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Abstract

 

This study was performed to determine effects of atrial and
brain natriuretic peptides (ANP, BNP) on neutrophils-
induced endothelial injury which is known to play a role in
the pathophysiology of ischemia/reperfusion myocardial in-
jury and to examine whether the effects of ANP and BNP
on neutrophils are modulated by neutral endopeptidase
24.11 (NEP) in neutrophils themselves. The incubation of
human neutrophils with ANP and BNP inhibited the neu-
trophils-induced detachment of cultured human endothelial
cells (HEC). The inhibitory effect of ANP and BNP was as-
sociated with the suppressions of the neutrophils adhesive-
ness to HEC, CD18 expression on the neutrophils and
elastase release from the neutrophils. Coincubation with
UK73967 or phosphoramidon, inhibitors of NEP, potenti-
ated all of the effects of ANP and BNP on the neutrophil
functions, and the NEP inhibitors protected degradation of
ANP and BNP by the neutrophils. NEP enzymatic activity
in the particulate fractions and immunoreactive NEP ex-
pression were found to increase in the neutrophils from pa-
tients with early phase of acute myocardial infarction
(AMI) by 5.2- and by 4.2-fold of the neutrophils from pa-
tients with late phase of AMI, respectively. In an in vivo ca-
nine model of myocardial ischemia/reperfusion, the intrave-
nous administration of UK73967 suppressed the neutrophil
adherence to endothelium and the neutrophil accumulation
in the ischemic/reperfused myocardium. The results indi-
cate that ANP and BNP, which are known to increase in
AMI, modulate the neutrophil functions and exert protec-
tive effects against the neutrophils-induced endothelial cy-
totoxity. But the effects are suppressed due to their degra-
dation by the neutrophil own NEP. Thus, neutrophil NEP,
which also increases in AMI, may play a role in the patho-
physiology of neutrophils-mediated ischemia/reperfusion
endothelial and myocardial injury. (

 

J. Clin. Invest. 

 

1996. 97:
2192–2203).
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Introduction

 

Atrial natriuretic peptide (ANP)

 

1

 

 and brain natriuretic peptide
(BNP) are the hormones with a wide range of potent biologi-
cal effects, including natriuresis, diuresis, vasodilations, and in-
hibitions of the renin-angiotensin-aldosterone system and the
sympathetic nervous system (1–6). ANP is mainly synthesized
and secreted from atria in adult mammals, while BNP is se-
creted mainly from the ventricles (7). We have reported that
their plasma levels markedly increase in patients with acute
myocardial infarction (AMI) (8, 9) as well as in those with con-
gestive heart failure (7, 10). However, the role of ANP and
BNP in the pathophysiology of AMI remains to be deter-
mined. Neutral endopeptidase 24.11 (NEP), a membrane ec-
toenzyme, hydrolyses and inactivates a variety of peptides in-
cluding ANP and BNP at the amino side of hydrophobic
amino acids (11–17). NEP is widely distributed in the body and
is abundant especially in the kidney (11), lung (12), brain (13),
and neutrophils (14–17). The gene of NEP has been cloned
and its sequence is shown to be identical to that of a pre-

 

b

 

 lym-
phocyte surface antigen (CD10), the common acute lympho-
blastic leukemia antigen (CALLA) (18, 19). Earlier studies
indicated that NEP in neutrophils regulates their own respon-
siveness to multiple inflammatory peptides including formyl-
met-leu-phe (FMLP) and substance P (14–16). However, the
functional significance of neutrophil NEP in myocardial is-
chemic events also remains unknown at the present time.

Myocardial ischemia/reperfusion cause coronary vascular
injury as well as myocardial injury (20–24). Although the
mechanism by which coronary vascular damage from myocar-
dial ischemia/reperfusion occurs remains unclear, endothelial
injury caused by the activated neutrophils has been shown to
play an important role in this process (25–28). Thus, this study
was aimed to determine the effects of ANP and BNP on neu-
trophils-induced endothelial injury and to examine whether
the effects of ANP and BNP on neutrophils are modulated by
NEP in neutrophils themselves.

 

Methods

 

Preparations of neutrophils. 

 

Peripheral blood neutrophils were puri-
fied from citrate-anticoagulated, dextran-sedimented venous blood
samples from healthy volunteers over Ficoll-Hypaque gradients fol-
lowed by hypotonic lysis of erythrocytes. The preparations were com-
posed of 

 

.

 

 96% neutrophils by Türk stain (0.01% of methilrosaniline
chloride and 1.0% acetic acid), neutrophil alkaline phosphatase and
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Abbreviations used in this paper:

 

 ANP, atrial natriuretic peptide;
BNP, brain natriuretic peptide; NEP, neutral endopeptidase 24.11;
OZ, opsonized zymosan; HUVECs, human umbilical vein endothe-
lial cells; HAECs, human aortic endothelial cells; MPO, myeloperox-
idase.
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neutrophil esterase stain, and of 

 

.

 

 98% viable cells by the trypan
blue dye exclusion test. The isolated neutrophils were suspended in
serum-free Medium 199. Neutrophils (10

 

6

 

, 5 

 

3

 

 10

 

6

 

, 10

 

7

 

 cells/ml) were
incubated for the indicated time with or without ANP or BNP in the
presence or absence of UK73967 (Candoxatrilat, 50 

 

m

 

mol/liter, Pfizer
Central Research), phosphoramidon (50 

 

m

 

mol/liter), or HS-142-1 (a
nonpeptide antagonist for the particulate guanylyl cyclase receptor,
100 

 

m

 

g/ml, Kyowa-Hakko). UK73967 and phosphoramidon have
been shown to be a specific inhibitor of NEP (UK73967, NEP: 

 

K

 

i

 

 

 

5

 

14 nmol/liter; Angiotensin converting enzyme: 

 

K

 

i

 

 

 

.

 

 10,000 nmol/liter.
Phosphoramidon, NEP: 

 

K

 

i

 

 

 

5

 

 39 nmol/liter, Aminopeptidase: 

 

K

 

i

 

 

 

.

 

10,000 nmol/liter) (29–31). Subsequently, Opsonized Zymoan (OZ,
0.5 mg/ml) or C5a (20 nmol/liter) was added into the incubation mix-
ture with neutrophils, followed by the further incubation for the indi-
cated time at 37

 

8

 

C in the same manner as we reported previously
(32). The preconditioned neutrophils were examined for the assays of
elastase release, respiratory burst function, cytosolic free calcium, ad-
hesiveness to the cultured endothelial cells and toxicity to the endo-
thelial cells (endothelial detachment) and were also used for the ex-
aminations of NEP enzymatic activity and surface expression of
CD18. Neutrophils were also isolated from the peripheral blood in
patients with AMI who admitted to our hospital within 12 h after on-
set of MI. Blood sampling was performed at the admission to hospital
(counted as day 0) and at 7:00 A.M. over 4 wk, on days 1, 2, 3, 7, 14,
21, and 28 after onset of MI. The particulate fraction prepared from
neutrophils in patients with AMI was used for examination of their
NEP enzymatic activity. When neutrophil surface expression of NEP/
CD10 was examined by fluorescence-activated cell sorter (FACS

 

®

 

),
whole blood was directly subjected to the analysis with FACScan

 

®

 

(Beckton Dickinson & Co., Mountain View, CA).

 

Respiratory burst function. 

