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ABSTRACT. The expression of inducible nitric oxide synthase (iNOS), an enzyme that produces nitric oxide, was examined in the hearts
of pigs infected with porcine enterovirus serotype 3 (PEV3).  Piglets orally infected with PEV3 developed tremors and paralysis 3–7
days post-infection.  Affected animals had pericarditis and myocarditis.  There were fibrin and inflammatory cell infiltrates (macrophages
and neutrophils) in the pericardial sac and myocardium.  Immunohistochemically, the majority of inflammatory cells in the pericardial
sac were positive for iNOS and nitrotyrosine, an end product of nitric oxide.  These results suggest that iNOS is upregulated in the peri-
cardial lesion, and that increased nitric oxide production plays an important role in the development of PEV3-induced pericarditis and
myocarditis.
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Porcine enterovirus serotype 3 (PEV3) is a pathogen
causing pericarditis and myocarditis in pigs, its natural host
[2].  It is believed that the disease process in PEV3 infection
is initiated by viremia, which is followed by the infiltration
of inflammatory cells into various organs, including the
brain and heart [1].  We have classified the serotypes of PEV
isolated from the feces, milk, and brains of pigs in Korea [9],
and have also examined the pathogenicity of PEV3 in colos-
trum-deprived pigs [7, 8].  However, the exact mechanism
underlying the cardiac injury in PEV3 infection is not fully
understood.

Nitric oxide is a readily diffusible nonpolar gas that is
formed in a variety of cell types; it influences a number of
physiological and pathological conditions [5].  The enzyme
responsible for nitric oxide production exists in two forms:
(1) constitutive nitric oxide synthase (cNOS), which is
readily activated by agonists that elevate intracellular free
Ca2+, and (2) inducible NOS (iNOS), which is induced fol-
lowing several hours of immunological stimulation.  The
biological reactions controlled by nitric oxide are diverse,
and include immune cell-mediated cytotoxicity, regulation
of vascular tone and relaxation, inhibition of platelet aggre-
gation, and neural transmission [5].

Accumulating evidence suggests that nitric oxide may be
involved in the pathogenesis of Coxsackie B3 virus myo-
carditis [4, 6], similar to its involvement in autoimmune
myocarditis in rat models [10].  The identification of spe-
cific mediators, such as nitric oxide in PEV3 infections, may
help in the study of disease pathogenesis.  In this study, we
investigated the expression of iNOS and nitrotyrosine,
which are a potent nitric oxide-producing enzyme and an
end product of nitric oxide, respectively, in pericarditis and
myocarditis lesions in piglets infected with PEV3.

Colostrum-deprived newborn piglets (n=6) were orally
administered 1 ml of tissue culture suspension containing
PEV3, within 48 hr of birth.  The inoculum contained 107.5

TCID50 (tissue culture infectious doses) of virus per ml.
Two control piglets were given the same volume of tissue
culture suspension.  Each group was maintained in a sepa-
rate isolator.  The PEV3 used in this study was originally
isolated from the milk of a pig with neurological signs [7, 8].

The animals were anesthetized with pentobarbital
sodium, and sacrificed on days 3, 5, and 7 post-infection
(n=2 each).  Various organs, including the brain, lungs, and
heart, were removed and fixed in 10% buffered formalin.
Paraffin sections of the hearts were cut and stained with
hematoxylin and eosin (HE).

Immunohistochemical staining of iNOS and nitrotyrosine
was carried out using an Avidin-Biotin Complex Kit (Vec-
tor, Burlingame, CA, U.S.A.) as instructed by the manufac-
turer, and as previously described [10].  The antisera used in
this study were rabbit anti-iNOS polyclonal antiserum
(1:1000) (Transduction Laboratory, Lexington, CA, U.S.A.)
and rabbit anti-nitrotyrosine polyclonal antiserum (1:200)
(Upstate Biotechnology Inc., NY, U.S.A.).

Five-µm sections of heart were deparaffinized, and
treated with 0.3% hydrogen peroxide in methanol for 30 min
to block endogenous peroxidase.  After three washes, the
sections were exposed to normal goat serum, and then incu-
bated with each primary antiserum diluted in PBS for 1 hr at
room temperature.  After washing, the sections were
sequentially treated with biotinylated goat anti-rabbit immu-
noglobulin and avidin-biotin peroxidase complex, devel-
oped with diaminobenzidine-hydrogen peroxide solution
(0.001% 3,3’-diaminbenzidine and 0.01% hydrogen perox-
ide in 0.05 M Tris buffer), and counterstained with hema-
toxylin.

