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Dietz, John R., Dionne Y. Scott, Carol S. Landon, and
Stanley J. Nazian. Evidence supporting a physiological role
for proANP-(1–30) in the regulation of renal excretion. Am J
Physiol Regulatory Integrative Comp Physiol 280:
R1510–R1517, 2001.—The experiments, performed in pento-
barbital sodium-anesthetized rats, consisted of a 1-h equili-
bration period followed by two 30-min control periods. Sub-
sequently, synthetic rat pro atrial natriuretic peptide (ANP)
[proANP-(1–30)] (n 5 8) was given as a bolus of 10 mg in 1 ml
of 0.9% saline followed by an infusion at 30 ng/min (20
ml/min) for six additional periods. Control rats (n 5 6) re-
ceived only 0.45% saline in the appropriate volumes. Mean
arterial pressure, renal blood flow, and glomerular filtration
rate did not change significantly in either group during the
proANP-(1–30) infusion. Urine flow and potassium excretion
increased ;50% in the proANP-(1–30)-infused group only
(P , 0.05). Sodium excretion and fractional excretion of
sodium, expressed as the change from their own baselines,
were significantly increased by the proANP-(1–30) infusion
(P , 0.05), whereas cGMP excretion was similar in both
groups. These results suggest that the rat sequence of
proANP-(1–30) produces a natriuresis in the rat independent
of changes in hemodynamics and renal cGMP production. In
a second study, rats (n 5 8) were prepared as above and
pretreated with 0.4 ml iv of rabbit serum containing an
antibody directed against proANP-(1–30) (anti-proANP
group). The rats were volume expanded with 3 ml of 6%
albumin in Krebs and observed for 3 h to determine if the
anti-proANP would attenuate the responses to volume ex-
pansion. Control rats (n 5 7) received 0.4 ml of normal rabbit
serum. The elevation in potassium excretion in response to
volume expansion was significantly attenuated in the anti-
proANP group (P , 0.05). Sodium excretion and urine flow
responses also tended to be reduced but not significantly.
These results suggest that in the rat, proANP-(1–30) plays a
physiological role in regulating renal excretion.

atrial natriuretic peptide; volume expansion; guanosine 39,59-
cyclic monophosphate, cardiac hormones

ATRIAL NATRIURETIC PEPTIDE (ANP) is known to play an
important role in the regulation of blood pressure and
sodium balance. ANP is secreted by the atria in re-
sponse to mechanical stretch (7) produced by changes
in blood volume or arterial pressure (8). ANP increases
renal sodium and water output and decreases blood

pressure (6). Antibodies directed against ANP have
been shown to attenuate the renal responses to acute
volume expansion (18, 19) and to exacerbate volume-
dependent forms of hypertension (25). ANP transgenic
mice with increased plasma ANP levels show chronic
hypotension (14), whereas ANP gene knockout mice
exhibit fluid retention and hypertension (20, 21, 28).
Thus introduction of the ANP gene, to increase the
endogenous plasma levels, has been used to treat ex-
perimental forms of hypertension (23).

ANP is stored in granules in the atria as a 126-amino
acid (aa) prohormone of which ANP constitutes the
99–126 aa portion (3, 9, 27). Evidence has accumulated
suggesting that, in addition to ANP, several peptides
derived from the ANP prohormone play a role in the
regulation of sodium excretion. ProANP-(1–30), -(31–
67), and -(79–98) are secreted from the heart (12), have
been shown to circulate in plasma (31), and possess
diuretic, natriuretic, and/or vasodilator properties. The
human forms of proANP-(1–30) and -(31–67) have
been shown to increase sodium and water excretion in
several species including humans (1, 2, 11, 13, 17, 24,
29), and binding sites for these peptides have been
found in the proximal tubules and collecting ducts (26)
of the kidneys. However, one study failed to show any
effect of these peptides or to find specific renal recep-
tors in a rat cortical membrane preparation (30).

