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Abstract. Natriuretic peptides and their specific receptors 
have been suggested to have regulatory effects on smooth 
muscle cell (SMC) growth and inflammatory cell reactions. 
However, the roles of natriuretic peptide receptor A (NPR‑A) 
and B (NPR‑B) in unstable plaques remain to be studied in 
detail. Frozen sections from 82 coronary artery segments 
were used. These segments were obtained at autopsy from 
13 patients with acute myocardial infarction (AMI; 7 ruptured 
and 6 eroded plaques) and from 30 patients with non‑cardio-
vascular diseases. Antibodies against SMCs, endothelial 
cells, macrophages, neutrophils, NPR‑A, NPR‑B and neutral 
endopeptidase (NEP) were used. Neutrophil infiltration was 
identified in all lesions with plaque rupture or erosion. Double 
immunostaining identified that the majority of NPR‑A‑ or 
NPR‑B‑positive cells were neutrophils in ruptured and 
eroded plaques. Using morphometric analysis, no significant 
difference was observed in the percentage of NPR‑A‑ and 
NPR‑B‑positive cells between ruptured and eroded plaques, 
while the number of NEP‑positive neutrophils in ruptured 
plaques was significantly higher compared with eroded 

plaques (P<0.0001). These results of the distinct presence of 
NPR‑A‑ and NPR‑B‑positive cells in unstable plaques under-
lying AMI suggested that natriuretic peptides serve a role in 
regulating plaque instability in humans.

Introduction

Atherosclerotic plaque injuries and intraplaque inflammation 
are widely considered to serve a crucial role in the development 
of acute coronary syndromes (1‑3). It has been demonstrated 
that vulnerable plaques of human coronary arteries contain 
abundant macrophages and T lymphocytes (3). The authors of 
the present study previously demonstrated that distinct accu-
mulation of neutrophils additionally occurs in culprit lesions 
of acute coronary syndromes (4,5). Activated neutrophils can 
release enzymes, including elastase and myeloperoxidase. 
Neutral endopeptidase 24.11 (NEP), a membrane protein that 
regulates inflammatory reactions, can also be identified in 
neutrophils. NEP can hydrolyze a large number of peptides, 
including the natriuretic peptide (NP) family (6). It has already 
been reported (4) that neutrophils were positive for NEP in 
ruptured plaques, while in eroded plaques the majority of 
neutrophils lacked NEP positivity.

Previous epidemiological studies have identified that the 
level of NPs in the peripheral blood correlates positively with 
the risk of coronary atherosclerosis and acute myocardial 
infarction (AMI) (7,8). Two types of NP receptors (NPRs), 
the biologically active receptor and the clearance receptor, 
have been reported and the biologically active receptors are 
further classified into two subtypes, NPR‑A and NPR‑B (9,10). 
A previous study of human coronary atherosclerotic lesions 
demonstrated that smooth muscle cells (SMCs) in early athero-
sclerotic hypercellular lesions were positive for C‑type NP 
(CNP), whereas SMCs in advanced lesions were negative for 
CNP (11). Furthermore, it has been reported by examination 
of autopsy specimens, in addition to atherectomy specimens, 
that the expression of NPRs was detected in neointimal SMCs 
at the site of percutaneous coronary intervention (PCI) (12).
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Experimental studies have demonstrated that neutrophils 
express the biologically active receptors of NPRs, which limit 
neutrophil activation via the generation of intracellular cyclic 
guanosine monophosphate (cGMP) (13). Although the effects 
of NPs on neutrophils remain unclear, previous experimental 
studies reported the priming of superoxide anions in neutro-
phils by atrial NP (ANP) and by brain NP (14,15). In addition, 
Izumi et al (16) demonstrated the advantageous result of the 
blocking of NPR‑A in models of ischemia/reperfusion in mice.

Therefore, identification of the cellular localization of 
NPR‑A and ‑B is important for clarifying the pathophysiolog-
ical role of these receptors in plaque instability. However, the 
localization of NPR‑A and ‑B in the coronary culprit lesions 
of AMI remains to be reported. The present study provides 
information on the immunohistochemical localization that 
was used to define the pattern of NPR‑A and ‑B expression in 
ruptured and eroded plaques from patients with AMI.

