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Abstract

Vasoactive intestinal peptide (VIP), a key penile neurotrans-
mitter, induces erection after local injection in man. To aug-
ment the therapeutic potential of VIP for impotence treatment
and circumvent difficulties of direct penile injections, a strategy
was designed to increase peptide hydrophobicity. This was ac-
complished by the synthesis of a conjugate of VIP and stearic
acid (stearyl-VIP). Upon penile topical application, stearyl-
VIP, in contrast to native VIP, significantly increased sexual
function as measured by copulatory activity and penile reflexes
(erections) in testosterone-treated, castrated rats. In addition,
stearyl-VIP penetrated the body in amounts severalfold greater
than VIP. Pharmacokinetic studies demonstrated 10-fold
higher penile concentrations of stearyl-VIP, as compared with
that measured in the blood 15 min after application, with a
gradual decrease thereafter. The peak of incorporation into pe-
ripheral tissues that was observed 30 min after administration
was 1,000-fold less than that found in the penile tissue. Tissue
extraction and chromatographic analysis revealed that stearyl-
VIP remained essentially intact for > 15 min and was cleared
after 1 h. Thus, topically administered stearyl-VIP had in-
creased bioavailability in comparison with VIP without appar-
ent toxicity, suggesting significant therapeutic potential. (J.
Clin. Invest. 1992.90:810-814.) Key words: lipophilic peptides
* penile reflexes * sexual behavior * vasoactive intestinal peptide

Introduction

The mechanism of penile erection requires functions of the
endocrine, the nervous, and the vascular systems ( 1 ); failures
in these systems may result in impotence. Current procedures
of impotence treatment are surgery and implantation (2), as
well as injection of smooth muscle relaxants (3). Since vasoac-
tive intestinal peptide (VIP)' is important in erection forma-
tion (4-10), this neuropeptide is a rationale candidate for im-
potence therapy. VIP fulfills two important criteria for a neuro-
transmitter mediating penile erection: (a) it is present in nerve
fibers innervating cavernous smooth muscle and blood vessels;
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1. Abbreviations used in this paper: stearyl-VIP, stearic acid + vasoac-
tive intestinal peptide; VIP, vasoactive intestinal peptide.

(b) it is elevated during erection (4, 5). VIP penile levels have
been shown to be decreased in impotent men (6, 7). Moreover,
penile injections of exogenous VIP induce erection in man (4)
and systemic injections stimulate sexual behavior in rats with
experimentally reduced masculine potential (8). Topical ad-
ministration of such a drug is clearly advantageous as com-
pared with direct penile injection. However, transdermal deliv-
ery of peptides is hindered because of their hydrophilic nature.
Thus, the conjugation of lipophilic moieties to peptides might
allow these poorly absorbed compounds to cross physiological
barriers such as the skin.

As a model for the evaluation of sexual responses induced
by VIP and VIP analogues, castrated male rats treated with
testosterone have been employed (8, 1 1 ). After castration, the
animals lose sexual activity in a time-dependent manner (11,
12) and eventually all sexual activities are blocked. In this para-
digm, testosterone replacement treatment partially attenuates
the blockade of sexual activity. In those rats, systemic injection
of VIP increased sexual behavior (measured as the rate of copu-
lation events). The VIP-induced increase was receptor me-
diated, as it was specifically inhibited by a potent VIP-receptor
antagonist (8).

Wenow show that local topical application of a lipophilic
derivative of VIP significantly stimulated sexual behavior (cop-
ulation rate) and penile reflexes (erections) in castrated rats.
Similar stimulation was not achieved in the presence of topi-
cally administered native VIP. Using radioactively labeled VIP
and VIP-derivatives, we have been able to assess the extent and
time course of tissue penetration. The lipophilic VIP-derivative
was incorporated into the body in amounts severalfold greater
than VIP when identical doses of the two peptides were ap-
plied. Moreover, stearyl-VIP was cleared within 1 h. Thus, the
newly described VIP analogue may be developed as a drug for
impotence treatment in man. Moreover, similar lipophilic pep-
tides may have clinical and basic significance enabling trans-
dermal therapy.

