos et a., 1994, 1995). An interesting de-
velopment in NO donors has been the realization that NO
can exert both beneficial and deleterious effects in differ-
ent tissues and under different conditions.

Snitrosothiols can elicit many of the various physio-
logical regulatory functions attributed to EDRF/ NO
(Myers et al., 1990), including vascular and nonvascular
smooth muscle relaxation (Jia and Furchgott, 1993; Jia and
Stamler, 1999), inhibition of platelet aggregation (Mathews
and Kerr, 1993) and inflammation (Granger and Kubes,
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1996), as well as neurotransmission (Kendrick et a., 1997).
It has been well known that S-nitrosothiols decompose to
yield NO and the corresponding disulfide RSSR (Singh et
al., 1996), the latter could then be reduced by either an
intracellular spontaneous recovery mechanism (Clancy et
al., 1994), or a genera protein disulfide reductase (Niki-
tovic and Holmgrent, 1996). Therefore, a S-nitrosothiol
composed of an NO group and another pharmacological
active component would have considerable theoretical and
practical significance.

S-nitrosocaptopril (1-[(2S)-3-nitrosomercapto-2-methyl-
1-oxopropyl]-L-Proline), an exemplary S-nitrosothiol, ex-
hibits many NO-like activities such as direct relaxation of
blood vessel both in vivo and in vitro (Jia and Blantz,
1998; Lin et al., 1998), and the inhibition of platelet
aggregation (Loscalzo et al., 1989; Amano et al., 1994).
Snitrosocaptopril nonenzymetically releases NO in a man-
ner similar to most of S-nitrosothiols (Jia et al., 1999).
There have been many efforts to make a preparation of
S-nitrosocaptopril in a powder form, however, the molecu-
lar entity is reported to be too unstable to isolate as pure
crystals (Loscalzo et al., 1989). This made it impossible to
extensively explore the mechanism of actions of the com-
pound or its therapeutic implication. Despite of earlier
hundreds of failure in purifying and crystallizing the com-
pound, we have most recently synthesized the red flake
crystals with a good yield. The novel crystals provide us
with opportunities to explore pilot information regarding
the overal function of NO in angiogenesis. Additionally,
owing to the inadequacy of biochemical quantitative analy-
ses of amounts of blood vesselsin tissues, we extended our
previous technique of hemoglobin measurement (Jia et al.,
1996) to quantify the vascular existence in the chick
embryo chorioalantoic model of entire eggs. The effects
of Snitrosocaptopril on the angiogenic models were exam-
ined in comparison with the corresponding parent com-
pound captopril.

2. Methods and materials
2.1. X-ray powder diffraction of S-nitrosocaptopril crystals

The red plate-like crystals of S-nitrosocaptopril were
prepared at 20°C and 40-50% humidity. In an attempt to
improve randomness in the orientation of crystallite, the
plate-like crystals were slowly and gently ground in a
mortar to a fine powder. The X-ray powder diffraction was
immediately measured using a diffractometer (D/max-
2500) equipped with a Geiger—Mtuller detector, and
nickel-filtered Cu K« radiation (15, 42 nm). The charac-
teristic diffraction pattern was recorded including values
for 260 that ranges from as near to 0° as possible to 40°.
Care was taken to check the diffraction pattern of the
ungrounded sample to ensure that no phase transformation
occurred during the preparation.