Materials and methods

Coronary tissue specimens. A total of 82 coronary artery 
segments were collected at autopsy from 43  patients 
(13 segments from 13 patients with AMI, 69 segments from 
30 patients with non‑cardiovascular diseases). Each segment 
was obtained within 3 h following mortality. The age range of 
these patients was between 11 and 74 years (non‑cardiovascular 
disease 54±19 yr; AMI 50±17 years, mean ± standard devia-
tion). These two study groups were composed predominantly 
of males [non‑cardiovascular disease (males, 25; females 5); 
AMI 77% (males, 10; females, 3)]. In the 69 segments obtained 
from the patients with non‑cardiovascular diseases, 
20 segments contained normal coronary arteries with diffuse 
intimal thickening (American Heart Association classifica-
tion type I) (17,18) and 49 segments contained atherosclerotic 
lesions. These atherosclerotic lesions were classified histologi-
cally according to the previously described system (11) either 
as early atherosclerotic lesions with hypercellularity (n=12) 
or as advanced atherosclerotic lesions (n=37). The advanced 
atherosclerotic lesions were further classified into two types; 
fibrolipid (type Va; n=22) or fibrous (type Vc; n=15). The defi-
nition of these various types of atherosclerotic lesions has been 
described previously (4,11). The current study was approved by 
the Osaka City General Hospital Ethical Committee (approval 
number 606; Osaka, Japan). Written informed consent from 
the families of all the autopsy subjects was obtained.

A total of 13 segments, obtained from the lesions respon-
sible for mortality in the patients with AMI, were then separated 
into either ruptured (n=7) or eroded (n=6) plaques, according 
to the definition described previously (4). In the 13 patients 
with AMI, emergency PCI was performed in 7 patients. The 
interval between the AMI onset and mortality varied from 0 to 
2 days (mean interval <1 day). No significant differences were 
observed between patients with ruptured or eroded plaques, 
with respect to age, sex, or risk factors.

The coronary arteries were dissected from the epicardial 
surface and a 2 mm slice from each segment was snap‑frozen 
and stored at ‑80˚C. The snap‑frozen specimens were sectioned 
serially at 6 µm thickness and fixed with acetone. Every first 
section was stained with hematoxylin‑eosin; the other sections 
were used for immunohistochemical investigation.

Immunohistochemistry
Single staining. Table I presents the source, specificity and 
working dilution of the antibodies used. In the present study, 
monoclonal antibodies against human NPR‑A and NPR‑B were 
employed; the specificity of these antibodies has been reported 
previously (19). For the identification of NEP, anti‑common 
acute lymphocytic leukemia antigen (CALLA; CD10) was 
used (20). The specificity of the results obtained with NPR‑A, 
NPR‑B or NEP was checked by omitting the primary anti-
bodies and using non‑immune mouse serum (DAKO; Agilent 
Technologies, Inc., Santa Clara, CA, USA) as a negative 
control. In the present immunohistochemical staining, a 3‑step 
staining procedure was used, with the streptavidin‑biotin 
complex method for color detection. Peroxidase activity was 
visualized by incubation with 3‑amino‑9‑ethyl‑carbazole for 
10 min at room temperature, followed by faint counter‑staining 
of the sections with hematoxylin.

Immunodouble staining. The simultaneous identification 
of SMCs and macrophages was performed on the basis of two 
primary antibodies of a different immunoglobulin G subclass 
(1A4 and CD68) (21). The enzymatic activity of ß‑galactosidase 
for 1A4 was visualized in turquoise (BioGenex kit, BioGenex, 
Fremont, CA, USA) while that of alkaline phosphatase for 
CD68 was visualized in red (New Fuchsin kit, DAKO; Agilent 
Technologies, Inc.). To identify cell types that express NPR‑A 
or NPR‑B, double immunostaining was performed between 
macrophages (CD68) and each of NPR‑A and NPR‑B. In 
addition, double immunostaining was also performed between 
neutrophils (CD66b) and each of NPR‑A, NPR‑B and NEP 
using modifications of procedures reported previously (21). 
In these double immunostainings, alkaline phosphatase was 
visualized with fast blue BB while peroxidase activity was 
identified by 3‑amino‑9‑ethylcarbazole development.

