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In order to study the relationships between sex hor-
mones, aging, and circulating levels of cardiac natri-
uretic peptides and to define reference values for atrial
natriuretic peptide (ANP) and brain natriuretic peptide
(BNP) assays, we measured the plasma levels of car-
diac natriuretic peptides in a large group of healthy
adults divided according to age and sex. We studied
216 healthy subjects of both sexes (109 men and 107
women) with age ranging from 20 to 77 years (mean
43.2+14.8 years). All subjects were non-obese and had
normal arterial blood pressure; they were free from
acute diseases, including asymptomatic heart disease.
Highly sensitive and specific IRMA methods were used
to measure plasma ANP and BNP. The mean ANP value
in healthy adult subjects of both sexes was 17.8+10.9
pg/ml with no significant difference between men
(16.7+10.0 pg/ml) and women (18.8+11.7 pg/ml). The
mean BNP value in healthy adult subjects of both
sexes was 9.9+9.0 pg/ml with a significant difference
(p<0.0001) between men (7.7+7.1 pg/ml) and women
(12.2+10.2 pg/ml). There was a weak linear relation-
ship between age and either ANP (r=0.350, p<0.0001)
or BNP (r=0.254, p=0.0002) values. When the circulat-
ing levels of cardiac natriuretic hormones, and age and
sex were analyzed by multiple stepwise regression
analysis, both age and sex significantly and indepen-
dently contributed to the regression. Our study indi-
cates independent positive effects of aging and female
sex hormones on ANP and BNP levels in healthy adult
subjects. These effects should be taken into account in
the calculation of appropriate reference values for car-
diac natriuretic hormones. Clin Chem Lab Med 2002;
40(4):371-377
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Introduction

Human cardiomyocytes produce and secrete a family
of related peptide hormones (cardiac natriuretic hor-
mones) which have potent diuretic, natriuretic and vas-
cular smooth muscle-relaxing effects. They are in-
volved in complex interactions with the hormonal and
nervous systems (1-3). Cardiac natriuretic hormones
include atrial natriuretic peptide or factor (usually indi-
cated as ANP, more properly designated as human
ANF g9_106) or ANF) (4), brain natriuretic peptide (BNP)
and their related peptides. Other natriuretic peptides
such as C-type natriuretic peptide (CNP) and urodilatin,
structurally related to the ANP/BNP peptide family, are
not produced and secreted by cardiomyocytes but by
other tissues (1-3).

Cardiac natriuretic peptides are greatly increased in
diseases characterized by an expanded fluid volume
(1-3, 5). In particular, the importance of measuring the
circulating levels of these peptide hormones in the
classification of patients with heart failure and/or in
predicting their mortality/survival rates has been re-
cently reported (1-4). As a result, the assay of circulat-
ing levels of cardiac natriuretic peptides is now consid-
ered to be a useful marker of myocardial function (1-3,
5).

Age and sex are two potent non-modifiable cardio-
vascular risk factors (6). The incidence of cardiovascu-
lar disease increases progressively with age. On the
other hand, the incidence of cardiovascular disease is
significantly lower in women during their child-bearing
years than in men; after menopause this difference dis-
appears (6-8). Furthermore, several studies have sug-
gested a cardioprotective role for estrogen replace-
ment therapy in postmenopausal women (7, 9-12).

The relationship between cardiac natriuretic hor-
mones (ANP and BNP) and female steroid sex hor-
mones and/or age has been poorly investigated in hu-
mans (2-3, 5, 7, 13-18). Higher circulating levels of
ANP and/or BNP in women than in men were inciden-
tally observed in some studies (13-16). Moreover, to
our knowledge, only two studies have been performed
in order to specifically evaluate the influence of age on
circulating levels of cardiac natriuretic peptides in
healthy adults (17, 19).

This lack of studies on the influence of age and sex
hormones on the ANP/BNP system could be due to
methodological problems. First, it is difficult to find a
reliable number of truely healthy subjects over 65
years of age, since approximately 85% of the people
over the age of 65 suffer from one or more chronic con-
ditions (20). Other methodological problems are re-
lated to the very low plasma concentrations of cardiac
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natriuretic peptides in normal adults (on average 10-20
pg/ml), often below the sensitivity level of radioim-
munoassay (RIA) methods generally used to measure
these hormones (3, 5).