2.2. Preparation of capillary endothelial cells

Male Wistar rats were given Brevital (E. Lilly, Indi-
anapolis, IN) for anesthesia (70 mg/ kg, i.p.), and surgery
was conducted under sterile condition. The rat adrenal
glands (30 mg/wet tissue) were removed, and washed
repeatedly with sterile saline solution. Each gland was
bisected and the adrenal cortex was extricated from the
capsule. The preparation of capillary endothelia cells was
similar to that described by Folkman et al. (1979). Briefly,
the adrenal cortex was cut into 1-2 mm pieces using
scalpel blades. The tissue pieces were incubated in phos-
phate buffered saline with 0.75% collagenase D and 0.5%
bovine albumin at 37°C for 1 h in a polyethylene tube. The
suspension was pipetted with a large-bore pipette to break
the tissue into smaller pieces. The suspension was then
passed through sterile 75 wm and then 40 wm cell strain-
ers (Becton Dickinson, NJ), respectively. The 40-p.m cell
strainer was washed thoroughly with culture medium con-
taining Dulbecco’'s modified Eagle's medium (DMEM)
supplemented with 10% fetal calf serum, 2 mM glutamine,
and penicillin (50 units/ ml), and streptomycin (50 ng/
ml). The cells retained on the 40-um cell strainer (Becton
Dickinson Labware, MA) were collected by turning the
screen over and flushing from the back with a stream of
DMEM. The suspension was centrifuged at 650 rpm for 10
min at 4°C. The pellet was resuspended and washed three
times with the culture medium. The final cell suspension
was evenly plated into 35-mm gelatinized culture dishes,
which were then incubated at 37°C in a humidified atmo-
sphere of 5% CO, in air. Capillary segments and endothe-
lial cell aggregates were the first to adhere to the substra-
tum. Adrena cortical cells and fibroblasts continued to
float, and most were removed by aspirating the supernatant
between 1 and 3 h after plating. The gelatinized dishes
were replenished with fresh medium and incubated undis-
turbed for 5 days. The evidence that these cells were
capillary endothelial cells was obtained from the observa-
tion of their characteristic appearance of these cells under
an Olympus CK 2 microscope, such as the formation of
the endothelia tubes.

2.3. Praliferation assays

When endothelial cells reached confluence the prepara-
tion was passaged by nonenzymatic cell dissociation solu-
tion. The cells were seeded in 24-well culture plates, in
triplicate, at 100 cells/ well. VEGF was added to the
cultures at a final concentration of 100 ng/ml to promote
growth activity. Cell numbers were determined on days O,
4, 7 and 10 by counting the dispersed cells in a hemocy-
tometer. The second passage of endothelial cells was treated
with S-nitrosocaptopril and Captopril, respectively, at final
concentrations of 10, 100 and 500 wM twice per day for 2
days. These drugs were diluted with culture medium
DMEM immediately before use, and control wells received
equal volumes of the culture medium.
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2.4. Bioassay of chick embryo chorioallantoic membrane

Fertilized white Leghorn chicken eggs were purchased
from a poultry farm. The eggs were incubated in an egg
incubator TX 7 (Lyon Electric, CA) under conditions of
50 + 1% relative humidity and 37°C. An automatic turner
attached to the incubator turned the eggs once per hour to
help developing embryos grow in vigor and strength. On
the seventh day of incubation, a micromotor drill equipped
with adental drill bit (1 mm) was used to drill a hole at the
waist of the egg. Then, under sterile conditions, a surgical
cauterization pen (Surgicare, CT) was used to open a
window (15 X 15 mm) through the hole in the egg shell. A
sterile gelatin sponge was cut by hand into the desired
dimensions (2 X 3 X 3 mm), and implanted on the embryo
chorioallantoic membrane of each egg under a dissecting
microscope. Then 20 wl of VEGR (500 pwg/ml) were
pipetted onto the gelatin sponge. Sterile saline alone was
used as negative controls. The window was then seded
with the 3M blenderm™, and the eggs were returned to the
incubator.

On day 8 of incubation, S-nitrosocaptopril crystals or
captopril powder (both 0.1 mg) were added to the surface
of the gelatin sponge through the window once per day for
3 days. 3 ul of sterile saline was pipetted onto the gelatin
sponge as controls. Care was taken to avoid any light and
heat degradation on S-nitrosocaptopril when it was added.
The advantage of using the crystals, instead of solution of
Snitrosocaptopril, is to localize the effects of S-nitroso-
captopril at the gelatin sponge, and release the NO topi-
cally. On day 11, blood vessels growing verticaly into the
gelatin sponge and at the boundary between the gelatin
sponge and the surrounding embryo mesenchyme were
examined under a microscope. The gelatin sponge and the
immediately adjacent embryo chorioallantoic membrane
were photographed in vivo under a double-headed photo-
microscope (Leitz-Dialux 20, Leitz, Wetzlar, Germany).
The sponge was then removed for measurement of
hemoglobin content. The photographs were scanned and
collected as black-and-white images with Adobe Photo-
shop 5.0 (Adobe Systems, CA) by using a Macintosh
PowerPC. The digital images were converted to grayscale
and fina photomicrographs were generated by using a
Kodak XLS 8600 printer.

