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Abstract The antiviral effect of nitric oxide (NO)-
releasing compounds was investigated. Using bacterially
expressed and purified proteinases 2A and 3C of cox-
sackievirus B3, in vitro assays demonstrated the inhibi-
tion of the 2A proteinase activity in the presence of
S-nitroso-N-acetyl-penicillamine (SNAP), 3-morpholi-
nosydnonimine (SIN-1), 4-phenyl-3-furoxancarbonitrile
(PFC), glyceryl trinitrate (GTN), and isosorbide dini-
trate (ISDN). Sodium nitroprusside (SNP), which re-
leases NO after metabolization, had no effect. The 3C
proteinase was inactivated by SNAP, GTN, and ISDN.
The vasodilators GTN and ISDN, widely used in the
treatment of angina pectoris, exhibited antiviral activity
in CVB3-infected GMK cells. CVB3-infected NMRI
outbred mice showed significantly reduced signs of
myocarditis after treatment with GTN or ISDN.
Inhibitors of the cellular inducible NO synthase (iNOS)
such as NG-nitro-L-arginine methyl ester (L-NAME),
NG-nitro-L-arginine (L-NNA), and S-methyl-isothiou-
rea (SMT), had no deleterious effect on CVB3-infected
NMRI mice, indicating that endogenous NO synthesis is
unlikely to be a major defense mechanism after entero-
virus infection of outbred mice.
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Introduction

Enteroviruses of the picornavirus family are positive-
strand RNA viruses. A single open reading frame en-
codes a polyprotein of approximately 2,200 amino acids
in length. During the enteroviral life cycle, the protein-
ases 2A (2Apro) and 3C (3Cpro) cleave the viral poly-
protein in order to release capsid proteins and functional
non-structural proteins [26]. Beside the polyprotein
proteolysis, both proteinase activities lead to the pro-
cessing of a number of cellular proteins [4, 11, 13, 14,
32]. This contributes to the host cell shut-off of RNA
and protein synthesis and leads to the development of
the cytopathic effect of virus-infected cells. Depending
on differences in the tissue tropism of the respective
serotypes, enteroviruses are the etiological agents of
several diseases, e.g. neuronal diseases, acute hemor-
rhagic conjunctivitis, hand-foot-mouth disease and heart
diseases (acute myocarditis, dilated inflammatory car-
diomyopathy) [21]. Since acute myocarditis and dilated
inflammatory cardiomyopathy are the major causes of
human heart failure, great efforts have been made to
elucidate the pathogenesis of enterovirus-induced heart
disease. In order to study the course of experimental
coxsackievirus infection, several mouse models have
been established. Depending on the host genetic back-
ground and the virus strain used for experimental
infection, coxsackievirus B3 (CVB3) induces acute or
chronic myocarditis, which may either heal or lead to
death. As the animal models differ considerably in the
outcome of the artificial infection, controversy has
arisen over the explanation of the pathogenesis of the
enterovirus-induced heart failure. Two pathogenic
mechanisms have been described: (1) virus-induced
dysfunction and cytolysis of infected myocytes and (2)
destruction of myocytes by a virus-stimulated immune
process [12, 20].

A very attractive pathogenic mechanism of the car-
diac damage observed in human and experimental ani-
mals was recently suggested by Badorff and colleagues
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who described dystrophin proteolysis by the enteroviral
2Apro [2]. Activity of this proteinase is thought to lead to
the disruption of the cytoskeleton network connecting
the actin filaments with the sarcolemma. Other non-viral
substrate proteins of this proteinase are cytokeratin-8
[29], the poly(A)-binding protein (PABP) [13, 14] and
the eucaryotic initiation factor eIF 4G [11]. The other
enteroviral proteinase, 3Cpro, also cleaves the PABP [13]
and was shown to process several cellular transcription
factors [4, 5, 32, 33].

The inhibition of viral replication and the protection
of the host from the deleterious effect of viral factors are
the major aims of antiviral chemotherapy. Recently, the
HIV polymerase and the HIV proteinase were shown to
be targets of inhibitory compounds (for reviews, see [6,
7]). For the cardiotropic coxsackie B viruses, another
approach could be the selective chemical modification of
the viral proteinases by nitric oxide (NO), as previously
shown [1, 27, 36]. NO plays a role in a number of
physiological and pathophysiological functions in
humans. Among these, the cGMP-mediated relaxation
of blood vessels is best understood [8]. An alternative
cGMP-independent pathway was proposed for blood
pressure regulation, host defense and neurotransmission
[23]. In vivo, NO is synthesized from L-arginine by cal-
cium-dependent and calcium-independent NO synthases
(endothelial, neuronal and inducible isoforms). Since
NO is a diatomic free radical, it is unstable and readily
undergoes chemical reactions with a variety of atoms
and radicals. This yields NO+ equivalents and ONOO-

