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Abstract. The purpose of the present study was to determine whether variations in salt
intake would alter the plasma concentrations of atrial natriuretic factor and the N-
terminal atrial natriuretic factor prohormone peptides proANF 1-98 and proANF 31-67.
Two groups of rats were placed on different salt intakes for 1 week. The low salt group
of rats was fed a diet providing <0.1 mM NaCl/day and given deionized water to drink.
The normal salt group of rats was fed regular rat chow with deionized water to drink,
providing them with approximately 2 mM NaCl/day. Piasma atrial natriuretic factor was
204 * 60 pg/ml (mean % SE) in normal salt rats and was significantly lower in the low
salt group (44 = 13 pg/ml, P < 0.01). ProANF 1-98 was also significantly higher in the
normal salt group (635 * 47 pg/ml) compared with the low sait group (353 * 33 pg/ml,
P < 0.01). ProANF 31-67 was 123 * 21 pg/ml in the normal salt group and 59 * 12 pg/
ml in the low salt group (P < 0.05). Plasma renin activity in ng angiotensin I/mi/hr
averaged 1.80 * 0.15 in the normal salt group of rats and was significantly higher in the
low salt group of rats (5.66 *+ 1.07, P < 0.05).

These results suggest that atrial natriuretic factor and the atrial natriuretic factor
prohormones may play a role in the physiological adjustments to low salt intake.
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mone secreted by the heart in response to atrial

stretch (1, 2). ANF appears to play a major role
in the natriuretic response to acute volume expansion,
since this response can be attenuated by either atrial
appendectomy (3, 4) or by infusion of antibodies di-
rected against ANF (5). Evidence that ANF plays an
important role in chronic adjustments to increases or
decreases in sodium chloride intake is more controver-
sial (6). Some studies in both animals (7) and humans
(8) have found increased plasma ANF concentrations
in response to elevated sodium chloride intake. How-

! trial natriuretic factor (ANF) is a peptide hor-
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ever, others have found that increases in sodium intake
had no effect on plasma ANF in either the rat (9), dog
(10), or human (11).

The 28-amino acid (aa) peptide termed ANF is
produced in the heart as part of a larger 126-aa prohor-
mone, i.e., proANF. ANF is the 99-126-aa C terminus
of the proANF molecule. Recent evidence suggests that
the remaining 1-98-aa portion of proANF is also re-
leased by the heart and circulates in plasma (12-15),
where it is converted at some unknown site to several
smaller peptides with proANF 31-67 from the midpor-
tion of the N terminus also circulating (14, 15). ProANF
31-67 has vasodilator and natriuretic properties that
appear to be similar to ANF 99-126 (16, 17). In hu-
mans, both proANF 1-98 and proANF 31-67 circulate
in plasma in much higher concentrations than ANF
and both are markedly elevated in patients with heart
failure (15) or hypertension (18).

The purpose of the present study was to determine
whether the plasma concentrations of the proANF pep-
tides are altered by chronic changes in sodium intake.



We were particularly interested in obtaining measure-
ments of proANF 1-98 and proANF 31-67 because
there is little data available on the normal plasma levels
of these peptides in the rat.

Materials and Methods

Male Sprague-Dawley rats were purchased from
Harlan Sprague-Dawley. They were weighed, placed in
metabolism cages, and divided into two groups. The
low salt group (n = 9) was placed on a sodium-deficient
diet (ICN Biochemicals, Cleveland, OH) and was given
deionized water to drink. The normal salt group of rats
(n = 8) was fed a standard rat chow, providing approx-
imately 2 mM of sodium per day, and was also given
deionized water to drink. Daily urine output and food
and water consumption were measured for the next 7
days. The animals were then weighed and decapitated.
A small blood sample from each rat was placed in
heparinized tubes for plasma electrolyte measurements.
The remaining blood from each rat was placed in chilled
tubes containing EDTA and centrifuged at 4°C, and
the plasma was frozen at —20°C until assayed for hor-
mone concentrations.