 

Production of active oxygen metabo-
lites during neutrophil activation was measured by the method of lu-
minol-dependent chemiluminescence using the Luminescence Reader
BLR-301 (ALOKA, Japan). The isolated neutrophils from the
healthy volunteers (5 

 

3

 

 10

 

6

 

 cells/ml) suspended in 1 ml of serum free
Medium 199 without phenol red were treated with or without ANP or
BNP in the presence or absence of UK73967 for 15 min at 37

 

8

 

C. After
the incubation, luminol (0.1 mmol/liter) was added to the cuvette, fol-
lowed by the addition of OZ (50 

 

m

 

g/ml) to initiate neutrophil activa-
tion, and light emission was recorded.

 

Neutrophil elastase release. 

 

The isolated neutrophils from the
healthy volunteers (10

 

7

 

 cells/ml) suspended in 1 ml of serum-free Me-
dium 199 without phenol red were treated with or without ANP or
BNP in the presence or absence of UK73967, phosphoramidon or
HS-142-1 for 60 min at 37

 

8

 

C. Thereafter, the cells were activated with
OZ and then pelleted by centrifugation (27,000 

 

g

 

 for 20 min). The hy-
drolytic activity of neutrophil elastase in the harvested supernatants
was determined using synthetic substrate Suc-Ala-Pro-Ala-pNA as
reported previously (33).

 

Adherence assay. 

 

Primary cultures of human umbilical vein en-
dothelial cells (HUVECs) and the cultures of human aortic endothe-
lial cells (HAECs) were confluently grown in 24-well plates, as we
showed previously (34), and were used for this study. The isolated
neutrophils from the healthy volunteers were labeled with 

 

51

 

Cr using
the method as reported previously (35, 36). The 

 

51

 

Cr-labeled neutro-
phils suspended in serum-free Medium 199 (5 

 

3

 

 10

 

6

 

 cells/ml) were
treated with or without ANP or BNP in the presence or absence of
UK73967 for 60 min at 37

 

8

 

C and then activated with OZ. The mono-
layers of cultured endothelial cells were rinsed three times with se-
rum-free Medium 199 and then incubated with the preconditioned
neutrophils for 20 min at 37

 

8

 

C in 5% CO

 

2

 

 and 98% humidity. After
the incubation, the incubation medium was removed and the mono-
layer of the endothelial cells were washed three times with PBS to re-
move non-adherent neutrophils, and then remained adherent cells
were lysed by an overnight incubation with 2 N NaOH (1 ml/well) at
4

 

8

 

C. The cell lysate was collected and 

 

51

 

Cr activity in the lysate was
counted by a Gamma Counter. The adhered neutrophils to the endo-
thelial monolayers were expressed as a percent of the count in the to-

tal neutrophils added to a well. The endothelial cells were not de-
tached by the 20-min incubation with the neutrophils after any
preconditions.

 

Endothelial detachment. 

 

The confluent cultures of HUVECs and
HAECs grown in 12-well plates were used for the experiment (27, 28,
37, 38). The isolated neutrophils from the healthy volunteers (10

 

7

 

cells/ml) were treated with or without ANP, BNP, or 8-bromo-gua-
nosine 3

 

9

 

,5

 

9

 

-cyclic monophosphate (8-bromo-cGMP) in the presence
or absence of UK73967, phosphoramidon or HS-142-1 for 60 min at
37

 

8

 

C and then activated with OZ. The monolayers of cultured endo-
thelial cells were rinsed three times with serum-free Medium 199 and
then incubated with the preconditioned neutrophils at 37

 

8

 

C for 60
min in 5% CO

 

2

 

 and 98% humidity. After the incubation, the de-
tached endothelial cells and the nonadherent neutrophils were re-
moved by three times washing with PBS. The remained nondetached
endothelial cells in each well were harvested by trypsinization. The
harvested nondetached endothelial cells were stained with Türk stain,
and the number of nondetached endothelial cells were directly
counted. The endothelial detachment was expressed as a percentage
of the number of the nondetached endothelial cells isolated after the
incubation with the neutrophils-free incubation mixture, which was
performed in the parallel with the every condition of the incubations.
There were few detached endothelial cells after the incubation with
the neutrophils-free medium and variation in the counted number of
the nondetached endothelial cells after the incubation with the neu-
trophils-free medium was 

 

,

 

 1% among the wells. Thus, counted
number of the nondetached endothelial cells after the incubation
with the neutrophils-free medium can be assumed to be the cell num-
ber originally present in each well. The percent cell detachment was
therefore calculated: [(the number of nondetached endothelial cells
after the incubation with the neutrophils-free medium) 

 

2

 

 (the num-
ber of nondetached endothelial cells after the incubation with the
preconditioned neutrophils)] 

 

3

 

 100 / (the number of nondetached en-
dothelial cells after the incubation with the neutrophils-free me-
dium). To confirm that the cell detachment was due to cell injury and
death in this system, the detached cells after the incubation with acti-
vated neutrophils were centrifuged, washed, and replated as de-
scribed in the text. Fewer than 5% of the cells were capable of replat-
ing. The lack of viability of the detached cells was also confirmed by
trypan blue staining of detached cells.

 

NEP enzymatic activity. 

 

The neutrophils treated with the indi-
cated agents in 1 ml of cold 25 mmol/liter 2-(N-morpholino)ethane-
sulfonic acid (Mes) buffer (pH 6.5) were homogenized with the glass
to glass homogenizer and then sonicated (sonifier 250; Branson
Corp., Danbury, CT) at 4

 

8

 

C. The suspension was centrifuged at 800 

 

g

 

for 15 min at 4

 

8

 

C to remove unbroken cells and nuclear materials.
The supernatant was then centrifuged at 100,000 

 

g

 

 for 60 min at 4

 

8

 

C
for separation with cytosolic and particulate fractions. The membrane
pellet (particulate fractions) was resuspended in 25 mmol/liter Mes
buffer (pH 6.5) containing 0.5% Triton X-100 at 4

 

8

 

C for 90 min with
continuous mixing. NEP enzymatic activity in the soluble particulate
fraction and the cytosolic fraction of the isolated neutrophils was
measured by a two-step spectrofluorometric assay using Glutaryl-
Ala-Ala-Phe-4-methoxy-2-naphtylamide (4Meo-2NA) as a substrate
as reported previously (12, 14, 16, 19, 39). The reaction was per-
formed in the presence or absence of UK73967, and only the activity
inhibited by UK73967 was attributed to the NEP activity.

 

Immunofluorescence staining and fluorescence-activated cell sorter
(FACS) analysis. 

 

Cell surface NEP expression in neutrophils was
detected by direct immunofluorescence evaluated by the flow cytom-
etry. Aliquots of whole blood were pretreated for 5, 15, 30, and 60
min at 37

 

8

 

C with OZ or C5a, and then fixed in 1% paraformaldehyde.
A part of whole blood was pretreated with ANP or BNP and then ac-
tivated with OZ or C5a. After the pretreatments, 100 

 

m

 

l of the blood
was incubated for 30 min at 4

 

8

 

C in the dark with saturating concentra-
tions (5 

 

m

 

l) of the conjugated murine anti–human CD10/NEP
(MoAb, J5-FITC; Coulter Immunology, Hialeah, FL) or the nonspe-
cific IgG2a. After the incubation, the blood was washed in PBS con-
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taining 1% fetal calf serum (FCS) and 0.1% NaN

 

3

 

. Thereafter, ery-
throcytes in the blood were lysed by adding 2 ml of ice-cold
erythrocyte-lysing solution (NH

 

4

 

Cl 2.08 grams; Na

 

2

 

EDTA 0.0108
grams; NaHCO

 

3

 

 0.21 grams in 250 ml H

 

2

 

O). The remained leukocytes
were then rinsed again with PBS containing 1% FCS and 0.1% NaN

 

3

 

and analyzed using FACScan. Antigen expression was expressed as
the mean channel of fluorescence intensity of 10,000 cells.