ProANP-(31–67) appears to act in the kidney and the
medullary collecting duct by inhibiting the Na1-K1

pump through a prostaglandin-dependent mechanism
(15, 16). Although ANP also acts on the medullary
collecting duct, its action involves an inhibition of so-
dium channels on the apical membrane mediated by
cGMP. ProANP-(31–67) clearly has no effect on renal
cGMP production (13). The mechanism of action of
proANP-(1–30) is not known. The purpose of the
present study was to determine if proANP-(1–30) in-
fusion in physiologically relevant doses can increase
sodium excretion. Second, are such increases in renal
excretion accompanied by changes in renal hemody-
namics or cGMP excretion? Finally, we wished to de-
termine if a specific rat proANP-(1–30) antibody could
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attenuate the renal responses to acute blood volume
expansion.

MATERIALS AND METHODS

Male Sprague-Dawley rats weighing 314–375 g (mean
350 g) were anesthetized with pentobarbital sodium (50 mg/
kg) with supplemental doses given as needed. They were
placed on a surgical tray with a heating blanket to maintain
body temperature between 37 and 38°C. After tracheal can-
nulation, indwelling catheters were placed in a jugular vein
(PE-50), right carotid artery (PE-50), and a femoral vein
(PE-50). Both ureters were cannulated (PE-10) for urine
collections. An ultrasonic blood flow probe (Transonic Sys-
tems, Ithaca, NY) was placed on a renal artery. Therefore,
the renal blood flow measurement in Figs. 2 and 6 represent
flow to one kidney only. Arterial pressure was measured
throughout the experiment via the carotid catheter using a
pressure transducer (Gould Instrument Systems, Valley
View, OH), and arterial pressure and renal blood flow were
recorded and displayed continuously using WINDAQ analy-
sis software (DATAQ Instruments, Akron, OH).

Effects of rat proANP-(1–30) on renal function. A bolus of
[3H]inulin in 1.5 ml of 0.45% saline followed by a constant
infusion was initiated at the beginning of a 1-h equilibration
period. The infusion was continued, and data were collected
over eight 30-min urine collection periods (240 min total). At
the end of the second urine collection period, the experimen-
tal group received a bolus of 1 mg of the rat sequence of
proANP-(1–30) in 0.5 ml of 0.45% saline followed by a con-
stant infusion of 10 pg/min at a rate of 10 ml/min. The control
group received a bolus and constant infusion of equal vol-
umes of 0.45% saline. Arterial blood samples of 300 ml each
were drawn at the midpoint of each urine collection period for
measurement of inulin clearance, which was used as an
index of glomerular filtration rate (GFR). Each blood sample
was replaced simultaneously by an equal volume of 6% albu-
min in saline given intravenously to avoid acute changes in
blood volume during blood sampling. A final arterial blood
sample of 5 ml was also taken at the end of the experiment
(240 min), and plasma samples were obtained by centrifuga-
tion (3,000 rpm for 15 min at 4°C). These plasma samples
were then used to determine the steady-state plasma levels
of ANP and proANP-(1–30).

Effects of proANP-(1–30) antibody on the renal response to
acute volume expansion. The animals, anesthesia, and surgi-
cal preparation for these groups were the same as employed
in the first experiment. The experimental group received 0.4
ml of rabbit serum containing a specific antibody to proANP-
(1–30) at 60 min before the start of urine collections, whereas
the control group received 0.4 ml of normal rabbit serum.
After 2 baseline 30-min urine collections, both groups re-
ceived 3 ml of 6% albumin in Krebs saline, given over ;3 min
as an acute blood volume expansion. The volume expansion
was calculated as ;15% of blood volume based on an esti-
mated blood volume of 6% of body wt. Inulin was not infused
as part of this experimental protocol.

Antibody production and radioimmunoassays. Rat proANP-
(1–30) was synthesized and purified by Biosynthesis (Lewis-
ville, TX). A portion of the purified product was conjugated to
keyhole limpet hemocyanin by the same company. This con-
jugated compound was emulsified with Fruend’s complete
(first immunization) or incomplete (subsequent immuniza-
tions) adjuvant and administered subcutaneously to New
Zealand White rabbits. Animals received booster immuniza-
tions every 3 wk and were bled 1 wk after the immunization.
On the basis of its ability to bind radioiodinated rat proANP-

(1–30), the antiserum collected from one of these rabbits was
selected for use in the experiments reported here. A number
of proANP-related peptides was examined for their ability to
prevent the binding of radioiodinated rat proANP-(1–30) to
this antisera. Peptides tested included human proANP-(1–
30), human ANP, rat proANP-(1–30), rat proANP-(31–67),
rat proANP-(68–78), and rat ANP. Only rat proANP-(1–30)
produced a significant inhibition of binding.