Analysis

For measurement of ANF, 0.5 ml of plasma was
extracted on octyl C8 minicolumns (Amersham Corp.,
Arlington Heights, IL). ANF was measured by radio-
immunoassay using the method that we have described
previously (19, 20). Radioimmunoassays (RIA) to mea-
sure the N terminus of the prohormone were devised
to amino acids 1-30 and 31-67 of the 126-amino acid
prohormone. Sephadex G-50 gel permeation chroma-
tography revealed that the proANF 1-30 RIA recog-
nized a 10,000-mol wt peptide consistent with it meas-
uring the whole N terminus (i.e., amino acids 1-98 of
the prohormone), but lacking the C terminus (i.e.,
ANF) (15). Thus, although the proANF 1-30 RIA was
devised to synthetic amino acids 1-30 of the 126-amino
acid prohormone, it immunologically recognizes the
whole 1-98-amino acid segment that comprises the N
terminus of the prohormone. It does not cross-react
with ANF. The proANF 31-67 RIA, on the other hand,
recognized mainly (96%) a peptide of 3,900-4,000 mol
wt from the midportion of the N terminus of the
prohormone (actual proANF 31-67 mol wt, 3,878) (15)
and shows a 4% cross-reactivity with proANF 1-98 and
no detectable cross-reactivity with ANF.,

For measurement of the N-terminal prohormone
peptides, 200-u] plasma samples were first extracted
with 100% ethanol (1/1 dilution), vortexed, and al-
lowed to stand at 4°C for 30 min. Following 30 min at
4°C, the samples were centrifuged at 3000g for 15 min
and the supernatants were taken to dryness via con-
trolled nitrogen flow. The samples were then ready for
RIA. All determinations were performed in triplicate.

The intra-assay coefficients of variation for proANF 1-
30 and 31-67 RIA were 4.8% and 5.3%, respectively.
The interassay coefficient of variation was 8% for both
proANF 1-30 and 31-67 RIA. The lowest detectable
concentrations were 40 fmol/tube and 35 fmol/tube
for proANF 1-30 and 31-67, respectively. Serial dilution
of pooled sample has revealed excellent parallelism of
standard and unknown in these assays (15).

Plasma renin activity was measured by combining
100 4l of plasma with 900 ul of plasma from a nephrec-
tomized animal. The samples were dialyzed for 48 hr
against a phosphate buffer (pH 5.3) to remove native
angiotensin I (AI). Plasma samples were then incubated
for 3 hr at 37°C with phenylmelthyl-sulfonyl fluoride
to prevent the breakdown of formed Al. The radio-
immunoassay for Al has been described previously (21).

Plasma, urine, and food concentrations of sodium
were determined by flame photometry (model 943;
Instrumentation Laboratories, Lexington, MA). Food
electrolyte contents were multiplied by the amount of
food consumed per day to estimate sodium intake.

Statistical significance was determined using an
analysis of variance for repeated measures for within-
group comparisons and an unpaired ¢ test for between-
group comparisons. All post hoc tests for the analysis
of variance were performed with Fisher’s LSD test. In
all cases, a P-value of less than 0.05 was considered the
criterion for statistical significance.

Results

The initial body weights (Day 1) were 264 £ 27 g
(mean + SE) for the low salt group of rats and 225 +
34 g for the normal salt group. These values were not
statistically different. The final body weight for the low
salt group was 292 + 23 g. This value was not signifi-
cantly different from the final body weight of the nor-
mal salt group (293 + 25 g). Plasma Na* was 144.8 +
1.9 mmol/liter in the low salt group rats at the end of
the 1-week study and tended to be slightly higher in the
normal salt group (148.6 = 1.1 mmol/liter), although
this difference was not significant.

Figure 1 illustrates water intake, urine output, and
sodium intake and excretion during the 7 days of the
study. Water intake was significantly lower in the low
salt group compared with the normal salt group during
each of the 7 days of the study (P < 0.05). Urine output
was significantly greater in the normal salt group com-
pared with the low salt group on Days 2-4, as well as
Days 6 and 7 (P < 0.05). Sodium intake and excretion
are shown in the lower panels of Figure 1 using a log
scale because of the large differences in these values
between the groups. Sodium intake was much lower in
the low salt group compared with the normal salt group
(P < 0.001). Sodium excretion was significantly lower
in the low salt group compared with the normal salt
group on Days 2-7 (P < 0.01).
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Figure 1. Water intake, urine output, and sodium intake and excretion for the 7-day period of study in two groups of rats maintained on
different sodium diets. Values are mean = SE. Some SE bars are not apparent on these graphs since they are smaller than the symbol size.
Asterisk indicates a statistically significant difference from the normal salt group (all P < 0.05 or less).