Methods

Synthesis offatty neuropeptides: stearyl- VIP. The VIP peptide chain
was assembled manually, according to the general principles of the
solid phase methodology ( 13), on a methyl benzhydryl amine resin
(Nova, Laufelfingen, Switzerland) employing optimum side-chain
protections. N-alpha amino acids functions were protected throughout
the synthesis by t-butyloxycarbonyl group. Side chains were protected
as follows: Ser, Asp, Thr with benzyl; Lys with 2-chlorobenzyloxycar-
bonyl, and Arg with p-toluenesulfonyl. The synthesis was initiated by
coupling the Boc-Asn to the methyl benzhydryl amine resin using as

reagents N,N'-dicyclohexylcarbodimide (Aldrich Chem. Co., Milwau-
kee, WI) and hydroxybenzotriazole (Nova). A molar ratio of 4:1 of
Boc-amino acid 1-hydroxybenzotriazole ester and alpha amino group
of growing peptide chain, respectively, was employed for all couplings.
Each coupling cycle was repeated twice (the second cycle with one-half
the amount of the added amino acid) to ensure complete reaction. As
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the last coupling step, the long chain aliphatic carboxylic acid, i.e.,
stearic acid, was combined, through formation of an amide bond to the
NH2-terminus of the peptide chain. This was accomplished while the
peptide was still bound to the polymeric support, using a combination
of N,N' dicyclohexlcarbodiimide and N-hydroxybenzotriazole, nor-
mally employed for peptide chain extension. The reaction proceeded
for 45 min and was repeated twice. Deblocking of protecting groups
and cleavage of the peptide from the resin was achieved by the anhy-
drous hydrofluoric acid techniques. The product was purified by gel
chromatography on a Sephadex G-25 column, followed by reverse
phase HPLCon a silica C8 column (RP-8, 7 Mm, 250 X 25 mm; E.
Merck, Darmstadt, FRG). The correct composition and sequence of
the parent peptide (VIP) was verified using, respectively, amino acid
and sequence analyses.

Animal modelfor impotence. Rats with reduced sexual potential
due to castration were employed. Male rats (250-300 g, - 3 moold)
were kept in a 12-h light, 12-h dark cycle. Experiments were always
conducted within the dark period, 2-6 h after the onset of darkness.
Male rats were castrated and given partial testosterone replacement (4
Mg/ 100 g of body wt) in the form of daily injection for 14-21 consecu-
tive days (the duration of the experiment) ( 12, 13). Experiments were
conducted on the second to third week after surgery.

Sexual behavior experiments. Before testing, each male was put in a
separate cage for a period of 2 1 h. A sexually receptive female was
introduced to each male, and mounts plus intromissions were recorded
over a period of 15 min. These experiments were performed for stearyl-
VIP, VIP, and control vehicle after either intravenous injection, in the
tail vein (5-10 gg drug in 5-10 Mul saline/animal) or penile topical
application [20 Ml saline solution of 1 Mg/ml experimental drug mixed
with 10 Ml DMSOand directly applied on the sex organ].

Direct evaluation of penile reflexes (erections). Wehave concen-
trated on the final stages of the erection process (reddening of the penis
accompanied by its distension and extension leading to complete erec-
tion) ( 14). For testing, each male was restrained in a supine position
with the anterior portion of its body enclosed in a loosely fitting cylin-
der (7 cm diam). After a belt was secured around the torso, the glans
penis was extruded from its sheath and gently held perpendicular to the
abdomen by a thin metal applicator positioned at the posterior of the
penis. The legs of the male were held by the observer and this position
was maintained throughout the test period. The duration of the session
was 45 min and the erection rate was measured.

Measurements ofpeptide permeation after topical application. VIP
and stearyl-VIP were labeled with '25I using the chloramine T based
method ( 15). Each animal received, by topical application, 1.6 x 106
cpm of the labeled analogue, in a mixture containing 26 MAl DMSOand
10 Ml saline. To avoid oral absorbance, the animal mouth was sealed.
At indicated times following topical application, animals were sacri-
ficed and duplicate tissue samples were removed, weighed, and
counted in a gammacounter. Tissues measured were lungs, heart, kid-
neys, liver, intestine, and penile tissue.

