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a b s t r a c t

Gaseous nitric oxide (gNO) is an approved vasodilator drug for inhalation up to a maximum dose of
80 ppm. While gNO has been shown, in vitro , to be an effe ctive antibacterial agent (at 160 ppm), NO- 
donor compounds have been shown to inhibit a variety of viruses at varying stages of replication. This 
research was done in order to determine whether gNO at 80 or 160 ppm possesses an antiviral effect 
on influenza viruses. Three strains of influenza (A and B) were exposed to gNO for up to 180 min, before 
and after infection of MDCK cells. In search for possible mechanism of antiviral action, Neuramin idase 
(NA) inhibition assay of H1N1 that was exposed to gNO was perf ormed. Results show that when virions 
were exposed to gNO prior to infection a complete inhibition of infectivity was achieved for all three 
strains. Post infection exposure of influenza with gNO resulted in about 30% inhibition of infectivity. Fur- 
ther testing showed that when eliminating the pH effect by exposing a dried virus to gNO, 90% inhibition 
was found after 2 h exposure. NA activity, of whole dried H1N1 virus, was found to be inhibite d by gNO 
(80%). These results suggest that 80 and 160 ppm gNO have a time dependent antiviral effect on influenza
strains of viruses during various stages of cellular infection, which are not due to concomitant changes in
pH in the surrounding milieu. Viral NA inhibition by gNO was shown and may be responsibl e for this anti- 
viral effect.

! 2013 Elsevier Inc. All rights reserved.

Introduction

For centuries influenza has affected human health both sea- 
sonally and with recurring pandemics. Despite significant reduc- 
tion of disease burden through vaccination efforts, circulation of
seasonal influenza A and B viruses cause excess morbidity and 
mortality, particularly in patients with preexisting pulmonary 
conditions. It is reported that the seasonal flu is responsib le
for over 36,000 deaths and 200,000 hospitalizations at a cost 
of $10 billion each year in the United States [1,2]. Two subtypes 
of influenza A virus H3N2 and H1N1 have circulate d within the 
human population. Influenza A viruses have a broad host range 
and thus differ from influenza B that has a limited host range 
infecting only humans and seals. In these hosts, influenza B
viruses can cause significant disease and are a predominant cir- 
culating strain of influenza virus in approximat ely one in every 3

cases [3]. Both influenza A and B viruses present with two types 
of surface proteins – hemagglutinin (HA) and neuraminidase 
(NA) and Matrix protein (M2/BM2), which is a proton-selective 
ion channel protein integral in the viral envelope. Influenza B
viruses harbor some interesting genetic differences from influ-
enza A including some additional encoded proteins and may 
have different characterist ics of M2 protein. Specifically, BM2 is
translate d by a stop/start translation mechanism , which is differ- 
ent from influenza A viruses in which M2 is translate d from a
spliced transcrip t [4].

A pandemic can occur when animal viruses acquire mutations 
directly or by re-assortme nt with human viruses that adapt them 
for replication and transmis sion in human hosts. Recently, the 
world experienced a global life-threatenin g phase 6 pandemic 
caused by a novel swine origin H1N1 virus. During past pandemics,
influenza viruses needed more than 6 months to spread allowing 
sufficient time to develop new vaccines. As experienced, this new 
H1N1 virus spread worldwid e in less than 6 weeks [5]. Had the vir- 
ulence been higher, the mortality rate prior to the availability of
the vaccine would have been catastrophic. The rapid spread of
the viral infection recently experienced is of grave concern as the 
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developmen t window to manufacture an effective vaccine may not 
be sufficient in order to provide wide-spread global immunization.
Thus, viral infection control methods are mainly dependent on
antiviral agents.