In the low salt group, sodium excretion was higher
than sodium intake during the first 5 days of the study,
but fell to near undetectable levels by Days 6 and 7.
Sodium intake and excretion were similar in the normal
salt group.

Plasma hormone concentrations are shown in Fig-
ure 2. Plasma ANF concentration (Fig. 2A) was signif-
icantly lower (P < 0.05) in the low salt group (44 + 13
pg/ml, n = 9) compared with the normal salt group
(204 £ 60 pg/ml, n = 8). The plasma levels of proANF
1-98 (Fig. 2C) were from 3- to 10-fold greater than the
plasma ANF levels on both the low and normal salt
diets. ProANF 1-98 was significantly less (P < 0.001)
in the low salt group (353 + 33 pg/ml, » = 9) compared
with the normal salt group (635 + 47 pg/ml, n = 8).

Plasma levels of proANF 31-67 (Fig. 2B) were also
higher (P < 0.05) in the normal salt group (123 + 21
pg/ml, n = 4) compared with the low salt group (59 +
13 pg/ml, n = 4). Plasma concentrations of this hor-
mone could not be determined in every rat due to an
insufficient volume of plasma. Plasma renin activity
(Fig. 2D) was significantly higher (P < 0.001) in rats on
the low salt diet (5.66 £ 1.07 ng Al/ml/hr, n = 9)
compared with rats on the normal salt diet (1.80 = 0.15
ng Al/ml/hr, n = 8).
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Discussion

The present study was designed to examine the
effects of altered sodium intake on the plasma levels of
ANF and the N-terminal ANF prohormone peptides 1-
98 and 31-67. We found dramatic differences in the
plasma concentrations of these peptides between groups
of rats on normal or low salt intake of 1-week duration
(Fig. 2). This suggests a possible role for these peptides
in the physiological adaptation to changes in salt intake.

There is strong evidence supporting a role for ANF
in the natriuretic and diuretic responses to acute so-
dium chloride excess. Atrial appendectomy in the rat
has been shown to attenuate both the rise in ANF (4)
and the natriuresis (3, 4) in response to acute volume
expansion. This response can also be attenuated by
prior administration of monoclonal antibodies directed
against ANF (5). The evidence suggesting a role for
ANF in chronic adjustments to increased sodium intake
is much more controversial. Salazar et al. (10) showed
that in the dog, high salt intake had no effect on plasma
ANF, but increased sodium output. Several studies in
the rat have reported either no change or a decrease in
plasma ANF with extremely high salt intakes (7, 9, 22,
23). In humans, a number of laboratories have reported
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Figure 2. Plasma levels of atrial natriuretic factor, proANF 1-98, and proANF 31-67 and plasma renin activity (PRA) in rats on two different
sodium intakes for a duration of 1 week. Values are mean = SE. Asterisk indicates statistically significant differences from the normal salt

group at the 0.05 level or less.

that salt intake and plasma ANF levels are positively
correlated (8, 24-27), whereas others have found little
effect (11, 28, 29).

Evidence suggests that peptides from the N termi-
nus of the ANF prohormone circulate in humans (12-
15, 18). Peptides derived from the N terminus, specifi-
cally, proANF 1-30, 31-67, and 79-98, have been found
to be natriuretic or kaliuretic (17). In humans, the basal
plasma levels of proANF 1-98 and proANF 31-67 are
10- to 20-fold greater than the plasma levels for ANF
(15). Also, the plasma levels of these peptides are mark-
edly increased by immersion-induced central hypervo-
lemia (30). We have shown recently that the N-terminal
prohormone peptides 1-98 and 31-67 are secreted si-
multaneously with ANF in response to atrial stretch in
the isolated rat atrium (31). In disease states that are
characterized by abnormalities of salt and water bal-
ance, such as heart failure, the plasma levels of these
peptide are markedly increased (15). In fact, patients
with mild heart failure (New York Heart, Class I) show
significant increases in the plasma levels of proANF 31-
67 at a time when plasma ANF (99-126) is not yet
significantly increased (15).