The reference values for ANP and BNP commonly
used in pathophysiological studies, as well as in clini-
cal practice, do not take into account possible effects of
age and sex. This is important because it is well known
that the incidence of cardiac diseases also increases
progressively with age (12, 13). Indeed, the majority of
patients with cardiac disease are older than 50 years;
therefore, the circulating levels of cardiac natriuretic
hormones of these patients should be compared with
reference values calculated from a group of normal
subjects of comparable age.

In order to study the relationships between sex hor-
mones and circulating levels of cardiac natriuretic pep-
tides, we measured plasma levels of cardiac natriuretic
peptides by means of highly sensitive and specific im-
munoradiometric assay (IRMA) methods (previously
set up in our laboratory) (15, 17, 21) in a large group of
healthy adults divided according to age and sex.

Subjects, Materials and Methods

Subjects

We studied 216 healthy subjects (109 men and 107 women)
with age ranging from 20 to 77 years (mean 43.5+14.7 years);
48 women were postmenopausal and three were peri-
menopausal, while the other 56 women were normally men-
struating women. All subjects were non-obese and had nor-
mal arterial blood pressure; they were free from acute
diseases, as determined by an interview with a clinician. Fur-
thermore, they denied the use of any drug during the 4
weeks prior to the study. In particular, the group of post-
menopausal women denied the use of sex steroid hormones
for relief of postmenopausal symptoms, and normally men-
struating women denied the use of oral contraceptives. All of
them had normal values for the main plasma variables (in-
cluding creatinine, urea nitrogen, glucose, uric acid, albumin,
enzymes, electrolytes and hemoglobin) and normal erythro-
cyte and leukocyte counts and urine analysis. In the subjects
aged =60 years a complete cardiological examination, in-
cluding a standard electrocardiogram and echocardiogram,
was also performed in order to exclude asymptomatic heart
disease.

The subjects were consuming a typical Mediterranean diet,
with free sodium intake ranging from 80 to 180 mmol/day for
the entire population, as determined by an interview with an
expert dietician.

Informed consent was obtained from all subjects enrolled in
the study.

Assay methods
Plasma samples

We collected blood samples between 8 am and 9 am following
an overnight fast and after 15 min of rest in a sitting position.
After collection, blood samples (10 ml) were immediately put
into ice-chilled disposable polypropylene tubes containing
aprotinin (500 KIU/ml of plasma) and EDTA (1 mg/ml of
plasma). Plasma samples were rapidly separated by centrifu-
gation for 15 min at 4 °C and then frozen and stored at -20 °C

in 1 ml aliquots in polypropylene tubes until assay, which was
usually performed within 1 month.

ANP and BNP IRMA

Plasma ANP and BNP were measured (at least in duplicate)
with two-site (sandwich) IRMA methods, which do not require
a preliminary step for extraction or purification of plasma
samples (direct assay). These IRMA methods use two mono-
clonal antibodies prepared against two sterically remote epi-
topes of the human ANP or BNP molecule, of which one is in-
cluded in the ring structure of the peptide chain. One antibody
is coated on the solid phase beads and the other is radiola-
beled with 125]. These methods were chosen for this study be-
cause of their high degree of sensitivity, accuracy and preci-
sion; it is well known that competitive immunoassay methods
usually employed for the assay of cardiac natriuretic peptides
do not measure the ANP and BNP concentration in the normal
range with acceptable precision (2, 3, 5).

Plasma ANP was measured by an IRMA kit (SHIONORIA
ANP, manufactured by SHIONOGI & Co. Ltd, Osaka Japan)
with some modifications, as described in detail elsewhere (15,
21). Briefly, the protocol for the assay was as follows. One-
hundred pl of standard solution (containing respectively 0, 5,
10, 20, 60, 200, 600 and 2000 pg/l of synthetic human ANP) or
of unknown sample, 200 pl of buffer and 1 bead (coated with
the first monoclonal anti-ANP antibody) were added to
polypropylene assay tubes. After gentle mixing with a vortex,
all the tubes were incubated overnight at 4-8 °C. After the con-
tent of the tubes was aspirated as completely as possible, the
tubes were washed twice with 1 ml of appopriate washing so-
lution provided in the kit; then, 300 pl of solution containing
the labeled monoclonal anti-ANP antibody (about 150,000-
200,000 cpm) was added to each tube. After gentle mixing, all
the tubes were incubated 14-20 hours at 4-8 °C (second incu-
bation). The contents were then aspirated and washed twice
with 1 ml of the washing solution. Finally, the remaining ra-
dioactivity bound to the beads was counted for 1-2 min with a
gamma scintillation counter.

