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Croxatto’s fifty-year pursuit: From pepsanurin to the
discovery of a new kininogen-derived peptide (PU-D1)
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and JUAN S ROBLERO
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This paper narrates Dr Héctor R Croxatto and collaborators’ efforts over the
past 50 years in search for peptidic hormones obtained by pepsin hydrolysis of
blood plasma substrates. In the forties, Croxatto described three peptidic
fractions characterized by their hypertensive, oxytocic and antidiuretic
properties, designated as pepsitensin, pepsitocin and pepsanurin, respectively.
While pepsitensin and pepsitocin were later identified as angiotensin I and met-
lys-bradykinin, pepsanurin was not identified and its research was halted for 35
years. During that time, Prof Croxatto and his group worked mostly on the renal
kallikrein-kinin system, studying its physiological anti-hypertensive role, making
significant contributions in the field of renovascular hypertension. After the
discovery of atrial natriuretic peptide, Croxatto resumed his work with
pepsanurin. In a series of papers from 1988 to 1998, it was shown that: 1) when
injected intraperitoneally or in the intestinal lumen of anesthetized rats, or in the
isolated perfused rat kidneys, pepsanurin is a potent inhibitor of the natriuretic
effect of ANP; 2) plasma kininogens are identified as the substrates for
pepsanurin formation; 3) bradykinin and prokinins exert the anti-ANP effect
when injected either intravenously, intraperitoneally or intraduodenally, at
small non-vasodilator doses; endogenous kinins also block ANP renal excretory
effects; 4) a 20-amino acid peptide released by pepsin from domain 1 of purified
LMW kininogen was isolated by Croxatto and collaborators, designed as PU-
D1, and shown to exert similar anti-ANP effects as pepsanurin or kinins, but
being more potent and longer lasting; 5) the anti-ANP effect of pepsanurin,
kinins and PU-D1 is mediated by B2 kinin receptors, since it is blocked by a
bradykinin receptor antagonist. Currently, Dr Croxatto is working on the
hypothesis that intestinal-borne kinins and/or PU-DI1 may reduce renal
excretion during the prandial cycle.
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PEPSANURIN

During the forties and early fifties, Prof HR
Croxatto and collaborators were in search
for peptidic substances that might be
produced in blood plasma by action of

proteolytic enzymes and that would act as
hormones. They were motivated by the
hallmark report of Goldblatt who
reproduced arterial hypertension in the dog
by clamping the renal artery (56), and by
the underlying humoral mechanism just
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being disclosed by Fasciolo, Braun-
Menéndez and collaborators in Argentina
(16, 48) and Page and Helmer in the USA
(75). As other physiologists at that time,
Prof Croxatto was excited by the
possibilities opened by the fact that a
peptidic hormone can be formed by a
regulated protein breakdown in the
circulatory stream. Since the nature and
specificity of the enzymatic action of renin
on its plasma globulin substrate was
uncertain, Héctor Croxatto with his brother
Raidl decided to investigate whether
proteolytic enzymes, such as those
produced in digestive glands, could
reproduce the renin action on the same
globulin substrate. In 1942, they reported
that the hydrolysis of dialyzed plasma with
pepsin in acidic condition produced a
peptidic fraction that induced a marked
hypertensive effect and which was
designated as pepsitensin (25).

In the next years, Croxatto and co-
workers described two other peptidic
fractions resulting from hydrolysis with
pepsin at pH 2.5 of either dialyzed plasma
or a preparation of semipurified -2 plasma
globulins called ‘“hypertensinogen”. The
first substance presented oxytocic activity
and they called it pepsitocin (28). The
second fraction was antidiuretic and it was
named pepsanurin (24, 29, 30). Pepsitensin
and pepsitocin were produced after short (5
h) incubation of human, horse or ox
dialyzed plasma with pepsin, whereas
pepsanurin was generated after prolonged
(18-24 h) hydrolysis. In fact, pepsanurin
was originally discovered when the
pepsitensin-pepsitocin fraction was
submitted to a second incubation with
pepsin, in a procedure designed to eliminate
the hypertensive activity. The antidiuretic
activity of pepsanurin was demonstrated
using the Burn test, which consisted in
measuring the diuretic response of normal
rats hyperhydrated by gastric gavage to 5%
of their body weight. In the same years,
Rocha-e-Silva (84) in Brazil discovered yet
another vasoactive peptide resulting from
incubation of plasma with proteolytic
enzymes. In this case bradykinin, a
vasodilator and musculotropic peptide was
produced after incubating plasma with
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snake venoms or trypsin. Years later,
bradykinin became a major subject of
interest to Prof Croxatto as part of the
antihypertensive kallikrein-kininogen-kinin
hormonal system. Ironically, as it will be
clear by the end of this account, the paths
of bradykinin and pepsanurin got entangled
and eventually merged; however, in the
mid fifties, neither Croxatto nor anybody
else would possibly dream a direct link
between those peptides with apparent much
disparate effects. (For a review on
hormones generated by pepsin digestion of
plasma proteins, see ref 23).