Quantitative methods. The surface area containing 
NPR‑A‑positive cells and NPR‑B‑positive cells was quantified 
with the use of computer‑aided planimetry (WinROOF2015, 
Mitani Corporation, Fukui, Japan) and the amount of NPR‑A‑ 
or NPR‑B‑positive cells was estimated as a percentage of 
the total surface area of the tissue section. CD66b‑positive 
neutrophil numbers and NEP‑positive cell numbers were 
calculated in the entire tissue sections and expressed as the 
number of cells per mm2 of intimal tissue. NPR‑A‑, NPR‑B‑ 
or NEP‑positive cells, or neutrophils within thrombi or 
blood clots were excluded. In the morphometrical analysis, 
quantification and calculation were performed by a single 
investigator who was unaware of the histologic classification 
of the patients. The results are expressed as mean ± standard 
deviation. Statistical comparison between 2 groups was 
performed using an unpaired Student's t‑test or Mann‑Whitney 
U test, as appropriate. χ2 test or Fisher's exact test was used 
for categorical variables. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Immunocytochemistry
Specimens obtained from patients with non‑cardiovascular 
diseases. In the 20 normal coronary arteries with diffuse 
intimal thickening, macrophages were not detected. In the 
12 early atherosclerotic lesions with hypercellularity, 5 lesions 
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consisted predominantly of SMCs, while the other 7 lesions 
were characterized by the presence of foci of macrophages. In 
the 15 advanced fibrous plaques, scattered macrophages were 
identified in 5 lesions. In the 22 advanced fibrolipid plaques, 
abundant macrophages were observed in all lesions (Fig. 1A). 
Neutrophil infiltration was observed in 2 of the 22 advanced 
fibrolipid plaques. In the normal coronary arteries with diffuse 
intimal thickening, medial and intimal SMCs stained positive 
for NPR‑A, but negative for NPR‑B. A similar staining pattern 
was identified in medial SMCs of the early atherosclerotic 
lesions with hypercellularity. However, SMCs within these 
early atherosclerotic (hypercellular) lesions demonstrated 
distinct expression of NPR‑A with occasional positive staining 
for NPR‑B. In advanced fibrous and fibrolipid plaques, NPR‑A 
expression was decreased markedly in intimal and medial 
SMCs and SMCs within the plaque demonstrated little or no 
expression of NPR‑A (Fig. 1B). NPR‑A positivity and NPR‑B 
positivity were detected in accumulated macrophages within 
the plaques (Fig. 1B and C). In normal coronary arteries with 
diffuse intimal thickening, hypercellular lesions, or advanced 
fibrous plaques, NEP positivity was not observed. However, in 
the two advanced fibrolipid plaques with neutrophil infiltra-
tion, NEP positivity was identified in these neutrophils.

Specimens obtained from patients with AMI. Ruptured and 
eroded plaques contained numerous macrophages (Figs. 2A 
and B; 3A and B). Neutrophil infiltration was distinctly iden-
tified in all lesions with plaque rupture or erosion (Figs. 2C 
and 3C). With respect to the number of neutrophils, no signifi-
cant differences were observed between ruptured and eroded 
plaques. Regarding the neutrophil number in the culprit lesions, 
no significant differences were observed between patients with 
AMI with PCI and those without PCI. NPR‑A and NPR‑B 
were expressed in macrophages, in addition to in neutrophils 
in ruptured and eroded plaques (Figs. 2D and F; 3D and F). 
Double immunostaining for neutrophils and NPR‑A or NPR‑B 
demonstrated that the majority of NPR‑A‑ or NPR‑B‑positive 
cells were neutrophils and NPR‑A‑ or NPR‑B‑positivity 
was also identified in occasional macrophages (Figs.  2E 
and G; 3E and G). Regarding NEP expression, neutrophils 
were positive for NEP in ruptured plaques, while in eroded 
plaques the majority of the neutrophils were negative for NEP 
(Figs. 2H and 3H). Morphometric analysis demonstrated that 
the percentage of NPR‑A‑ and NPR‑B‑ positive cells did not 
differ between ruptured and eroded plaques, while the number 
of NEP‑positive cells in ruptured plaques was significantly 
higher compared with eroded plaques (P<0.0001; Fig. 4). In 
ruptured and eroded plaques, NPR‑A expression in intimal 
and medial SMCs was decreased.

Discussion

Plaque rupture or erosion has been demonstrated to be the most 
important mechanism that underlies the sudden onset of acute 
coronary syndromes. Several pathophysiological mechanisms 
may serve a significant role in the process of plaque disruption, 
including inflammation, rheological factors, circumferential 
wall stress and vasoconstriction.