The assay sensitivity of ANP IRMA was about 2 pg/ml (if a
plasma volume of 100 ul was assayed) and the working range
was from 10 to 2000 pg/ml (15, 21). It was possible to increase
the minimum amount of ANP measured per tube by assaying
a volume of plasma greater than 100 pl (up to 300 pl), as pre-
viously described in detail (15, 21). The between-assay preci-
sion (CV%) was 11.4% (mean+SD = 22.6+2.6 pg/ml, n=16) and
10.7% (25.6+2.7 pg/ml, n=12) for the two plasma pools with
ANP concentrations in the normal range prepared by pooling
together several plasma samples collected from normal sub-
jects, and 8.0% (178.6+14.3 pg/ml, n=16) and 6.7% (162.2+10.8
pg/ml, n=12) for the other two pools with ANP levels above the
normal range prepared by pooling several plasma samples
collected from patients with heart failure.

Plasma BNP was measured by an IRMA kit (SHIONORIA
BNP, manufactured by SHIONOGI & Co. Ltd, Osaka Japan), as
previously reported in detail (15, 17). Briefly, 100 pl of stan-
dard solutions (containing respectively 0, 4, 10, 40, 150, 600,
and 2000 pg/l of synthetic human BNP) or of unknown sample,
200 pl of 125]-labeled anti-BNP antibody solution and 1 bead
(coated with one monoclonal anti-ANP antibody) were added
to polypropylene assay tubes. After gentle mixing with a vor-
tex, all the tubes were incubated overnight for 18-22 hours at
4-8 °C. The contents of tubes were then aspirated and washed
with 2 ml of the washing solution. It is important to perform
the aspiration/washing step at low temperature by keeping
the tubes in an ice-bath in order not to perturb the equilibrium
of the antigen/antibody complex during this step. Finally, after
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aspiration of the washing solution, the remaining radioactiv-
ity bound to the beads was counted for 1-2 min with agamma
scintillation counter.

The assay sensitivity of BNP IRMA was about 2.5 pg/ml and
the working range was from 5 to 2000 pg/ml (15, 17). The be-
tween-assay precision was 11.0% for one plasma pool with
BNP concentration in the normal range (5.10+0.56 pg/ml,
n=10) prepared by pooling together several plasma samples
collected from normal subjects, and 9.0% (58.7+5.3 pg/ml,
n=10) for another pool with BNP concentration above the up-
per limit of normal range prepared by pooling several plasma
samples collected from patients with heart failure.

Statistical analysis

Statistical analysis was carried out on a Power Macintosh G3
personal computer using the Stat-View 5.0.1 program (1992-
98, SAS Institute Inc., SAS Campus Drive, Cary, NC, USA).

Because ANP and BNP values in healthy subjects are not
normally distributed, both the original and the logarithmic
transformation of data were used for statistical analysis; using
the logarithmic transformation of original data the ANP and
BNP values approximated better the normal distribution. For
comparisons between two independent groups (i.e. men vs.
women) the unpaired ttest was used, while differences
among more than two independent groups were analyzed by
ANOVA (Table 1).

ANP or BNP values, considered as dependent variables, and
age and sex, considered as independent variables, were also
analyzed in a linear multiple regression analysis using a step-
wise model (forward selection) without logarithmic transfor-
mation of original data. In this type of analysis, sex was con-
sidered to be a “dummy” variable, assigning score 1 to men
and score 2 to women.

The results are expressed as mean+SD unless otherwise
stated.