(peroxynitrite). The transfer of a NO+ equivalent to a
free thiol group of a cysteine residue yields the formation
of nitrosothiol. Such S-nitrosylation of proteins is con-
sidered to be a post-translational modification which
may influence enzyme activity [3]. A number of com-
pounds capable of generating NO in situ (i.e., NO
donors) have been identified and studied with regard to
their chemical activities and possible pharmacological
applications (for a review, see [31]). Due to the diversity
of NO donor structures, NO-generating pathways and
biochemical properties of these compounds may differ
significantly. In this study, we demonstrate the inhibi-
tion of purified enterovirus proteinases by several NO
donors in vitro. We also show the protective effect of
GTN and ISDN, two organic nitrates widely used as
vasodilators, in HeLa cells and in coxsackievirus B3-
infected NMRI mice while inhibitors of the inducible
NO synthase (iNOS) have no deleterious effect.

Materials and methods

Plasmid construction, expression, and purification
of recombinant coxsackievirus B3 proteinases 2A and 3C

For the construction of the expression plasmids, cDNAs of the
genomic regions encoding the 2Apro and the 3Cpro of CVB3 were
amplified using the oligonucleotides 2A-Nde (5¢-GATCCA
TATGCAACAATCAGGGGCAGTGTATGTG-3¢, NdeI site
underlined), 2A-Xho (5¢-GATCCTCGAGCTGTTCCATTGCA

TCATCTTCCAG-3¢, XhoI site underlined), 3C-F (5¢-GGAGAT
ATACATATGGGCCCTGCCTTTGAGTTCGCCGTC-3¢, NdeI
site underlined) and 3C-B-his (5¢-CATCGGCTCGAGTTGCT
CATCATTGAAGTAGTGTTTGAGGAG-3¢, XhoI site under-
lined) and plasmid pCVB3-M2 as template DNA [16]. The PCR
fragments corresponding to the reading frames of CVB3 2Apro and
3Cpro were digested with NdeI-XhoI and ligated to the NdeI-XhoI
fragment of the expression vector pET23a(+) (Novagen, Madison,
Wis.) to yield plasmids pET23a-2A-his and pET23a-3C-his. The
DNA sequence of these plasmids was verified. For expression, the
E. coli strains BL21 (DE3) transformed with pET23a-3C-his and
BL21 (DE3) lysS transformed with pET23a-2A-his were grown at
37�C. When the cultures reached an OD595 of 0.5, expression of the
fusionproteinswas inducedbyadding0.5 mMIPTG(isopropyl-b-D-
thiogalactopyranoside). After incubation for 3 h at 37�C, the cells
were harvested, resuspended in buffer A (40 mM Tris-HCl pH 7.9,
100 mM NaCl, 15 mM mercaptoethanol) and lysed with a French
press (3 cycles at 1,000 psi). The lysate was clarified by centrifugation
at 17,500 rpm (4�C) for 20 min. The soluble his-tagged recombinant
proteins were purified using Ni-NTA agarose according to the
manufacturer’s description (Qiagen, Hilden, Germany).

NO donors and iNOS inhibitors

NO donors were dissolved as follows: Organic nitrates: glyceryl
trinitrate (GTN, Nitrolingual) was obtained from Pohl-Boskamp
GmbH (Hohenlockstedt, Germany); stock solution: 1 mg/ml in
water (4.4 mM). Isosorbide dinitrate (ISDN, Nitrosorbon) was
obtained from ICN Biomedicals GmbH (Eschwege, Germany);
stock solution: 1.09 mg/ml in water (4.6 mM). Nitrosamine:
S-nitroso-N-acetyl-penicillamine (SNAP) was obtained from
Calbiochem (Bad Soden, Germany); stock solution: 25 mg/ml in
DMSO (113.5 mM). Furoxan: 4-phenyl-3-furoxancarbonitrile
(PFC) was obtained from Calbiochem; stock solution: 1.87 mg/ml
(10 mM) in DMSO. Sydnonimine: 3-morpholinosydnonimine
(SIN-1) was obtained from Calbiochem; stock solution: 25 mg/ml
(48 mM) in DMSO. Metal-NO complex: sodium nitroprusside
(SNP) was obtained from Calbiochem; stock solution: 1.5 mg/ml
(5 mM) in phosphate-buffered saline. All NO donors were stored at
)20�C and handled in the dark.

iNOS inhibitors were dissolved as follows: NG-nitro-L-arginine
methyl ester (L-NAME), NG-nitro-L-arginine (L-NNA), and
S-methyl-isothiourea (SMT) were obtained from Calbiochem and
Novabiochem, respectively; stock solutions: 1 mg/ml.