For a decade or so, Prof Croxatto pursued
the intriguing idea that the pepsin-
hypertensinogen reaction produced peptides
resembling the actions of neurchypophyseal
hormones, whose structure was not
completely known at that time. In several
papers, he and collaborators reported the
pharmacological characteristics of those
polypeptides with “posterior pituitary
activity” (21, 30). Pepsanurin was a peptide,
since it was destroyed by incubation with
chymotrypsin; it was differentiated from
angiotensin and vasopressin, as it did not
modify arterial pressure, nor contracted the
rat or Guinea pig uterus (21). Its substrate
appeared to be unique; inasmuch incubation
of hypertensinogen with renin followed by
dialysis in cellophane membranes depleted
pepsitensin activity, while enhanced the
production of the antidiuretic activity by
posterior incubation with pepsin (21).
Indeed, pepsanurin resembled the activity
of sulphydryl-treated vasopressin, which
lost its pressor activity while maintained its
antidiuretic properties (21, 24).

Later on, as considerable progress was
made in the knowledge of the molecular
elements  constituting the renin-
angiotensinogen-angiotensin and kallikrein-
kininogen-kinin systems, both pepsitensin
and pepsitocin were identified. About 25
years after its presentation in society,
pepsitensin was identified as angiotensin [
(51), fulfilling the original hypothesis that
pepsin could mimic the effect of renin. In
turn, after a similarly long period, the
structure of pepsitocin was shown to
correspond to methionyl-lysyl-bradykinin
(58). In contrast, while vasopressin and
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oxytocin were completely characterized,
pepsanurin structure was not elucidated and
this putative antidiuretic peptide remained
in oblivion for about 35 years.

RENAL KALLIKREIN

During the hiatus mentioned above, Prof
Croxatto and collaborators worked mostly
on the renal kallikrein-kinin system. He
vigorously defended the thesis that
systemic blood pressure was regulated by
an equilibrium between two opposing
enzymatic hormonal systems: renin and
kallikrein (35). Each system was composed
of a proteolytic enzyme produced by the
kidney, a circulating globulin substrate and
a peptide effector. Croxatto was fascinated
by the homology of the molecular
components in each system and by the,
then recent, finding that the same
pulmonary enzyme that converts
vasoactively inert angiotensin I into the
active angiotensin II (7), was also the
kininase 1I, an enzyme that destroys
bradykinin (47, 49, 86). The renin-
angiotensinogen-angiotensin system was
better studied, and its participation in
hypertension by causing vasoconstriction
and sodium retention through stimulation
of aldosterone release was well accepted.
The kallikrein-kininogen-kinin system was
hypotensive and pro-natriuretic, and in
need to be disclosed by physiology and
introduced to the clinical world. Croxatto
and his group became known by their
pioneer reports showing that renovascular
hypertensive rats excreted less urinary
kallikrein (27), a finding that was
interpreted as a sign of an imbalance
between vasopressor and vasodilator
influences (35, 85). This idea was not
always accepted at a time when the renin-
angiotensin-aldosterone and the sympathetic
systems seemed enough to provide a good
explanation for vascular resistance control
in health and hypertension. The original
idea of Prof Croxatto called for renal
kallikrein to be released (as renin) to the
venous effluent, where it could act
enzymatically upon kininogens to produce
kinins in minute amounts in the periphery.
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In this way, kinins would counteract the
vasoconstrictor tone induced by sympathetic
transmitters and angiotensin, regulating
vascular resistance. Reduced urinary
kallikrein and renal kallikrein content was
confirmed in different models of
hypertension (2, 33, 79, 92), associated with
a significant increase in plasma kininogen
levels (1, 31, 32). The importance of renal
kallikrein production to renal function was
assessed by measuring changes in urinary
kallikrein excretion in conditions of
enhanced diuresis by volume overload or
diuretics (31, 33, 34, 38). Renal kallikrein
production or excretion was studied under the
influence of hypophyseal and adrenal
hormones (37, 39), prostaglandins (36), the
sympathetic nervous system (3, 4) and during
pregnancy (39, 87, 89). The group at the
Catholic University demonstrated that renal
kallikrein is released into the venous effluent
of the kidney (81-83), that such release is
regulated by cortico-adrenal hormones (10,
91), which affect also the ratio of active and
pre-kallikrein release (10, 20).