Cell surface CD18 of the isolated neutrophils was also detected
by direct immunofluorescence evaluated by the flow cytometry. The
isolated neutrophils from the healthy volunteers were resuspended at
a final concentration of 10

 

6

 

 cells/ml in serum-free Medium 199 with-
out phenol red. Aliquots of cells were then pretreated with or without
ANP or BNP in the presence or absence of UK73967 at 37

 

8

 

C for 10
min and subsequently incubated with OZ for 10 min and then fixed in
1% paraformaldehyde. After the incubation, the cells were washed
with PBS containing 1% FCS and 0.1% NaN

 

3

 

 and then incubated in
the dark at 4

 

8

 

C for 30 min with the conjugated murine antihuman
CD18 (MoAb, FITC-Conjugated MHM23, DAKO A/S, Denmark)
or the nonspecific IgG1 at a final concentration of 10 

 

m

 

l of MoAb per
100 

 

m

 

l of cell suspension. After the cells were washed with PBS con-
taining 1% FCS and 0.1% NaN

 

3

 

, CD18 expression on neutrophils was
analyzed by FACScan.

 

Measurement of cGMP levels. 

 

The isolated neutrophils from the
healthy volunteers (10

 

7

 

 cells/ml) were incubated with ANP (1 nmol/li-
ter) or BNP (1 nmol/liter) at 37

 

8

 

C for 10 min in the presence or ab-
sence of UK73967. The incubations were done in the presence of
3-isobutyl-1-methylxanthine (IBMX; 1 mmol/liter). The reaction was
terminated by the addition of trichloroacetic acid (TCA, final concen-
tration 6%). The cell mixture was then sonicated. After centrifuga-
tion of the mixture, the supernatant was harvested and extracted with
diethyl ether. After the extraction of TCA, cGMP produced in neu-
trophils was measured using a standard radioimmunoassay kit (

 

125

 

I-
cGMP; Amersham).

 

Gel filtration analysis of 

 

125

 

I-ANP hydrolysis by neutrophils. 

 

125

 

I-
labeled 

 

a

 

-human ANP (40 

 

m

 

l, 2000 Ci/mmol) was incubated for 15
min at 37

 

8

 

C with or without the activated neutrophils or the particu-
late fractions prepared from the activated neutrophils in serum-free
Medium 199 in the presence or absence of UK73967 (50 

 

m

 

mol/liter).
After the termination of the incubation by the addition of EDTA (10
mmol/liter), the incubation mixture was centrifuged, and the resulting
supernatant (400 

 

m

 

l) was subjected to the Sephadex G-25 gel filtra-
tion chromatography (Superfine, 1.2 

 

3

 

 80 cm, Pharmacia) at a flow
rate of 5 ml/h with 1 ml/tube of the fraction size. The chromatography
was calibrated with 

 

125

 

I-labeled standards of 

 

125

 

I-ANP, 

 

125

 

I-Phe-Arg-
Tyr, free 

 

125

 

I in the identical manner. Phe-Arg-Tyr was iodinated as
reported previously (40).

 

Measurements of cytosolic free calcium in neutrophils. 

 

The concen-
tration of cytosolic free calcium ([Ca

 

2

 

1

 

]

 

i

 

) in neutrophils was measured
using the calcium indicator fura 2, as described previously (41–43). In
short, the isolated neutrophils (10

 

6

 

 cells/ml) from the healthy volun-
teers were incubated with 2 

 

m

 

mol/liter fura 2/AM in phosphate buffer
containing 0.1% bovine serum albumin at 37

 

8

 

C for 45 min. After this,
the neutrophils were washed twice with the incubation medium and
resuspended at a final concentration of 10

 

6

 

 cells/ml in phenol red-free
Medium 199. Thereafter, the loaded neutrophils were treated with or
without ANP, BNP and 8-bromo-cGMP in the presence or absence of
HS-142-1 for 15 min at 37

 

8

 

C. Then, cell suspension (100 

 

m

 

l) was di-
rectly plated onto the tissue culture dish. Immediately after plating, a
single cell was centered in the measuring field of the microscope pho-
tometer while it was still in suspension. Continuous monitoring of
[Ca

 

2

 

1

 

]

 

i

 

 was made in a single cell as it began to attach to the dishes. 5
min after plating of the neutrophils, C5a was added to the medium
under the continuous monitoring of [Ca

 

2

 

1

 

]

 

i

 

. [Ca

 

2

 

1

 

]

 

i

 

 monitoring in a
single fura 2 loaded neutrophils was continuously performed by the
dual excitation microfluorimetry equipment (ARGUS 50/CA Sys-
tem, HAMAMATSU, Japan) coupled to an image acquisition system
(Nikon inverted microscope, Nikon, Japan). This system was also
equipped with a thermostated chamber allowing the cells to be main-

tained at 37

 

8

 

C during the entire experiment. The ratio of the fluores-
cence (R 

 

5

 

 F340/F380) was calibrated to express [Ca

 

2

 

1

 

]

 

i

 

 using the
formula, proposed previously (43, 44).

 

In vivo animal experiments. 

 

Healthy adult beagle dogs (10.0–
13.0 kg) of either sex were anesthetized with sodium pentobarbital
(30 mg/kg), intubated, and ventilated with room air by an animal res-
pirator. The hearts were exposed through a left thoracotomy in the
fifth intercostal space. The left anterior descending coronary artery
(LAD) was then exposed and carefully dissected free immediately
distal to the first major diagonal branch. Regional myocardial is-
chemia was produced by occluding LAD for 90 min and was followed
by 2 h of reperfusion. UK73967 (1 mg/kg) and its vehicle were intra-
venously administered in 7 dogs and 7 dogs, respectively, as a bolus
twice at 30 min after the LAD occlusion and at the beginning of the
reperfusion. Blood samples were obtained from femoral vein. Arte-
rial blood pressure, heart rate, and electrocardiogram were recorded
continuously. Plasma ANP concentration was measured by radioim-
munoassay using a commercial kit (Shionoria ANP kit, Osaka, Ja-
pan).

After the 2 h of reperfusion, heparin (10,000 units) was given in-
travenously and then the heart was stopped with an overdose of pen-
tobarbital and removed from the chest. The left and right coronary
arteries were cannulated and perfused with cold saline at a pressure
of 75 mmHg for 30 min. Thereafter, five pieces of myocardial tissue
samples (300–500 mg) were punched out from both central myocar-
dial regions perfused by LAD and the left circumflex coronary artery
(LCx), respectively. A part of each sample was fixed in 10% buffered
formalin for histologic analysis with light microscopy. The remaining
part of each sample from the region perfused by LAD was sectioned
into small cubes and incubated in 0.1% nitroblue tetrazolium (NBT)
in phosphate buffer at pH 7.4 and 37

 

8

 

C for 15 min to identify the in-
jured tissue (45, 46). The tissue samples, from LAD region, that
showed the negative NBT staining (the injured tissue) and the tissue
samples from LCx region (the control tissue) were analyzed for myo-
cardial myeloperoxidase activity (MPO) assay. The NBT staining did
not affect MPO assay (46). Subsequently, each heart was perfused
with 3% glutaraldehyde at a pressure of 75 mmHg for 30 min, then
LAD 1 cm distal to the occlusion site and LCx were removed and
used for the analysis with scanning electron microscopy.

 

Assay of myocardial myeloperoxidase (MPO). 

