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Abstract. Recently we reported the discovery of a series of 2-O-alkyltyrosine- (or 2-p-alkyl-
phenylalanine), 4-threonine-, and 8-ornithine-substituted analogs of [1-penicillamine]oxytocin
([Pen']OT) which possess prolonged anti-OT activity. In this study, we attempt to improve the
potency and the duration of action of this series of OT antagonists by exploring the effects of D-
stereoisomer substitution in the 2 position. We compare the in vitro anti-OT potency, expressed
in pA, values, and the duration of in vivo inhibitory action, expressed in recovery ¢,,, of [Pen']OT,
[Pen',Orn®]OT, [Pen!,Thr*|OT, [Pen', Tyr(OMe), Thr*,0m®}OT, [Pen’, Tyr(OEt)%, Thr*,Om®]OT,
[Pen',D-Tyr(OEt?, Thr*,0rn®]OT, [Pen!,Phe?, Thr*]OT, [Pen',Phe(Me)?, Thr*,0rn®]OT, [Pen’,D-
Phe(Me)%, Thr*,0m®]OT, [Pen' ,Phe(Et)?, Thr*,0m®]OT, and [Pen',D-Phe(Et)%,Thr*,0rm®]OT. The
results show that modifications of the amino acid in position 2 by alkylation of the aromatic ring
and use of D-stereoisomerism produce nonparallel effects on the in vitro potency and duration of
action of OT antagonists. Time-action curve determinations show that long-acting OT antagonists
exhibit delayed peak inhibitory action. Long action is not coupled with high potency in all cases.
This dissociation between potency and duration of action gives support to our hypothesis that
the potency and duration of action of these peptides may each have different conformational

structure requirements.

© 1987 Society for Experimental Biology and Medicine.

Recently, we synthesized a series of oxytocin
(OT)? antagonists which possess prolonged
action (1, 2). They were 2-O-alkyltyrosine- (or
2-p-alkylphenylalanine), 4-threonine-, and 8-
ornithine-substituted analogs of [1-penicilla-
mine]oxytocin ([Pen']OT). Pharmacological
studies on these long-acting OT antagonists
showed a dissociation between antagonistic
potency and duration of action (2). This find-
ing supports our hypothesis that potency and
duration of action may each have different
molecular requirements (3-8) and suggests
that OT analogs might be designed rationally
for potency, specificity, and long action based
on conformational considerations. As a con-
tinuing effort to elucidate the optimal structure
for potent and long-acting OT antagonists, we
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have explored the effects of D-stereoisomeric
substitution in the 2 position. [Pen',D-
Phe(Me)?, Thr*,0rn®,]JOT, [Pen!,D-Phe(Et)?,
Thr*,0rn®]OT, and [Pen',D-Tyr(OEt)?
Thr*,0rn®]OT were synthesized. In this paper,
we compare the anti-OT potency and the du-
ration of action of the 2-D-isomer-containing
analogs with their respective 2-L-isomer-con-
taining compounds.

Materials and Methods. In vitro oxytocic
assays. In vitro oxytocic assays were performed
on isolated uteri from rats (Wistar) in natural
estrus, as described in one of our previous pa-
pers (6), with the use of a Mg?*-free van Dyke—
Hasting solution. Antagonistic potencies were
measured in this iz vitro system and were ex-
pressed in pA, values by the method of Schild
(9). Synthetic OT was used as the agonist.

