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tients with septic shock and 19 con-
trol subjects. Interventions: Collec-
tion of clinical and demographic data
in relation to ANP, BNP, IL-6, and
soluble TNF receptors (sTNF-R-p55,
sTNF-R-p75) in plasma over a peri-
od of 4 days. Measurements and re-
sults: In septic shock we found a sig-
nificant increase in ANP (82.7±9.9
vs. 14.9±1.2 pg/ml) and BNP
(12.4±3.6 vs. 5.5±0.7 pg/ml). Plasma
ANP peaked together with IL-6.
Peaks of ANP and IL-6 were signifi-
cantly correlated (r=0.73; p<0.01).
BNP was inversely correlated to car-
diac index (r=–0.56; p<0.05). Con-
clusions: ANP and BNP increase
significantly in patients with septic
shock. BNP reflects left ventricular
dysfunction. ANP is related to IL-6
production rather than to cardiovas-
cular dysfunction.
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Plasma atrial natriuretic peptide and brain
natriuretic peptide are increased 
in septic shock: impact of interleukin-6 and
sepsis-associated left ventricular dysfunction

Introduction

Atrial natriuretic peptide (ANP) is a hormone with a wide
range of potent biological effects, including natriuresis,
diuresis, vasodilation, and inhibition of the renin-angio-
tensin-aldosterone axis and the sympathetic nervous
system [1]. In adult mammals ANP is secreted mainly
from the atria [2]. Brain natriuretic peptide (BNP), first
isolated from the porcine brain [3] and subsequently from
mammalian organs including human hearts, forms togeth-

er with ANP a peptide family involved in the regulation
of blood pressure and fluid volume. In healthy subjects
this novel natriuretic peptide is mainly secreted from the
ventricles of the heart [4]. Increased plasma levels of
ANP and BNP have been reported in patients with con-
gestive heart failure [5, 6]. In these patients both natri-
uretic peptides increase with the severity of disease [5, 6].
Enhanced plasma concentrations of ANP and BNP in
ischemic and congestive heart failure predict poor prog-
nosis [6, 7, 8]. Plasma levels of natriuretic peptides in pa-
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Abstract Objective: Interest has re-
cently focused on the use of neuro-
hormonal markers such as atrial nat-
riuretic peptide (ANP) and brain nat-
riuretic peptide (BNP) as indices of
left ventricular systolic dysfunction
and prognosis in heart failure. Also,
peptides belonging to the interleu-
kin-6 (IL-6) family have been shown
to induce ANP and BNP secretion.
We hypothesized that BNP and ANP
spillover in the peripheral circulation
reflects left ventricular dysfunction
and IL-6 production in septic shock.
Design and setting: Retrospective,
clinical study in the medical inten-
sive care unit of a university hospi-
tal. Patients and participants: 17 pa-
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tients with septic shock in relation to cardiovascular func-
tion has not yet been evaluated.

ANP and BNP are secreted in response to atrial or
ventricular volume expansion and pressure overload, re-
spectively. Proinflammatory cytokines stimulated in
heart failure might contribute to ANP and BNP secretion
from the heart. In vitro studies show an enhanced gene
expression of BNP and prepro-ANP, the precursor form
of circulating ANP following stimulation of cultured car-
diomyocytes with interleukin (IL)-1β [9, 10]. Increased
secretion of both natriuretic peptides following stimula-
tion with peptides belonging to the IL-6 family has re-
cently been reported in cultured cardiomyocytes [11]. In
vivo cardiotrophin-1 and IL-6, both members of the IL-6
related family, increase in heart failure [12, 13], and co-
secretion of IL-6 and ANP as well as cardiotrophin-1
and BNP has been reported [12, 14, 15]. Tumor necrosis
factor-α (TNF-α) comparable to IL-6, increases in a
broad spectrum of cardiovascular diseases ranging from
severe heart failure of various causes to asymptomatic
ischemic left ventricular impairment [16]. In experimen-
tal settings TNF-α induces left ventricular dysfunction,
pulmonary edema, and cardiomyopathy [17]. Soluble
TNF receptors have a longer half-life in plasma than
TNF itself, which make them particularly suitable for de-
tecting TNF production in plasma.

