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provide evidence to support the hypothesis
that triamterene acts in the distal tubule to
reduce Na reabsorption. While this drug acts
in the same area of the tubule as aldosterone
and causes effects on sodium reabsorption op-
posite to those attributed to aldosterone(9),
competitive inhibition cannot be inferred.
The fact that triamterene causes a natriure-
sis in adrenalectomized rats and dogs indi-
cates that the drug acts by other mecha-
nisms than aldosterone antagonism.

There were no consistent changes in urine
flow rate, free flow urine Na concentration,
and proximal urine Na concentration in 4
experiments where stop flow studies were
done before and after triamterene. While
proximal tubular events are not as easily as-
sessed by the stop flow method(6), there is
no evidence to support the idea of a proxi-
mal tubular action of the drug.

Summary. The pteridine compound tri-
amterene was studied in 11 dogs using the
stop flow method. These data support the
hypothesis that the site of action of triamter-
ene is the distal tubule of the kidney and
that triamterene produces its natriuretic ef-
fect by reducing Na reabsorption in this area.
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No evidence was obtained for a proximal
renal tubular effect.

The authors wish to thank Dr. W. S. Wilde for
helpful criticism on stop flow and for the use of
laboratory facilities and grant support in his ab-
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The physiological and pharmacological ac-
tions in experimental animals of synthetic or
of naturally occurring bradykinin have been
reviewed recently(1,2,3,4). Among the ac-
tions of bradykinin are transient vasodilata-
tion of peripheral and coronary arteries,
transient hypotension, increased capillary
permeability, induction of edema, migration
of leukocytes, production of pain after topi-
cal application to the base of a blister or
after intra-arterial injection, bronchocon-
striction in certain animal species, and stimu-
lation or relaxation of excised gastrointesti-
nal or uterine muscles.

Four of these actions (transient hypoten-
sion, coronary dilatation, increased capillary
permeability, stimulation of excised uteri)
provided the basis for comparing the actions
of 9 synthetic analogues of bradykinin and
one of kallidin,

Materials. Bradykinin and the 10 ana-
logues were synthesized by members of our
Organic Chemistry Section. Preliminary re-
ports on the syntheses of these peptides as
well as on their stimulant activities on ex-
cised rat uteri have appeared recently(5-9).
The 10 peptides related to bradykinin or to
kallidin were 1-citrulline bradykinin(5,6,8),
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9-citrulline bradykinin, 1, 9-biscitrulline bra-
dykinin(5,8), 6-glycine bradykinin, arginyl-
heptaglycylarginine, 7-glycine bradykinin(5,
9), bisnitroarginine bradykinin(5,6), retro-
bradykinin (reverse sequence of bradykinin)
(5,7), 7-glycine kallidin(9), and fully pro-
tected bradykinin(6). All of these peptides
were nonapeptides with the exception of 7-
glycine kallidin, a decapeptide. The fully
protected nonapeptide derivative correspond-
ing to bradykinin was Na-benzyloxycarbonyl-
nitro-L-arginyl-L-prolyl-L-prolylglycyl-L-phe-
nylalanyl-O-acetyl-L-seryl-L-prolyl-L-phenyl -
alanyl-nitro-L-arginine methyl ester.

Methods. 1In vitro, rat’s uterus. Virgin fe-
male albino rats were pretreated with estra-
diol benzoate (2 y i.m./day for 3 days). Each
excised uterine horn was mounted in an iso-
lated tissue bath of 10 ml capacity and per-
fused with a modified Tyrode’s solution,
maintained at 27-28°C and aerated with 95%
0,-5% CO;. These uterine strips were typi-
cally devoid of spontaneous contractions in
the resting state.

Each peptide was solubilized in perfusion
fluid; fully protected bradykinin, however,
required solution in N, N-dimethylforma-
mide before dilution with perfusion fluid.
Each peptide solution (0.05 ml) was added
to the bath for a 5-minute period, before
washing with peptide-free perfusion fluid.
During this 5-minute period, the amplitude
and frequency of contractions, and the
changes in tone were recorded. The ampli-
tude of the initial contraction was used in
each instance as the criterion for evaluation
of stimulant activity relative to bradykinin;
graphical estimates of activity were made on
a log concentration-response basis. Estimates
of relative activity were also obtained for
each peptide by analyzing graphically over-
all changes in tone or in frequency of con-
tractions.

Log concentration-response curves were
obtained for the effects of bradykinin and
each test peptide on each tissue. Bradykinin
was tested at 0.00125, 0.005, and 0.02 y/
ml. Each peptide was tested first in the same
concentration range as bradykinin, and, if
relatively inactive, was alsq tested at 4 in-
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creasing concentrations, 0.08, 0.32, 1.28, and
5.12 v/ml. One inactive peptide, retrobrady-
kinin, was studied also at 20.5 and 82 y/ml.

Isotonic contractions were recorded kymo-
graphically with a frontal-writing lever or
isometrically (Grass FT .03 force transducer)
on an Offner type R Dynograph.