2.5. Angiogenic quantification by hemoglobin assay

The quantification of angiogenesis on the gelatin sponge
implanted in the chick chorioallantoic membrane was per-
formed by measuring the hemoglobin content in the area
immediately surrounding the sponge. Three days after drug
treatment, the gelatin sponges were harvested from the
underlying and the immediately adjacent area of chorioal-
lantoic membrane (approximately 10 X 10 X 2 mm), in-
cluding newly formed blood vessels and albumen. The
gelatin sponge and the adjacent membrane area were re-

moved with a large opening pipette to an Eppendorf tube
and the sample was weighed (0.2 g). Fourfold excess
volume of phosphate buffer saline (pH 7.4, 10 mM) was
added to the sample for wash. The sample was then
centrifuged at 5000 g for 5 min and the wash was aspi-
rated. After three cycles of wash—centrifugation—aspira-
tion, 500 wl of the distilled water was added to the pellet.
The pellet was homogenized with a motor-driven
glass/Teflon® homogenizer for 5 min. 500 ! of phos-
phate buffer saline was added to the homogenate. The
mixture was then centrifuged at 14,000 X g for 30 min.
The hemolysate supernatant was removed to a cuvette and
scanned in a spectrophotometer (Shimadzu UV1601 PC)
for absorption between 500 and 650 nm. Hemoglobin
concentration in the hemolysate supernatant was deter-
mined as previously described by Jia et al. (1996). The
concentration of oxygenated hemoglobin in the supernatant
was determined using the millimolar extinction coefficient
of 14.6 for the peak at 540 nm, which is independent of
pH between 5.5 and 10 (Assendelft, 1970; Jia et al., 1996).

2.6. Materials and statistical analyses

Non-enzymatic cell dissociation solution and gelatin
were purchased from Sigma (St. Louis, MO). Gelatin
sponge (aso caled Gelform) was obtained from Pharma-
cia and Upjohn (Kalamazoo, MI). The preparation of
Snitrosocaptopril crystals was similar to that described
previoudy (Jia et al., 1999), and now available from
Calbiochem-Novabiochem (La Jolla, CA). VEGF was pur-
chased from R& D Systems (Minneapolis, MN). The gela-
tinized culture dishes were prepared by dissolving gelatin
in distilled H,O (1.5%) above 50°C and pouring the
gelatin solution on the culture dishes. After being dried at
room temperature in a sterile hood for 3-5 h, the dishes
were used immediately or within 2 days. Statistically
significant differences between the mean values of the
different groups were determined by Student’'s t-test for
unpaired data in the present study.

3. Resaults

3.1. Characteristic powder diffraction of S-nitroso-
captopril

The plate-like crystal form of S-nitrosocaptopril pro-
duced its own characteristic X-ray diffraction pattern (see
Fig. 1). The figure clearly demonstrated the sharply de-
fined diffraction pattern of the anhydrous form of crystals
as opposed to the noncrystalline powder. The first estab-
lished diffraction for S-nitrosocaptopril crystals could be
used to support a specific powder as being truly represen-
tative of a single phase on the basis of the similar density
and absorption characteristics.
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Fig. 1. A representative X-ray powder diffraction of S-nitrosocaptopril crystals. The typical powder pattern was obtained from red plate-like
S-nitrosocaptopril crystals after grinding. 6 denotes the angle of diffraction and the numbers above peaks indicate the corresponding interplanar spacing,

i.e., d-vaue.

3.2. Effect of S-nitrosocaptopril on capillary endothelial
proliferation

In primary cultures of most capillary cells, the earliest
appearance of tubes occurred around the 20th day under
our conditions. When the origina monolayer of capillary
endothelial cells formed a small colony, capillary tubes
began to form in the middle zone of the colony. Branches
began to appear after cells had become connected and,
within a week, an entire network of tubes was established.
We used the in vitro angiogenesis model to determine if
S-nitrosocaptopril was acting directly on endothelia 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. In this experiment
Snitrosocaptopril was able to inhibit VEGF-induced pro-
liferation at concentrations ranging from 10 to 500 M.
Snitrosocaptopril at 1 wM did not significantly affect the
endothelia proliferation in comparison with the untreated
control cells. As the concentration of S-nitrosocaptopril
was increased, the formation of the organized tube network
was reduced. Treatment with S-nitrosocaptopril reduced
the endothelial tube formation in a concentration-depen-
dent manner. This inhibition appears to be independent of
activity of angiotensin converting enzyme inhibitor be-
cause captopril at the same concentration did not show
appreciable effects on the cell proliferation (Fig. 2).