Changes in cardiovascular functional parameters in
sepsis are associated by a several-fold increase in IL-6.
Although pleiotropic actions of IL-6 have been described
in humans (for review see [18]), the relationship between
IL-6 and natriuretic peptides has not yet been investigat-
ed in septic patients. Patients with septic shock show a
reversible left ventricular systolic dysfunction commonly
masked by a concomitant elevation in cardiac index (CI)
[19]. Survivors of septic shock were found to have 
decreased systolic function and an increase in left ven-
tricular end-diastolic diameter. These changes in left
ventricular function were of rapid onset and reversible in
survivors within several days [20]. Paradoxically the
changes seen were less profound in those who died [21].
At present it is not known whether natriuretic peptides
reflect left ventricular function in septic shock. However,
this may be a question of considerable interest because
left ventricular systolic dysfunction occurs in septic pa-
tients and has been related to prognosis [19].

The present study assessed ANP and BNP spillover in
the peripheral circulation in relation to cardiovascular
function and systemic inflammation i.e., IL-6 and solu-
ble TNF-α receptor release in patients with septic shock.

Patients and methods

Patient population

Patients with septic shock and without renal or hepatic failure 
(5 women, 12 men; mean age 61±2.7 years) were selected from

the placebo group of the “Score-Based Immunoglobulin G Therapy
in Sepsis” study [22, 23] (Table 1). Renal failure was defined as
increased retention above normal on the day of diagnosis. Hepatic
failure was defined by transaminases being more than twofold
above normal or by increased bilirubin values. On the basis of the
underlying disease 4 patients were classified as medical and 13 as
surgical patients. Catecholamines were administered intravenously
in all patients. All patients needed mechanical ventilation between
4 and 32 days (mean 15.4±2.2 days). Septic shock was defined ac-
cording to international criteria [24, 25]. Severity of sepsis was
determined by the sepsis score according to Elebute and Stoner
[26]. Severity of disease was quantified by the Acute Physiology
and Chronic Health Evaluation II (APACHE II ) score [27]. Labo-
ratory, biochemical, hemodynamic, and physical parameters were
determined on the day of diagnosis (day 0) and on the first and
fourth day after diagnosis. All patients with septic shock were fol-
lowed for 28 days. The date of death was recorded and duration of
follow-up calculated.

The study was approved by the local ethics committee, with in-
formed consent of all participants or, in the case of unconscious
patients, of the closest relatives.

Control group

Nineteen subjects diagnosed for suspected cardiac disease without
sepsis or renal failure (4 women, 15 men; mean age 61±2.1 years)
served as the control group. After elective admission to hospital
for suspected coronary artery disease these patients were prospec-
tively enrolled after intracardiac catheter diagnosis confirmed nor-
mal left ventricular function by levocardiography in standard pro-
jections, and coronary artery stenosis was excluded. Furthermore,
two-dimensional echocardiography with continuous and pulse-
wave Doppler was performed to exclude underlying valvular dis-
ease which might affect plasma levels of natriuretic peptides. A
single measurement of natriuretic peptide and proinflammatory
cytokine plasma levels was performed.

Blood sampling and determination of plasma levels of ANP, BNP,
IL-6, sTNF-R-p55, and sTNF-R-p75

Blood samples were drawn by venipuncture in supine position,
immediately placed on ice, and centrifuged within 30 min. Plasma
was aspirated and transferred into polystyrol test tubes stored at −
70°C until analysis. Plasma ANP and BNP concentrations were
measured as described previously [28]. Briefly, for extraction
plasma samples were thawed and adsorbed as 1-ml aliquots to ac-
tivated Amberlite XAD2 resin chromatography columns (Bio-Rad
Laboratories, Richmond, Calif., USA) followed by washing with
trifluoroacetic acid (1 mmol/l). Elution was performed using a
mobile phase consisting of 1 mol/l acetonitrile (80% vol.) and
1 mmol/l trifluoroacetic acid (20% vol.). The lyophilized samples
were reconstituted in ANP or BNP assay buffer. Plasma ANP was

Table 1 Baseline characteristics in patients with septic shock
(n=17)

Sex: F/M 5/12
Age (years) 60.7±2.7
APACHE II score [37] 28.4±1.2
Sepsis score [30] 19.2±1.0
Serum creatinine (mg/dl) 1.1±0.3
Respiratory frequency in MV patients (min−1) 24.1±4.1
Leukocyte count (leukocytes/mm3) 17.441±2.1
Serum albumin (g/dl) 2.2±0.2
Prothrombin time (%) 65.2±4.7
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measured by radioimmunoassay (Amersham, Buckinghamshire,
UK). Plasma BNP was measured by radioimmunoassay (Peninsula
Laboratories, Belmont, Calif., USA). Serum levels of IL-6 were
measured by commercially available enzyme linked immunosor-
bent assay (ELISA, Medgenix, Ratingen, Germany). Measure-
ments for both soluble TNF receptors, sTNF-R-p55 and sTNF-
R-p75, the more stable form reflecting TNF production, were ob-
tained by enzyme-linked immunological assays as described pre-
viously [29].