Heart tissues were minced, and fixed in 2.5% glutaralde-
hyde in cacodylate buffer, post-fixed in 1% osmium tetrox-
ide, dehydrated through graded dilutions of alcohol, and
embedded in Epon 812.  Ultrathin sections were stained
with uranyl acetate and lead citrate, and examined with a
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JEM 1200 EX electron microscope (JEOL, Tokyo, Japan).
The clinical course of PEV3 infection in colostrum-

deprived pigs has been well documented in previous reports
[7, 8].  PEV3-infected pigs develop tremor and paralysis,
beginning on days 3 to 7 post-infection.  In this study, we
focused on changes in the heart, with special emphasis on
iNOS expression.  At necropsy, pericardial thickening and
fibrinous coagulative tissue were evident at days 5 and 7
post-infection in two infected animals, whereas control pigs
showed no pathologic changes in the heart.

Histopathologically, the coagulative tissue in the pericar-
dial sac contained clusters of inflammatory cells (macroph-
ages and neutrophils) and fibrin (Fig. 1).  An inflammatory
reaction with fibrous proliferation was present in the peri-
cardium and epicardium, and extended into the superior
myocardium.  Individual myocardial fibers in the lesions
were necrotic or calcified.  Ultrastructurally, we observed
dilation of the rough endoplasmic reticulum, and crystalline
arrays of virus-like particles in vascular endothelial cells, at
day 7 post-infection (Fig. 2).

Immunohistochemically, iNOS-positive cells (Fig. 3A),
probably macrophages, were present in the fibrinous clus-
ters in the pericardial sac and in the interstitial tissue of the
myocardium adjacent to the epicardium.  There were rela-
tively few iNOS-positive cells in the deeper myocardium.
Many iNOS-positive cells were also positive for nitroty-
rosine (Fig. 3B) in mirror-image sections, which suggests
the generation of nitric oxide.

This is the first report of the presence of iNOS- and nitro-
tyrosine-positive inflammatory cells in the pericardial sac

during PEV3 infection.  Nitric oxide produced by iNOS is
proposed to be an important effector molecule in the patho-
genesis of viral myocarditis [3, 4, 11], and in a variety of
animal models, including autoimmune pericarditis and myo-
carditis [10].  The functional role of nitric oxide in viral
myocarditis, however, remains controversial.  Nitric oxide
is known to be involved in tissue injury during viral myo-
carditis [6], and is inversely related to host defenses because
it inhibits viral replication [3, 11].  However, there is general
agreement that nitric oxide mediates tissue injury in the
early stage of inflammation.

In this study, we clarified the involvement of nitric oxide
in the pathogenesis of PEV3-induced acute pericarditis and
myocarditis in pigs.  In the lesions, nitric oxide produced in
inflammatory cells (probably macrophages) may mediate
vascular leakage and tissue injury, and exacerbate inflam-
mation.  We postulate that the expression of iNOS, which
generates nitric oxide, is involved in disease initiation at the
early viremic stage of PEV3 infection.  PEV3 may infect
vascular endothelial cells and increase vascular permeabil-
ity in the pericardial sac, and infiltrated macrophages may
generate nitric oxide in this experimental model.  Nitric
oxide produced at such high levels may further increase vas-
cular permeability, and may be toxic to the adjacent epicar-
dium and myocardium.
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Fig. 1. Histology of a PEV3-infected heart at day 7 post-infection. The inflammatory reaction extended from
the pericardium (P) to the epicardium and further into the myocardium (M). Note the infiltration of inflam-
matory cells into the pericardial sac. HE stain. Bar=100 µm. 

Fig. 2. Ultrastructure of a vascular endothelial cell in a PEV3-infected heart at day 7 post-infection. Crystal-
line arrays of virus-like particles are present (arrow). Bar=100 nm.
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Fig. 3. Immunostaining for iNOS and nitrotyrosine in a PEV3-infected heart at day 7 post-infection.
Some of the inflammatory cells, probably macrophages, in the pericardial sac were positive for
iNOS (A) and nitrotyrosine (B). Counterstained with hematoxylin. Bar=30 µm. 