 

The enzyme MPO
is found in the granules of neutrophils and has been used as an indica-
tor of neutrophil emigration into tissue (45, 47). The injured myocar-
dial tissue determined by NBT staining and the control tissue were
homogenized and sonicated in 0.5% hexadecyltrimethylammonium
bromide (HTAB) in 50 mmol/liter potassium phosphate buffer, pH
6.0. The mixture was centrifuged at 12,500 

 

g

 

 for 30 min at 4

 

8

 

C. The su-
pernatants were then collected and reacted with 0.167 mg/ml of 

 

o

 

-dia-
nisidine dihydrochloride and 0.0005% H

 

2

 

O

 

2

 

 in 50 mmol/liter phos-
phate buffer at pH 6.0. The change in absorbance was measured
spectrophotometrically at 460 nm. One unit of myeloperoxidase is
defined as the quantity of enzyme hydrolyzing 1 mmol peroxide/
min at 25

 

8

 

C.

 

Scanning electron microscopy of coronary arteries and light mi-
croscopy of myocardial tissues. 

 

The coronary arteries removed from
the heart were then placed in 3% glutaraldehyde in 0.1 mol/liter
phosphate buffer for 24 h, and then the arteries were cut into longitu-
dinal-sections with razor blades to expose the luminal surface. The
sections were immersed in 1% tannic acid (Katayama Chemical Inc.,
Osaka, Japan) in phosphate buffer overnight at 4

 

8

 

C to increase tissue
reactivity with osmium tetroxide (so-called “conductive-staining”).
The sections were then rinsed with water for 2 h and fixed with 1%
OsO

 

4

 

 in distilled water for 2 h at 4

 

8

 

C. The specimens were dehydrated
in ethanol series, infiltrated in 100% t-butanol, frozen, freeze-dried
by evaporation under vacuum, mounted on aluminum stubs, and
coated with a 20 to 30 nm layer of platinum alloy in a ion coater (Eiko
Engineering Inc., Ibaragi, Japan). The specimens were observed at an
accelerating voltage of 15 kV with a JSM 6400FK scanning electron
microscope (JEOL Inc., Tokyo, Japan).
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Myocardial tissues from regions perfused by LAD and LCx were
fixed in 10% phosphate buffered formalin, embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin.

 

Antibodies and reagents. 

 

a

 

-Human ANP, BNP-32 (Human), and
Suc-Ala-Pro-Ala-pNA were obtained from Peptide Institute, Inc.,
Minoh, Japan. UK73967 was supplied by Pfizer Central Research,
Sandwich, UK. HS-142-1 was supplied by Kyowa-Hakko, Tokyo, Ja-
pan. A mouse anti-human CD10 MoAb (J5-FITC, IgG2a) was ob-
tained from Coulter Immunology, Hialeah, FL. A mouse anti-human
CD18 MoAb (FITC-Conjugated MHM23, IgG1) was from DAKO
A/S, Denmark. cGMP radioimmunoassay kit, 

 

51

 

Cr, 

 

125

 

I, and 

 

125

 

I-labeled

 

a

 

-human ANP were from Amersham, Buckinghamshire, UK. Phe-
Arg-Tyr was from BACHEM, Bubendorf, Switzerland. All reagents
for cell culture were from GIBCO (Grand Island, NY). Other chemi-
cals were from Sigma Chemical Co. (St. Louis, MO).

Statistical analysis. All values were expressed as mean6SEM.
Statistical analysis of the data was performed by Student’s t test for
paired or unpaired observations. When more than two groups were
compared, ANOVA was used. Values were considered to be statisti-
cally different at P , 0.05.

Results

The inhibitory effects of ANP or BNP on the neutrophil func-
tions and their potentiations by NEP inhibitor. The pretreatment
of neutrophils with ANP or BNP inhibited endothelial detach-
ment by the activated neutrophils in a dose-dependent manner
(Fig. 1). The adhesiveness of the activated neutrophils to the

cultured endothelial cells (Fig. 2) and elastase release from the
activated neutrophils (Fig. 3) were also inhibited by the pre-
treatment of neutrophils with ANP or BNP in a dose-depen-
dent manner. Co-incubation of the neutrophils with UK73967

Figure 1. Effects of ANP and BNP in the combination with or with-
out UK73967, phosphoramidon or HS-142-1 on the neutrophils-
induced endothelial cell detachment. The isolated neutrophils from 
the healthy volunteers (107 cells/ml) were pretreated with ANP (A) 
or BNP (B) in the presence or absence of UK73967 (a specific inhibi-
tor of NEP, 50 mmol/liter), phosphoramidon (50 mmol/liter), HS-142-1 
(an antagonist for the particulate guanylyl cyclase receptor, 100 mg/
ml), and the pretreated neutrophils were subsequently activated with 
OZ, and the preconditioned neutrophils were incubated with the 
monolayer of the cultured HUVECs, as described in the text. (m) 
Control, activated neutrophils with no pretreatment; (s) activated 
neutrophils after pretreatment with ANP or BNP; (n) activated neu-
trophils after pretreatment with ANP or BNP in the presence of HS-
142-1; (d) activated neutrophils after pretreatment with ANP or 
BNP in the presence of UK73967; (j) activated neutrophils after pre-
treatment with ANP or BNP in the presence of phosphoramidon. 
Values are shown as mean6SEM (n 5 6–10). *P , 0.01 vs. control 
(m); ‡P , 0.01 vs. activated neutrophils after pretreatment with ANP 
or BNP (s).

Figure 2. Effects of ANP and BNP in the combination with or with-
out UK 73967 on the neutrophils adherence to endothelial cells. 51Cr-
labeled neutrophils (5 3 106 cells/ml) from the healthy volunteers 
were activated with OZ after pretreatment with ANP (A) or BNP (B) 
in the presence or absence of UK73967 (a specific inhibitor of NEP, 
50 mmol/liter), and the preconditioned neutrophils were incubated 
with the monolayer of the cultured HUVECs, as described in the 
text. (m) Control, activated neutrophils with no pretreatment; (s) ac-
tivated neutrophils after pretreatment with ANP or BNP; (d) acti-
vated neutrophils after pretreatment with ANP or BNP in the pres-
ence of UK73967 (a specific inhibitor of NEP, 50 mmol/liter). Values are 
shown as mean6SEM (n 5 6–10). *P , 0.01 vs. control (m); ‡P , 
0.01 vs. activated neutrophils after pretreatment with ANP or BNP (s).

Figure 3. Effects of ANP and BNP in the combination with or with-
out UK 73967 or phosphoramidon on elastase release from the iso-
lated neutrophils. The isolated neutrophils from the healthy volun-
teers (107 cells/ml) suspended in 1 ml of serum-free Medium 199 
without phenol red were activated with OZ after pretreatment with 
or without ANP (A) or BNP (B) in the presence or absence of 
UK73967 (a specific inhibitor of NEP, 50 mmol/liter), or phosphora-
midon (PMD, 50 mmol/liter) for 60 min at 378C, as described in the 
text. Values are shown as mean6SEM (n 5 6–10). *P , 0.01 vs. con-
trol (activated neutrophils with no pretreatment); ‡P , 0.01 vs. acti-
vated neutrophils after pretreatment with ANP (0.1 nmol/liter) alone 
or BNP (0.1 nmol/liter) alone, respectively.
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or phosphoramidon potentiated the inhibitory effects of ANP
or BNP on the neutrophils-induced endothelial detachment,
the adhesiveness of the neutrophils to the endothelial cells and
on the elastase release from the neutrophils (Figs. 1–3). The in-
hibitory effects of ANP or BNP on the adhesion of neutrophils
to endothelium and neutrophils-mediated endothelial detach-
ment and their potentiation by NEP inhibitor were compara-
ble between the experiments using HUVECs and those using
HAECs (data not shown). The pretreatment of neutrophils
with UK73967 or phosphoramidon alone had no effect on
elastase release from the activated neutrophils (elastase activ-
ity [nmol/h/107 cells]: control; 573610, UK73967 alone;
570611, phosphoramidon alone; 569610, n 5 6–10, P 5 NS)
and also had no effect on the neutrophils adhesion to the en-
dothelial cells and endothelial detachment by the neutrophils
(data not shown). The pretreatment with ANP or BNP had no
effect on the total and peak chemiluminescence counts of the
neutrophils activated with OZ as shown in Table I.