Based on the above observations, we have hypoth-
esized that proANF 1-98 and proANF 31-67 would
show greater changes than ANF with alterations in
sodium intake. We found that the plasma concentra-
tions of ANF and proANF 1-98 and 31-67 were all
markedly higher in rats on a normal salt diet of ap-

proximately 2 mM/day for a duration of 1 week com-
pared with rats on a low salt diet of less than 0.1 mAf/
day (Fig. 2). As in the human (15, 30), the plasma levels
of proANF 1-98 in the rat are greater than the ANF
levels. In contrast to the human, the plasma concentra-
tions of proANF 31-67 in the rat are similar to the
plasma ANF concentrations (Fig. 2). If one compares
sodium intake and output for the low salt group (Fig.
1), it is apparent that these rats were in negative sodium
balance for the first few days of the study (Days 1-3).
This suggests that this group was probably volume
depleted, which could account for the lower plasma
levels of the atrial peptides in this low salt group com-
pared with the normal salt group.

Therefore, the present data suggest that ANF and
peptides derived from the N terminus, i.e., proANF 1-
98 and proANF 31-67, may play a role in adjusting
renal sodium excretion between low and normal so-
dium intakes. It is clear that additional studies are
needed to determine the contribution of peptides de-
rived from the ANF prohormone in circulatory homeo-
stasis.

This study was supported in part by NIH Grant HL44868, a
grant from the American Heart Association, Florida Affiliate, and a
Department of Veteran Affairs Merit Review Grant. The antibody
used to measure angiotensin I was a generous gift of Celso Gomez-
Sanchez. The authors wish to acknowledge the expert technical
assistance of Tonya Simmons, Amy Giordano, and Carol Landon.

SODIUM INTAKE AND ATRIAL PEPTIDES 47



10.

11.

48

. Dietz JR. Release of natriuretic factor from rat heart-lung prep-

aration by atrial distension. Am J Physiol 247:R1093-R 1096,
1984,

. Ledsome JR, Wilson N, Courneya CA, Rankin AJ. Release of

atrial natriuretic peptide by atrial distension. Can J Physiol
Pharmacol 63:739-742, 1985.

. Veress AT, Sonnenberg H. Right atrial appendectomy reduces

the renal response to acute hypervolemia in the rat. Am J Physiol
247:R610-R613, 1984,

. Villarreal D, Freeman RH, Davis JO, Verburg KM, Vari RC.

Effects of atrial appendectomy on circulating atrial natriuretic
factor during volume expansion in the rat. Proc Soc Exp Biol
Med 183:54-58, 1986.

. Hirth C, Stasch J-P, John A, Kazda S, Morich F, Neuser D,

Wohlfeil S. The renal response to acute hypervolemia is caused
by atrial natriuretic peptides. J Cardiovasc Pharmacol 8:268-
275, 1986.

. Goetz KL. Evidence that atriopeptin is not a physiological regu-

lator of sodium excretion. Hypertension 15:9-19, 1990,

. Kato J, Kida O, Nakamura S, Sasaki A, Takiguchi K, Tanaka

K. Dissociation between plasma and atrial content on atrial
natriuretic polypeptide (ANP) following sodium load in rats. Life
Sci 39:2623-2627, 1986.

. Gutkowska J, Schiffrin EL, Cantin M, Genest J. Effect of dietary

sodium on plasma concentration of immunoreactive atrial natri-
uretic factor in normal humans. Clin Invest Med 9:222-224,
1986.

. Debinski W, Kuchel O, Buu NT, Nemer M, Tremblay J, Hamet

P. Effect of prolonged high salt diet on atrial natriuretic factor in
rats. Proc Soc Exp Biol Med 194:251-257, 1990.

Salazar FJ, Romero JC, Burnett JC, Schryver S, Granger JP.
Atrial natriuretic peptide levels during acute and chronic saline
loading in conscious dogs. Am J Physiol 251:R499-R503, 1986.
Weidmann P, Hellmueller B, Uehlinger DE, Lang RE, Gnaedin-
ger MP, Hasler L, Shaw S, Bachmann C. Plasma levels and
cardiovascular, endocrine, and excretory effects of atrial natri-
uretic peptide during different sodium intakes in man. J Clin
Endocrinol Metab 62:1027-1036, 1986.

. Meleagros L, Gibbs JSR, Ghatei MA, Bloom SR. Increase in

plasma concentrations of cardiodilatin (amino terminal pro-atrial
natriuretic peptide) in cardiac failure and during recumbency. Br
Heart J 60:39-44, 1988.