In vivo oxytocic assays. In vivo oxytocic or
anti-OT activities were determined in ure-
thane-anesthetized 21- or 22-day pregnant rats
according to the method introduced in our
laboratory (10). In brief, the technique was an
isometric contraction recording of a segment
of the uterus in situ. Uterine contractions were
induced by iv injections of OT and recorded
on a polygraph via a force-displacement
transducer. The standard OT doses used in
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the experiment were between 50 and 80 mU/
rat. The contractile response to OT injection
was expressed by the area under the contractile
curve for the 10-min interval immediately fol-
lowing drug administration. After the response
to the OT dose was established, an appropriate
dose (ug) of the OT antagonist was selected
and injected 20-30 sec preceding the standard
OT dose so that the OT response was reduced
by 50-80%. Time-action of the inhibitory re-
sponse was measured by monitoring the re-
covery of OT response. OT injections were re-
peated at 30-min intervals. The time-action
curves were plotted and the maximal inhibi-
tion of OT response was determined. The time
for 50% recovery from the maximal inhibition
was determined by interpolation from the
time-action curves. This time is designated as
the recovery ¢,,;. In control experiments, the
contractile responses to the standard OT in-
jections at 30-min intervals were relatively re-
producible over a 2-hr period. There was no
evidence of desensitization to OT over this pe-
riod. On the contrary, in general the contractile
response to OT gradually increased following
repeated injections. This increased OT sensi-
tivity might have underestimated the recovery
ti» of some OT antagonists with ¢, longer
than 90 min.

Statistical analysis of data. Bioassay values
were presented as means = SEM and analyzed
by analysis of variance. Significant differences
between sample means of the L- and D-isomers
were analyzed by Student’s ¢ test, both tails at
0.05 P level.

Materials. The OT antagonists used in this
study were synthesized in our laboratory.
They were [Pen']OT, [Pen! Orn®]OT, [Pen',-
Thr*]JOT, [Pen!, Tyr(OMe)?,Thr*,0rn®]OT,
[Pen!, Tyr(OEt):, Thr*,Orn®]JOT, [Pen!,DTyr-
(OEt)%, Thr*,0rn®]OT,[Pen',Phe?, Thr*]OT,
[Pen' Phe(Me)?, Thr*,0Orn®]OT, [Pen',D-Phe
(Me)?, Thr*,0rn®]OT,[Pen',Phe(Et)?, Thr?,
Om®)OT, and [Pen',D-Phe(Et)% Thr*,0rn®]OT.
Details of the synthesis of the peptides and
their physicochemical properties will be re-
ported elsewhere (in preparation). The
OT used was Pitocin (Parke-Davis, Morris
Plains, NJ).

Results. Time-action of OT antagonists.
The 2-alkylated and 8-ornithine-substituted
OT analogs exibited prolonged anti-OT action
in both in vitro assays on the isolated non-
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pregnant rat uterus and in vivo assays in the
pregnant rat.

In the in vitro assays, these alkylated long-
acting OT antagonists, unlike other short-act-
ing OT antagonists which can be washed out
readily from the tissue bath, required repeated
washouts over 15 to 30 min to regain the con-
trol OT response.

Time-action studies in the pregnant rat
showed that 8-ornithine substitution alone
produced an analog with prolonged action.
Combination of 2-O-alkyltyrosine (or 2-p-al-
kylphenylalanine) and 8-ornithine substitution
produced analogs with even more prolonged
action as was reported in our prior paper (2).
OT antagonists with a response recovery f,,
longer than 100 min developed their peak in-
hibition over a period of 30 min following their
iv injections. Figure 1 illustrated the three pat-
terns of anti-OT time-action: (i) immediate
and short acting, as represented by [Pen']OT
and [Pen',Phe?, Thr*]OT; (ii) immediate and
moderately long acting, as represented by
[Pen',Orm®]OT and [Pen',Tyr(OEt)?>, Thr* -
Orn®JOT; and (iii) very long acting with grad-
ual peak action, as represented by [Pen',-
Tyr(OMe)?, Thr*,0rn®]OT,[Pen’,Phe(Me)?,
Thr*,0m®]OT, [Pen',D-Phe(Me)?, Thr*,0m®]-
OT, and [Pen',D-Phe(Et)>, Thr*,Orn®]OT. In
this experimental protocol, the peak anti-OT
response produced by the OT antagonist dose
administered was taken as the 0% recovery of
inhibitory response. The dose of OT antagonist
injected was that required to produce a 50-
80% inhibition of the response to the standard
OT dose.