Certainly, our understanding of blood
pressure regulation has grown
tremendously in the last 20 years by
acknowledging that endogenous vasodilator
agents are of vital importance in the
maintenance of arterial resistance. It is
obvious to mention the great achievement
represented by the discoveries of
substances released from the endothelium,
such as prostacyclin (68, 69) and nitric
oxide (52, 53, 70, 76, 77), which are
constantly modulating vascular resistance
and reactivity. In this connection,
nowadays there is ample evidence
supporting the importance of local kinin
production as stimulator of prostacyclin
and nitric oxide release. It is also accepted
that the anti-hypertensive effects of
converting enzyme inhibitors are largely
mediated by accumulation of kinins that
relax the vascular walls and also modify
excretory function in the kidney (65, 67).
Thus, although the idea of a major role for
circulating renal kallikrein has not been
proven, the underlying concept of kinins
contributing to maintain blood pressure has
become well accepted in vascular
physiology and hypertension (63, 67, 93).
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ATRIAL NATRIURETIC PEPTIDE (ANP)

The discovery of atrial natriuretic peptide by
De Bold and collaborators in 1981 (46) was
a great stimulus to Prof Croxatto. The
finding that the heart could behave as an
endocrine gland, releasing a peptidic
hormone that regulates vascular volume, by
stimulating sodium and water excretion in
the kidney, stroke him as something beyond
the most fertile imagination (17). Moreover,
if the same cardiac hormone also favors
fluid extravasation into the interstitial space,
thus reducing vascular volume very
efficiently (5, 80). He was immediately
prompted to study whether old pepsanurin
may exert its antidiuretic action by opposing
the atrial hormone. For this purpose, he
adopted an experimental set up consisting of
anesthetized fasted female rats, implemented
with cannulae in the urinary bladder,
femoral artery and femoral vein. This
allowed for timed urine collection and
constant monitoring of arterial pressure.
Atrial extracts or synthetic ANP were
injected iv, while urinary volume, sodium
and potassium were determined at 20 min
intervals. To maintain a basal urine flow
without being sodium loaded, the rats were
infused constantly with isotonic glucose, at
10 or 20 yW/min.

In the first works published by Croxatto
on this subject, he tested whether the known
fluid-retaining hormones aldosterone and
vasopressin interfered with the excretory
effect of atrial extracts. It was shown that
neither aldosterone nor vasopressin was
able to counteract the natriuretic-diuretic
effect of an 1v bolus of ANP (26, 40). In
contrast, sodium and water excretion
induced by atrial extracts was practically
abolished if the rats were injected ip 40
min before with 1 ml of the classic
pepsanurin preparation (i.e., the amount of
peptides obtained by submitting the
globulin fraction from 20 ml human plasma
to a 18-24 h pepsin hydrolysis at pH 2.5
(26). The results were stimulating since
antagonist or inhibitors of the atrial
hormone had not been reported. However,
in order to continue the research, Croxatto
was facing the problems of identity and
specificity of pepsanurin.
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After presenting those data in a meeting
in Buenos Aires, Croxatto received an
invitation extended by Dr Bumpus from the
Cleveland Clinic to join forces to purify the
active peptide(s) at his laboratory. Being 80
years old, Prof Croxatto accepted the
challenge and moved to Cleveland with his
wife. Despite the impressive facilities and
the great biochemical expertise of Dr
Bumpus and collaborators, their efforts
were unsuccessful. After several months of
hard work, Croxatto returned to Chile with
a couple of synthetic peptides that had
shown some promise in preliminary
screenings, but proved later to be inactive.
(Croxatto remembers that the story could
have had a different end if he would have
made the trip with José Cornejo, his long-
time assistant and master of the rat
preparation).