Measurement of cardiovascular functional parameters

Cardiac catheterization in septic patients was performed using a
pulmonary artery catheter inserted into the cephalic vein, and right
atrial pressure was measured. Cardiac output was determined by
thermodilution technique in triplicate. Arterial pressure was mea-
sured by catheters inserted into the radial or femoral artery using
Statham pressure transducers. Cardiac output, systemic vascular
resistance (SVR), and left ventricular stroke work index (LVSWI)
were calculated using standard formulas [30].

Statistical analysis

All data are expressed as mean ±standard error. Hemodynamic 
data, cytokine levels, and plasma levels of ANP and BNP were
compared between groups using the Mann-Whitney nonparametric
statistical test. Pearson’s correlation coefficient was computed be-
tween plasma ANP and BNP, hemodynamic parameters, and plas-
ma concentrations of IL-6, sTNF-R-p55, and sTNF-R-p75. A p
value less than 0.05 was considered as statistically significant.

Results

Plasma levels of ANP and BNP

Plasma levels of ANP in patients with septic shock were
82.7±9.9 pg/ml, significantly higher than in control sub-
jects (14.9±1.2 pg/ml, p<0.01; Fig. 1a). Plasma BNP
were significantly higher than in controls (12.4±3.6 vs.
5.5±0.7 pg/ml, p<0.05; Fig. 1b). From day 0 to day 1
plasma ANP decreased significantly (64.4±7.2 pg/ml,
p<0.05 vs. day 0) in patients with septic shock. On day 4
plasma levels of ANP in patients with septic shock were
still higher than baseline levels of control subjects
(71.5±6.9 pg/ml, p<0.05). BNP showed the highest lev-
els in patients with septic shock on day 0 (12.4±3.6
pg/ml) without significant differences up to day 4 (9.8±
2.1 pg/ml).

Interleukin-6 and soluble tumor necrosis factor receptors
(sTNF-R-p55, TNF-R-p75)

IL-6 values in septic shock were significantly higher
than in controls (3035±949 vs. 18.3±7.2 pg/ml, p<0.01).
In patients with septic shock plasma levels of IL-6 sig-
nificantly dropped from day 0 to day 1 (852±244 pg/ml,
p<0.05 vs. day 0). On day 4 plasma IL-6 was still signif-
icantly higher in patients with septic shock than in con-
trols (423±156 pg/ml, p<0.05). The concentrations of
neither sTNF-R-p55 nor sTNF-R-p75 changed signifi-
cantly over 4 days, with initial values of 7.6±0.8 ng/ml
and 11.0±1.1 ng/ml, respectively.

Cardiovascular functional parameters

Cardiovascular functional parameters are given in Ta-
ble 2. All septic patients showed hypotensive blood pres-
sure values and tachycardia on the day of diagnosis of
septic shock (Table 2). Stroke volume was in the normal
range (Table 2). SVR in patients with septic shock was
lowered (Table 2). CI was not increased in terms of ab-

Fig. 1 a Plasma levels of atrial natriuretic peptide (ANP) in con-
trol subjects and patients with septic shock. b Plasma levels of
brain natriuretic peptide (BNP) in control subjects and patients
with septic shock. Plasma levels were determined on the day of di-
agnosis in duplicate. Horizontal bars Statistical mean. *p<0.05 vs.
control **p<0.01

Table 2 Hemodynamic param-
eters in patients with septic
shock on the day of diagnosis
and in control subjects

Controls Patients

Mean arterial pressure (mmHg) 103.7±3.4 60.9±3.1*
Heart rate (min−1) 79.9±2.7 113.1±5.5*
Cardiac index (l min−1 m−2) 3.4±0.5 4.5±0.2
Left ventricular stroke work index (g m−1 m−2) 60.3±3.1 43.2±6.0
Stroke volume (ml/beat) 84.5±3.2 76.1±4.2
Systemic vascular resistance (dyne s−1 cm−5) n.d. 533.6±36.6**

Pulmonary capillary wedge pressure (mmHg) n.d. 14.7±1.3**

Central venous pressure (mmHg) n.d. 11.3±1.1*** p<0.05 vs. controls, **p<0.05
vs. normal values [30]
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solute values; however, there was a tendency to higher
values in septic shock (Table 2). LVSWI was lower in
septic patients than in controls (Table 2), and right atrial
pressure was elevated (Table 2).