The current study, based on frozen sections, is the first, to 
the best of the authors' knowledge, to demonstrate cells posi-
tive for NPR‑A and NPR‑B in ruptured and eroded plaques. A 
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Figure 1. Micrographs showing an advanced atherosclerotic plaque. (A) Double immunostaining (SMC, turquoise; macrophage, red) reveals a lesion containing 
massive infiltration with macrophages. (B) The anti‑NPR‑A antibody indicated NPR‑A expression in infiltrated macrophages, in contrast to only weak expres-
sion in intimal SMCs. (C) Anti‑NPR‑B antibody positivity indicating NPR‑B expression in the infiltrated macrophages. Scale bars, 100 µm. SMC, smooth 
muscle cell; NPR, natriuretic peptide receptor.

Figure 2. Micrographs of the site of plaque rupture obtained at autopsy in a patient with AMI. (A) Double immunostaining (SMC, turquoise; macrophage, red) 
showing a lipid‑rich plaque containing numerous macrophages and a thin fibrous cap with SMCs. The area indicated by the asterisk is demonstrated at higher 
magnification in adjacent serial sections labeled B‑H. (B) Double immunostaining (SMC, turquoise; macrophage, red) showing part of the lipid‑rich plaque 
with numerous macrophages. (C) Anti‑neutrophil CD66b antibody positivity in large numbers of neutrophils at the same site. (D) Anti‑NPR‑A antibody posi-
tivity indicating NPR‑A expression in infiltrated macrophages and neutrophils. (E) Double immunostaining for neutrophils (blue) and NPR‑A (red) showing 
the presence of NPR‑A‑positive neutrophils. (F) Anti‑NPR‑B antibody positivity indicating NPR‑B expression in the majority of neutrophils in the plaque. 
(G) Double immunostaining for neutrophils (blue) and NRR‑B (red) showing that almost all the cells are double stained (purple) and therefore are neutrophils. 
(H) Double immunostaining (neutrophil CD66b, blue; NEP, red) indicated that almost all cells show double staining (purple), indicating that the NEP‑positive 
cells are neutrophils. Scale bars: A, 500 µm; B‑H, 100 µm. AMI, acute myocardial infarction; SMC, smooth muscle cell; NPR, natriuretic peptide receptor; 
L, lumen; M, media.
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previous study (22) demonstrated the presence of mRNA and 
its translation products for NPs and their receptors in human 
coronary atherosclerotic plaques. However, the involvement of 
NPR‑A and NPR‑B in the development of the various types 
of coronary atherosclerotic lesions, including ruptured and 
eroded plaques, remains to be established. The findings of the 
present immunohistochemical study indicated that cell types 
involved in NPR‑A and NPR‑B expression levels in various 
stages of coronary atherosclerotic lesions are different. In 
early atherosclerotic lesions with hypercellularity, SMCs are 
predominantly involved, while in advanced atherosclerotic 
lesions NPR‑A and NPR‑B are mainly expressed in accumu-
lated macrophages. In ruptured and eroded plaques the great 
majority of NPR‑A‑ or NPR‑B‑positive cells are neutrophils. 
Previous experimental studies have demonstrated that NPR‑A 
and NPR‑B are expressed in macrophages  (23), in bone 
marrow‑derived stromal cells  (24) and in neutrophils  (13). 
These experimental data and the results of the present study 

Figure 3. Micrographs of the site of plaque erosion obtained at autopsy in a patient with AMI. (A) Double immunostaining (SMC, turquoise; macrophage, red) 
indicates abundant macrophages within the plaque. L, lumen, M, media. The area indicated by the asterisk is demonstrated at a higher magnification in adjacent 
serial sections, labeled B‑H. (B) Double immunostaining (SMC, turquoise; macrophage, red) indicates large numbers of macrophages. (C) Anti‑neutrophil 
CD66b antibody positivity in large numbers of neutrophils at the same site. (D) Anti‑NPR‑A antibody positivity indicating NPR‑A expression in infiltrated 
macrophages and neutrophils. (E) Double immunostaining for neutrophils (blue) and NPR‑A (red) showing the presence of NPR‑A‑positive neutrophils. 
(F) Anti‑NPR‑B antibody positivity indicating NPR‑B expression in the majority of neutrophils in the plaque. (G) Double immunostaining for neutrophils 
(blue) and NRR‑B (red) showing that almost all the cells are double stained (purple) and therefore are neutrophils. (H) Double immunostaining (neutrophil 
CD66b, blue; NEP, red) shows that all cells stain blue, indicating that these neutrophils are negative for NEP. Scale bars: A, 500 µm; B‑H, 100 µm. AMI, acute 
myocardial infarction; SMC, smooth muscle cell; NPR, natriuretic peptide receptor.