Proteinase activity and inhibition assays

Proteolytic activity was assayed using poly(A)-binding protein
(PABP) as a substrate [13]. Bacterial expression of this protein was
previously described [10]. Crude extracts of PABP-overexpressing
bacteria were incubated in the presence or absence of 5 lM purified
2Apro and 3Cpro respectively for 8 h at ambient temperature and
analyzed by SDS polyacrylamide gel electrophoresis (PAGE). For
the inhibition assays, proteinases were pre-incubated for 8 h with
SNAP, SIN-1, PFC, GTN, ISDN, and SNP, respectively. After
pre-incubation, proteinase activity was assayed by addition of
substrate protein as described.

Cells and viruses

Virus propagation was performed in HeLa Ohio (human cervix
carcinoma; ATCC No. CCL-136) and GMK (green monkey kid-
ney, Schaper & Brümmer, Salzgitter) cells. HeLa cells were grown
in Eagle’s minimum essential medium (EMEM) supplemented with
10% newborn calf serum, 100 U/ml penicillin and 100 lg/ml
streptomycin. GMK cells were grown in Dulbecco’s modified
EMEM supplemented with 10% fetal bovine serum, 100 U/ml
penicillin and 100 lg/ml streptomycin. CVB3 Nancy (gift of the
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Institute of Poliomyelitis and Virus Encephalitides, Moscow) was
grown in HeLa Ohio cells. Virus yields were determined by end-
point titrations using four replicates of serial tenfold dilutions in
96-well plates containing GMK or HeLa cell monolayers. The 50%
tissue culture infective dose (TCID50) was calculated according to
Reed and Muench [24].

Cytotoxicity

The cytotoxicity of the test compounds was determined on con-
fluent HeLa Ohio and GMK cell monolayers grown in flat-bot-
tomed microtiter plates as described previously [28]. After
removing the growth medium, nine twofold dilutions of the com-
pounds in 100 ll of test medium were added. Following a 72 h
incubation (37�C, 5% CO2), the supernatant was aspirated. The
cell monolayers were washed, fixed, and stained with a crystal
violet/methanol solution. After extraction of the dye, the optical
density of individual wells was quantified spectrophotometrically at
550/630 nm with a microplate reader (Dynatech, Guernsey, UK).
Cell viability was evaluated as the percentage of the mean value of
optical density resulting from six mock-treated cell controls, set as
100%. The 50% cytotoxic concentration (CC50) was defined as the
compound concentration reducing the viability of untreated cell
cultures by 50%.

Cytopathic effect inhibitory assay

The cytopathic effect (CPE) inhibitory assay used in the primary
antiviral screening was designed to detect agents acting at any stage
of the virus reproductive cycle [28]. Assays were carried out in
confluent GMK cell monolayers grown in 96-well flat-bottomed
microtiter plates. 50 ll of drug solution and a constant amount of
virus (1 multiplicity of infection of CVB3) in a volume of 50 ll were
distributed into 96-well plates. Three wells on each plate served as
cell controls (no test compound added) and three wells served as
virus controls. In addition, the 50% and 100% plaque inhibitory
concentrations of guanidine hydrochloride (3 wells each) were in-
cluded as positive controls in each microtiter plate. Using the
crystal violet uptake assay described for cytotoxic investigations,
the inhibition of the virus-induced CPE was scored 24 h post
infection when untreated infected control cells showed maximum
CPE. The IC50 values of active compounds were determined from
the mean dose-response curves (two parallels per concentration) of
three separate experiments.

Determination of nitrate/nitrite release by the NO donor
compounds (Griess assay)

HeLa and GMK cells were seeded in 24-well plates and grown to
confluency (48h, 37�C, 5% CO2). The growth medium was
removed and replaced by 500 ll medium supplemented with 2%
NCS or FCS, respectively, containing various amounts of SNAP,
GTN or ISDN. At various timepoints (15 min, 30 min, 1, 2, 4, 8,
24, and 48 h), 220 ll of culture supernatant were removed from
each well and frozen at –20�C until NO determination. The amount
of nitrite released into the medium was quantified with a colori-
metric assay kit from Alexis Deutschland GmbH (Grünberg,
Germany) according to the instructions of the manufacturer.