The studies with flow cytometry showed that the pretreat-
ment of neutrophils with ANP or BNP inhibited CD18 expres-
sion on the activated neutrophils (Table II). Co-incubation
with UK73967 potentiated the inhibitory effect of ANP or
BNP on CD18 expression on the activated neutrophils. The

pretreatment of neutrophils with UK73967 alone had no effect
on CD18 expression on the activated neutrophils.

NEP enzymatic activity and immunoreactive expression on
the surface membrane of neutrophils. NEP enzymatic activity
in the particulate fraction and NEP/CD10 immunoreactive ex-
pression on the surface membrane of neutrophils were up-reg-
ulated within 5 min after the exposure to OZ or C5a (Fig. 4).
The NEP enzymatic activity and NEP/CD10 immunoreactive
expression on the surface membrane of neutrophils from the
peripheral blood in patients with AMI were also up-regulated
in the early phase of AMI (Figs. 5 and 6), but the NEP expres-
sions were gradually decreased and returned to the same levels
of control subjects within 7 d after the MI onset. In contrast
with the NEP activity in the cell surface membrane, the activ-

Table I. Effects of ANP or BNP on Reactive Oxygen 
Production of Neutrophils Activated with OZ

Treatments Integrated count (cpm3103)* Peak count (cpm3103)‡

No pretreatment 1.160.1 0.160.1
OZ alone 117.866.9§ 11.060.6§

ANP1OZ 114.565.2§ 10.560.4§

ANP1UK739671OZ 113.968.5§ 10.160.8§

BNP1OZ 116.763.0§ 10.460.4§

BNP1UK739671OZ 114.066.1§ 10.360.5§

Details of the method were described in the text. *Integrated count
means the sum of chemiluminescence counts integrated for 15 min after
the activation. ‡Peak count means the maximal counts within 15 min af-
ter the activation. Concentrations of ANP, BNP, and UK73967 were 1
nmol/liter, 1 nmol/liter, and 50 mmol/liter, respectively. Values are
shown as mean6SEM (n 5 6–10). §P , 0.01 vs. no pretreatment.

Table II. Cell Surface CD18 Expression on Isolated 
Neutrophils

Treatments Mean channel of fluorescence intensity

No pretreatment 37.060.4
OZ alone 67.361.2
ANP1OZ 58.061.6*
ANP1UK739671OZ 38.060.3*‡

BNP1OZ 44.760.8*
BNP1UK739671OZ 39.061.0*‡

UK739671OZ 67.161.0

Cell surface CD18 immunoreactive expression was analyzed using
FACScan. Details of the method were described in the text. Concentra-
tions of ANP, BNP, and UK73967 were 1 nmol/liter, 1 nmol/liter, and
50 mmol/liter, respectively. Values are shown as mean6SEM (n 5 6–
10). *P , 0.01 vs. OZ alone; ‡P , 0.01 vs. ANP1OZ or BNP1OZ.

Figure 4. Time courses of NEP/CD10 immunoreactive expression 
and NEP enzymatic activity on the surface membrane of the human 
neutrophils stimulated with OZ or C5a. (A) NEP immunoreactive ex-
pression. (B) NEP enzymatic activity. (s) Neutrophils activated by 
OZ; (d) neutrophils activated by C5a. Values are shown as 
mean6SEM (n 5 6 in each experiment), *P , 0.01 vs. time 0 (before 
activation).

Figure 5. Time course of human neutrophil membrane NEP enzy-
matic activity in patients with acute myocardial infarction (AMI). 
Neutrophil NEP enzymatic activity in the particulate fraction of neu-
trophils from patients with AMI (d, n 5 8) and of neutrophils from 
control subjects (s, n 5 6). Details of the method were described in 
the text. Values are shown as mean6SEM, *P , 0.05, **P , 0.01 vs. 
control subjects (s).
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ity in the cytosolic fraction decreased in neutrophils activated
with OZ and in those from patients with early phase of AMI as
shown in Table III. Total NEP activity in the particulate plus
cytosolic fractions of neutrophils activated with OZ and of
neutrophils from patients with early phase of AMI was not sig-
nificantly different from that of nonactivated neutrophils and
neutrophils in patients with late phase of AMI, respectively
(Table III). Pretreatment of neutrophils with cycloheximide or
actinomycin D did not affect the up-regulations of NEP enzy-
matic activity or immunoreactive expression on the surface
membrane of the activated neutrophils (Table IV). Pretreat-
ment with ANP or BNP did not affect the up-regulation of
NEP/CD10 immunoreactive expression on the surface mem-
brane of the activated neutrophils (mean channel of fluores-
cence intensity: OZ alone; 54.063.8, ANP [1 nmol/liter] 1 OZ;

54.162.1, BNP [1 nmol/liter] 1 OZ; 53.861.8, n 5 6 in each
experiment, P5NS). There were no significant differences in
the NEP enzymatic activity and NEP/CD10 immunoreactive
expression in the surface membrane of the neutrophils in early
phase of AMI between the patients treated with and without
the infusion of tissue plasminogen activator (data not shown).

Roles of cGMP on the effects of ANP and BNP. The incu-
bation of neutrophils with ANP (1 nmol/liter) or BNP (1 nmol/
liter) induced cGMP generation in neutrophils, which peaked
at 5–10 min and lasted for 30 min after the start of the incuba-
tion with ANP or BNP, and co-incubation with UK73967 po-
tentiated the effect of ANP or BNP on cGMP generation (Fig.
7). The incubation of neutrophils with ANP or BNP in the
combination with HS-142-1, an antagonist for the particulate
guanylyl cyclase receptor, attenuated the inhibitory effects of
ANP or BNP on the endothelial detachment by the activated
neutrophils (Fig. 1) and on the elastase release from the acti-
vated neutrophils (elastase activity [nmol/h/107 cells]: control;
573610, ANP [1 nmol/liter] alone; 430612,§ ANP [1 nmol/li-
ter] 1 HS-142-1; 520615,*§ BNP [1 nmol/liter] alone; 423610,§

BNP [1 nmol/liter] 1 HS-142-1; 484612,‡§ n 5 6–10, *P , 0.01
vs. ANP [1 nmol/liter] alone, ‡P , 0.01 vs. BNP [1 nmol/liter]
alone, §P , 0.01 vs. control). The pretreatment of neutrophils
with 8-bromo-cGMP inhibited the endothelial detachment
by the activated neutrophils (Fig. 8) and elastase release from
the activated neutrophils (elastase activity [nmol/h/107 cells]:
control; 573610, 8-bromo-cGMP [0.1 mmol/liter]; 410619,*
8-bromo-cGMP [1 mmol/liter]; 331617,* n 5 6–10, *P , 0.01
vs. control), mimicking the results obtained from the experi-
ment using ANP or BNP.

The effect of UK73967 on 125I-ANP degradation by neutro-
phils. After a 15-min incubation of 125I-ANP with the particu-
late fraction from the activated neutrophils, 2 main hydrolysis
products were detected by gel filtration chromatography anal-
ysis; one corresponds to 125I-Phe-Arg-Tyr and the other corre-
sponds to the undetermined degradation product of 125I-ANP
presumably cleaved between residues Cys-105 and Phe-106,
accompanied by a minor peak corresponding to free 125I (Fig.
9). When 125I-ANP was incubated with the activated neutro-

Figure 6. FACS analy-
sis of human neutrophil 
NEP/CD10 immunore-
active expression in pa-
tients with acute myo-
cardial infarction 
(AMI). Details of the 
method were described 
in the text. *P , 0.01 vs. 
28th day after MI onset 
and control subjects (D).