Two classes of antiviral medications are currently used to treat 
and prevent influenza infections, the adamantane s and neuramin- 
idase inhibitors. The adamanti ne derivatives, amantadine and 
rimantadine, act on the M2 protein of influenza A. They are not 
effective against influenza B and the developmen t of wide spread 
amantadine resistance in H3N2 (99%) and H1N1 (10%) strains dur- 
ing 2008–2009 season has limited their utility [2]. Fortunately, this 
recent pandemic swine origin H1N1 virus and some other influ-
enza A and B viruses are still susceptible to the two NA inhibiting 
drugs, zanamivi r (inhaled) and oseltamivir (oral) [2,6]. Zanamavir 
(Relenza) and oseltamivir (Tamiflu) are licensed worldwid e for 
treatment and prevention of influenza. Oseltami vir-resistant 
viruses have recently increased in circulation, especially among 
the H1N1 virus [7]. New antivirals have been develope d in the last 
few years but given the rapidly evolving nature of antiviral resis- 
tance, other options warrant exploration.

Nitric oxide (NO) is a free radical gas molecule that plays a
major role in innate immunity, mammalian host defense against 
infection, modulation of wound healing, vasodilation, neuro- 
transmission and angiogenesis [8,9]. Free NO or NO derived from 
donating compounds have been reported to exhibit antimicrobial 
activity during in vitro and in vivo animal studies [10–13]. The 
literature supports that NO or its derivatives have inhibitory ef- 
fects on a variety of viral infections [14]. This inhibitory effect 
was shown to be marked in IFN–mediated inhibition manifested 
by activated macrophages [15]. It was also shown to be corre- 
lated with s-nitrosyl ation of viral proteins such as reductases 
and proteases [reviewed in 16]. Conversely, it appears that de- 
spite the seemingly beneficial role of NO in viral infections, the 
over production of NO in response to viral insult may lead to
detrimental effects in the host, particularly in influenza infec- 
tions [17].

The antiviral effect of NO was previously shown using various 
NO donor compounds . It has been reported to inhibit replicatio n
in both DNA and RNA viruses such as HSV-1, Coxsackie virus,
Coronavirus and Dengue virus [18–22]. Rimmelzwaan et al.,
have shown that replication of influenza A viruses in MDCK cells 
were severely impaired by the NO donor S-nitro- N-acetylpenici l-
lamine (SNAP). They showed that the antiviral effect correlated 
with inhibition of viral RNA synthesis, indicating that NO may 
interfere with the early stages of replicatio n [10]. Still, the 
mechanism of influenza inhibition by NO is not completely 
understood .

The gaseous form of NO (gNO) has been approved as an inhaled 
drug for the therapeutic treatment of pulmonary hypertension of
the newborn at a concentratio n of up to 80 parts per million 
(ppm). It has been shown that gNO doses lower than 80 ppm are 
not antibacterial [23] while we have shown that an effective anti- 
bacterial concentratio n of gNO is 160 ppm [24,25]. We purport that 
inhaled gNO may be a useful antimicrobial treatment for pulmon- 
ary infections. To our knowled ge, there are no reports on the eval- 
uation of the highest approved level (80 ppm) or the higher 
antibacterial dose of 160 gNO to identify the antiviral potential 
of NO on influenza viruses.

In this study, we evaluate the effect of gNO on three represen- 
tative influenza viruses in both an infected cell and cell-free 
in vitro models utilizing our previously validated gNO exposure 
system [26]. We chose to use a H3N2 strain to represent seasonal 
influenza, a H1N1 subtype influenza, and an influenza B virus. In
order to elucidate a potential anti-viral mechanism of action, we
evaluated the effect of gNO on the inhibition of the surface protein 
NA on the H1N1 virus.

Experimental procedures 

Viruses and cell lines 

Madin-Darby Canine Kidney Epithelial (MDCK) cells (ATCC CCL- 
34) were obtained from the American Type Culture Collection and 
maintain ed in Dulbecco minimal essential medium (DMEM) sup- 
plemente d with 5% fetal bovine serum (FBS) and incubated at
37 "C in a humidified atmosphere with 5% CO2 without antibiotics 
or antimycotic agents. MDCK cells were grown as monolayers in
75-cm2 cell culture flasks. Passages between 3 and 15 were used 
for these experime nts.