Results

The mean ANP value in healthy adult subjects of both
sexes was 17.8+10.9 pg/ml (median 15.5 pg/ml, range

70 . . . . L L
60 F
= s
% 50 . . L
2 . o " '
=9
z
<«
«
£
w
=
a8
Age (years)
Figure 1 Linear relationship between plasma ANP levels and

age in normal men and women. The calculated relationship
was: ANP=6.37 + 0.26 AGE; r=0.350, p<0.0001.
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Figure 2 Linear relationship between plasma BNP levels and
age in normal men and women. The calculated relationship
was: BNP=3.16 + 0.16 AGE; r=0.254, p=0.0002.
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Figure 3 Mean (+SEM) ANP values divided according to
decade age groups and sex. The p-values (*) of significant dif-
ference (p<0.05) between the age groups of women and those
of men were tested by means of Fisher’s protected least sig-
nificant difference (PLSD) test after ANOVA (F=4.880,
p<0.0001) using the logarithmic transformation of original set
of data. The number of women (F, empty square) and men (M,
square filled with points) tested for each group was also indi-
cated in parentheses. The results are expressed as boxes with
five horizontal lines, displaying the 10th, 25th, 50th (median),
75th and 90th percentiles of the variable. All values above the
90th percentile and below the 10th percentile (outliers) are
shown as solid circles.

0.5-64 pg/ml), without a significant difference between
the mean value observed in men (16.7+10.0 pg/ml) and
that found in women (18.8+11.7 pg/ml).

The mean BNP value in healthy adult subjects of
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both sexes was 9.9+9.0 pg/ml (median 7.6 pg/ml, range
0.4-44 pg/ml), with a significant difference (p<0.0001,
t-test after logarithmic transformation of original data)
between the mean value observed in men (7.7+7.0
pg/ml) and that found in women (12.2+10.2 pg/ml).

There was a weak, although significant, positive lin-
ear relationship between age and either ANP (Figure 1)
or BNP (Figure 2) values. To better stress the possible
influence of age and sex on circulating levels of cardiac
natriuretic peptides, we reported the ANP (Figure 3) and
BNP (Figure 4) values of all subjects studied, divided ac-
cording to sex and decades of age. ANP values showed
a significant linear increase with age in males (linear
regression equation ANP=-0.44+0.37 AGE; r=0.567,
p<0.0001), but not in women (r=0.191, p=0.0536); fur-
thermore, women showed significantly higher levels
than men in the first two decades (age ranging from 20
to 39 years) (Figure 3). On the other hand, BNP valuesin
women were on average higher than the respective val-
ues in men for each age-decade group (Figure 4); fur-
thermore, a significant linear relationship was found
between BNP values and age both in men (linear
regression equation BNP=0.79+0.15 AGE; r=0.331,
p=0.0004) and in women (BNP=4.0+0.20 AGE; r=0.272,
p=0.0048), respectively.

To better illustrate the possible influence of old age
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Figure 4 Mean (+SEM) BNP values divided according
decade age groups and sex. The p-values (*) of significant dif-
ference (p<0.05) between the age groups of women and men
were tested by means of Fisher’s protected least siginificant
difference (PLSD) test after ANOVA (F=6.218, p<0.0001) using
the logarithmic transformation of original set of data. The
number of women (F, empty square) and men (M, square filled
with points) tested for each group was also indicated in paren-
theses. The results are expressed as boxes with five horizon-
tal lines, displaying the 10th, 25th, 50th (median), 75th and
90th percentiles of the variable. All values above the 90th per-
centile and below the 10th percentile (outliers) are shown as
solid circles.

Table 1 Circulating levels of ANP and BNP divided into four
groups according to sex and age.

Men Women p-Value*
ANP (pg/ml)
Age < 50 years 12.8+6.9 16.2+10.0 0.2556
Age =50 years 21.4+11.0 22.9+13.1 0.6243
p-Value* 0.0002 0.0012
BNP
Age < 50 years 5.9+6.0 10.0+8.3 <0.0001
Age =50 years 10.1+7.8 15.6+11.8 0.0192
p-Value* 0.0001 0.0150

*Fisher’s protected least significant difference (PLSD) test af-
ter ANOVA using the logarithmic transformation of original
set of data. Means +SD are shown.
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Figure 5 Cut-off values of plasma BNP, calculated as the
97.5th percentile of the distribution values in the four groups
of studied subjects. Group I: women aged < 50 years; Group Il
women aged = 50 years; Group Ill: men aged < 50 years;
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and the effects of the decrease in female sex hormones
after menopause, we divided the subjects into four
groups according to age and sex (two groups included
61 men and 66 women aged <50 years; the other two
groups included 47 men and 42 women aged =50
years) (Table 1). The cut-off of 50 years was chosen be-
cause this value is usually considered to be the mean
age of menopause, at least in the Western European
countries (22).