Anti-OT potency and duration of antago-
nistic action. Anti-OT potency was determined
on isolated nonpregnant rat uteri and ex-
pressed in pA, values. Duration of antagonistic
action was determined in 21- or 22-day preg-
nant rats. The recovery t,,, (the time for 50%
recovery from the peak inhibition of the stan-
dard OT response) was determined by inter-
polation from the time-action curve as shown
in Fig. 1. The in vitro pA, and the in vivo re-
covery t;,, values of the OT antagonists are
shown in Table 1. Values for the L-isomers
have been reported previously (2).

The in vitro pA, values for a number of very
long-acting OT antagonists could not be de-
termined precisely due to the difficulty of
washing out the inhibitory effect and shifting
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FIG. 1. Time-action of long-acting OT antagonists. Recovery of contractile responses to OT in pregnant
rats following injection of an OT antagonist. The standard OT doses were 50-80 mU/rat injected at 30-min
intervals. Contractile responses were expressed by the area under the contractile curve for the 10-min interval
immediately following OT injection. The OT antagonist was injected once at minus 20-30 sec at a dose
level that produced 50-80% inhibition of the standard OT response. Each curve represents the average values
from at least four 21- or 22-day pregnant rats. The OT response immediately preceding the OT antagonist
injection was taken as 100%. 0% recovery of inhibitory response represented the maximal inhibitory response.
A = [Pen']OT. B = [Pen!,Phe}, Thr|OT. C = [Pen',Om®]OT. D = [Pen!,Tyr(OEt)>, Thr*,0rm*|OT. E
= [Pen!, Tyr(OMe)?,Thr*,0rn®]JOT. F = [Pen!,D-Phe(Me)?,Thr*,0rn®]JOT. G = [Pen',D-
Phe(Et)2, Thr*,0rn®]OT. H = [Pen',Phe(Me)?, Thr*,0m®]OT.

the control OT response because of the long
time lapse (>30 min). For these OT antago-
nists, the pA, values given are regarded as best
estimates.

In vivo recovery t,,; values were compared
based on approximately equieffective doses of
the OT antagonists which produced a 50-80%
inhibition of the contractile response to the
standard dose of OT in the pregnant rat.

It is apparent from the data presented in
Table 1 that relative to [Pen']JOT and
[Pen',Phe?, Thr*]OT, the prototypic OT an-
tagonists, substitution of ornithine in the 8
position and/or in combination with 2-alkyl-
ation increased duration of action but not po-
tency while substitution of a D-amino acid
residue in the 2 position enhanced potency
but not duration of action of the OT an-
tagonists.

Discussion. OT is the most potent oxytocic
agent known to clinical medicine. Recent lab-
oratory and clinical observations (11-13) sug-

gest that OT may play a pivotal role in the
initiation and maintenance of labor. Specific
OT antagonists, thus, may be effective as to-
colytic agents for the prevention of preterm
labor.

A number of in vivo active OT antagonists
have been synthesized over the years in our
laboratory and others (3, 4, 10, 14, 15). OT
peptides in general have a very short duration
of action because of their rapid clearance rate.
To be useful as tocolytic agents for preterm
labor, more specific, potent, and, in particular,
longer-acting antagonists will be required. As
a result of our continuing effort to develop
more potent and long-acting OT antagonists,
we have recently discovered a new series of 2-
O-alkyltyrosine- (or 2-p-alkylphenylalanine),
4-threonine-, 8-ornithine-substituted analogs
of [Pen']JOT which possess prolonged anti-OT
activity (1, 2). In this study, we attempted to
improve the potency and duration of action
of this series of OT antagonists by exploring
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TABLE I. ANTI-OT POTENCY AND DURATION OF ACTION OF OT ANTAGONISTS