Relationship between plasma levels of natriuretic 
peptides, cardiovascular functional parameters, IL-6, 
and soluble TNF receptors

On the day of diagnosis a highly significant correlation
was found between IL-6 and ANP (Fig. 2) and between
IL-6 and sTNF-R-p55 (r=0.66, p<0.01) but not between
ANP and sTNF-R-p55 (r=0.20, p=0.48) or sTNF-R-p75
(r=0.02, p=0.94). A weak, statistically nonsignificant
correlation was observed between ANP and right atrial
pressure (r=0.56, p=0.09) but not between plasma ANP
and CI (r=0.27, p=0.42) or SVR (r=−0.44, p=0.13). IL-6
was significantly correlated with right atrial pressure
(r=0.58, p<0.05) but not with other cardiovascular pa-
rameters. BNP was inversely correlated with CI (Fig. 3).
BNP was correlated neither with further cardiovascular
parameters nor with IL-6, sTNF-R-p55, or sTNF-R-p75.
Severity of disease (APACHE II) and sepsis score were
not correlated with plasma ANP or BNP at any time
point.

28 day follow-up in septic shock

Five patients died within 28 days in multiple organ fail-
ure, resulting in a 28-day mortality of 29.4%. Patients
with septic shock were divided into two groups based on
outcome (survivors and nonsurvivors) 28 days after di-
agnosis. These groups did not differ in baseline charac-
teristics or in natriuretic peptide or proinflammatory 
cytokine levels. None of the hemodynamic parameters

initially determined except SVR (465.7±37.9 vs.
655.8±34.8 dyn × s−1 × cm−5, p<0.01) differentiated sur-
vivors from nonsurvivors.

Discussion

We demonstrated a several-fold, significant increase in
circulating ANP in plasma of patients with septic shock
(Fig. 1). ANP was clearly correlated with excessively el-
evated IL-6 plasma levels (Fig. 2). The concentration of
plasma ANP in our septic patients is comparable to lev-
els reported in patients with severe congestive heart fail-
ure NYHA III–IV [31]. BNP was inversely correlated
with CI (Fig. 3). The increase in both ANP and BNP in
plasma of patients with septic shock lasted more than
1 day and was still detectable 4 days after diagnosis.

Myocardial dysfunction in septic shock

Patients with septic shock showed a CI in the normal
range despite an extremely lowered SVR. A reversible
left ventricular systolic dysfunction occurring in septic
shock, however, is commonly masked by a concomitant
normal or elevated CI due to the lowering in afterload
reduction as indicated by a decreased SVR [19]. We
found only a weak correlation between CI and SVR.
This finding might be interpreted as an inadequate in-
crease in CI in the presence of an extremely lowered
SVR. Therefore to further elucidate left ventricular sys-
tolic function we calculated LVSWI. As a measure of ex-
ternal left ventricular work this is frequently used as a
reliable parameter for quantifying cardiac function in
sepsis studies [32, 33]. Our data clearly show lowered
values of LVSWI in septic shock, confirming left ven-
tricular systolic dysfunction in our patients.

Fig. 2 Scatterplot of atrial natriuretic peptide (ANP) vs. interleu-
kin-6 (IL-6) in patients with septic shock on day of diagnosis.
Pearson correlation coefficient r=0.73, p<0.01

Fig. 3 Scatterplot of cardiac index vs. brain natriuretic peptide
(BNP) in patients with septic shock on the day of diagnosis. Pear-
son correlation coefficient r=−0.56, p<0.05



Cardiovascular function and natriuretic peptides

ANP and BNP plasma levels were increased acutely on
the day of diagnosis in septic shock. The plasma level of
ANP increased more markedly than that of BNP in the
early phase of the disease and dropped until day 4, with
plasma levels still significantly higher than control sub-
jects. BNP increased inversely in proportion to CI with-
out significant changes up to day 4. The different behav-
ior of both natriuretic peptides may be due to different
sites and mechanisms of release. It has been shown that
BNP is predominantly synthesized in and secreted from
the ventricles, in contrast to ANP, the major producer of
which are the atria [34, 35]. Acute stimuli such as acute
volume expansion in vivo or atrial muscle stretch in vitro
are met by the endocrine heart with an increase in the
rate of release of ANP from stores without an apparent
effect on synthesis and with a significant increase in
plasma levels of ANP [36]. Atrial stretch has been iden-
tified as a major determinant of ANP release [37]. How-
ever, despite a statistical trend there was no significant
correlation in our septic patients between plasma ANP
and right atrial filling pressure (r=0.56. p=0.09). The
lack of a correlation between plasma ANP and right atri-
al pressure argues against atrial stretch as the only factor
responsible for the significant increase in plasma ANP.