All viral strains were obtained from the laboratory stock from 
the British Columbia Center for Disease Control. Stocks of influenza
A viruses, A/Denver/1/19 57 (H1N1), A/Victoria/3 /75(H3N2) and 
influenza B Virus, B/Hong Kong/5/72 were grown in MDCK for 
48 h, with medium containing 2 lg/ml modified trypsin (treated
with TPCK) without serum. All the stock viruses were prepared 
as clarified cell-free supernat ants. Virus concentr ation for stocks 
were determined by standard plaque assay on MDCK cells [27].
Virus titers for these stocks were 3 ! 107 (H3N2), 6 ! 106 (H1N1)
and 1 ! 105 (influenza B) plaque forming units (PFU)/ml
respectively .

Gaseous nitric oxide delivery 

The design and validity of the continuous horizontal -flow gNO 
delivery device used in this study has been described in detail else- 
where [26]. In brief, the device consisted of two cylindrical Plexi- 
glas# exposure chambers with separate gas entry ports and a
common exit port. These chambers were surrounded by an airtight 
Plexiglas# jacket to create a thermally isolated environm ent. This 
jacket enclosed an electrical heater unit controlled by an internal 
thermost at (Invensys Appliances Control, Carol Stream, Illinois,
USA), that provided stable temperatures inside the chamber. Inde- 
pendent lines from each of the two exposure chambers provided 
samples of the gas mixtures to a NO/NO 2/O2 electrochemical ana- 
lyzer (AeroNOx, Pulmonox Medical Inc, Tofield, AB, Canada) to de- 
tect the exact composition of the gases in the mixture. Gases were 
supplied from pressurized cylinders at a constant pressure of 50
pounds per square inch. These included 10,000 parts per million 
(ppm) NO diluted in N2 (Airgas, Chicago, USA), and medical air 
(Praxair, Mississauga, ON, Canada). These gases were then mixed 
together at pre-determine d concentr ations using a dilution mani- 
fold and a digital mass flow meter (TSI Inc., Shoreview, MN,
USA). Gas mixtures of 80 or 160 ppm, were delivered to the expo- 
sure chamber at a rate of 10.0 L/min at 70–90% relative humidity at
temperat ures of approximately 28–37 "C (appropriate for each 
experime nt), through two independent humidifiers (MR850, Fisher 
& Paykel Healthcare, CA, USA). Control chamber contained only air 
flow at 10 L/min.

Post infection effect of gaseous nitric oxide 

Confluent monolayers of MDCK cells in 6-well plates were 
washed once with phosphat e buffered saline (PBS) and then in- 
fected with influenza virus at 200 PFU/well. The plates were con- 
tinuously shaken on a shaker for 45–60 min at 37 "C for virus 
adsorptio n. The inoculum was removed and replaced with 1 ml
of saline (with 0.5% FBS) per well. Infected plates were treated with 
either 160 ppm gNO (treatment) or air (control) for 1, 2 and 2.5 h
and after each time point, saline was removed and replaced with 
2 ml/well overlay medium consisting of 2! DMEM supplem ented 
with 0.5% agarose and 2 lg/ml TPCK–trypsin. After 2 days incuba- 
tion at 37 "C, the infected cells were fixed with 3% buffered forma- 
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lin, stained with 0.1% crystal violet and the number of plaques was 
counted. To insure that NO has no effect on the cells, non-infected 
cell’s viability after NO exposure was confirmed.

Virucidal (cell-free) effect of gaseous nitric oxide 

1000 PFU/ml of the indicated virus were treated with 80 or
160 ppm gNO, in saline with 0.5% FBS, for 10–180 min. At the 
end of each time point, virus infectivity was measured using pla- 
que reduction assay. Confluent MDCK cells were grown in 6-well 
culture plates and infected with virus from control and treated 
samples to give 100–250 plaques per well (for optimal visualiza- 
tion). The plates were incubate d in 5% CO2 at 37 "C for 1 h. Follow- 
ing 1 h absorption, the virus inoculum was removed and cells were 
then cultured for 2 days with 2 ml/well overlay medium followed 
by fixation and staining as described above.