ANOVA analysis of original data showed that there
were significant differences (p<0.0001) among the
groups of subjects both for ANP and BNP values. In
particular, ANP values were higher in men and women
aged 50 years and more, while ANP values did not dif-
fer between men and women. These findings suggest
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that ANP levels may be more affected by age than by
sex. On the other hand, BNP values were significantly
higher in men and women aged 50 years and more.
Furthermore, women showed significantly higher BNP
levels compared to men at any age. These data suggest
that BNP levels are greatly affected both by increasing
age and by sex. It is also interesting to underline that
highly different values were found if cut-off points
were calculated as the 97.5th percentile from the distri-
bution of plasma BNP values in these four groups of
studied subjects (Figure 5).

Finally, when plasma ANP or BNP (considered as de-
pendent variables) and age and sex (considered as in-
dependent variables) were analyzed by means of a
multiple stepwise regression analysis, both age and
sex significantly and independently contributed to the
regression.

The multiple linear regression equations found for
ANP and BNP, respectively were as follows:

Equation 1 - ANP=1.00 + 0.27 AGE + 3.23 sex
(r=0.378, p<0.0001).

Equation 2 — BNP=- 5.41 + 0.18 AGE + 5.24 sex
(r=0.376, p<0.0001).

Discussion

Our study indicates that plasma concentration of car-
diac natriuretic peptides increases with age and that
women tend to have higher levels of plasma BNP than
men. The increase in the circulating levels of both ANP
and BNP with age was previously reported in other
studies (18, 19). However, the contemporaneous ef-
fects of age and gender on the ANP/BNP system have
been poorly investigated in the past. Our findings may
be highly relevant to clinical practice and may also give
original explanations concerning some pathophysio-
logical mechanisms involved in cardiovascular dis-
ease.

The assay of circulating levels of ANP/BNP is usually
used as a marker for myocardial function and, in partic-
ular, it is useful for the classification of patients with
heart failure and/or for predicting their mortality/sur-
vival rates (1-3, 5). Heart failure is relatively rare in
young adults, but in the Western countries the preva-
lence doubles with each decade after the age of 45
years (20, 23-25). Therefore, reference values for
ANP/BNP assay should be given according to age and
sex, by taking into account that the major part of pa-
tients with cardiovascular disease are older than 55
years (23-25) (Figure 5). On the other hand, some
forms of heart disease (such as idiopathic dilated or hy-
pertrophic cardiomyopathies) often occur in early
adulthood, between 20 and 40 years of age. In this
case, the use of appropriate reference values which
would take into account the finding that circulating lev-
els of cardiac natriuretic hormones are lower in early
adulthood (especially in men) (Figure 4), could highly
increase clinical sensitivity of BNP assay (Figure 5).

In order to explain the significant variation of circu-
lating levels of cardiac natriuretic peptides with aging

(Figures 3 and 4), as well as the different patterns found
in men and women, the effects of three distinct patho-
physiological mechanisms should be taken into ac-
count.

1. The change of the cardiovascular system with ag-
ing. Such changes can induce dilatation of cardiac
chambers (atria and/or ventricles) and/or hypertrophy
of ventricle walls. These alterations should worsen pro-
gressively with aging by producing different stimula-
tory effects on ANP and BNP (see point 2) in both men
and women. Heart rate declines and systolic blood
pressure increases with increasing age (26, 27). In men,
the decline in resting heart rate is compensated by an
age-associated increase in resting cardiac volumes (i.e.
end-diastolic, end-systolic and stroke volumes) (26, 27)
so that systolic dysfunction is more often seen in men
with an average age of about 60 years (23, 25). In con-
trast, resting cardiac volumes in healthy women vary
less with aging than in men (20, 26), while diastolic dys-
function with concentric cardiac hypertrophy is more
common in elderly women aged 70 years and older (20,
23, 25).

2. The difference in production/secretion sites for
ANP and BNP. ANP is predominantly produced and
secreted in the atria in all conditions which induce
stretching of the atrial wall, while BNP is preferentially
produced and secreted in the ventricles after stretching
of the ventricle wall (1-3, 5, 23, 27, 28). Furthermore,
BNP is generally considered to be a reliable and sensi-
tive index of cardiac hypertrophy (1-3, 5, 23, 27, 28),
even without dilation of ventricles.