Table III. Neutrophil NEP Activities in the Particulate and 
Cytosolic Fractions

Samples Particulate Cytosol Total activity

% of total activity % of total activity nmol/min/mg

No treated
neutrophils 21.962.4 78.162.5 8.660.4

Activated
neutrophils 97.061.3* 3.060.8* 8.860.1

Neutrophils in
late phase of AMI 18.661.8 81.462.4 9.460.3

Neutrophils in
early phase of AMI 97.261.4‡ 2.860.1‡ 9.660.2

No treated neutrophils, neutrophils isolated from healthy volunteers
were treated without OZ but in the identical manner with neutrophils
activation with OZ; Activated neutrophils, neutrophils isolated from
healthy volunteers were incubated with OZ; Neutrophils in late phase of
AMI, neutrophils isolated from the peripheral circulation in patients
with AMI on 28th day after onset; Neutrophils in early phase of AMI,
neutrophils isolated from the peripheral circulation in patients with
AMI on the day of the onset. Values are shown as mean6SEM (n 5
6–10). *P , 0.01 vs. no treated neutrophils; ‡P , 0.01 vs. neutrophils in
late phase of AMI.

Table IV. Effects of Cycloheximide or Actinomycin D on the 
NEP Enzymatic Activity and Immunoreactive Expression on 
the Surface Membrane of the Activated Neutrophils

Treatment
Mean channel of 

fluorescence intensity NEP activity

nmol/min/mg

No treatment 7.960.6 3.360.2
OZ alone 54.063.8* 8.560.3*
Cycloheximide1OZ 53.961.8* 8.660.4*
Actinomycin D1OZ 53.362.2* 8.760.2*

Details were described in the text. No treatment, neutrophils from
healthy volunteers were treated without OZ but in the identical manner
with neutrophils activation with OZ; OZ alone, neutrophils from
healthy volunteers were activated with OZ; Cycloheximide1OZ, neu-
trophils from healthy volunteers were preincubated with cycloheximide
(40 mmol/liter) and subsequently activated by OZ; Actinomycin
D1OZ, neutrophils from healthy volunteers were preincubated with
actinomycin D (150 nmol/liter) and subsequently activated by OZ. Val-
ues are shown as mean6SEM (n 5 6 in each experiment). *P , 0.01 vs.
no treatment.
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phils, three peaks were also observed and co-incubation with
UK73967 protected 125I-ANP against the degradation by the
activated neutrophils as shown in Fig. 9. 

The effects of ANP and BNP on [Ca21]i during adhesion
and at C5a-stimulation in single neutrophils. It has been reported
that neutrophils attach and spread with significant change in
[Ca21]i when suspended neutrophils are placed on the tissue
culture dish (41–43). Spontaneous intracellular calcium oscilla-
tions were observed during the adhesion to the tissue culture
dish in most of neutrophils. And [Ca21]i was transiently in-
creased in response to C5a in most of neutrophils. However
the oscillatory activity during the adhesion and the transients
of [Ca21]i in response to C5a were not observed in all neutro-
phils examined. These observations were in agreement with
previous reports (41–43). Table V shows that the percentages
of number of the oscillatory neutrophils during adhesion and

the responding neutrophils to the C5a-stimulation were
changed by the pretreatments and the changes in response to
each of the pretreatments were in parallels with those of the
peak [Ca21]i response to the pretreatments. The pretreatment
with ANP or BNP reduced both the oscillatory activity of
[Ca21]i during the adhesion and the transients in [Ca21]i in re-
sponse to C5a stimulation with regards to the amplitude of the
peaks, as shown in Table V. Co-incubation of the neutrophils
with HS-142-1 attenuated the inhibitory effects of ANP or
BNP on the peaks in [Ca21]i (Table V). The pretreatment of
neutrophils with 8-bromo-cGMP inhibited the oscillatory ac-
tivity during the adhesion and the transients in [Ca21]i at the
C5a-stimulation, mimicking the results obtained from experi-
ments using ANP or BNP (Table V).

In vivo animal experiments. Plasma level of ANP in dogs
was increased at 30 min after the LAD occlusion (9.362.1 pg/
ml at baseline vs. 147635 pg/ml at 30 min after the LAD occlu-
sion, P , 0.05). Plasma level of ANP at 30 min after the first
injection of UK73967 or vehicle was significantly higher in
dogs with UK73967 treatment than in those without UK73967
treatment (6956135 pg/ml with UK73967 vs. 167640 pg/ml
without UK73967, P , 0.05). NEP immunoreactivity and en-
zymatic activity were found to exist in the isolated neutrophils
from the dogs by the same methods as used in the human neu-
trophils, described in the Methods section, and the immunore-
activity and the enzymatic activity in the dog neutrophils were
also up-regulated with C5a-stimulation by 2.6- and 2.2-fold of
those at baseline, respectively (cell surface immunoreactive
NEP/CD10 expression by flow cytometry at baseline, 5.460.3
mean channel fluorescence intensity. NEP activity at baseline,
0.160.03 nmol/min/mg protein). Furthermore, the enzymatic
activity in the dog neutrophils from the peripheral circulation
was also increased after the myocardial ischemia/reperfusion

Figure 7. Effects of ANP and BNP in the combination with or with-
out UK73967 on cyclic GMP levels in human neutrophils. Details of 
the method were described in the text. Concentrations of ANP, BNP, 
and UK73967 were 1 nmol/liter, 1 nmol/liter, and 50 mmol/liter, re-
spectively. Values are shown as mean6SEM (n 5 5 in each experi-
ment). *P , 0.01 vs. control (nontreated neutrophils); ‡P , 0.01 vs. 
neutrophils treated with ANP (1 nmol/liter) alone or BNP (1 nmol/li-
ter) alone, respectively.

Figure 8. Effect of 8-bromo-cGMP on the endothelial detachment by 
the activated human neutrophils. Details of the method were de-
scribed in the text. Values are shown as mean6SEM (n 5 6–10). 
*P , 0.01 vs. control (the activated neutrophils without pretreatment 
with 8-bromo-cGMP).

Figure 9. Effect of 
UK73967 (a specific in-
hibitor of NEP) on 125I-
ANP degradation by 
the activated human 
neutrophils. (A) Radio-
chromatograms of 125I-
ANP after the incuba-
tion with the neutro-
phils-free medium for 
15 min at 378C. (B) 125I-
ANP after the incuba-
tion with the particu-
late fraction from the 
activated neutrophils 
for 15 min at 378C. (C) 
125I-ANP after the incu-
bation with the acti-
vated neutrophils for 
15 min at 378C. (D) 125I-
ANP after the incuba-
tion with the activated 
neutrophils for 15 min 
at 378C in the presence 
of UK73967 (a specific 

inhibitor of NEP, 50 mmol/liter). When 125I-ANP was incubated with 
the particulate fraction of the activated neutrophils or the activated 
neutrophils, three peaks were observed, and co-incubation with 
UK73967 protected 125I-ANP against the degradation by the acti-
vated neutrophils.
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by 2.1-fold of that at baseline. MPO activity, an indicator of
neutrophils accumulation, in the ischemic/reperfused myocar-
dial region was significantly lower in dogs with UK73967 treat-
ment than in those without UK73967 treatment, as shown in
Fig. 10. The study with light microscopy showed that there
were numerous neutrophils infiltrates within vascular lumens
and in the interstitium from dogs without UK73967 treatment,
whereas there were only rare neutrophils present in capillaries
and in the interstitium from dogs with UK73967 treatment, as
shown in Fig. 11. The study with scanning electron microscopy
showed that there were numerous neutrophils adhered to the
coronary arterial endothelium from dogs without UK73967
treatment, whereas there were only occasional neutrophils ad-

hered to the endothelium from dogs with UK 73967 treatment,
as shown in Fig. 12.