Nitrite and pH content 

NO has a short half-life in vivo of a few seconds. Therefore, the 
levels of more stable NO metabolites , nitrite and nitrate, were used 
for indirect measureme nt of NO in these experiments. Nitrite con- 
centration at the end of each treatment was measure d using Griess 
reagent [28]. A sample (100 l of saline) was taken from each treat- 
ment and control plate (one well) and tested for the nitrite concen- 
tration and pH.

Nitric oxide effect on dried H1N1 

To eliminate the effect of pH on viral inhibition, another exper- 
iment was done, using a dried virus. Aliquots of H1N1 virus "20 l
with approximat ely 10,000 PFUs, diluted in saline (plus 0.5% FBS),
were spotted onto a sterile glass slide (25 ! 15 mm) and let dry in
air inside a biosafety cabinet for about 20 min. Glass slides were 
treated with a flow of 10 l/m of 160 ppm gNO for 60 and 
120 min. Controls were treated with 10 l/m air flow. Samples were 
reconstituted in 1 ml PBS, and virus infectivity was measured using 
plaque reduction assay, as outlined above.

Effect of nitrite and pH on cell-free influenza virus 

Since nitrite and low pH are found in the treated samples, the 
individual effect of those was tested here. H1N1 (1000 PFU/ml final
concentratio n) was added to 1 ml of a. Saline, b. Saline with 10 mM
nitrite, c. Saline with added citric acid to reduced pH to 4.5. After 
30 and 60 min virus infectivit y was measured using plaque reduc- 
tion assay, as explained above.

NA inhibition assay 

In order to test a possible mechanism of viral inhibition of NO a
NA inhibition assay was performed on H1N1 whole virions. The NA
titer was established and a 1:1 dilution (in PBS) from viral stock 
was chosen for the experiment. Aliquots (25 ll) of H1N1 were 
spotted onto a sterile glass slide (25 ! 15 mm) and let dry in air in- 
side a biosafety cabinet for about 15 min. The virus was dried, and 
not exposed in saline, since the pH changes during treatment may 
interfere with the enzymatic assay. Glass slides were treated with a
flow of 10 l/m of 160 ppm gNO for 30, 60 and 120 min in the expo- 
sure chamber described above. Controls were treated with air un- 
der the same conditions. Following gas exposure, samples were 
reconstituted in 50 ll reaction buffer and NA inhibition was as- 
sessed. The chemilumines cent neuraminidas e activity inhibition 
assay was conducted using a commerc ially available kit, Amplex 
Red (Invitrogen, Paisley, UK). The experiment was repeated 3
times. Values shown represent mean of triplicate analysis.

Statistical analysis 

Data in all the above exposure experiments were expressed as
mean value of repetitions with standard deviation (S.D.). Statistical 
analysis of data obtained in all experiments , were performed using 
a one-way analysis of variance (ANOVA) and Tukey’s Multiple 
Comparis on Test. A value of p < 0.05 was considered statistically 
significant. Data analysis and graphica l presentation were done 
using a commercial statistics package (Graphpad-Prism V 3.0,
GraphPad Software Inc., USA).

Results

Post infection effect of gaseous nitric oxide in cells 

MDCK cells were infected with virions and then treated with 
either 160 ppm gNO or air (control) for 1, 2 and 2.5 h. This was 
done to assess whether gNO would have an effect on viral 
replicatio n.

Viability of control cells was confirmed. The MDCK cells did ad- 
here to the 6-well plate after infection and could be visualized by
staining. H1N1 was found to be the most sensitive to gNO, result- 
ing in about 30% reduction of plaques formed after 2 and 2.5 h of
treatment (Fig. 1a). No change from control was observed follow- 
ing 2 h treatment post infection with H3N2, while a 25% inhibition 
was achieved after 2.5 h (Fig. 1b). Treating influenza B infected 
cells for up to 2.5 h with 160 ppm gNO, did not show any effect 
on the virus, compared to control (Fig. 1c).