Plaque reduction assay

Confluent GMK cells grown in 24-well plates were infected with
approximately 40 plaque forming units CVB3. After 1 h of virus
adsorption (37�C), the infecting media was removed and the cell
monolayer was overlayed with agar containing different dilutions
of NO donors. After 30 h of incubation at 37�C, the plates were
fixed and stained with a crystal violet/formalin solution.

Design of mouse experiments

All animal procedures were officially approved in accordance with
the German Animal Protection Law. To evaluate the influence of
NO donors (GTN, ISDN) and iNOS inhibitors (L-NAME,
L-NNA, and SMT) on lethality and severity of myocarditis, groups
of 5–10 male 7- to 9-week-old NMRI mice were inoculated with
5,000 TCID50 of CVB3 Nancy and treated with the respective drug
(Table 1). The following compounds were diluted with water daily:
GTN (10 lg/ml), L-NAME (500 lg/ml), L-NNA (100 lg/ml),
SMT (10 lg/ml). Treatment by feeding of GTN and iNOS inhibi-
tors respectively, was started 1 h before virus inoculation and
continued until day 14. ISDN was dissolved in 5 mg/ml water and
0.3 ml of this solution (corresponding to 1.5 mg) was applied orally
each day until day 28. The following controls were included: one
group of non-infected, non-treated animals and two groups of
male, 7- to 9-week old NMRI mice which were infected with 5,000
TCID50 CVB3 but not treated. The body weights of the mice were
determined daily. The mice were exsanguinated under ether
anaesthesia at either day 14 or day 28 post-infection (p.i.) and
specimens of heart and blood were collected. The organ weights of
the specimens were determined and the hearts were used for his-
tologic evaluation. The sera were checked for CVB3-specific anti-
bodies by enzyme-linked immunosorbent assays (ELISA) on the
day of exsanguination as described previously [22], and for NO
release (at days 4, 7, 14, and 28 p.i.) with the Cayman chemical
nitrate/nitrite assay kit (Alexis Deutschland GmbH).

Histology

Heart tissue was fixed in 6% formalin solution for at least 24 h and
mounted in paraffin. For histologic examination, 5 lm sections
were stained with hematoxylin and eosin. At least three adjacent
sections were examined microscopically for the presence of lesions.
Histologic evidence of myocarditis and inflammation was classified
in terms of the degree of cellular infiltration, myocardial cell
necrosis, extent of calcification and fibrosis, and scored on a scale
of 0 to 4. Score 0 described no lesions. Score 1 (slight) describes rare
groups of two or three mononuclear cells displacing myocytes, the
presence of one or two small lesions (focal myocytic degeneration
and/or necrosis, calcification of necrotic myocytes), and insignifi-
cant reaction of interstitial connective tissue. Score 2 (mild)
describes larger and more frequent mononuclear cell aggregates
without confluence between adjacent foci, the presence of several
small lesions scattered throughout the myocardium, and an in-
crease in interstitial connective tissue with the foci. Score 3 (med-
ium) describes larger and more frequent mononuclear cell
infiltrates with confluent foci present, multiple small lesions or
several large lesions, and areas of myocyte drop-out replaced by
dense stellate scars with tendril-like extension into the surrounding
myocardium. Score 4 (severe) describes many large foci of
inflammatory cells, multiple large lesions, focal scars accentuated
and heavily collagenized, and thickening of unscarred reticulum
fibers. The myocarditis index included the histopathological

Table 1 Design of animal experiments

Group size Infectious dose
(TCID50)

Treatment Duration

Group 1 5 – – 14 days
Group 2 5 5·103 – 14 days
Group 3 5 5·103 GTN 14 days
Group 4 5 5·103 ISDN 14 days
Group 5 5 5·103 L-NAME 14 days
Group 6 5 5·103 L-NNA 14 days
Group 7 5 5·103 SMT 14 days
Group 8 5 – – 28 days
Group 9 5 5·103 – 28 days
Group 10 10 5·103 ISDN 28 days

93



parameters as a ratio of infiltration, necrosis, and fibrosis of each
animal. The statistical comparisons were carried out using Stu-
dent’s t test.