In vivo relative potency and recovery ¢,

Dose range for 50-80%

inhibition of OT response Recovery ),

OT antagonists In vitro pA, (ug) (min)
[Pen']OT 6.86 +0.03 10 ~20
[Pen',0rn®]OT 6.75+0.07 10-20 50+ 4
[Pen', Thr*]OT ([Pen!, Tyr? Thr*]OT) 7.55+0.04 5.0 ~20
[Pen', Tyr(OMe)?, Thr*,0rn®]OT ~7.3¢ 3.5-5.0 130+ 16
[Pen', Tyr(OEt)’, Thr*,0rn®]JOT 5.32+0.02 6.0-8.0 55+ 12%
[Pen',D-Tyr(OEt)?, Thr*,0rn®]OT 7.36 £0.07 4.0 45+ 2°
[Pen',Phe?, Thr*]OT 7.67 £0.02 5.0 ~20
[Pen',Phe(Me), Thr*,Orn®]OT ~7.3¢ 3.0-4.0 160 + 14°
[Pen’!,D-Phe(Me)?, Thr*,0rn®]OT ~7.5¢ 2.5 148 £ 11°
[Pen',Phe(Et)2, Thr*, Orn®]OT 5.80+0.03 40-50 110+ 9°
[Pen',D-Phe(Et)?, Thr*,0rn®]OT ~7.59 3.5-5.0 155 +22¢

Note. Values shown are means + SEM. Values for the L-isomers have been reported previously (2). For pA4,, n = at

least 6. For recovery t,,,, n = at least 4.
¢ Estimated values only. See text for explanation.

b Not significantly different from its stereoisomer value.

the effects of substitution of D-amino acid
stereoisomers in the 2 position. D-Tyr substi-
tution at position 2 of vasopressin antagonists
has been shown by Manning et al. (16) to in-
crease antagonistic potency. As shown in Table
I, D-Tyr(O-alkyl) or D-Phe(p-alkyl) substitu-
tion in the OT antagonist series also led to
enhanced anti-OT potency over their respec-
tive L-isomeric analogs in both in vitro and in
vivo assays. The increase in anti-OT potency
was particularly remarkable in the in vitro pA,
assays for the 2-O-ethyltyrosine and the 2-p-
ethylphenylalanine analogs, with increases as
high as two orders of magnitude. The D-ste-
reoisomer substitution, however, had no sig-
nificant effect on the duration of in vivo in-
hibitory action. The recovery ¢, of the 2-D-
isomer-containing analog was not significantly
different statistically from its L-isomer-con-
taining analog.

As we reported in our previous paper (2)
and as shown in Table I, 8-ornithine substi-
tution of [Pen']OT prolonged action but had
little effect on potency, while 4-threonine sub-
stitution increased only antagonistic potency
but not the duration of action. Sawyer er al.
(14), however, reported that 8-ornithine as well
as 4-threonine substitution enhances the an-
tagonistic activity of [deamino-Pen']OT on the
rat uterus. A combination of 2-O-alkyltyrosine

or 2-p-alkylphenylalanine and 8-ornithine
substitution produced the longest-acting OT
antagonists in our series to date. It is interesting
to note that increasing the size of the 2-O-alkyl
(or 2-p-alkyl) substituent from a methyl group
to an ethyl group resulted in a marked loss in
antagonistic potency but a variable effect on
the duration of action.