3.3. Effects of Snitrosocaptopril on chick embryo
chorioallantoic membrane

On incubation day 11, the VEGF-treated gelatin sponges
were surrounded by vessels that developed radially toward

the implants. At microscopic level, a highly vascularized
tissue was recognizable among the trabeculae of gelatin
sponges. The tissue consisted of newly formed blood
vessels growing perpendicularly to the plane of the
chorioallantoic membrane. These blood vessels were
mainly capillaries with a diameter ranging from 3 to 10
pm. The chicken embryo has large interstitial vessels and
a sinusoidal mesh of capillaries as well. Vascular density
appeared to be higher in the VEGF-treated gelatin sponges
(n=7) than the saline-treated sponges (n = 6). In contrast,
vascular density was very scarce at the center of the
sponges treated with S-nitrosocaptopril crystalsin the pres-
ence of VEGF, and 75% of the avascular gelatin sponges
were found in this group (n = 8). In addition, the numbers

10

Number of cells (104)

0 L1 8

Fig. 2. Effects of Snitrosocaptopril (CapNO) and captopril (Cap) on
proliferation of rat capillary endothelia cells. The cells were seeded in
gelatin-coated 24-well culture plates. VEGF was added to induce a
maximal increase in cell number. The number of cells was determined in
five cultures by a hemocytometer 10 days after VEGF treatment. Data
represent the means+SE.. * and *** denote P < 0.05 and < 0.01 vs.
control, respectively.
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of macroscopical vessels at the boundary between the
sponges and the embryo mesenchymes were significantly
less in the S-nitrosocaptopril-treated group than those in
the captopril-treated group (n = 7) and in the saline-treated
control group. The latter two groups showed numerous
capillaries frequently penetrated into the sponges. S
nitrosocaptopril exhibited greater anti-angiogenic activity
than captopril (Fig. 3).

3.4. Effects of Snitrosocaptopril on hemoglobin content
The spectrophotometer scan of the hemolysate super-

natants prepared from the gelatin sponges (n = 4 per group)
and the immediately adjacent membrane area exhibited

o b

Fig. 3. Inhibition of S-nitrosocaptopril (CapNO) on angiogenesis in the
chick embryo chorioallantoic membrane. A gelatin sponge (see the arrow)
adsorbed with 1 pg of VEGF was implanted on the surface of the
membrane on day 8 of incubation. After 3 consecutive days of addition of
sterile saline or CapNO crystals to the gelatin sponge, the embryo of
entire egg was directly exposed and photographed under a double-headed
photomicroscope (Leitz-Dialux 20, Leitz, Wetzlar, Germany). (A) Avas-
cular zone around the CapNO-treated sponge. * indicates the wrinkled
membrane of the embryo in vivo. (B) New capillaries penetrated into the
sponge treated with VEGF as positive control. Note the presence of small
branches of capillaries within the gelatin sponge. * indicates uneven
surface of the membrane caused by movements of the embryo while
being photographed. Scale bar = 3 mm.
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Fig. 4. Representative UV-visible absorption spectra of hemolysate
supernatants prepared from chick embryo tissues surrounding the gelatin
sponges. The gelatin sponges adsorbed with VEGF were administered
with sterile sdine (Control), captopril (Cap) and S-nitrosocaptopril
(CapNO), respectively. The presence of oxygenated hemoglobin is evi-
denced by the A, a 540 and 577 nm. Inhibition of S-nitrosocaptopril
on the neovascularization was shown by reducing spectrum absorbance
corresponding to hemoglobin content of the hemolysate supernatant.

two characteristic peaks at 540 and 577 nm (Fig. 4), which
are proven to be representative of the oxygenated
hemoglobin (Assendelft, 1970; Jia et al., 1996). The con-
centrations (WM, mean + S.D.) of oxygenated hemoglobin
in the supernatants were 21.8 + 1.25 for the saline control
group; 23.9 + 4.37 for the VEGF-pretreated group; 17.8 +
2.75 for the captopril group pretreated with VEGF; and
10.4 + 4.32 for the S-nitrosocaptopril group pretreated with
VEGF. S-nitrosocaptopril significantly decreased
hemoglobin concentration in the embryo area surrounding
the gelatin sponges in comparison with the hemoglobin
concentration in the saline control group (P < 0.05) and
VEGF-pretreated group (P < 0.05).