Results

Proteolytic activity of recombinant enteroviral protein-
ases 2A and 3C

In order to study the inhibition of the viral proteinases
2Apro and 3Cpro by NO-releasing compounds, the
reading frames of both proteinases were cloned into the
NdeI-XhoI sites of the expression vector pET23a(+).
The recombinant proteinases were overexpressed in
BL21 (DE3) bacteria transformed with pET23a-2Ahis
and pET23a-3Chis, respectively, and purified by affinity
chromatography using Ni-NTA agarose. The protein-
ase-containing elution fractions contained virtually pure
protein as judged from the Coomassie brilliant blue-
stained gels (data not shown). The proteolytic activity of
the purified proteinases were studied with human
poly(A)-binding protein (PABP) as a substrate. This
host cell protein (70.7 kDa, 636 amino acids) was re-
cently shown to be a natural substrate of both protein-
ases [13, 14]. For a typical proteinase assay reaction,
crude extracts of bacteria overexpressing human PABP
were incubated with 5 lM purified 2Apro or 3Cpro at
37�C for 2–12 h. Subsequent SDS-PAGE of the mixtures
revealed characteristic cleavage products, i.e., a
54.7 kDa N-terminal fragment (corresponding to pro-
cessing at amino acids S486-T487 by 2Apro) and a
60.4 kDa N-terminal fragment (corresponding to pro-
cessing at amino acids Q540-G541 by 3Cpro), respectively
(Fig. 1). Additional cleavage products which appear in
some gels are bands of 33.3 and 37.4 kDa, correspond-
ing to processing at Q292-G293 by 3Cpro, and a band of
approximately 31 kDa, corresponding to 2Apro cleavage
either near amino acid 275 or near amino acid 360
(compare Fig. 1 and Fig. 2). Low proteolytic activity as
indicated by long incubation time and high amounts of
proteinase appears not to be due to denatured protein-
ase, because CD spectroscopy indicated that at least the
purified 3Cpro was folded [37].

Inhibition of 2Apro and 3Cpro mediated proteolysis
by NO-releasing compounds

It was previously shown that SNAP, spermine-NONO-
ate, and PAPA-NONOate inhibit both coxsackievirus
replication and substrate processing by 3Cpro [27] and
2Apro [1]. As an explanation, it was suggested that
S-nitrosylation of both proteinases should lead to inac-
tivation. In order to extend these investigations to other
NO-releasing compounds, we assayed the inhibitory ef-
fect of SIN-1, PFC, GTN, and ISDN. A positive control
(SNAP) and a negative control (SNP, which releases NO
after metabolization) were also included. For in vitro

assays, the respective inhibitor and the proteinase were
pre-incubated for 8 h. Proteinase inhibition assay
reactions contained NO donors at concentrations as
indicated in Fig. 2. After pre-incubation, the PABP-
containing E. coli extract was added and the mixture was
incubated again at ambient temperature for 4–12 h then
separated by SDS PAGE. Figure 2A shows that pre-
incubation of 2Apro and 3Cpro with SNAP at concen-
trations as low as 22.8 lM is sufficient to completely
inhibit proteinase activity. Figure 2B shows the result
with other NO donors. While SNAP, PFC and SIN-1
inhibit 2Apro activity, SNP does not. The inhibition of
2Apro and 3Cpro by organic nitrates was also tested.
GTN inhibited the activity of 3Cpro and 2Apro, respec-
tively, while ISDN inhibited 3Cpro but not 2Apro

(Fig. 2C).

Cytotoxicity, NO release and anti-CVB3 activity

In order to assess the antiviral effect of organic nitrates
in cell cultures, the cytotoxicity, the NO release into
culture supernatants, and the inhibition of the cyto-
pathic effect (CPE) of GTN and ISDN were investigated
(Table 2, Fig. 3A, B).

Cytotoxicity on confluent monolayers of HeLa
Ohio and GMK cells was tested to exclude non-spe-
cific antiviral activities of SNAP, GTN and ISDN.
The 50% cytotoxic concentrations (CC50) were calcu-
lated from the single or the mean dose-response curve
of three separate assays, respectively. Table 2 summa-
rizes the CC50 values of the test compounds in both
cell lines [SNAP (HeLa: >200 lg/ml = >907.8 lM,

Fig. 1 Proteolytic activity of purified recombinant proteinases 2A
and 3C of coxsackievirus B3. Bacterial extracts containing
approximately 180 pmol of poly(A)-binding protein (PABP) were
incubated for 8 h in absence or presence of the respective proteinase
(5 lM), subjected to 12.5% SDS-PAGE and stained with Coo-
massie brilliant blue
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GMK: 110.7 lg/ml = 502 lM), GTN (HeLa: 86.2 lg/
ml = 397 lM, GMK: >200 lg/ml = >921 lM),
ISDN (HeLa: >1,000 lg/ml = >4,235 lM, GMK:
>1,000 lg/ml = >4,235 lM)]; even 5 mM ISDN
concentration was not cytotxic.