Figure 4. Graphs showing the NPR‑A‑ and B‑positive areas, expressed as a 
percentage of the total surface area and the number of NEP‑positive cells, 
expressed as absolute numbers per mm2 of intimal tissue, in RPs (n=7) and 
EPs (n=6). NPR, natriuretic peptide receptor; NEP, neutral endopeptidase; 
RP, ruptured plaques; EP, eroded plaques.
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suggest that NPR‑A and NPR‑B contribute to the progression 
of plaque instability in human coronary atherosclerotic lesions.

In the present study, no significant difference was observed 
in the expression of NPR‑A and NPR‑B in neutrophils 
between ruptured and eroded plaques. However, the number 
of NEP‑positive neutrophils was markedly higher in ruptured 
plaques compared with eroded plaques, which is consistent with 
the results of our previous study (4). NEP can hydrolyze the 
NP family (6). NEP on the surface of leukocytes degrades the 
chemotactic peptide N‑formyl‑methionyl‑leusyl‑phenylaline 
and leukocyte adhesion, and chemotaxis is increased by 
inhibition of NEP (6,20). Indeed, NEP‑negative neutrophils 
exhibit a greater chemotactic reaction to the activated comple-
ment compared with NEP‑positive neutrophils (25,26). It has 
also been demonstrated that NEP expression occurs on fully 
mature neutrophils  (27,28). Perchansky et al (29) reported 
that NEP is detected only on fully mature and segmented 
neutrophils, while the majority of newly generated neutrophils 
exhibit a low expression of NEP due to the immaturity of the 
neutrophil membrane. Martens et al (30) further demonstrated 
that NEP expression in neutrophils was significantly decreased 
in patients with septic shock, which may be associated with an 
increase of immature neutrophils. These data are of interest, 
due to the fact that the results of the present study indicate 
that eroded plaques predominantly contain NEP‑negative 
neutrophils. The biological significance of this phenomenon 
in human coronary atherosclerotic lesions remains to be 
elucidated. It may be hypothesized that the differences in NEP 
expression in neutrophils between ruptured and eroded plaques 
reflect differences in chemotaxis and, therefore, differences in 
the underlying inflammatory processes. In addition, the results 
of the present study indicated that the majority of the neutro-
phils in eroded plaques were negative for NEP, indicating that 
a rapid outburst of neutrophils had taken place, including that 
observed in the early stages of infection. In this context, it is 
conceivable that the underlying pathogenetic mechanism in 
plaque erosion is different from that in plaque rupture.

The roles of NPR‑A and NPR‑B expressed by neutrophils 
in ruptured and eroded plaques remain unclear. A previous 
study  (13) demonstrated that neutrophils express NPR‑A, 
the active receptor for NPs, and that ANP limits neutrophil 
activation via a cGMP‑dependent mechanism. In addition, 
Mtairag et al (31) reported that ANP potentiation by NEP 
inhibition further limited neutrophil activation and neutro-
phil‑vascular cell interactions. However, in those studies, the 
mechanism of the effect of ANP on neutrophils was not investi-
gated in vivo. In the present study, strong expression of NPR‑A 
and NPR‑B was identified in neutrophils in ruptured and 
eroded plaques. However, ruptured plaques had a significantly 
higher number of NEP‑positive neutrophils compared with 
eroded plaques. These observations suggested that the inhibi-
tory effect of NPs on neutrophil activation can be suppressed 
by neutrophil NEP in ruptured plaques, while NPs can limit 
neutrophil activation via NPR‑A and NPR‑B more markedly 
in eroded plaques. Therefore, it can be hypothesized that the 
enhanced expression of NPR‑A and NPR‑B on NEP‑negative 
neutrophils in eroded plaques may regulate inflammatory 
process and vascular activity in these lesions.

Atherosclerosis is a complex phenomenon associated 
with interaction of numerous factors. The NP system and 

its receptors are not the only factors involved, therefore, 
other factors must be taken into consideration to determine 
the functional significance of this system. Nevertheless, the 
present study provided data to implicate NPR‑A and NPR‑B 
in the changes in vasomotor activity and inflammatory cell 
infiltration that occur in plaque instability.

In conclusion, distinct expression of NPR‑A and NPR‑B 
in culprit lesions underlying AMI strongly suggests that NPs 
serve a role in regulating plaque instability in humans.
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