3. The possible effects of sex steroid hormones on
the ANP/BNP system. Some studies suggest that fe-
male steroid hormones have a stimulating effect on the
ANP/BNP system (7, 29). Evidently, the maximum ef-
fect should be observed in healthy menstruating
women, with a progressive decrease after the meno-
pause. Furthermore, the stimulatory action of female
steroid hormones is probably greater on plasma BNP
than ANP levels (29). Only scarse and very contradic-
tory data have been reported on the action of male
steroid hormones on the ANP/BNP system (7, 30-32).

The combined action of these three mechanisms
may explain the different patterns of circulating levels
of ANP and BNP found in both sexes throughout adult
life. While the significant differences between cardiac
natriuretic peptide levels of young adult men and men-
struating women can be easily explained by the effect
of female steroid hormones, it is more difficult to ex-
plain the sex differences in hormone levels after the
menopausal age.

Taking into account the data reported in Figure 3 and
Table 1, plasma ANP values were higher in healthy
menstruating women compared to men of the same
age, owing to the stimulatory effects of female steroid
hormones. With menopause this stimulating action de-
clines, but the effects produced by the alterations in the
cardiovascular system induced by aging progressively
increase by inducing a similar increase in ANP levels in
both sexes. Our data suggest that women have a
biphasic pattern of ANP throughout adult life with a de-
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cline between 40-49 years of age, probably because
some women enter menopause at this age (Figure 3).
On the contrary, a progressive linear increase of circu-
lating levls of ANP was found in men (Figure 3).

Our findings also suggest that plasma BNP levels
(Figure 4 and Table 1) were higher in healthy menstru-
ating women than in men of the same age. After
menopause the effect of steroid hormones declines but
the increased thickness of interventricular septum and
ventricular wall with aging, more frequent and accen-
tuated in women (20, 23, 25), may induce a progressive
increase in BNP, greater in women. Consequently,
women showed higher BNP values than men through-
out adult life (Figure 4).

Many experimental studies in animals as well as ob-
servational studies in postmenopausal women have
found a cardioprotective effect of estrogen treatment,
with lower rates of coronary heart disease (7-9). In-
deed, cardiovascular mortality in postmenopausal
women receiving hormone replacement therapy is
about 30-50% lower than in their untreated counter-
parts (6—11). On the other hand, two recent clinical tri-
als (33, 34) suggest a null-effect of hormone replace-
ment therapy compared to placebo in women with
prior history of myocardial infarction, coronary revas-
cularization or angiographic evidence of coronary
artery disease. However, the conclusions of these stud-
ies should not be extended to the majority of post-
menopausal women presently undergoing hormone
replacement therapy who usually have no symptoms
of coronary artery disease and are on average younger
than the women studied in these trials (33, 34).

The possible beneficial effects of female steroid hor-
mones on the cardiovascular system may be more ef-
fective in the prevention of the atherosclerotic process,
as suggested by the low incidence of cardiovascular
events in normal menstruating women compared to
men of the same age, as well as by its rapid increase in
women after menopause. On the contrary, female
steroid hormones may have little or no impact on irre-
versible atherosclerotic lesions, as demonstrated in the
case of women enrolled in the two previously men-
tioned clinical trials (33, 34).

Cardiac natriuretic hormones have several impor-
tant physiological actions with beneficial effects on car-
diovascular disorders, including: a) a decrease in blood
pressure; b) an increase in natriuresis and diuresis; c)
an inhibition of the sympathetic nervous system activ-
ity and of the release or action of several hormones in-
cluding aldosterone, angiotensin Il, endothelins, renin
and vasopressin (1-3, 27, 28).

Therefore, it can be hypothesized that the cardiopro-
tective actions of endogenous ovarian sex steroids dur-
ing child-bearing years, or during hormone replacement
therapy in postmenopausal women, may be mediated,
at least in part, by increased circulating levels of cardiac
natriuretic peptides (7, 29). Indeed, some experimental
studies in animals suggest that steroid sex hormones
significantly affect gene expression and production of
cardiac natriuretic peptides (7). Furthermore, a recent
study performed in our laboratory demonstrated that

hormone replacement therapy in postmenopausal
women increases the circulating levels of cardiac natri-
uretic hormones, especially those of BNP (29).
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