In contrast, in ventricular overload a rapid induction
of ventricular BNP gene expression and secretion has
been shown [35]. In septic patients an increased end-dia-
stolic volume might compensate for a decreased ejection
fraction and result in a cardiac output in the normal
range [38]. Although we did not measure left ventricular
ejection fraction directly, the lowered LVSWI in our pa-
tients with septic shock indicates a lower than normal
systolic left ventricular function. An increase in ventric-
ular distension due to an increased enddiastolic volume
may result in enhanced ventricular wall stress, a suffi-
cient stimulus for BNP. In the presence of a lowered
ejection fraction, an increased filling volume of the left
ventricle could maintain the measured CI in the normal
range. This assumption of increased filling volumes is in
good agreement with the elevated pulmonary capillary
wedge pressure and central venous pressure found in our
patients (Table 2). A resulting rise in ventricular disten-
sion may explain the raised plasma levels of BNP and its
rather weak correlation to CI in the presence of a low-
ered ejection fraction. Thus, elevated BNP levels might
be interpreted as an indicator of a reduced systolic left
ventricular function comparable to findings in congestive
heart failure also in septic shock.

Interleukin-6 and atrial natriuretic peptide

On the day of diagnosis of septic shock we found higher
plasma concentrations of IL-6 and ANP than in control

subjects and a strong correlation between IL-6 and ANP.
The precise mechanism of IL-6 correlated ANP produc-
tion in septic shock has not been fully elucidated. In 
human septic shock subendocardial hypoperfusion, with
redistribution of intramyocardial blood flow to the epi-
cardial vessels, i.e., arteriole-venule shunting or a defect
in oxygen utilization at the cellular level, may increase
regional ventricular wall stretch owing to depression of
myocardial contraction at the atrial and ventricular level
(for review see [19]). Wall stretch can activate the Janus
kinase/signal transducer and activator of transcription
(JAK/STAT) pathway in (neonatal) cardiomyocytes, and
this activation augments IL-6 mRNA expression and de-
pends mainly on the IL-6 release [39]. ANP secretion
and protein synthesis have been reported to be stimulated
by members of the IL-6 family by a JAK/STAT depen-
dent pathway [11]. Since IL-6 related peptides are also
produced in the atrium and ventricles of the human heart
[40] and gp130, the common signal transducer of IL-6
related cytokines, is ubiquitously expressed including in
the heart [11], our data are consistent with the concept of
an IL-6 promoted transcription and secretion of ANP
also in septic shock in addition to increased atrial pres-
sures.

In agreement with our findings, IL-6 has been report-
ed by others to be increased in patients with left ventric-
ular dysfunction associated with septic shock (for review
see [20]). Data from patients with congestive and isch-
emic heart failure showed a TNF-α dependent IL-6 
release. IL-6 showed a good correlation to sTNF-R-p55
and ANP in our study. In support of a specific, IL-6 de-
pendent mechanism of ANP release, however, IL-6 but
not soluble TNF receptors, the more stable product of
TNF production, have been found to be highly signifi-
cantly correlated with ANP. Furthermore, IL-6 in con-
trast to soluble TNF receptors decreased on the follow-
ing day, accompanied by a fall in plasma ANP. ANP and
IL-6 maintained plasma levels still significantly higher
than controls up to day 4, while sTNF receptors did not
change between day 0 and day 4.

In conclusion, we found significant elevated plasma
levels of ANP and BNP in patients with septic shock. 
To our knowledge, this is the first study showing a cor-
relation between ANP and excessively increased IL-6
and BNP and CI in patients with septic shock. Our 
data suggest that excessively increased proinflammatory
cytokines, in example, IL-6, contributes more than he-
modynamic changes to the modulation of ANP in these
patients. Furthermore, BNP may offer a valuable para-
meter for determining reduced left ventricular func-
tion in patients with septic shock. Future studies evalu-
ating the precise mechanism underlying an enhanced
BNP secretion in septic shock should combine hemody-
namic measurements and echocardiographic determina-
tion of left ventricular function. Studies comprising
larger study populations are needed to evaluate a poten-
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tial prognostic value of certain hemodynamic parame-
ters, such as SVR and natriuretic peptides in those 
patients.
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