For monitoring systemic dispersion of the topically applied labeled
stearyl-VIP, animals were cannulated in the carotid artery (under anes-
thesia with 10% chloral hydrate). Blood aliquots (0.5 ml) were re-
moved 15, 30, and 60 min after application into heparin-containing
test tubes. Samples were either counted for radioactivity or immedi-
ately applied onto Sep-Pak C18 cartridges (Waters Associates, Milford,
MA), followed by HPLC for peptide purification (see below).

Analyticalpeptidefractionation. The HPLCcolumn used was a C18
column [Lichrospher RP-18 (5 Mm) column (250 x 10 mm); E.
Merck]. The column was eluted by a linear gradient established be-
tween 0. 1% trifluoroacetic acid in water and 0. 1% trifluoroacetic acid
in 75% acetonitrile in water. The flow rate was 1 ml/min. Stearyl-VIP
was eluted after 39.8 min at 55.5% of acetonitrile.

Results

Stearyl- VIP increases sexual activities in rats. Two experimen-
tal systems were employed to assess the biological activity of

stearyl-VIP. These were measurements of sexual behavior and
evaluation of penile reflexes. For the behavior experiment, a
sexually receptive female was introduced to each castrated tes-
tosterone-treated male rat and the rate of copulatory events
(mounts plus intromissions/ min) was recorded over a 1 5-min
test period. These experiments were performed initially for
stearyl-VIP and VIP after intravenous injection into the tail
vein. Results show an almost twofold increase in copulation
rates with VIP and a 50% increase with stearyl-VIP. Similarly,
when the mean interval (latency) between events (mounts or
intromissions) was calculated, an almost twofold greater inter-
val was apparent when saline was injected as compared with
either VIP or stearyl-VIP injection (Fig. 1). Thus, the lipophi-
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Figure 1. VIP stimulates sexual activity in castrated rats. A sexually
receptive female was introduced to each male rat, and mounts plus
intromissions were recorded over a period of 15 min. These experi-
ments were performed for stearyl-VIP (ST-VIP) and VIP after intra-
venous injection (5-10 Mgdrug in 5-10 Ml saline/animal). As a con-
trol we used saline injection. Six animals were used for each variable
and the rate of copulatory events (mounts plus intromissions) per
minute was recorded (A). The mean interval between copulatory
events was recorded as well (B). SEMwas 10-15%. An analysis of
variance with a Student-Keuls multiple comparison of means test
indicated that there was a significant increase in the rate of copulatory
events (P < 0.03) and a significant decrease in the mean latency be-
tween copulatory events (P < 0.008) after either VIP or stearyl-VIP
injection.
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Figlre 2. Topically applied stearyl-VIP stimulates sexual activity in
castrated rats. The same experimental paradigm outlined in Fig. 1
was adapted, except that peptides were topically applied as follows:
20 ,ul saline solution of 1 ,ug/ml stearIl-VIP (or VIP or stearic acid)
were mixed with 10 ml dimethyl sulfoxide (DMSO) and were directly
applied on the sex organ. Weused 11 animals as vehicle (diluted
DMSO)-applied controls and 11 animals for stearyl-VIP; 6 animals
were used for VIP testing and 6 animals for stearic acid testing. The
copulation rate was recorded. SEMwas < 10%. Analysis of variance
indicated that there was a significant increase in the rate of copulation
after stearvl-VIP application (P < 0.01 ) as compared with all the
other treatments.

lic VIP derivative retained the ability to stimulate sexual behav-
ior. The challenge was to discern if the lipophilic analogue can
influence sexual activity when applied topically. Fig. 2 depicts a
comparison in the rate of copulation after topical application
of VIP or stearyl-VIP and as controls stearic acid and the vehi-
cle of application (DMSO). In these experiments, only stearyl-
VIP had a significant stimulatory activity, increasing the rate of
copulation by two- to threefold as compared with DMSO,
stearic acid, or VIP.

For direct evaluation of penile reflexes (erection), castrated
rats treated with testosterone were employed. Results show a
two- to threefold increase in the rate of erections when stearyl-
VIP was topically applied as compared with vehicle application
or tactile control (Fig. 3).