Plasma ANP and proANP-(1–30) levels were measured by
radioimmunoassay as we published previously (8, 10, 12, 13).

Other analysis. Urine was collected in preweighed tubes,
and the urine volume for each 30-min period was determined
gravimetrically. Urine sodium and potassium concentrations
were measured by flame photometry (Instrumentation Lab-
oratories, Lexington, MA). cGMP was measured by a radio-
immunoassay kit (Amersham, Arlington Heights, IL) on
50-ml urine samples as we previously published (13).

Statistics. The data obtained in these studies are illus-
trated as means 6 SE. The data were evaluated using an
analysis of variance with a repeated-measures design, with-
in-group comparison. Student’s t-test was used for all be-
tween-group comparisons. In all cases, P , 0.05 was consid-
ered the criterion for statistical significance.

RESULTS

The proANP-(1–30) infusion was delivered at a rate
designed to simulate a physiological increase in the
plasma levels, similar to that which occurs with acute
blood volume expansion (11) or a high-salt diet (12).
The infusion resulted in a final proANP-(1–30) plasma
concentration of 1,816 6 398 pg/ml in the infused
group, which was 60% greater than the proANP-(1–30)
level in the control group (Fig. 1, P , 0.01). Plasma
ANP levels were not significantly different (NS) in the
two groups (Fig. 1, 112 6 39 vs. 116 6 30 pg/ml, NS).
Mean arterial pressure (MAP), expressed as a change
from the baseline period [control 119 6 12 mmHg;
proANP-(1–30) 123 6 13], is shown in Fig. 2. There
was no significant effect of the proANP-(1–30) infusion
on MAP. MAP tended to decrease ;10 mmHg in both
groups, but the change was similar and not statisti-
cally significant in either group. Renal blood flow
(RBF) and GFR were stable throughout the experi-
ment, with no significant within-group or between-
group differences (Fig. 2). Urine flow (Fig. 3) increased
significantly only in the group receiving the ANP-(1–
30) infusion. Urine flow reached values that were
;60% greater than the control group at 180 and 210
min of the experiment (P , 0.05). Absolute sodium
excretion and fractional excretion of sodium (Fig. 3)
tended to increase with the proANP-(1–30) infusion,
but the changes were not statistically significant com-
pared with control animals. However, when expressed
as a change from their baseline values (Fig. 5), both
sodium excretion and fractional sodium excretion in-
creased significantly in the proANP-(1–30)-infused
group compared with the control group (P , 0.05).
Potassium excretion was also slightly but significantly
greater in the proANP-(1–30)-infused group (P , 0.05),
but fractional potassium excretion was not signifi-
cantly different (Fig. 4). The excretion rate of cGMP
increased in both groups compared with their own
baseline periods (30 and 60 min, P , 0.05, Fig. 5), but
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there were no significant differences between the
groups.

Acute blood volume expansion resulted in a tran-
sient decrease in MAP (Fig. 6, P , 0.05) in the group
receiving the anti-ANP-(1–30) compared with the
group receiving normal rabbit serum (NRS). RBF
tended to increase in both groups during volume ex-
pansion (Fig. 6), but there were no significant differ-
ences between the groups. Urine flow and the rates of
excretion of sodium and potassium (Fig. 7) all in-
creased significantly (P , 0.05) during volume expan-
sion compared with their own baseline values (0–60
min). The increases in urine flow appeared to be atten-
uated in the proANP-(1–30) antibody group compared
with the control group (P 5 0.08 for time 150 min; P 5
0.06 for time 180 min). Sodium and potassium excre-
tion rates also appeared to be attenuated in the group
receiving the proANP-(1–30) antibody, with potassium
excretion being significantly attenuated during the
180-min urine collection period (P , 0.05).

An additional group of rats was treated with three
times the volume of proANP-(1–30) antibody (1.2 ml)
and volume expanded. There was no further attenua-
tion of the renal responses to volume expansion with
the higher dose of antibody (data not shown). However,
the antibody significantly increased MAP ;8–12
mmHg compared with the control (NRS) rats (P , 0.05,

Fig. 8). This included a significantly greater MAP dur-
ing the prevolume expansion periods (P , 0.05, 0–60
min).