Each test peptide was also examined for
in vitro anti-bradykinin activity. Uterine
strips were pretreated for 5 minutes with
1/100 and 1/10 of the minimal stimulant
concentration of each peptide or of the high-
est non-stimulant concentration employed.
This was followed by a stimulant concentra-
tion, 0.02 y/ml, of synthetic bradykinin left
in the bath for 5 minutes.

In vitro, Langendorff preparation, coronary
perfusion of excised cat heart(10). Excised
hearts from male or female cats weighing 2
to 3 kg were mounted in the Anderson-Craver
perfusion apparatus(11) and perfused with
Chenoweth-Koelle’s solution(12) at 37°C un-
der 40 cm of water pressure. Isometric re-
cordings of force of contraction were ob-
tained from the right ventricle with a Stath-
am GI 8-350 force transducer. Coronary per-
fusion rate was monitored by a Statham
P23BB pressure transducer which detected
changes in line pressure each time the coro-
nary flowmeter (10 ml) emptied. An Offner
Dynograph yielded continuous records of
contractile force, ventricular rate, and coro-
nary perfusion rate.

Each peptide was dissolved in perfusion
medium and injected in doses of 1, 10, 100,
or 1000 y; at least 3 dose levels were em-
ployed for each peptide. Each injection of
test peptide was alternated with an injection
of bradykinin. Actual volumes of peptide so-
lutions injected were 0.5 to 1.0 ml, followed
by a “flush” of 1.5 ml with perfusion medi-
um during consecutive periods of 30 and 45
seconds, respectively. Evaluation of each
peptide’s activity in relation to bradykinin
was based only on changes in coronary per-
fusion rate, since, in agreement with a re-
port by other investigators(13), positive ino-
tropic or chronotropic changes were absent
or minimal.

Increased capillary permeability in albina
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rabbits. Male rabbits, ranging in weight from
2 to 3 kg, were employed. Approximately
48 hours prior to test, the hair on the abdo-
men was clipped and the skin epilated with
a commercial depilatory. On the day of test,
at least 17 squares (2.5 cm X 2.5 cm) were
marked off on the abdomen of each rabbit.
One intradermal injection of 0.2 ml of test
material, dissolved in physiological saline,
was made within each square with a 14 inch,
27-gauge needle and a glass syringe. The
order of injections was randomized so that
a site received one of the following: 0.001,
0.01, 0.10, 1.0, 10.0 or 100 y of each test
peptide alone or combined with 10 y of bra-
dykinin or of 0.01, 0.10, 1.0, or 10 y of brady-
kinin alone. Three sites received injections
of saline alone. The combinations of test pep-
tide and bradykinin measured any antibrady-
kinin action. Immediately after the last in-
tradermal injection into each rabbit, 10 ml
of a 19 aqueous solution of trypan blue was
infused into an ear vein during a 60-second
period. The blueness and diameter of each
wheal were determined at 15, 30, 60 and 120
minutes after injection of dye. Maximal blue-
ness occurred in 15 or 30 minutes. The de-
gree of blueing was given one of the 5 fol-
lowing scores: 0, none; 1, trace; 2, light; 3,
medium; or 4, dark. The diameters were
measured with a millimeter ruler to == 1 mm.
Graphical analysis of data from experiments
with bradykinin suggested that blueing
scores and diameters were roughly correlated
(Table I). Graphical evaluation of results
with each test peptide vs bradykinin gave
the same estimate of relative activity for
each parameter.

Hypotensive activity in anesthetized rats.
Male, Sprague-Dawley rats, ranging in weight
from 250 to 400 g were anesthetized with
urethane injected subcutaneously and then
given heparin sodium i.v. according to the
procedures described by Dekanski(14). Atro-
pine sulfate, 1.5 mg/kg, i.v., was also admin-
istered. Injections were made into a jugular
vein cannulated with PES0 polyethylene tub-
ing; mean blood pressure was recorded con-
tinuously on an Offner Dynograph through
a Statham P23AA pressure transducer at-

TABLE I. Dose or Concentration Effects of Bradykinin.
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TABLE II. Approximate Relative Activities of Peptides Related to Bradykinin.
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Intradermal,
Excised rabbit; Excised cat’s
rat’s uterus; LV. rat; iner. capillary  heart; coronary
Peptide stimulation vasodepression permeability dilatation
B (=bradykinin) [1] [1] [1] [1]
6-glye. B. 1 1to2 1 1
7-glye. kallidin 1/4t01 1/3to1 1/10to 1 1/10
7-glye. B, 1/90 1/300 1/100 <1/100*
9-citr. B, 1/400 <1/100 1/10to 1 1/10to 1
1/140 1/100 to 1/10  1/1000 to 1/100
1-citr. B. 1/800 to 1/400 <1/100 1/1000 <1/100
Bisnitro B. 1/1000 to 1/100 <1/100 1/100 to 1/10 <1/100
Arginylheptaglyeylarginine <1/4000 <1/100 1/1000 to 1/100 <1/1000
1,9-biseitr. B. <1/4000 <1/100 1/1000 to 1/100  1/100 to 1/10t
Fully protect. B. <1/4000 <1/100 —_— —
Retro B. <1/80,000 <1/300 1/1000 to 1/300 <1/1000

* Slight coronary constriction.

t Secondary slight constriction, following transient dilatation.
< = Inactive at highest dose or concentration tested.

tached to PES0 polyethylene tubing in a
carotid artery. Each peptide, dissolved in
physiological saline, was injected i.v. in a
0.05-0.10 ml volume and then flushed in with
0.50 ml of saline during a 10-second period;
injections were made at 5- to 20-minute in-
tervals. At least 3 doses of each peptide,
alternated with doses of bradykinin, were
given. The doses of synthetic bradykinin
were 0.31, 1.0, 3.1, 10 or 31 y/kg and of
test peptide 1.0, 3.1, 10, 31 or as high as
1000 y/kg.