4, Discussion

As far as we know, there has been no report on the
synthesis of flake S-nitrosocaptopril crystals with high
purity and stability. Loscalzo et al. (1989) claimed the
synthesis of lyophilized S-nitrosocaptopril, which wasin a
red amorphous form with somewhat hygroscopicity and a
melting point of 98—104°C. In our preparation, we found
that S-nitrosocaptopril was unstable and hygroscopic only
when the compound was impure. The impure and thus
hygroscopic form of S-nitrosocaptopril was easily decom-
posed to the corresponding disulfide with the formation of
brown fumes of NO, at room temperature. The decompo-
sition of the S-nitrosocaptopril powder proceeds as a heat-
producing chain reaction, which completes within seconds
when the sealed powder is exposed to air. The components
mixed together with S-nitrosocaptopril (a carboxylic acid)
may include sodium carboxylate of S-nitrosocaptopril, cap-
topril disulfide and inorganic salts. However, the chemical
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stability of S-nitrosocaptopril can be significantly im-
proved via a process of purification and dehydration. After
the process the crystals become stable and are not hygro-
scopic. The purified crystals could be stored in the dark at
room temperature for at least two months and 4°C for at
least 1 year without a significant decay. The melting point
of S-nitrosocaptopril crystals was determined in the range
of 49-52°C (Jia et a., 1999), instead of 98-104°C re-
ported before (Loscalzo et a., 1989), which may be an
error of determination. The S—NO bond is so vulnerable to
heat and strong light that the bond could be broken when
temperature rises. We found that when the testing tempera-
ture rose above the range of 49-52°C, the particular red
color of S-nitrosocaptopril diminished immediately, indi-
cating the breakdown of the S—NO bond.

This is the first report using a characterized NO donor
to directly observe the effects of NO on commonly used
angiogenic models (Folkman 1995; Folkman et a., 1979)
in the presence of VEGF. VEGF has been shown to play a
key role in angiogenesis. We found that S-nitrosocaptopril
inhibited proliferation and tube formation of capillary en-
dothelial cellsin vitro. A more direct study of the ability of
Snitrosocaptopril to inhibit angiogenesis was afforded by
the chick embryo chorioallantoic assay. In such experi-
ments, topical application of crystalline S-nitrosocaptopril
to small foci, i.e., gelatin sponges adhered to the embryo
surface, was found to inhibit angiogenesis in vivo as well.
To further assess whether the gelatin sponge model was
suitable for the evaluation of the angiogenesis and the
anti-angiogenic potential of S-nitrosocaptopril, hemoglobin
content surrounding the sponge area was quantitatively
determined (Fig. 4). The decreases in hemoglobin content
extracted from the gelatin sponge area treated with S
nitrosocaptopril were in direct proportion to the avascular
zone around the sponges, whereas captopril did not signifi-
cantly block capillary growth into the sponges, thus con-
firming the inhibitory effect of S-nitrosocaptopril on an-
giogenesis. The finding strongly suggests that the anti-
angiogenic activity of S-nitrosocaptopril is dependent on
the NO moiety because the anti-angiogenic activity is
virtually eliminated in captopril, in which an NO group is
absent. Although the precise inhibitory mechanisms of
S-nitrosocaptopril in these reactions have not been eluci-
dated, the involvement of NO in the inhibition of energy
consumption cannot be excluded. NO inhibits cell growth
by binding to certain enzymes that are involved in cellular
respiration and electron transport in mitochondria, and
voltage-dependent calcium channels (for review, see Lan-
caster, 1992). These events play important roles in the
proliferation of various cells so it is possible that NO
donors act to inhibit these processes in endothelial cells.
Two Snitrosothiols, Snitrosoglutathione and S-nitroso-
N-acetylpenicillamine, were reported to be cytostatic (Wink
et a., 1997), and this may participate in the inhibition of
cell migration, invasion of tissues, proliferation, and for-
mation of a new underlying basement membrane matrix.