Based on these results, 250 lM SNAP, 250 lM
GTN, and 5,000 lM ISDN were used to investigate the

Table 2 Cytotoxicity of NO donors and iNOS inhibitors

Compounds CC50 (lg/ml)

HeLa cells GMK cells

NO donors SNAP >200 110.7
GTN 86.2 >200
ISDN >1,000 >1,000

iNOS inhibitors SMT >200 >200
L-NNA >200 >200
L-NAME >200 >200

Fig. 2A–C Inhibition of proteolytic activity in vitro. A Inhibition
of 2Apro and 3Cpro activity by SNAP. B Inhibition of 2Apro activity
by 2 mM PFC, 9.6 mM SIN-1, 22.8 lM SNAP, and 1 mM SNP. C
Inhibition of 2Apro and 3Cpro activity by 880 lM GTN and 92 lM
ISDN. As a control, inhibition reactions with 22.8 lM SNAP are
also shown
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time course of NO release in HeLa and GMK cell cul-
tures. The results show that 4–8 h after SNAP admin-
istration, nearly all NO was released into the media
(Fig. 3A). In contrast, GTN and ISDN led to a con-
tinuous rise of NO concentrations in the culture super-
natant. Using non-cytotoxic concentrations of the
individual compounds, different maximum NO values
were determined: 29 lM for SNAP, 28 lM for GTN
and 13 lM for ISDN. NO was not detected in mock-
treated cell controls under identical experimental con-
ditions.

The antiviral activity of GTN and ISDN was dem-
onstrated with the CPE inhibition assay (Fig. 3B) and
the plaque reduction assay (Fig. 3C). In both assays,
GTN showed the strongest antiviral effect: (1) the
CVB3-induced CPE was reduced by 60% compared to a
20–30% reduction by SNAP and ISDN; (2) the plaque
reduction was greater than 90% compared to 65% by
ISDN. SNAP administration did not lead to a signifi-
cant plaque reduction at any concentration assayed.

GTN and ISDN have a protective effect in CVB3
infected NMRI mice

Since GTN and, to a lesser extent, ISDN have the ability
to inhibit enteroviral proteinases and have a significant
antiviral effect in cell culture, we assayed whether these
NO donors could play a protective role in experimental
CVB3 infection. Groups of male 7–9 weeks old NMRI
outbred mice were intraperitoneally infected with CVB3
Nancy and treated either with GTN (by feeding it with
the drinking water) or ISDN (daily oral application). As
a control, one group of litter mates was not infected, and
a second group was infected with CVB3 but not treated
with a NO donor. At day 14 p.i., GTN-treated mice were
exsanguinated and examined. Since initial experiments
had indicated that ISDN-treated mice showed no sig-
nificant differences in comparison with untreated mice at
day 14 (Fig. 4A), treatment with ISDN was extended
until day 28 p.i. At the end of the experiments, the heart
weights of treated and untreated animals did not differ,
and similar virus titers were observed at days 7, 14, and

Fig. 3A–C NO release and antiviral activity of SNAP, GTN, and
ISDN. A Time-dependent NO release into cell culture supernatant
by the test compounds. GMK cell monolayers were exposed to
250 lM SNAP, 250 lM GTN, and 5 mM ISDN respectively for
the indicated time periods. B Inhibition of the CVB3-induced
cytopathic effect in GMK cells by NO releasing compounds, as
reflected in their dose-response curves to SNAP, GTN, and ISDN
treatment. Values shown are the mean±standard deviation of
three separate experiments. C Inhibition of CVB3 replication in
GMK cells by the NO releasing compounds SNAP, GTN, and
ISDN as reflected by the plaque reduction assay. Values shown are
the mean±standard deviation of three independent experiments

Fig. 4A–C Histologic examination of murine hearts. Hearts of
treated and untreated CVB3-infected mice were removed at days 14
and 28 p.i., respectively, and histologically examined for cellular
infiltration, myocardial cell necrosis, calcification, and fibrosis. A
Myocarditis index of each mouse group (mean values±SD). B
Representative example of a heart section of a virus-infected mouse
treated with GTN for 14 days p.i. (left panel) compared to heart
sections of an untreated CVB3-infected mouse (middle panel) and a
non-infected mouse (right panel). Note the significantly reduced
infiltrations and the lack of fibrosis in the GTN-treated mouse. C
Representative example of a heart section of a virus-infected mouse
treated with ISDN for 28 days p.i. (left panel) compared to a heart
section of an untreated CVB3-infected mouse (right panel). At this
stage of infection, the number of areas showing infiltrations is
decreased in the untreated animal (compare to panel B), and large
areas of fibrosis are observed in this mouse