Pharmacokinetuc.s. For measurements of penetration of
'251I-labeled VIP derivatives through the skin and their organ
distribution, we compared topically applied stearyl-VIP to
VIP. At least a fourfold better permeation of stearyl-VIP was
observed 30 min after application (Fig. 4 .4). Time course ex-
periments indicated that the radioactive stearyl-VIP dissipated
1 h after drug administration (Fig. 4 B). To appraise the degree
of penetration of stearyl-VIP to the penile tissue, in compari-
son with parenteral release, radioactive stearyl-VIP in the pe-
nile tissue (calculated per gram tissue, as percentage of total
input) was compared to radioactive VIP in the blood circula-
tion (calculated per 10 ml blood volume, as percentage of total
input). Results shown in Fig. 4 C demonstrate that 5% of the
applied material was found in the penile tissue 15 min after
application, which decreased about twofold 0.5 h after applica-
tion and fourfold 1 h after administration. In contrast, blood
levels of VIP ( 15 min after application) were 0.6% of the ap-
plied material. Furthermore, by weight/volume comparison,
there is an - 80-fold enrichment in penile tissue versus blood.
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Figutre 3. Stimulation of erection by topical application of stearvl-
VIP. For testing, each male was restrained in a supine position with
the anterior portion of its body enclosed in a loosely fitting cylinder
(7 cm diam). The duration of the session was 45 min and the erection
rate was measured. The stearyl-VIP (ST-VIP) was prepared and ap-
plied as in Fig. 2 and as a control we applied a diluted DMSOas in
Fig. 2. SEMwas < 10%. Wesaw a significant stimulation of the erec-
tion rate when stearyl-VIP was used as compared with vehicle-treated
control (P < 0.05, = 8 for each group). No significant differences
were obtained between vehicle-treated and tactile controls.

Finally, extraction of sample tissues, 15 min after applica-
tion revealed an intact stearyl-VIP molecule, as demonstrated
by HPLC, (Fig. 4 D). In contrast, 30 min after topical adminis-
tration, the major radioactive peak observed in the intestinal
tissue (Fig. 4 B) was degraded to metabolites as measured bv
HPLCfractionation (i.e., < 0.1 %of the radioactivity observed
in the intestinal tissue was associated with intact stearyl-VIP).
Similarly, 1 h after topical administration, residual radioactiv-
ity found in the circulation was attributed to breakdown prod-
ucts.

Discussion

Wehave described above a novel strategy, "lipophilization,"
for modification of VIP, which leads to an enhancement of its
passage through skin tissues, while preserving native function
as neurotransmitter in penile erection.

In the nonerect penis, the trabecular smooth muscle cells of
the cavernous body are continuously activated due to noradren-
aline action; during tumescence the muscle cells relax and
blood enters the sinuses. Although the cavernous body con-
tains cholinergic fibers and muscarinic cholinergic receptors,
atropine does not block erection formation, and therefore hu-
man penile erection can not be explained by the classic adren-
ergic and cholinergic concepts ( 16, 17). Hence, it was sug-
gested that local release of a major neuropeptide, VIP, inner-
vating cavernous smooth muscle and blood vessels, increases
arterial flow, decreases venous flow, and induces sinusoidal
relaxation ( 18). VIP's actions, coupled to withdrawal of the
alpha-adrenoreceptor-mediated tonic supply of noradrenaline
to the penis and activation of beta-adrenoreceptors, lead to
penile erection in man (19). Intracavernosal (penile) injec-
tions of papaverine induce erection in man, although these
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Figure 4. Penetration of radioactively labeled VIP derivatives. (A)
C 6- * PENILE TISSUE Comparison of penetration of topically applied stearyl-VIP and VIP.