DISCUSSION

The results show that the rat sequence of proANP-
(1–30) is diuretic, natriuretic, and kaliuretic at physi-
ological concentrations. The responses to proANP-(1–
30) do not appear to be mediated by changes in renal

Fig. 2. The effects of a 3-h (60–240 min) intravenous infusion of rat
proANP-(1–30) on mean arterial pressure (MAP), renal blood flow (1
kidney only), and glomerular filtration rate (GFR) in anesthetized
rats. Values are means 6 SE. There were no significant differences
(P , 0.05) between the proANP-(1–30) and control (saline infusion)
groups (t-test).

Fig. 1. The effects of a 3-h (60–240 min) intravenous infusion of rat
pro atrial natriuretic peptide (ANP)-(1–30) [proANP-(1–30)] on the
plasma levels of ANP and proANP-(1–30) at 240 min of infusion in
anesthetized rats. Values are means 6 SE. *Significant differences
(P , 0.05) between the proANP-(1–30) and control (saline infusion)
groups (t-test).
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hemodynamic or cGMP. Second, the antibody injection
experiments suggest that proANP-(1–30) plays a mod-
est but significant role in the renal response to acute
volume expansion. Finally, larger doses of the proANP-
(1–30) antibody increased MAP, suggesting a role for
this peptide in regulating arterial blood pressure.

There is clear evidence that ANP [proANP-(99–126)]
plays a physiological role in the regulation of fluid
balance and blood pressure. This hormone is released
in response to a physiologically appropriate stimulus,

atrial distension (7), and modest changes in the plasma
concentration produce diuretic and natriuretic effects
(5). Antibodies directed against ANP have been shown
to attenuate the renal responses to volume expansion
(18, 19) and exacerbate volume-dependent hyperten-
sion (25). Evidence has now accumulated suggesting a
similar physiological role for several peptides derived
from the NH2 terminus of the proANP molecule. The
NH2-terminal prohormone peptides proANP-(1–30)
and -(31–67) have been reported to possess diuretic
and natriuretic properties (24). These peptides are
secreted by the heart along with ANP in response to
atrial stretch (9, 10) and circulate in the plasma at
several times the concentration of ANP (31). Also,
specific binding sites for these peptides have been iden-
tified in the renal tubule (26). The natriuretic proper-
ties of the human sequence of proANP-(31–67) have
been demonstrated in intact animals, such as rats (13,
24), dogs (17), monkeys (1, 2), and humans (29). In
addition, proANP-(31–67) has been shown to inhibit
sodium transport in cell culture (15, 16). A natriuretic
effect has also been suggested for the human sequence
of proANP-(1–30) in rats (24) and humans (29) but only

Fig. 4. The effects of a 3-h (60–240 min) intravenous infusion of rat
proANP-(1–30) on K1 excretion and fractional K1 excretion (FEK1%)
in anesthetized rats. Values are means 6 SE. *Significant differ-
ences (P , 0.05) between the proANP-(1–30) and control (saline
infusion) groups (t-test).

Fig. 3. The effects of a 3-h (60–240 min) intravenous infusion of rat
proANP-(1–30) on Na1 excretion and fractional Na1 excretion
(FENa1%) in anesthetized rats. Values are means 6 SE. *Significant
differences (P , 0.05) between the proANP-(1–30) and control (sa-
line infusion) groups (t-test).
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with very high doses of this peptide. In contrast, one
study failed to show any renal effects in the rat using
either the human or rat sequences of proANP-(1–30) or
-(31–67) or any specific binding in rat cortical prepa-
rations for these peptides (30).