The antidiuretic properties of
pepsanurin were further characterized in
the following reports. Pepsanurin was
confirmed to antagonize the synthetic
cardiac hormone in the anesthetized rat
and in the isolated perfused rat kidneys
(11). Refining the procedures, it was
shown that pepsanurin obtained from
dialyzed whole human plasma, given ip at
0.5 ml per 100 g bw, caused a 60-90%
inhibition of the natriuretic and diuretic
effect induced by 0.5 ug ANP 43,125
(atriopeptin II). No significant changes in
systemic arterial pressure were observed.
Pepsanurin abolished the increase in
glomerular filtration rate and blunted the
rise in fractional sodium excretion
induced by ANP; however, it did not
affect basal renal function or excretory
rate. In isolated kidneys, pepsanurin
reversibly blocked natriuresis and
diuresis induced by ANP, also without
affecting perfusion pressure.

Pepsanurin did not affect natriuresis
induced by different doses of furosemide,
but strongly prevented or reversed the
natriuretic effect of equipotent doses of
amiloride (11). These results led to the idea
that the active peptide(s) present in
pepsanurin may act directly on the kidney,
counteracting the inhibition of sodium
reabsorption induced by ANP or amiloride
in distal and collecting tubules.
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SEARCH FOR THE SUBSTRATE

The specificity of pepsanurin effect was
also approached using peptic hydrolysates
prepared from bovine or human serum
albumin. None of those control
hydrolysates inhibited the diuresis and
natriuresis induced by ANP, amiloride or
furosemide (11). This clearly indicated that
fluid retention in the peritoneal cavity
caused by unspecific peptidic material
could not account for the antidiuretic
effects of pepsanurin.

The capacity of different plasma
samples to produce the anti-ANP activity
after pepsin digestion was studied next. It
was found that the antidiuretic potency of
pepsanurin prepared from fresh plasma of
patients with severe decompensated
congestive cardiac failure was significantly
higher than that of control subjects (57).
Similarly, pepsanurin prepared from
plasma of rats made cirrhotic by bile-duct
ligation presented twice as potent anti-ANP
activity as compared with pepsanurin
prepared from sham-operated control rats
(Boric et al, unpublished results). That was
interesting, since both clinical conditions
-cardiac failure and cirrhosis- are related to
volume expansion, sodium retention and
refractoriness to ANP (90). In contrast,
hydrolysates of outdated human plasma
from the blood bank did not exert the anti-
ANP activity. As a corollary, it was found
that fresh plasma incubated for 48 h at
37°C in sterile conditions prior to pepsin
digestion lost its capacity to inhibit ANP.
This provided us with a very good control
tool to test for unspecific effect of the bulk
of peptides other than the active
ingredient(s) present in pepsanurin (11, 15,
41). In addition, those results indicated that
the specific substrate for pepsanurin
generation was vulnerable to endogenous
proteases and its concentration in plasma
may change under different physiological
conditions. Looking in perspective,
substrate depletion seems the most
probably explanation for the failure in the
purification efforts carried out by Croxatto
in Cleveland, because outdated plasma
samples were used as starting material in
those experiments. In a series of
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unpublished experiments, Croxatto pursued
the time course of substrate depletion and
its susceptibility to known proteases. Anti-
ANP activity was progressively reduced as
plasma preincubation time was increased
from 2 to 48 h. In addition, incubation with
glandular kallikrein (Padutin) followed by
dialysis caused a rapid (4-12 h) depletion
of pepsanurin substrate. Without dialysis,
kallikrein incubation generated the
antidiuretic activity. The conclusion at that
point was that the substrate for pepsanurin
could be digested by a serine protease.