Discussion

The present study showed that ANP and BNP at the concen-
trations of 0.1–10 nmol/liter inhibited the detachment of the
cultured endothelial cells by the neutrophils and the adhesive-
ness of the neutrophils to the endothelial cells. The present
study also showed that the inhibitory effects of ANP and BNP
were associated with the suppressions of CD18 expression on
the neutrophils and of elastase release from the neutrophils.
CD18 expression and elastase release of neutrophils are well-
known to have important roles in the adhesion of neutrophils
to the endothelium and subsequent endothelial injury (27, 28,
48, 49). Furthermore, we have previously shown that CD18 ex-
pression on the neutrophils and elastase release from the neu-
trophils play an essential role in the adhesion of the neutro-
phils to the endothelium and neutrophils-induced endothelial
cytotoxity (32). Therefore, the suppressions of CD18 expres-
sion and of elastase release by ANP and BNP may at least
partly contribute to the inhibitory effects of ANP and BNP on
neutrophils adhesion and cytotoxity to the endothelial cells.
Although the exact mechanisms responsible for the suppres-
sion on the neutrophil functions by ANP and BNP still remain
to be elucidated, cGMP produced in neutrophils by ANP and
BNP via particulate guanylyl cyclase may play a role in the
mechanism of the suppressive effects of ANP and BNP. Be-
cause the present study also demonstrated that HS-142-1, an
antagonist for the particulate guanylyl cyclase receptor (50,
51), attenuated the suppressive effects of ANP and BNP, and
the present study showed that 8-bromo-cGMP also inhibited
the neutrophils-induced endothelial detachment and elastase
release from the neutrophils, mimicking the effects observed
with ANP and BNP. Thus, it could be assumed that cGMP ele-
vated by ANP and BNP may affect the intracellular processes
for the functional alterations in neutrophils during activation
with OZ or C5a. Furthermore, the present study showed that
ANP and BNP suppressed both of the oscillatory activity of
[Ca21]i during the adhesion and the transients in [Ca21]i in re-

Table V. Effects of ANP and BNP on Peak of [Ca21]i during Adhesion and at C5a-Stimulation in Single Neutrophils

Pretreatments

Peak [Ca21]i (nmol/L)

During adhesion At C5a-Stimulation

No.oscillatory cells/
No.cells studied, %

No.responding cells/
No.cells studied, %

No pretreatment 232611 (15/20, 75%) 311612 (14/19, 74%)
ANP 157610* (10/24, 42%) 176610* (9/22, 41%)
BNP 152615* (10/23, 43%) 170612* (10/23, 44%)
ANP1HS-142-1 207612‡ (16/22, 73%) 288615‡ (17/24, 70%)
BNP1HS-142-1 199615§ (15/22, 68%) 281613§ (13/21, 61%)
8-bromo-cGMP[0.1 mmol/L] 190611* (9/18, 50%) 232610* (11/19, 58%)
8-bromo-cGMP[1 mmol/L] 167612* (8/19, 42%) 213612* (9/19, 47%)

Values within parentheses are number of the oscillatory cells during adhesion and the responding cells at C5a-stimulation and all neutrophils studied.
Peaks in [Ca21]i during adhesion and at C5a-stimulation were statistically analyzed and shown in this Table in the cells that showed the oscillatory ac-
tivity and the transients of [Ca21]i in the respective conditions. Concentrations of ANP, BNP, and HS-142-1 were 1 nmol/liter, 1 nmol/liter, and 100
mg/ml, respectively. Values of peak [Ca21]i (nmol/liter) were taken from ten different preparations of neutrophils and are shown as mean6SEM.
*P , 0.01 vs. no pretreatment; ‡P , 0.01 vs. ANP; §P , 0.01 vs. BNP.

Figure 10. Effect of UK73967 treatment on cardiac MPO activity in 
an in vivo canine model of myocardial ischemia/reperfusion. Re-
gional myocardial ischemia was produced by occluding LAD for 90 
min and was followed by 2 h of reperfusion. UK73967 (1 mg/kg) (n 5 
7 dogs) or its vehicle (n 5 7 dogs) was intravenously administered as 
a bolus twice during the myocardial ischemia/reperfusion experi-
ments. The myocardial tissues were taken from the regions injured by 
the ischemia/reperfusion (Injured Tissue) and the normal perfused 
region (Control Tissue) and were subjected to the assay of MPO ac-
tivity. Values are shown as mean6SEM.
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sponse to C5a-stimulation in neutrophils. These suppressions
also appear to be mediated by cGMP since HS-142-1 attenu-
ated the suppressive effects of ANP and BNP on [Ca21]i, and
8-bromo-cGMP exhibited mimicking effects on [Ca21]i in neu-
trophils as observed with ANP and BNP. A rise in [Ca21]i has
been implicated to have a regulatory role in various functions
including adherence and elastase release in the neutrophils at

rest and at the agonists-stimulation (41–43). Thus, cGMP-
mediated inhibition of intracellular calcium mobilization may
be at least partially involved in the mechanisms by which ANP
and BNP suppressed the neutrophil functions. Previous studies
showed that cGMP inhibits the receptor-mediated intracellu-
lar signaling pathway leading to increase in [Ca21]i at the levels
of protein kinase C (PKC) or G protein in various types of

Figure 11. Light micrographs of 
the ischemic/reperfused myocar-
dial tissues in an in vivo canine 
model. (A and B) Light micro-
graphs of ischemic/reperfused 
myocardium from the dog with-
out UK73967 treatment. Intense 
accumulation of neutrophils in 
the microvessels and the trans-
migration of neutrophils were 
apparent in the myocardium in-
jured by ischemia/reperfusion 
(A, 3 200, B, 3 400). (C and D) 
Light micrographs of ischemic/
reperfused myocardium from 
the dog with UK73967 treat-
ment. Neutrophil accumulation 
in the microvessels and the ex-
travascular neutrophils were 
much less as compared with A 
and B (C, 3 200; D, 3 400). 
Findings showing in A–D are 
representative of those ob-
served in the ischemic/reper-
fused myocardium of the dogs 
treated with or without 
UK73967.

Figure 12. Scanning electron mi-
crographs of the luminal surface of 
the ischemic/reperfused coronary 
arteries in an in vivo canine model. 
(A) Scanning electron micrograph 
of the ischemic/reperfused coro-
nary arteries from the dog with 
UK73967 treatment. There were 
only occasional neutrophils ad-
hered to the endothelium (Bar, 10 
mm). (B) Scanning electron micro-
graph of the ischemic/reperfused 
coronary arteries from the dog 
without UK73967 treatment (Bar, 
10 mm). There were numerous 
neutrophils adhered to the coro-
nary arterial endothelium. (B, in-
set) Higher magnification illus-
trates neutrophils adhered to the 
endothelium (Bar, 60 mm). Find-
ings shown in A and B are repre-
sentative of those observed in the 
ischemic/reperfused coronary ar-
teries of the dogs treated with or 
without UK73967.
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cells (52, 53), however, the exact role of cGMP in the signaling
pathway in neutrophils is controversial (54–56). Thus, it re-
mains undetermined at the present time which levels of the sig-
naling pathways leading to increase in [Ca21]i in neutrophils
may be affected by ANP and BNP. The effects of ANP and
BNP on the neutrophil functions seems to be selective, be-
cause ANP and BNP had no effect on the respiratory burst ac-
tion. It has been shown that there may be two distinct signal
transduction pathways for the activation of the respiratory
burst: one is Ca21-dependent and leads to PKC activation; the
other is Ca21-independent and does not involve phospholipase
C or PKC (57). It is thus possible that the Ca21-independent
pathway may remain functional for the activation of the respi-
ratory burst in the neutrophils treated with ANP and BNP. 