The mechanism by which S-nitrosocaptopril inhibits an-
giogenesis may aso involve its inhibition of platelet acti-
vation (Amano et a., 1994), as demonstrated by Pipili-
Synetos et al. (1994, 1995) that increasing the availability
of NO resulted in inhibition of angiogenesis in the
chorioallantoic membrane of the chick embryo partly via
inhibition of platelet activation.

Although our results strongly support the proposal that
the NO released from S-nitrosocaptopril can account for
the inhibition of angiogenesis, it is till possible that a
minor part of the inhibition is due to a direct anti-angio-
genic effect of captopril. Captopril may be produced upon
the decomposition of S-nitrosocaptopril and then reduction
by either an intracellular spontaneous recovery mechanism
(Clancy et al., 1994), or a general protein disulfide reduc-
tase (Nikitovic and Holmgrent, 1996). It has also been
shown by Volpert et al. (1996) that captopril can directly
block neovascularization induced in the rat cornea, and
inhibit endothelial chemotaxis in the millimolar range. The
inhibition of the migration of endothelial cells was not
dependent on ACE inhibition, but may be the result of the
ability of captopril to inhibit the activity of the Zn?*-de-
pendent metalloproteinases that endothelial cells require to
respond to an angiogenic stimulus. Although we observed
a dight inhibition of captopril (500 wM) on endothelial
proliferation (Fig. 2) whether the above-mentioned type of
reaction occurred to any extent in the present study is not
known.

The chick embryo chorioallantoic assay has the advan-
tage of being simple and inexpensive. Practically, it can be
used as a large scale screening assay. The major modifica
tion of the embryo model performed in the present study
was using an entire egg with a small window on the shell
for inserting gelatin sponges and administering drugs, rather
than using shell-less embryos. Under shell-less condition,
the chick embryos may develop abnormally. Although
many efforts have been made to quantify the results of the
assay, the major disadvantages of the previous chick em-
bryo chorioallantoic assay are that first, the drug vehicles
are placed on preexisting vessels, and newly formed blood
vessels grow within the embryo mesenchyme. The actual
neovascularization can hardly be distinguished from a
falsely increased vascular density due to the rearrangement
of preexisting vessels that follows contraction of the mem-
brane. In contrast, by using the gelatin sponge in the
present design, the newly formed blood vessels grow
perpendicularly to the plane of the embryo chorioallantoic
membrane inside the sponge that does not contain preexist-
ing vessels. To this respect, the proposed assay may
resemble the cornea assay in which neovascularization
occurs in an avascular stroma. However, the gelatin sponge
assay is much easier, faster and cheaper than the cornea
assay. A collagen gel combined with sucralfate to prevent
growth factors from decay has been used to induce angio-
genesis (Nguyen et al., 1994). However, preparation of the
collagen gel appears to be time-consuming compared to
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the simple cutting by hand of the dry gelatin sponges.
Secondly, a common problem associated with angiogenesis
assays is the maintenance of the drug to be tested at the
site of administration. In our gelatin sponge assay, the
tested drug is held within the sponge which, in turn, firmly
adheres to the embryo surface. Angiogenic active drugs
might be tested by this method. Thirdly, the previous
embryo assay may cause a secondary vasoproliferative
response due to the nonspecific inflammatory reaction. In
contrast, the present gelatin sponge assay appears to be
well tolerated and very little, if any, inflammatory reaction
has been observed in all the embryos examined so far.

Angiotensin |1, the product of the angiotensin convert-
ing enzyme, has been demonstrated to induce neovascular-
ization in chick embryo chorioallantoic membrane
(Fernandez et al., 1985; Le Noble et al., 1991, 1993) and
enhance microvessel density in the cremaster muscle
(Hernandez et al., 1992). S-nitrosocaptopril, but not capto-
pril, directly antagonizes the vasoconstriction of an-
giotensin 1l (Cooke et al., 1989). In addition, S-nitroso-
captopril has various pharmacological effects, including
inhibition of platelet aggregation (Loscalzo et al., 1989;
Amano et a., 1994) and blood vessel dilation in normal
and hypertensive rats (Jia and Blantz, 1998; Jia et al.,
1999). Thus, this compound has potential clinical implica-
tion in the treatment of many forms of cardiovascular
diseases as a combined NO donor and an angiotensin
converting enzyme inhibitor.
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