OTHER PEPTIDES AND THE INTESTINE

In the mid eighties, several reports have
shown that peptic hydrolysis of blood
plasma generated active peptides, such as
met-enkephalin, neurotensin and kinetensin
(18, 23, 88). Since neurotensin and
kinetensin reportedly present antidiuretic
properties, Croxatto’s efforts were
dedicated to study whether the anti-ANP
effect of pepsanurin could be accounted for
by the presence of these peptides. He tested
numerous doses of neurotensin and
kinetensin either alone or in combination
with albumin hydrolysates, with negative
results. Neither peptide was able to inhibit
ANP when tested ip or iv at doses that did
not affect systemic arterial pressure. Large
doses of neurotensin (500 pg) produce a
significant enhancement of the hypotensive
effect of ANP and a concomitant reduction
of urinary excretion (22, 23).

An obvious question was to explore
whether active peptides found in plasma
can be also formed in the digestive tract,
since all proteases used in their generation
-like pepsin, trypsin and kallikrein- are
enzymes present in the intestine and
supporting glands (23). For instance,
neurotensin and kinetensin are formed in
gastric tissues as well as in plasma (19).
With the underlying hypothesis that
pepsanurin generated in the gastric lumen
by pepsin might participate in the
regulation of renal excretory function,
Croxatto tested whether pepsanurin could
be active when injected in the intestine. A
first report supporting this contention was
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the demonstration that pepsanurin
generated either from human or rat plasma
was equipotent to inhibit ANP diuresis-
natriuresis when injected into the duodenal
lumen as when injected ip (41). Again,
control peptic hydrolysates prepared from
preincubated plasma, or pure albumin or
casein, were inert. Administration of
pepsanurin into the stomach was also
effective to block ANP, provided that
gastric emptying was left undisturbed; in
contrast, intragastric pepsanurin was
ineffective after placing a tie in the pylorus
(Croxatto et al, unpublished results).

KININOGENS AND KININS

There was a clear possibility that kinins
generated during digestion of plasma may
influence or contribute to the effects of
pepsanurin, perhaps producing protein
exudation and fluid shifts from plasma to
the peritoneum. By using a radioimmune
assay (RIA) with a polyclonal antibody
raised against bradykinin, pepsanurin was
found to contain significant amounts of
immunoreactive kinin material, whereas
this kinin-like material was absent in
inactive hydrolysates prepared from pre-
incubated plasma. At first, we tried to
demonstrate that kinins were not
responsible for the antidiuretic properties
of pepsanurin. However, it was clearly
shown that adding bradykinin to inactive
hydrolysates of bovine albumin, in
concentrations equivalent to that found in
pepsanurin (0.5-1 pg/ml), reproduced quite
well the anti-ANP effects. In contrast,
histamine -another inflammatory substance-
did not affect the diuretic response to ANP,
even though it produced a larger
accumulation of fluid in the peritoneal
cavity. These unexpected results represented
the starting point for the identification of
kinins and the discovery of PU-D1 as the
active peptide in pepsanurin. However,
although presented in different meetings (9,
12, 13), these results could hardly be
published until very recently (15).

In 1991, the availability of HOE-140, a
new specific bradykinin B2 receptor
antagonist characterized by strong and long
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lasting inhibition of all known biological
effects of kinins (61), provided us with a
powerful tool to pursue the participation of
kinins in pepsanurin action. Soon, it was
demonstrated that HOE-140 (2.5-5 pg, iv)
did not alter the basal or ANP-induced
excretion, but abolished the anti-ANP
effect of pepsanurin extracts, indicating
that a kinin-like peptide mediated the
antidiuretic activity of pepsanurin by acting
on kinin B2 receptors (12, 15, 71).

Obviously, the next step was to search
whether kininogens were the globulin
substrate for the active peptide(s) in
pepsanurin. A direct demonstration of this
hypothesis was found using kininogen-free
plasma and purified kininogens, obtained
by passage of human plasma through
papain-sepharose affinity chromatography
column (62). Pepsin hydrolysates of
kininogen-free plasma present neither anti-
ANP activity nor immuno-reactive kinin
material (12, 13, 15). On the other hand,
incubation of either low (LMW) or high
(HMW) molecular weight kininogen with
pepsin at acid pH resulted in the rapid
production of material with the same
inhibitory effect as pepsanurin. In contrast,
injection of non-hydrolyzed kininogens did
not modify the diuretic effects of ANP (12,
13, 15).