Virucidal effect of gaseous nitric oxide on cell-free virions 

All three viruses were suspended in saline then were exposed to
80 or 160 ppm concentr ations of gNO and different exposure 
times. Controls were treated with air for the same period of time.
Virus infectivit y was measured using a plaque assay with MDCK 
cells. gNO was shown to have a time and dose dependent effect 
on all three viruses. As shown in Fig. 2a, exposing the H1N1 to a
continuo us dose of 80 ppm NO resulted in 20% reduction in ability 
to infect after an hour, 50% after 2 h and complete inactivation 
after 3 h. While using 160 ppm resulted in an increase to 65% viral 
inactivati on after 30 min and complete inactivation after an hour.
Repeatin g the same experime nt with H3N2 (Fig. 2b) revealed sim- 
ilar results with a little higher susceptibility to NO. Using 80 ppm,
the treatment caused a slight reduction of viral load after 1 h and 
complete inhibition after 2 h. When using 160 ppm on H3N2, com- 
plete inhibition was reached after 30 min treatment.

Influenza B showed a similar pattern to influenza A, although 
being less susceptibl e to gNO (Fig. 2c) with 50% reduction after 
60 min and 100% inhibition after 2 h (using 160 ppm). When a low- 
er gNO concentration was used, a similar pattern to H1N1 was 
seen.

Nitrite concentrati on, pH and their effect on cell-free H1N1 virions 

It can be seen (Table 1) that when exposing a solution to gNO,
nitrite are produced and the pH is reduced. This appears to corre- 
late with time of exposure and concentratio n of gNO. The pH was 
reduced to 3.5–4.6 range after treatment of 3 h with 80 ppm gNO 
or 2 h with 160 ppm. The longer the exposure time and the greater 
the gNO concentration, the lower the pH became and the higher 
amount of nitrite found in the solution. A correlation was found be- 
tween the amount of nitrite that was measured in exposed solution 
and the percentage of virus inhibition. In general, the higher the ni- 
trite concentratio n and the lower the pH, the higher the percentage 
of viral inhibition was found to be.
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To determine whether the pH or the nitrite alone were respon- 
sible for the viral inhibition, we tested viral viability after 30 and 
60 min in saline, saline with 10 mM nitrite and saline with a re- 
duced pH (4.5). We chose a pH of 4.5 since it was in the range of
the pH change we detected after an hour exposure. Both the nitrite 
alone and the pH of 4.5 alone had no significant effect on the 

survival of H1N1. Results show that exposing H1N1 to saline with 
reduced pH (4.5) did not cause reduction in viral load. Following 
60 min exposure, there was no significant (p < 0.001) change in vir- 
al count for pH treatment (850 ± 60) or nitrite treatment (840 ± 75)
compare d to control (720 ± 68).

In order to eliminate the changes in the surrounding solution 
(pH) as a factor in the virucidal effect of gNO on the virions, an- 
other experiment was done testing the effect of gNO on dried virus 
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Fig. 2. Virucidal effect of gNO on influenza virus. (a) H1N1, (b) H3N2, (c) Influenza
B. Virus (1000 PFUs) in saline was treated with 80 or 160 ppm gNO for 10–120 min.
At the end of each time point, virual infectivity was measured using plaque 
reduction assay. Squares represent control (air) while triangles represent gNO 
exposure. Straight line used for 80 ppm and dotted line for 160 ppm treatments and 
controls. Error bars indicate the standard deviation for two sets of triplicates.

Table 1
Amount of nitrit e found in treated and control wells after exposing to NO or air. Nitri te concentration was measured using Griess reagent.

NO concentration (PPM) Time of exposure (min) Nitrites (lM)/pH H1N1 Nitrites (lM)/pH H3N2 Nitrites (lM)/pH InfB 

Tx Control Tx Control Tx Control 

80 60 156/5.8 23/6.6 174/5.4 21/6.8 193/5.5 5/6.6 
80 120 226/5.2 18/6.6 317/4.2 32/6.8 250/4.6 7/6.6 
80 180 270/4.6 32/6.5 375/3.5 31/6.7 350/4.1 5/6.6 