Results. The average effects of synthetic
bradykinin in each of the 4 types of test
preparations are shown in Table I. The ini-
“tial contractions produced by bradykinin on
the excised rat’s uterus occurred within the
first minute. The nadir of the hypotensive
response in the anesthetized rat to brady-
kinin occurred within the first or second
minute; this response lasted no more than 2
minutes. The maximal effects of bradykinin
on capillary permeability of rabbit skin oc-
curred within 15 to 30 minutes after injec-
tion of the dye. The peak increases in coro-
nary perfusion rate of the excised cat’s heart
occurred one to 2 minutes after injection of
bradykinin; these effects declined to control
levels during the next 2 to 4 minutes.

The estimates of activity for each test pep-
tide, relative to bradykinin, are shown in Ta-

ble II. None of the peptides produced ef-
fects which lasted longer than those produced
by bradykinin.

The moderate to marked decreases in vaso-
depressor activity of 9-citrulline bradykinin
were consistent in 2 tests in rats; however,
as shown in Table II, the effects of this pep-
tide on rabbit’s skin and on excised cat’s
heart were extremely variable.

Fully protected bradykinin was tested only
for effects on the rat’s uterus and on the
rat’s blood pressure; N,N-dimethylforma-
mide solvent controls were devoid of activity
in both preparations.

None of the peptides antagonized either
the stimulant action of bradykinin on the ex-
cised rat’s uterus or the increased capillary
permeability in the rabbit.

Discussion. Bradykinin is a nonapeptide
of the following composition: H-Arg-Pro-
Pro-Gly-Phe-Ser-Pro-Phe-Arg-OH (15,16).
Kallidin has been reported to be a decapep-
tide with lysine preceding the first arginine
of bradykinin, i.e., H-Lys-Arg-Pro-Pro-Gly-
Phe-Ser-Pro-Phe-Arg-OH (17,18,19,20).

In the 4 test systems employed, the fol-
lowing structure-activity relationships were
discerned among the 10 peptides related to
bradykinin or to kallidin. The peptide with
glycine substituted for 6-serine in bradykinin
retained full activity. Substitution of glycine
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for 7-serine in kallidin diminished activity
slightly; kallidin has been reported to be
more potent than bradykinin as a vasode-
pressor agent in the rat but less potent than
bradykinin as a uterine or ileal stimulant in
vitro(1,22) or as a bronchoconstrictor iz vivo
(1,21).

The replacement of 7-proline in bradykinin
by glycine decreased biological activity mod-
erately. Substitution of citrulline for either
1-arginine or for 9-arginine or for both ter-
minal arginines in bradykinin resulted in
moderate to marked decreases in activity.
Blocking both terminal arginines of brady-
kinin with nitro groups also decreased activ-
ity moderately. Fully protected bradykinin
exhibited even less activity in the 2 types of
tests employed. Arginylheptaglycylarginine
(glycine substituted in positions 2, 3, S, 6, 7,
and 8 of bradykinin) showed very low activ-
ity. Retrobradykinin, in which all of the
amino acids of bradykinin are present in re-
versed order, also showed very low activity
in each of the 4 test procedures.

The activities of these 10 peptides related
to bradykinin or to kallidin suggest a high
specificity of structural requirement for bio-
logical activity. Furthermore, within the lim-
its of the approximate estimates of relative
activities, no gross dissociation of one type of
biological activity from any other could be
detected in any of the peptide analogues.

In the 2 types of tests in which the test
peptides were examined for anti-bradykinin
activity, none was active.

Summary. Ten synthetic peptides, struc-
turally related to bradykinin or to kallidin,
were compared with bradykinin for (a)
stimulant activity on the excised rat’s uterus,
(b) i.v. vasodepressor activity in the anes-
thetized rat, (c) increased capillary permea-
bility effects in rabbit’s skin, and (d) coro-
nary dilator activity in the excised cat’s
heart.

The decreasing order of activity of these
peptides was as follows: (1) bradykinin and
6-glycine bradykinin, (2) 7-glycine kallidin,
(3) 7-glycine bradykinin, (4) 9-citrulline bra-
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dykinin; 1-citrulline bradykinin; bisnitrobra-
dykinin, (5) arginylheptaglycylarginine; 1,9-
biscitrulline bradykinin; fully protected bra-
dykinin; and retrobradykinin. None of the
bradykinin analogues manifested anti-brady-
kinin activity on the excised rat’s uterus or
in rabbit’s skin.
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