PRO-KININS IN PEPSANURIN

The search to identify the active peptide(s)
continued in two directions. On one side,
the chemical identity of kinins found in
pepsanurin, or hydrolysates of purified
kininogen, was pursued by dialysis,
reverse phase sep-pak and HPLC columns
combined with RIA. On the other hand,
the antidiuretic properties of known kinins
and pro-kinins peptides already reported
in the literature were tested. An
experimental breakthrough was
established when the scarce material
obtained after HPLC fractionation of
kininogen hydrolysates was successfully
tested iv. Injecting or infusing crude
pepsanurin preparations iv induce a state
of unstable arterial pressure in the rat,
precluding appropriate testing of ANP
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natriuretic-diuretic response and anti-ANP
activity. Now, pure peptides or fractions
could be assayed in the anesthetized rat by
giving 1v injections 1-3 min prior to ANP
(8, 43).

Croxatto tested the anti-ANP properties
of pro-kinins peptides (i.e., kininogen
fragments containing the bradykinin
sequence) that had been reported after
pepsin hydrolysis of bovine kininogens
(59). Two of these peptides, of 16 and 18
aminoacids, were shown to inhibit ANP
when injected either iv or into the duodenal
lumen at doses of 1-2.5 nmol/kg (42). In
the next report, we showed that bradykinin
itself inhibits ANP renal actions when
injected iv 3 min prior to ANP, but only if
used at non-depressor doses within a
narrow range of 100-150 ng (0.5-0.75
nmol/kg), while larger and lower
bradykinin doses are ineffective (8). This
finding explained misleading preliminary
results obtained with bradykinin doses of 1-
2 ug (5-10 nmol/kg) that were effective via
ip, but only exerted hypotensive effects
without affecting ANP response when
given 1v. In fact, the effective anti-ANP iv
doses of bradykinin are much smaller than
those used in most reports dealing with
kinins, including kinin-induced natriuresis.
Although controversial, these results were
rapidly published, whereas most data from
the ip effect of bradykinin were left behind.

Thereafter, we showed that another pro-
kinin with the sequence Met-Lys-
bradykinin-Ser-Ser-Arg-Ile from human
kininogen also inhibits ANP when injected
iv, ip or intraduodenally (43). This 15 aa
peptide was named PU-15, after
pepsanurin, and was more potent than the
other two pro-kinins, being effective at
doses of 100-250 ng (0.25-0.4 nmol/kg).
Similar to bradykinin, the dose response
curve for PU-15 inhibition of ANP
diuresis-natriuresis was U-shaped. While,
bradykinin was much more active tv (0.5-
0.8 nmol/kg) than ip (5-10 nmol/kg), all
three pro-kinins were roughly equipotent to
block ANP diuresis-natriuresis when
administered through the three different
routes (iv, ip or intraduodenal), suggesting
they have a higher degree of resistance to
endogenous proteases. The anti-ANP effect
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of bradykinin and pro-kinin peptides is
completely inhibited by prior administration
of HOE-140 (8, 15, 42, 43).

The above reports clearly establish that
administration of non-depressor doses of
exogenous kinins can exert anti-ANP effects
in absence of systemic hemodynamic
changes. Furthermore, we showed that the
ANP excretory response is blunted by
endogenous kinins accumulated during
inhibition of kininase II (angiotensin
converting enzyme), since this effect is
prevented by HOE-140 (8). Although these
results were obtained in anesthetized rats,
they suggest that enhanced kinin levels
may mediate the blunted ANP diuretic
response observed during angiotensin
converting enzyme inhibition in humans
(54, 95). Taken together, these results
support the concept that the injections of
pepsanurin (11, 15), or pro-kinins (42, 43),
in the peritoneum or the intestinal lumen
produce a slow absorption and/or
transformation of pro-kinins, that reach the
precise intrarenal kinin concentration
required to elicit the anti-ANP effect. Non-
vasodilator concentrations of bradykinin can
block ANP-induced diuresis and natriuresis
in the isolated perfused rat kidney (14).
Furthermore, bradykinin can modulate ANP-
induced cyclic GMP production in rat renal
medulla in vitro (14).