. Sundsfjord JA, Thibault G, Larochelle P, Cantin M. Identifica-

tion and plasma concentrations of the N-terminal fragment of
proatrial natriuretic factor in man. J Clin Endocrinol Metab
66:605-610, 1988.

. Winters CJ, Sallman AL, Meadows J, Rico DM, Vesely DL. Two

new hormones: Prohormone atrial natriuretic peptides 1-30 and
31-67 circulate in man. Biochem Biophys Res Commun
150:231-236, 1988.

. Winters CJ, Sallman AL, Baker BJ, Meadows J, Rico DM, Vesely

DL. The N-terminus and a 4,000-MW peptide from the midpor-
tion 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.

. Vesely DL, Norris JS, Walters JM, Jespersen RR, Baeyens DA.

SODIUM INTAKE AND ATRIAL PEPTIDES

20,

21.

22.

23,

24,

25.

26.

27.

28.

29.

30.

31

Atrial natriuretic prohormone peptides 1-30, 31-67, and 79-98
vasodilate the aorta. Biochem Biophys Res Commun 148:1540-
1548, 1987.

. Martin DR, Pevahouse JB, Trigg DJ, Vesely DL, Buerkert JE.

Three peptides from the ANF prohormone NH,-terminus are
natriuretic and/or kaliuretic. Am J Physiol 258:F1401-F1408,
1990.

. Itoh H, Nakao K, Mukoyama M, Sugawara A, Saito Y, Morii

N, Yamada T, Shiono S, Arai H, Imura H. Secretion of N-
terminal fragment of gamma-human atrial natriuretic polypep-
tide. Hypertension 11:152-156, 1988.

. Dietz JR. Control of atrial natriuretic factor release from a rat

heart-lung preparation. Am J Physiol 252:R498-R502, 1987.
Dietz JR, Nazian SJ. Release of atrial natriuretic factor in hypo-
physectomized rats. Am J Physiol 255:R534-R538, 1988.

Dietz JR. Renin release from nonclipped kidneys of 2K-1C
hypertensive rats. Proc Soc Exp Biol Med 179:147-154, 1985.
Lattion AL, Flockiger JP, Waeber B, Nussberger J, Aubert JF,
Brunner HR. Influence of sodium balance on atrial natriuretic
factor in rats with one-kidney, one-clip renal hypertension. Ex-
perientia 46:69-72, 1990.

Widimsky J, Kuchel O, Debinski W, Thibault G. Dissociation
between right atrial pressure and plasma atrial natriuretic factor
following prolonged high salt intake. Can J Physiol Pharmacol
68:408-412, 1990.

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

Doorenbos CJ, Iestra JA, Papapoulos SE, Odink J, Van Brum-
melen P. Atrial natriuretic peptide and chronic renal effects of
changes in dietary protein and sodium intake in man. Clin Sci
78:565-572, 1990.

Kohno M, Yasunari K, Murakawa K, Kanayama Y, Matsuura
T, Takeda T. Effects of high-sodium and low-sodium intake on
circulating atrial natriuretic peptides in salt-sensitive patients with
systemic hypertension. Am J Cardiol §9:1212-1213, 1987.
Solomon LR, Atherton JC, Bobinski H, Green R. Effect of
dietary sodium chloride and posture on plasma immunoreactive
atrial natriuretic peptide concentrations in man. Clin Sci 72:201-
208, 1987.

Gnidinger MP, Weidmann P, Rascher W, Lang RE, Hellmoller
B, Uehlinger DE. Plasma arginine-vasopressin levels during in-
fusion of synthetic atrial natriuretic peptide on different sodium
intake in man. J Hypertension 4:623-629, 1986.

Shirataka M, Marumo F, Ando K, Sato T. Response of atrial
natriuretic peptide in plasma and urine to changes in dietary
intake of sodium chloride in man. Jpn J Physiol 38:677-687,
1988.

Vesely DL, Norsk P, Winters CJ, Rico DM, Sallman AL, Epstein
M. Increased release of the N-terminal and C-terminal portions
of the prohormone of atrial natriuretic factor during immersion-
induced central hypervolemia in normal humans. Proc Soc Exp
Biol Med 192:230-235, 1989.

Dietz JR, Nazian SJ, Vesely DL. Release of ANF, ProANF 1-98,
and ProANF 31-67 from isolated rat atria by atrial distension.
Am J Physioll 260:H1774-H1778, 1991.