160 30 171/5.6 13/6.7 198/4.8 15/6.8 133/6.1 8/6.9 
160 60 215/5.1 19/6.7 280/4.1 24/6.7 196/5.1 7/6.9 
160 120 350/4.1 25/6.7 380/3.7 22/6.7 340/4.4 7.5/6.8 
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Fig. 1. Post infection inhibition effect of gNO on influenza virus. (a) H1N1, (b) H3N2,
(c) Influenza B. Confluent monolayers of MDCK were infected with virus at 100 PFU/ 
well. The plates were continuously shaken on a shaker for 45 min at room 
temperature for virus adsorption. The solution was removed and replaced with 1 ml
of saline per well. Infected plates were treated at 160 ppm gNO for 1, 2 and 2.5 h. At
the end of each time point, virus infectivity was measured using plaque reduction 
assay. Squares represent control (air) while triangles represent gNO exposure. Error 
bars indicate the standard deviation for two sets of triplicates.
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(H1N1). Previous results [29] indicated that there is about 1 log 10

decrease in virus infectivity due to drying. Starting from a titer of
10,000 PFUs, the virus titer was reduced to about 1000 PFUs after 
drying, before gas exposure. gNO (160 ppm) or air (control) was 
flowed over the dried virus for 60 and 120 min at 10 lpm. Results 
show that viral infectivity of the treated virus was reduced by
85% (152 ± 26 PFU for treatment and 980 ± 56 PFU for control) as
compared to the control after 2 h of exposure.

NA inhibition assay 

NA inhibition of H1N1 by gNO was shown. In order to further 
clarify the nature of the reaction and to control for the potential 
pH changes that occur when exposing PBS to gNO we dried the 
influenza virions onto glass slides before the gas exposures . Control 
samples were exposed to air while treatment samples were ex- 
posed to 160 ppm gNO for 30, 60, 120 min. Following the gas expo- 
sure, the dried virions were reconstituted with a reaction buffer 
and then tested for NA inhibition using a NA Assay kit. Shown in
Fig. 3, a 50% inhibition of H1N1 NA was achieved after 30 min of
exposure to 160 ppm gNO and 80% inhibition after 60 and 120 min.

Discussion

The results of this study demonstrat e that gNO had a significant
time and dose dependent effect on the ability of both influenza A
and B virions to infect and replicate in MDCK cells. Interestingl y,
it was shown that virions suspended in normal saline when ex- 
posed to gNO lose their ability to infect MDCK cells. Whereas,
when MDCK cells were first infected with influenza A, then ex- 
posed to gNO, the virucidal effect of gNO was modest but are sim- 
ilar to reported results of an NO donor on influenza [10]. Despite 
this modest virucidal effect we have previously reported in a com- 
plex viral bacteria model in bovine (Bovine Respiratory Disease)
that NO reduces the symptoms of the disease. Thus, there may 
be other downstream host interactions, up regulated by NO, which 
may not come into play in an in vitro study.

The antiviral effect of gNO, in this study, on influenza A during 
infection is consistent with the effect as shown by Rimmelzwaan 
et al. using an organic donor, SNAP, on influenza A viruses [10].
They were able to demonstrate that NO released from SNAP inhib- 
its the influenza A virus at an early stage of viral replication which 
correlated with viral RNA synthesis. Studies, using Coxsackie virus,
have demonstrated that NO interrupted the viral life cycle and that 
this may be due to NO-mediate d S-nitrosy lation of the cysteine 
residue inhibiting protease activity in the protease 3C [19,20]. Har- 