PURIFICATION AND IDENTIFICATION OF PU-D1

By combining different purification steps,
PU-15 was confirmed as the major
immunoreactive kinin material present in
pepsanurin. Approximately half the kinin
content and anti-ANP activity of
pepsanurin is retained after prolonged
dialysis in 3.5 kDa cut-off membrane,
while both kinins and anti-ANP activity are
lost in 14 kDa MW cut-off membranes
(15). When dialyzed pepsanurin
was filtered in Sephadex G-25
chromatography, a single symmetrical peak
of immunoreactive-kinin material, with an
apparent MW between 2.8 and 3.1 kDa was
obtained (Moreno JM & Silva R,
unpublished results). Immunoreactive kinin
material was retained in sep-pak columns
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and co-eluted with the anti-ANP activity
between 5% and 15% acetonitrile in 0.5%
acetic acid. Separation of this material by
passage through two HPLC conditions
resulted in a biphasic immunoreactive-
kinin profile. The first peak accounted for
approximately 60% of the recovered
material, with a retention time
corresponding to PU-15, and a second
-broader peak- overlapped the retention
times of Lys-bradykinin and Met-Lys-
bradykinin. Very little material co-eluted
with authentic bradykinin, or inactive
smaller kinin forms such as Des-Arg’-
bradykinin. With the most purified
material, a close correspondence was found
between the elution profiles of protein,
immunoreactive kinin and anti-ANP
activity (72).

For most of us, the situation up to this
point was complicated enough. Trying to
convince the physiology world that kinins
may act as anti-natriuretic hormones
seemed a very uphill task. Perhaps, Dr
Croxatto was not convinced that pepsanurin
was just a kinin. He asked newly arrived
graduate students to repeat the purification
procedure, but using hydrolysates from
pure LMW kininogen as starting material.
In this opportunity, instead of using the
RIA for kinins, the active material was
followed according to its anti-ANP activity
as detected by iv injections in the
anesthetized rat. By serendipity, the new
team modified the purification protocol at
the sep-pak column stage: instead of using
0.5% acetic acid (as previously done) they
used 0.1% trichloroacetic acid (as in the
HPLC elutions). This minor modification
caused most anti-ANP activity to be eluted
at 30% acetonitrile, including some
peptides that were lost in the previous
procedure. Posterior separation of this
material through several HPLC steps
produced a homogeneous protein peak
associated with the anti-ANP activity. After
sequencing, a completely unexpected, 20-
aminoacid peptide, which did not contain
the bradykinin sequence, was revealed.
This peptide was part of kininogen domain
1; therefore it was named PU-D1 (44). It
has the sequence LYS-TYR-GLU-ILE-
LYS-GLU-GLY-ASP-CYS-PRO-VAL-
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GLN-SER-GLY-LYS-THR-TRP-GLN-
ASP-CYS (MW 2,314.9), extending from
lysine-57 to cysteine-76 of the common
segment of LMW and HMW kininogens
and has no structural similitude to
bradykinin (44).

Until the report just mentioned above,
domain 1 of kininogens has not been
associated to any known function, differing
from other domains of these multifunctional
macromolecules (74). Structurally related
domains 2 and 3 are cystatin-like, having
inhibitory binding sites for cystein-
proteinases (73). Domain 4 is the kinin-
bearing site. In HMW Kkininogen, the
carboxyl-terminal domains 5 and 6 are a
histidine rich segment and a recognition site
for plasma prekallkrein involved in contact
activation (64, 74). In addition, domains 5, 4
and 3 participate in HMW kininogen
binding to endothelial cells (60).

The peptide PU-D1 was found very
effective to inhibit ANP when injected iv
or into the duodenal lumen of anesthetized
rats. Again, the inhibitory effect was
observed only with a narrow dose range
(50-100 pmol/kg iv; 50-250 pmol/kg
intraduodenally). On a molar basis, iv PU-
D1 was 6-7 times more potent than
bradykinin or PU-15. Strikingly, a single
small dose of 25 ng PU-D1 (50 pmol/kg),
injected either iv or in the duodenal cavity,
completely blocks ANP response for over
three hours. The inhibitory action of PU-DI1
upon ANP is, like those of bradykinin or
pro-kinins, completely reversed by the
previous administration of the kinin B2
receptor blocker HOE-140. Furthermore,
PU-DI1 and bradykinin exerted synergistic
actions, since simultaneous or successive
injections of subthreshold doses of both
substances elicited a marked inhibition of
ANP effects. This capability to mimic and
to reinforce the property of bradykinin
likely suggests that an effect of PU-D1 is to
facilitate the activation of B2 receptors by
endogenous kinins (44).