We have previously shown that plasma levels of ANP and
BNP increase to the concentrations of 0.01–0.03 nmol/liter and
0.03–0.1 nmol/liter, respectively, in the peripheral blood and to
the concentrations of 0.3–0.6 nmol/liter and 0.8–2.0 nmol/liter,
respectively, in the coronary sinus blood in patients with AMI
(8). We have also reported that intravenous infusion of ANP
or BNP improves left ventricular function in patients with con-
gestive heart failure by the mechanisms of vasodilatation and
natriuretic action (58, 59). Furthermore, we have previously
demonstrated that intracoronary infusion of BNP dilates coro-
nary arteries in vivo humans (60). Thus, ANP and BNP appear
to exert the beneficial effects on cardiac hemodynamics. Myo-
cardial ischemia/reperfusion in AMI causes not only myocar-
dial injury but also coronary vascular injury which results in
further myocardial damage. It has been shown that neutrophils
play a role in those setting, and that the adhesion of neutro-
phils to coronary endothelium and the subsequent endothelial
injury by neutrophils are important steps in the coronary vas-
cular injury occurring in the condition of myocardial ischemia
and reperfusion in AMI. Therefore, considering our previous
reports and the present results showing that ANP and BNP at
the concentrations elevated in the coronary or peripheral cir-
culations in patients with AMI inhibit neutrophils-induced en-
dothelial injury, ANP and BNP elevated in the coronary circu-
lation and in the circulatory peripheral plasma in patients with
AMI could exert protective actions on the neutrophils-induced
coronary vascular injury and could lead to salvage ischemic
myocardium.

NEP has been shown to exist on the surface membrane of
neutrophils and hydrolyze ANP and BNP. The present study
demonstrated that NEP expression was up-regulated on the
surface membrane of neutrophils activated with OZ or C5a
and on that of the circulating neutrophils in the patients with
early phase of AMI. Furthermore, the present study also dem-
onstrated that the activated neutrophils induced ANP degra-
dation which was attenuated with UK73967, a specific NEP in-
hibitor. The present study also showed that the inhibitory
effects of ANP and BNP on the functions of the activated neu-
trophils were potentiated with NEP inhibitors. Therefore, the
present results indicate that ANP and BNP exert protective ef-
fects against the neutrophils-induced endothelial injury, but
the effects are suppressed by neutrophil NEP which also in-
creases after their activation with OZ or C5a or in AMI. In this
context, NEP inhibitors might have a rationale for therapeutic
agent preventing neutrophils-induced endothelial injury in
AMI. In fact, the present in vivo dog experiment showed that
UK73967 treatment suppressed both the adhesion to endothe-
lium and the accumulation of neutrophils in the ischemic/re-

perfused coronary vasculature and myocardial tissue. These
inhibitory effects of UK73967 in vivo treatment on neutrophil-
related activities (adherence to coronary vascular endothe-
lium, accumulation in the vasculature and myocardial tissue)
were at least partially mediated by the inhibition of neutrophil
NEP since the present in vivo dog experiment also showed
that NEP was expressed in dog neutrophils and up-regulated
in the circulated peripheral dog neutrophils after the myocar-
dial ischemia/reperfusion and in the isolated dog neutrophils
after C5a activation. The present and other studies with in vivo
human and animals show that levels of ANP in the peripheral
circulation were increased after systemic administration of
NEP inhibitor (61, 62). Thus, NEP inhibitor might inhibit neu-
trophils-mediated endothelial and myocardial injury and im-
prove cardiac hemodynamics through the effect of ANP and
BNP increased locally on the surface of neutrophils and sys-
tematically in the peripheral circulation by inhibition of NEP
in neutrophils and in other organs.

The present results are in agreement with the previous re-
ports by Shipp et al. and other workers showing that the re-
sponses of neutrophils to inflammatory peptides including
FMLP and substance P were influenced by NEP in neutrophils
themselves (14-16). A report showed that ANP weakly en-
hanced respiration burst activity and granule release in neutro-
phil response to FMLP (63). The stimulative effects of ANP on
neutrophils, in that report, were independent of cGMP and
were not affected by NEP in neutrophils themselves, which are
in contrast with the results in the present study and in other pa-
pers (14–16). The reason for the discrepancy is unclear, but the
difference in the incubating conditions and in the stimulations
tested may be one of the possible reasons. They suspended
neutrophils in Hanks’ balanced salt solution (HBSS) while we
and other workers used the culture medium such as RPMI and
Medium 199 which are more physiological than HBSS. When
they incubated neutrophils in culture medium of RPMI for
chemotaxis assay instead of HBSS which was used for the
other assays of the respiration burst activity and the granule
release in the report, they showed that ANP did inhibit chemo-
tactic activity of neutrophils in response to FMLP.

As suggested in the present study, neutrophils in patients
with AMI might reduce the responses to a variety of NEP de-
gradable peptides such as endothelin and bradykinin so on (64,
65). However, the exact mechanisms for the up-regulation of
NEP in the surface membrane of neutrophils in patients with
AMI remains undetermined in the present study. There are a
number of reports showing that neutrophils present in the in-
jured myocardium as well as in the circulation in AMI are on
the state of activation (66). In the present in-vitro experiment,
we used OZ for the neutrophils activation since OZ is a potent
activator of the alternative pathway of complements, and the
activation of the complement system has been shown to play a
role in the neutrophils-induced myocardial injury in AMI (67,
68). In fact, the complement C5a was reported to be produced
during myocardial ischemia and reperfusion via activation of
neutrophils (67). And further, the present study showed that
up-regulation of NEP expression was induced by OZ in neu-
trophils in the comparable magnitude observed with that by
C5a and in early phase of AMI. Thus, complements-induced
up-regulation of NEP may be one of the possible mechanisms
for the increase expression of neutrophil NEP in AMI. The
present study showed that up-regulation of NEP expression on
the surface membrane of neutrophils after activation with OZ
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seems to be independent on the de-novo protein synthesis and
mRNA transcription because cycloheximide and actinomycin
D were ineffective on the NEP up-regulation on the activated
neutrophils. The increase in particulate NEP activity was asso-
ciated with the decrease in the cytosol NEP activity without
changes of total NEP activity in the neutrophils activated with
OZ. The similar response of the intracellular NEP activities
was observed with neutrophils from patients with early phase
of AMI, comparing with neutrophils from patients with late
phase of AMI and from control subjects. These present find-
ings indicate that the up-regulation of NEP expression on the
surface membrane of neutrophils after activation with OZ and
of those from patients with AMI may be caused by the translo-
cation of NEP to the plasma membrane from the intracellular
compartments, supporting the results reported by Werfel et al.
(69) who used C5a for the neutrophils activation.

In conclusion, ANP and BNP, which increase in AMI,
modulate the neutrophil functions and exert protective effects
against the neutrophils-induced endothelial cytotoxity at the
physiological concentrations. But the effects are suppressed
due to their degradation by the neutrophil own NEP. Thus,
neutrophil NEP, which also increases in AMI, may play a role
in the pathophysiology of ischemia/reperfusion myocardial in-
jury.
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