The present results clearly demonstrate a significant
increase in urine output (50%) and sodium (100%) and
potassium (50%) excretions (Figs. 3–5) in response to a
proANP-(1–30) infusion that increased the plasma
concentration by ;60% compared with the control in-
fusion (Fig. 1). In two previous studies from our labo-
ratory, acute volume expansion in rats using whole
blood was estimated to increase blood volume by 20%
and resulted in an increase in plasma proANP-(1–30)
of ;30% (11). A high-salt diet for 7 days resulted in a
60% higher plasma level of proANP-(1–30) compared

with rats on a low-salt diet (12). Thus plasma levels
achieved in the present study with synthetic rat
proANP-(1–30) correspond closely to the plasma levels
we observed with physiological perturbations. It is
unlikely that these effects were mediated by changes in
the plasma concentration of ANP, because plasma ANP
was not different in the two groups at the end of the
infusion (Fig. 1). It should also be pointed that the
plasma concentrations of proANP-(1–30) produced in
the present study are far below the levels seen in
pathophysiological conditions such as heart failure
(31).

The mechanism by which proANP-(1–30) exerts its
effects is unknown. The effects of ANP on both the
renal tubule and the vasculature are mediated by
cGMP (3). In contrast, proANP-(31–67) appears to ex-
ert its renal tubular actions by inhibiting Na1-K1-
ATPase in the medullary collecting duct (15, 16). The
inhibition of sodium transport in the tubule appears to
be mediated by an increase in prostaglandin synthesis
(15). ProANP-(1–30) appears to increase sodium and
water excretion by a tubular effect as suggested by the
increase in fractional sodium excretion (Fig. 5). This
increase in sodium excretion does not appear to involve

Fig. 6. The effects of a specific proANP-(1–30) antibody (injected 1 h
before the start of the experiment) on MAP and renal blood flow (1
kidney only) during a 3-ml blood volume expansion (6% albumin in
Krebs) performed at 60 min. Values are means 6 SE. *Significant
differences (P , 0.05) between the group receiving the proANP-(1–
30) antibody and control group that received normal rabbit serum
(t-test).

Fig. 5. The effects of a 3-h (60–240 min) intravenous infusion of rat
proANP-(1–30) on the change in Na1 excretion (DNa1), the
DFENa1%, and cGMP excretion in anesthetized rats. Values are
means 6 SE. *Significant differences (P , 0.05) between the
proANP-(1–30) and control (saline infusion) groups (t-test).
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increased renal cGMP synthesis, because cGMP excre-
tion increased in a similar fashion in both control and
proANP-(1–30)-infused rats (Fig. 5). One study sug-
gested that proANP-(1–30) inhibits Na1-K1-ATPase in
rat cortical slices in a manner similar to proANP-(31–
67) (4). This might suggest that the effects of proANP-
(1–30) are also mediated by renal prostaglandins, but
additional studies will be needed to determine if that is
the case.

The differences between the present study and a
study by Weir and colleagues (30) is unclear. They

infused both the rat and human sequences of proANP-
(1–30) and -(31–67) into anesthetized rats and found
no effects. They also failed to find receptors or specific
binding sites for these NH2-terminal ANP prohormone
peptides in rat cortical preparations (30). A likely dif-
ference is the greater volumes infused in the present
study, where even in the control group there was a
significant increase in sodium excretion over time. The
actions of ANP on the kidney are markedly increased
under conditions of volume expansion (3). The volume-
expanded state would lead to renal vasodilatation,
inhibition of the renin-angiotensin-aldosterone system,
and stimulation of ANP secretion, all of which promote
an increase in salt and water excretion. Thus a modest
increase in the plasma levels of proANP-(1–30) may
have been more effective in this volume-expanded
state. This would suggest a possible synergism be-
tween ANP and proANP-(1–30) to increase sodium and
water output. A synergistic relationship has already
been demonstrated for ANP and proANP-(31–67) in
the monkey (2).

To determine if a hormone plays an important phys-
iological role, it is important to study conditions where
the effects of that hormone can be negated. In the case
of ANP, Hirth and colleagues (18, 19) showed that a
specific antibody to ANP attenuated the diuresis and
natriuresis to acute volume expansion. Their studies
clearly showed that ANP plays a significant role in the
response to volume expansion. We developed a specific
polyclonal antibody to proANP-(1–30) that shows no
cross-reactivity with ANP or any of the other ANP
prohormone peptides. Injections of this peptide signif-
icantly attenuated the kaliuresis to acute volume ex-
pansion and also tended to attenuate the diuresis and
natriuresis to volume loading (Fig. 7). To determine if
a more effective blockade of proANP-(1–30) would fur-
ther attenuate the renal responses to volume expan-
sion, we performed additional experiments using a

Fig. 8. The effects of larger dose (1.2 ml) of a specific proANP-(1–30)
antibody (injected 1 h before the start of the experiment) on MAP
during a 3 ml blood volume expansion (6% albumin in Krebs) per-
formed at 60 min. Values are means 6 SE. *Significant differences
(P , 0.05) between the group receiving the proANP-(1–30) antibody
and control group that received normal rabbit serum (t-test).