In this present study, we quantitated the
anti-OT potency by in vitro pA, assays on
nonpregnant rat uteri in a Mg?*-free medium
while the duration of action was measured in
intact 21- or 22-day pregnant rats. Determi-
nation of in vivo pA,’s was not feasible for OT
antagonists with very prolonged action. How-
ever, an estimate of relative in vivo anti-OT
potency of the OT antagonists could be as-
sessed since the in vivo recovery f,,’s were
compared based on approximately equieffec-
tive doses of the OT antagonists which pro-
duced a 50-80% inhibition of the contractile
response to the standard dose of OT. It is well
known that potencies assayed in vitro, partic-
ularly in a Mg**-free medium, correlate poorly
with in vivo potencies (14, 17). This is apparent
here by comparing the in vitro pA,’s and the
relative in vivo potencies in Table I. The
disparity was particularly apparent with
[Pen!, Tyr(OEt)?, Thr*,0rn®]OT. This OT an-
tagonist has the lowest in vitro pA, value
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among the OT antagonists studied in this pa-
per. However, its in vivo anti-OT potency was
unexpectedly high. Anti-OT activity and re-
covery f;,; of this OT antagonist were deter-
mined in five 21- or 22-day pregnant rats. All
five experiments produced an unequivocal in-
hibition of OT responses with 8 ug of the an-
tagonist in four rats and 6 ug in one rat. The
OT dose was 50-80 mU. The inhibition was
between 50 and 54% of the control OT re-
sponse. In two other experiments, results not
included in Table 1, 30 ug of [Pen!,Tyr-
(OEt)2, Thr*,0rn®]OT was found to produce a
near complete inhibition of the OT response.
It should be noted that the in vivo anti-OT
assays were semiquantitative and were esti-
mated from experiments designed to deter-
mine recovery f,’s. The experimental pro-
tocol for the recovery t,,, determination al-
lowed a response (inhibition) range of 50 to
80%. Therefore, the relative in vivo anti-OT
potency range assessed from the recovery ¢,
experiments could vary as much as four- to
fivefold from one end of the response range
to the other. For [Pen',Tyr(OEt)?,Thr?
Orn®]OT, its relative in vivo anti-OT potency
was probably overestimated because the assays
were done in the low inhibitory response
range. For this reason, we had placed this an-
tagonist last within the intermediate potent
group in the initial publication (2, Table 4).
Despite the lack of concordance between in
vitro and in vivo potencies, the two sets of data
on the effects of 2-D-amino acid substitution
on the three OT antagonists yield similar con-
clusions, namely, potency and duration of ac-
tion of OT antagonists could be dissociated.
The nonparallel effects of stereoisomer and
amino acid substitutions on potency and du-
ration of action observed in this study and our
earlier studies are in accord with and support
our hypothesis that potency and duration of
action of these peptides may each have differ-
ent molecular requirements (4, 5, 7, 8, 18).
The prolonged action of these OT antago-
nists cannot be explained by resistance to
metabolic degradation or clearance since the
long-lasting effect was also observed in the iso-
lated rat uterus preparation. Deamino-OT, an
agonist, was found to have a protracted action
in our earlier study (17). Evidence was later
presented by Gazis et al. (19) showing that the
long-lasting action of deamino-OT is not due
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to a long plasma half-life or a greater binding
affinity but is due to a specific binding of the
peptide which remains in the uterine tissue. It
is possible that the long-acting OT antagonists
described here may also have a long retention
in the uterine tissue. It is of particular interest
to note that the time-action curves illustrated
in Fig. 1 show that OT antagonists with a re-
covery ¢, of longer than 100 min produced
their peak anti-OT effect during the 30- to 40-
min interval following their injection. One ex-
planation for this delayed peak action could
be that the prolonged action resulted from fa-
vorable antagonist-receptor interactions that
occurred subsequent to OT-receptor binding
and transduction. Implicit in this latter sug-
gestion is that the antagonist-receptor inter-
action has different conformational features
than the agonist-receptor interaction as pro-
posed in our hypothesis (3-5, 7, 8).

Although the exact mechanism remains to
be elucidated, the findings reported here and
in our earlier paper (2) give encouragement
that OT analogs can be designed rationally
based on conformational and structural con-
siderations which are related to potency, spec-
ificity, and prolonged action, and that clinical
deployment of OT antagonists as tocolytic
agents for the treatment of premature labor
may be realized with the development of fur-
ther improved OT antagonists.
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