c
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28 p.i. (data not shown). The survival rate of ISDN-
treated mice (100% vs 76.7% at 28 days) but not of
GTN-treated mice (84.6% vs 82.4% at 14 days) was
elevated. The levels of iNOS mRNA was increased and
raised levels of NO were detectable in heart tissue at days
7, 14, and 28, respectively [9]. The hearts of the mice were
histologically examined and the myocarditis index was
determined. Figure 4 summarizes the results of these
experiments. GTN significantly reduces signs of myo-
carditis, while ISDN has a less pronounced effect: treat-
ment for 14 days does not lead to a significant reduction
in all investigated parameters, but prolongation of oral
ISDN administration up to day 28 p.i. significantly re-
duces signs of myocarditis (Fig. 4A). Figure 4B and C
show typical examples of heart sections of treated and
non-treated animals. At day 14, CVB3-infected mice
have large areas of infiltrates. At this early stage, fibrosis
is already increased. GTN-treated mice have significantly
reduced infiltrates and fibrosis. At day 28, untreated mice
have only a small number of infiltrating cells but large
areas of fibrosis. In contrast, ISDN-treated mice have
only few infiltrates and a slight fibrosis.

The effect of iNOS inhibitors

In order to study the effect of iNOS inhibitors, four
groups of male 7- to 9-week-old NMRI mice were in-
fected with CVB3. Three groups of these infected mice
were treated for 14 days with the iNOS inhibitors
L-NAME (500 lg/ml), L-NNA (100 lg/ml), and SMT
(10 lg/ml) by feeding these compounds with drinking
water. Comparison of treated and untreated mouse
hearts revealed no significant differences in the heart
weight (data not shown), virus titers in the heart and
pancreas at day 14 p.i. (data not shown), and the myo-
carditis index (Fig. 4A). However, at day 4 p.i. L-NNA-
treated mice had a significantly increased virus titer in
the heart (6.26±1.07 vs 4.91±0.58 log TCID50) and in
the spleen (7.3±0.69 vs 5.9±0.08 log TCID50), and the
survival rate was reduced for mice treated with L-NNA
(40% vs 66%) and L-NAME (50% vs 82.4%). Mice
which were treated with SMT showed no significant
difference in the survival rate. (93.3% vs 86.2%).

Discussion

NO is a biologic messenger which acts as a neurotrans-
mitter, a vasodilator, and as a cytotoxic immune effector.
Beside these pleiotropic effects, direct S-nitrosylation of
viral proteins has been discussed [3]. NO is produced by
NO synthases of which an inducible isoform (iNOS,
NOS2) is expressed in activated, but not in resting mac-
rophages [18]. Since iNOS is induced after viral infections
by interferon-gamma and tumor necrosis factor-alpha,
NO is part of the host nonspecific immune response.

Due to the antiviral potential of NO, several
NO-releasing substances were tested and shown to be

effective inhibitors of several viruses (for a compilation,
see [25]) including coxsackievirus B3 and poliovirus [17,
19]). Saura and colleagues [27] and Badorff and col-
leagues [1] have provided experimental evidence that NO
donors like SNAP, PAPA-NONOate and spermine-
NONOate directly inactivate the enteroviral proteinases
2Apro and 3Cpro by S-nitrosylation of the active site
cysteine residue. We have extended these works and
assessed the feasibility of using other NO donors as
inhibitors of enteroviral proteinases by pre-incubation
of recombinant 2Apro and 3Cpro with SNAP (a nitro-
samine), GTN and ISDN (organic nitrates), PFC (a
furoxan), SIN-1 (a sydnonimine), and SNP (a metal-NO
complex) followed by addition of the substrate protein
to this mixture (Fig. 2). With the exception of SNP and
ISDN, all assayed NO donors were found to inhibit the
2Apro. Failure of SNP to inhibit proteinase activity was
expected since this compound does not spontaneously
release NO but requires metabolism by an unknown
enzymatic activity derived from the microsomal mem-
brane fraction [15]. Failure of ISDN to inhibit 2Apro but
not 3Cpro in vitro may be the result of its insufficient
spontaneous NO release. As shown in Fig. 3A, only
2.5 lM nitrite released by 5,000 lM ISDN (corre-
sponding to 0.05%) was detectable in the Griess assay
after an 8 h incubation. On the other hand, 2Apro has
seven cysteine residues. Three of these cysteines (C50,
C110, C116) are in a sequence context which partially
match the ’S-nitrosylation motif’ [30]. As the S-nitrosy-
lation reaction is dose-dependent, complete modification
of 2Apro cysteines within the pre-incubation time would
require ISDN concentrations exceeding the solubility in
aqueous solutions. Moreover, the significance of the
S-nitrosylation motif seems to be questionable, as the
sequence context of the single cysteine residue of 3Cpro

does not match the S-nitrosylation motif but seems to be
readily S-nitrosylated by SNAP and GTN (Fig. 2B) as
well as NOR-3 and SIN-1 (data not shown). Therefore,
we cannot exclude that most of the seven cysteines are
susceptible to S-nitrosylation.