VIP and stearyl-VIP were radioactively labeled with 125I using the
5 - z * BLOOD chloramine T based method ( 15). Each animal received, by topical

application, 1.6 x 106 cpm of the labeled analogue, in a mixture
z containing 26 MA DMSOand 10 gl saline. To avoid oral absorbance
2 4 the animal mouth was sealed. After 30 min, duplicate tissue samples

were removed, weighed, and counted for 1251 SEMwas 10% of the
. 3 _ measured values, hence the difference between the penetration of

0 stearyl-VIP vs. VIP was highly significant. (Several independent ex-
o periments were performed and in each, duplicate samples wereZ 2

taken.) (B) Time course of penetration of radioactively labeled
stearyl-VIP into peripheral tissues. Stearyl-VIP was labeled as in A

1 _ and each animal received 1.6 X 106 cpm of labeled material in the
same mixture as in A. At indicated times after topical application: 15

0 min, 30 min, 1 h, and 2.5 h, animals were sacrificed and tissue sam-
1 5 30 60 ples were removed, weighed, and counted in a gammacounter. Tis-

TIME (MIN) sues measured were lungs, heart, kidneys, liver, and intestine. (The
experiment was repeated three times and duplicate samples were re-

moved each time; a representative experiment is depicted in the figure.) (C) Pharmacokinetics of VIP distributions in penile tissue as compared
with systemic dispersion. Experiments were performed as above. A summary of three experiments is depicted. For measurements of systemic
distribution of stearyl-VIP, animals were cannulated at the carotid artery (under anesthesia), blood aliquots were removed 15, 30, and 60 min
after application and counted for radioactivity. Results are either given as incorporation per gram penile-tissue as a percentage of the total ra-
dioactivity applied or as incorporation per 10 ml blood as a percentage of the total radioactivity applied. (SEM was - 15%.) (D) Extraction of
stearyl-VIP from kidney and intestine after topical application. 15 min after topical application, tissues were removed, homogenized in PBS,
centrifuged (10,000 g) and the postmitochondrial supernatant was injected onto HPLCC,8 column. There was a good correlation between the
migration of the native molecule and the tissue-extracted molecule.

erections may be prolonged (3). Intracavernosal injections of min after topical application. Pharmacokinetics experiments
VIP also induce erection in man (4) and VIP's half-life in the indicated rapid incorporation into the penile tissue, followed
blood has been shown to be less than 1 min (20). Our results by systemic release, incorporation into tissues (which mea-
have shown tissue stability of the fatty VIP-derivative for 2 15 sured up to 1,000-fold less radioactivity than that found in the
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penile tissue), and decomposition as well as clearance of the
lipophilic peptide 1 h later.

Preliminary toxicological studies in rats, employing single
subcutaneous injections (to the area of the sex organ) of lipo-
philic VIP-derivatives (at doses used in this study for topical
application) showed no evidence of side effects or toxicity over
a 2-wk period. Side effects were monitored by daily inspections
of body weight, food consumption, general appearance and
behavior, incidence of diarrhea, and viability. In addition, at
doses 1,000-fold greater than the amounts required to elicit a
biological response, only 17% of the animals tested showed
symptoms of transient diarrhea. Oral application of the drug at
the same doses did not elicit any apparent toxic response (un-
published results). Furthermore, native VIP administered by
local penile injection is now in clinical trials for treating sexual
disfunction (21, 22). The amounts of VIP that are used are
200-400 pmol/injection/patient, which are - 1 .g per man,
and it has been shown that these doses do not cause any local or
systemic side effects in man (22). These doses are similar to the
effective skin penetrating doses of stearyl-VIP (as extrapolated
from the above study). The advantages of developing the
stearyl-VIP analogue for impotence treatment in manare mul-
tiple: (a) stearyl-VIP has a preferred route of application in
comparison to VIP; (b) stearyl-VIP's action may be prolonged
(see half-life discussion above); (c) the bioavailability of
stearyl-VIP is increased as compared with VIP; and (d) there is
no apparent toxicity associated with stearyl-VIP.

Findings reported above may be of direct relevance even
beyond the specific case of VIP and impotence. Firstly, VIP is a
multifunctional neuropeptide (9) and hence other therapeu-
tical aspects of this peptide should be investigated. Moreover,
the concept of fatty peptides may be of general implication to
other biologically active molecules of major clinical signifi-
cance (23). Success in topical application of these compounds,
e.g., as ointments, will result in circumvention of the need for
oral or parenteral administration, which are markedly ham-
pered by extensive proteolysis and hepatic first-pass elimina-
tion.
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