Fig. 7. The effects of a specific proANP-(1–30) antibody (injected 1 h
before the start of the experiment) on urine flow and sodium and
potassium excretion rates during a 3 ml blood volume expansion (6%
albumin in Krebs) performed at 60 min. Values are means 6 SE.
*Significant differences (P , 0.05) between the group receiving the
proANP-(1–30) antibody and control group that received normal
rabbit serum (t-test). Urine flow 150 min 5 0.08; urine flow 180 5
0.06.
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threefold greater dose of anti-proANP-(1–30). Al-
though this provided no further attenuation of the
response to volume expansion, the higher dose of anti-
body significantly increased arterial pressure (Fig. 8).
Taken together, these results suggest that proANP-(1–
30) plays a modest role in the renal response to acute
volume expansion and a significant role in regulating
arterial blood pressure.

A previous study in humans found that proANP-(1–
30) infusions significantly decreased arterial pressure
(29), and it was concluded that proANP-(1–30) has a
marked vasodilatory effect. We found no significant
change in arterial pressure with proANP infusion in
the present study (Fig. 2), although the doses of
proANP-(1–30) employed and the plasma concentra-
tion achieved were much lower than in the previous
study (29). However, we also found that the highest
dose of the proANP-(1–30) antiserum significantly in-
creased blood pressure. The antisera to proANP-(1–30)
was injected 1 h before the start of the experiment,
which suggests that blocking endogenous proANP-(1–
30) contributed to both the elevation in baseline blood
pressure and the later rise in pressure during volume
expansion (Fig. 8). Therefore, the present results sug-
gest that, similar to ANP (25), endogenous proANP-(1–
30) also exerts a significant vasodilatory effect, but
that much higher doses of exogenous proANP-(1–30)
are required to lower arterial pressure.

In summary, the present studies suggest that in the
rat, proANP-(1–30) plays a physiological role in the
regulation of sodium, potassium, and water excretion
and in the control of arterial pressure. We demon-
strated that the rat sequence of proANP-(1–30) is di-
uretic and natriuretic at physiological concentrations.
Furthermore, blocking the effects of endogenous
proANP-(1–30) reduces potassium excretion signifi-
cantly and increases arterial blood pressure.

Perspectives

The cardiac hormone system. The heart secretes a
number of hormones that appear to be involved in the
physiological regulation of blood volume, blood pres-
sure, and kidney function. ANP, the COOH-terminal
peptide of the ANP prohormone, was the first of these
hormones to be discovered (6), and evidence supports
its important function in volume homeostasis under
both normal and pathophysiological conditions. ANP is
secreted when the atria are stretched, as occurs in
blood volume expansion (7). When the plasma levels of
this hormone are reduced, arterial blood pressure is
increased (20, 25) and the renal responses to acute
volume are attenuated (18, 19). Two other related
hormones, BNP and CNP, also have been identified in
the heart. BNP appears to function in a similar fashion
to ANP, whereas CNP may act as a local paracrine
factor. These hormones, which are vasodilators, are
released in response to ischemia and thus have a po-
tential protective function to help preserve the coro-
nary circulation. ANP and BNP are markedly elevated
in heart failure and are an important early compensa-

tory mechanism to prevent fluid retention in this dis-
ease state.

More recent evidence suggests that several peptides
derived from the NH2-terminal portion of the ANP
prohormone also possess diuretic, natriuretic, kali-
uretic, and vasodilator properties (20). These ANP pro-
hormone peptides are also released in response to
atrial stretch (10), acute blood volume expansion (11),
and high-salt diet (12). The present results show that
proANP-(1–30) is diuretic and natriuretic in the rat at
physiological plasma concentrations, and blocking the
effects of this peptide with a specific antisera produces
a modest attenuation of the renal responses to an acute
volume expansion. Furthermore, larger doses of the
antisera resulted in an elevation in arterial pressure,
suggesting that the endogenous hormone has signifi-
cant vasodilatory benefits.