Inhibition of virus replication by SNAP, GTN, and
ISDN was investigated by the CPE inhibition assay and
the plaque reduction assay (Fig. 3). The results confirm
that all NO donors inhibit CVB3 replication in a dose-
dependent manner. However, clear differences were
observed between the compounds with regard to the
pattern of NO release and their antiviral efficacy.
Whereas the well-characterized NO donor SNAP
releases nearly all the NO into the culture media within
2–4 h, continuously increasing levels of NO were
detected in the culture supernatant after incubation with
of GTN and ISDN. Both the time course of NO release
and the amounts of NO in the cell culture supernatant
seem to play an important role for antiviral efficacy. The
most effective inhibitor of the CVB3-induced cytopathic
effect was GTN (up to 65%), which continuously
releases high amounts of NO (Fig. 2). In the plaque
reduction assay, GTN again showed the best results: a
dose-dependent plaque reduction of up to 95% and a
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significantly reduced plaque size was observed. ISDN
was less efficient (up to 25% CPE inhibition and up to
65% plaque reduction). The control compound SNAP
exhibited a moderate CPE inhibition (up to 30%) but no
plaque reduction (Fig. 2).

CVB3-infected NMRI outbred mice treated with
GTN (14 days) and ISDN (28 days), respectively, have
decreased values of the myocarditis index (1.37±1.06
for GTN, 1.75±0.89 for ISDN) in comparison to un-
treated CVB3-infected mice (3.15±0.13 at day 14 p.i.,
2.64±0.19 at day 28 p.i.). This result provides evidence
that NO plays a role in the host defense against viral
infections. NO-mediated reduction of viral myocarditis
in CVB3-infected mice could depend on two mecha-
nisms: (1) in a nonspecific response, the vasodilating
action of NO might increase vascular perfusion thereby
permitting lymphocyte infiltration, and (2) NO might
transiently or permanently inhibit the activity of the
enteroviral proteinases by S-nitrosylation. Increased
lymphocyte infiltration due to enhanced blood circula-
tion would increase the signs of inflammation. However,
less infiltrates and less necrosis was observed in our mice
(Fig. 4B, C). This observation favors the alternative
explanation, namely a direct inactivation of proteinases.
S-nitrosylation of 2Apro and 3Cpro was previously de-
scribed by Saura and colleagues [27] and Badorff and
colleagues [1] and is supported by our in vitro experi-
ments (Fig. 2). Antiviral activity of both compounds,
GTN and ISDN, was also observed in cultured HeLa
and GMK cells (Fig. 3), indicating that vasodilation
may play only a minor role in the experimental infection
of mice.

Although the number of reports demonstrating an-
tiviral activity of NO is increasing, the role of endog-
enous NO production is still unclear. Previous results
indicated that iNOS mRNA is induced after CVB3
infection of mice [9]. Other reports demonstrate that
NO deficiency in NOS null mutants exacerbates
murine CVB3 infection [34, 35]). Virus titers in all
organs were increased and mortality of the NOS2 null
mice was 100%. CVB3-infected NMRI mice treated
with iNOS inhibitors (L-NNA, L-NAME, SMT) did
not respond as strongly; their virus titers and histo-
logic myocarditis scores were not elevated and only
mice treated with L-NNA and L-NAME showed a
moderate increase in mortality. Our results lead to the
conclusion that endogenous NO production is not
sufficient to significantly contribute to the host
response to viral infection. This view is supported by
another line of evidence. In poliovirus-infected HeLa
and U937 cells, an endogenous virus-stimulated NO
synthesis was observed which did not prevent virus
replication and cell lysis [17]. However, administration
of 4 lg/ml GTN lead to a prolonged replication cycle
and strongly reduced poliovirus titers.

Future experiments should elucidate whether treat-
ment with various NO-releasing drugs may ameliorate
the symptoms and the outcome of acute and chronic
enteroviral diseases.
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