Just recently, PU-D1 binding sites in the
kidney were explored by using a novel
approach, consisting of injecting a large
amount of the peptide in vivo and following
the time course of its cellular distribution
with specific antibodies (93). Preliminary
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results suggest specific binding sites for
PU-D1 in distal tubules and collecting
ducts (Vio & Croxatto, unpublished data).
Interestingly, PU-D1 distributed in the
segments bearing B2 receptors (93).

A WORKING HYPOTHESIS FOR A
PHYSIOLOGICAL ROLE OF ANP BLOCKADE

The remarkably blockade of ANP-induced
diuresis-natriuresis caused by PU-D1 and/
or kinins led to the proposal that this
phenomenon may be part of a mechanism
causing transient water retention in certain
physiological conditions. Such conditions
may occur during intense exercise and/or
during digestion. In both instances,
circulating blood is redistributed to favor
energetic metabolism in muscle in the first
case, or intestinal secretion in the second,
particularly in the early prandial period. It
is relevant to note that ANP modulates
blood volume by facilitating water and
protein extravasation to the interstitium
(80). In the intestine, ANP promotes
secretion by inhibiting sodium reabsorption
and favoring chloride secretion (6, 66, 78).
Furthermore, ANP is present in the
stomach and intestinal wall (55, 93).

Croxatto hypothesized that “pepsanurin”
(PU-DI1 and kinins) can be produced during
the early prandial period, as a result of a
proteolytic process by pepsin or other
proteases upon kininogens. The action of
these peptides in the kidney -opposing
ANP diuretic effects- would contribute to
the availability of plasma fluids for
intestinal secretion. Such a mechanism
permits the atrial hormone to partake in
secretion of the intestinal wall and glands.
As already shown, a first approach to test
this hypothesis was the demonstration that
pepsanurin, and later on kinins and PU-D1,
can block the natriuretic effect of ANP
when injected in minute amounts into the
intestinal lumen (41, 42, 43, 44).

A second approach to test the hypothesis
is to study whether inhibition of ANP is
achieved under different physiological
conditions. All experiments already
reported were performed in rats that were
fasted and with free access to water for 8-
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12 h prior to anesthesia, and then infused
with isotonic glucose. Therefore, it was
interesting to test whether glucose
influenced the natriuretic antinatriuretic
actions of ANP and pepsanurin. Indeed, a
recent report by our group reveals that
without glucose infusion, neither
bradykinin nor PU-DI1 elicits the anti-ANP
effect (45). Further experiments under way
are focused on studying the diuretic
response to ANP during the digestive cycle.
Preliminary results show that a short
feeding period prior to anesthesia induces a
state of refractoriness to ANP, which lasts
for 1-2 h once the animal is anesthetized.
Interestingly, the diuretic-natriuretic
response to ANP is recovered if the fed
animals are treated with the bradykinin
receptor antagonist HOE-140 (50).

Thus, the above preliminary
observations support the working
hypothesis that renal ANP effects are
transiently blocked during the prandial
period, likely through endogenous kinins
and/or PU-D1 formation. Too many
questions are open. Do ANP levels increase
during the early prandial cycle? Are pro-
kinins or PU-D1 formed in the intestine?
Are pancreatic or salivary kallikrein
involved? Do kinins or PU-D1 block or
facilitate ANP actions in intestine? Are
pro-kinins and/or PU-D1 released to the
venous effluent? Or do they act locally in
the intestine? Why is it that PU-D1 action
requires kinin B2 receptor activation? What
are the cellular mechanisms for the
inhibition? No one knows the answer to
those questions, but one thing we know for
sure: Dr Héctor R Croxatto will continue
using his intellect and his will to
investigate them with the same energy and
enthusiasm he has shown during the past
sixty-something years (see Fig 1).
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