Therefore, the ANP prohormone appears to function
as a polyhormone, producing several circulating pep-
tides with cardiovascular protective effects.

This study was supported by National Heart, Lung, and Blood
Institute Grant HL-59161.

REFERENCES

1. Benjamin BA. Effects of ANF prohormone peptides in conscious
primates. Clin Exp Pharmacol Physiol 22: 125–129, 1995.

2. Benjamin BA and Peterson TV. Effect of proANF-(31–67) on
sodium excretion in conscious monkeys. Am J Physiol Regulatory
Integrative Comp Physiol 269: R1351–R1355, 1995.

3. Brenner BM, Ballermann BJ, Gunning ME, and Zeidel
ML. Diverse biological actions of atrial natriuretic peptide.
Physiol Rev 70: 665–695, 1990.

4. Chiou S and Vesely DL. Kaliuretic peptide: the most potent
inhibitor of Na1-K1-ATPase of the atrial natriuretic peptides.
Endocrinology 136: 2033–2039, 1995.

5. Clinkingbeard C, Sessions C, and Shenker Y. The physio-
logical role of atrial natriuretic hormone in the regulation of
aldosterone and salt and water metabolism. J Clin Endocrinol
Metab 70: 582–589, 1990.

6. DeBold AJ, Borenstein HB, Veress AT, and Sonnenberg H.
A rapid and potent natriuretic response to intravenous injection
of atrial myocardial extract in rats. Life Sci 28: 89–94, 1981.

7. Dietz JR. Release of natriuretic factor from rat heart-lung
preparation by atrial distension. Am J Physiol Regulatory Inte-
grative Comp Physiol 247: R1093–R1096, 1984.

8. Dietz JR. Control of atrial natriuretic factor release from a rat
heart-lung preparation. Am J Physiol Regulatory Integrative
Comp Physiol 252: R498–R502, 1987.

9. Dietz JR, Gower WR, Vesely DL, Nazian SJ, Landon CS,
and Skvorak JP. Molecular species of the atrial natriuretic
peptide (ANP) prohormone secreted by isolated rat atria. Atrial
Natriuretic Peptides: 119–127, 1997.

10. Dietz JR, Nazian SJ, and Vesely DL. Release of ANF,
proANF 1–98, and proANF 31–67 from isolated rat atria by
atrial distension. Am J Physiol Heart Circ Physiol 260: H1774–
H1778, 1991.

11. Dietz JR, Vesely DL, Gower WR, and Nazian SJ. Secretion
and renal effects of ANF prohormone peptides. Clin Exp Phar-
macol Physiol 22: 115–120, 1995.

12. Dietz JR, Vesely DL, and Nazian SJ. Effect of changes in
sodium intake on atrial natriuretic factor (ANF) and peptides
derived from the N terminus of the ANF prohormone in the rat.
Proc Soc Exp Biol Med 200: 44–48, 1992.

13. Dietz JR, Vesley DL, and Nazian SJ. Possible mechanisms
involved in the natriuretic response to atrial natriuretic factor
(ANF) and proANF 31–67 in the rat. Clin Exp Pharmacol
Physiol 21: 599–606, 1994.

R1516 PROANP-(1–30) IN THE REGULATION OF SODIUM EXCRETION

 on July 11, 2010 
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org


14. Field LJ, Veress AT, Steinhelper ME, Cochrane K, and
Sonnenberg H. Kidney function in ANF transgenic mice effect
of blood volume expansion. Am J Physiol Regulatory Integrative
Comp Physiol 260: R1–R5, 1991.

15. Gunning ME, Brady HR, Otuechere G, Brenner BM, and
Zeidel ML. Atrial natriuretic peptide inhibits Na1 transport in
rabbit inner medullary collecting duct cells. J Clin Invest 89:
1411–1417, 1992.

16. Gunning M, Brenner BM, Otuechere G, and Zeidel ML.
ANP 31–67 inhibits transport dependent oxygen consumption
(QO2) in inner medullary collecting duct (IMCD) cells (Abstract).
J Am Soc Nephrol 1: 416, 1990.

17. Habibullah AA, Villarreal D, Freeman RH, Dietz JR, Ve-
sely DL, and Simmons JC. Atrial natriuretic peptide frag-
ments in dogs with experimental heart failure. Clin Exp Phar-
macol Physiol 22: 130–135, 1995.

18. Hirth C, Stasch JP, John A, Kazda S, Morich F, Neuser D,
and Wohlfeil S. The renal response to acute hypervolemia is
caused by atrial natriuretic peptides. J Cardiovasc Pharmacol 8:
268–275, 1986.

19. Hirth C, Stasch JP, Kazda S, John A, Morich F, Neuser D,
and Wohlfeil S. Blockade of the response to volume expansion
by monoclonal antibodies against atrial natriuretic peptides.
Klin Wochenschr 65: 87–91, 1987.

20. John SWM, Krege JH, Oliver PM, Hagaman JR, Hodgin
JB, Pang SC, Flynn TG, and Smithies O. Genetic decreases
in atrial natriuretic peptide and salt-sensitive hypertension.
Science 267: 679–681, 1995.

21. Klinger JR, Warburton RR, Pietras LA, Swift R, John S,
and Hill NS. Exaggerated pulmonary hypertensive responses
during chronic hypoxia in mice with gene-targeted reductions in
atrial natriuretic peptide. Chest 114: 79S–80S, 1998.

22. Lang RE, Thölken H, Ganten D, Luft FC, Ruskoaho H, and
Unger T. Atrial natriuretic factor-a circulating hormone stimu-
lated by volume loading. Nature 314: 264–266, 1985.

23. Lin K-F, Chao J, and Chao L. Atrial natriuretic peptide gene
delivery attenuates hypertension, cardiac hypertrophy, and re-

nal injury in salt-sensitive rats. Hum Gene Ther 9: 1429–1438,
1998.

24. Martin DR, Pevahouse JB, Trigg DJ, Vesely DL, and
Buerkert JE. Three peptides from the ANF prohormone NH2-
terminus are natriuretic and/or kaliuretic. Am J Physiol Renal
Fluid Electrolyte Physiol 258: F1401–F1408, 1990.

25. Pamnani MB, Mueller GP, Ghai RD, and Haddy FJ. Role of
atrial natriuretic factor in regulation of blood pressure in nor-
motensive rats having reduced renal mass. Proc Soc Exp Biol
Med 189: 297–303, 1988.

26. Ramirez G, Saba SR, Dietz JR, and Vesely DL. Immunocy-
tochemical localization of proANF 1–30, proANF 31–67, and
atrial natriuretic factor on the kidney. Kidney Int 41: 334–341,
1992.

27. Ruskoaho H. Atrial natriuretic peptide: synthesis, release and
metabolism. Pharmacol Rev 44: 479–602, 1992.

28. Sarzaani R, Dessi-Fulgheri P, Salvi F, Serenelli M, Spag-
nolo D, Cola G, Pupita M, Giantomassi L, and Rappelli A.
A novel promoter variant of the natriuretic peptide clearance
receptor gene is associated with lower atrial natriuretic peptide
and higher blood pressure in obese hypertensives. J Hypertens
17: 1301–1305, 1999.

29. Vesely DL, Douglass MA, Dietz JR, Gower WR, McCor-
mick MT, Rodriguez-Paz G, and Schocken DD. Three
peptides from the atrial natriuretic factor prohormone amino
terminus lower blood pressure and produce diuresis, natriure-
sis, and/or kaliuresis in humans. Circulation 90: 1129–1140,
1994.

30. Weir ML, Honrath U, Flynn TG, and Sonnenberg H. Lack of
biological activity or specific binding of amino-terminal pro-ANP
segments on the rat. Regul Pept 53: 111–122, 1994.

31. Winters CJ, Sallman AL, Baker BJ, Meadows J, Rico DM,
and Vesely DL. The N-terminus and a 4,000-MW peptide from
the midportion of the N-terminus of the atrial natriuretic factor
prohormone each circulate in humans and increase in congestive
heart failure. Circulation 80: 438–449, 1989.

R1517PROANP-(1–30) IN THE REGULATION OF SODIUM EXCRETION

 on July 11, 2010 
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org