ris et al. demonstrat ed that several processes in the late stages of
viral replicatio n, including viral DNA replication, viral protein syn- 
thesis, and virion maturation, were greatly inhibited by IFN–in-
duced NO in vaccinia virus [30]. Other in vitro studies utilizing 
chemical donors of NO have shown inhibition of viral replication 
in DNA and RNA viruses. It was suggested that NO inhibits viral 
proteins, RNA synthesis and viral replication by modifying mole- 
cules such as reductases and protease s required for replication 
[2,18,20,21,31] . To our knowledge, this is the first time that a direct 
virucidal activity of gNO on cell free virions is reported. There may 
be targets on the virion, such as HA and NA, to which NO could 
bind and disrupt the infection process. However, little is known 
about the antiviral mechanis m by which NO acts. One of the plau- 
sible mechanism s of antimicrobial activity of NO involves the 
interactio n of this free radical (and a reactive nitrogen intermedi -
ate) with reactive oxygen intermediates , such as hydrogen perox- 
ide (H2O2) and superoxide (O"2 ) to form a variety of antimicrobi al
molecula r species [32]. Colasanti et al. theorized that nitric oxide 
may be able to affect surface proteins, by nitrosyla tion of the cys- 
teine moieties within its structure [16]. This could alter the stoichi- 
ometry interactio n with sialic acid or prevent the fusion of the 
virion with the epithelial cell membran e [33]. Results from this 
study seem to support the notion.

The influenza viruses’ surface glycoproteins , HA and NA, are the 
antigens that define the particular strain of influenza. The variation 
of these molecule s over time permits the virus to evade human im- 
mune responses and therefore necessitates the formulation of a
new vaccine each year. The HA is a sialic acid receptor-bind ing 
molecule and mediates entry of the virus into target cells.
Whereas, the NA cleaves the cellular-rece ptor sialic acid residues 
to which the newly formed particles are attached . This cleavage re- 
leases the viruses, which can then invade new cells. Like other NA
inhibitors , without functional NA, infection could be limited to one 
round of replicatio n, rarely enough to cause disease. Preliminary 
results, shown here for the first time, demonstrat e that when test- 
ing on a whole virion, NA activity is inhibited by gNO. Thus, NA
inhibition may be one possible mechanism of viral inhibition by
NO. We are currently screening a wide variety of viruses to gNO 
to assess which are more or less susceptible to gNO. Concurrentl y,
we are also evaluating NA and HA inhibition in these viruses. To- 
gether, this hopefully will shed further light on the antiviral mech- 
anism caused by gNO.

We demonstrat e here that there is a correlation between the 
length of time the saline, (media which suspends the virions) is ex- 
posed to gNO and antiviral effectiveness. Regardles s of the gNO 
concentr ation (80 or 160 ppm) the antiviral effect coincided with 
a specific range of nitrite concentratio n and acidic pH that were 
depende nt on the exposure time. This can be explained by the fact 
that, over time, gNO diffuses into the saline and results in increas- 
ing the nitrite concentr ation. These ions react with protons in the 
water and produce HNO 2 resulting in a drop in pH. This resulting 
pH level along with the nitrite concentration is within the same 
range as was found to be antifungal and antibacte rial in other stud- 
ies using a combinati on of acid and nitrite (acidified nitrite) pro- 
ducing NO gas [34–36]. Although low pH levels on their own, can 
have an antiviral effect, we show here that by eliminating the acid- 
ified liquid milieu we still achieve a reduced cellular infectivit y of
H1N1. The gNO treatment in this case showed reduced infectivity 
(by 85%) and thus provides further evidence that there are targets 
on the virion that NO may bind with and prevent cellular infectiv- 
ity. This notion was further supported by the results from the NA
assay. Moreover, We have shown here that when adding virus into 
either 10 mM nitrite at a neutral pH or to saline with a reduced pH
(4.5), for 1 h, no effect on virus viability was found. This confirms
our conclusions , which support the thought that the NO is the anti- 
viral compound in this reaction.
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Fig. 3. NA inhibition by gNO. H1N1 was dried on a glass slide and exposed to
160 ppm gNO. Controls were exposed to air. NA inhibition was measured using a
commercially available kit and presented as percentage of control following 30, 60,
120 min of gNO exposure.

52 G. Regev-Shoshani et al. / Nitric Oxide 31 (2013) 48–53



In this study, gNO was shown to inhibit NA activity of H1N1.
Nitrosylation of surface proteins may be the mechanism of inhibi- 
tion as it may change surface protein structure (like HA and NA) on
the virions and thus cause reduced infectivity. This should be fur- 
ther investigated.

We conclude that gNO has an antiviral effect on the influenza
H3N2 (seasonal flu), H1N1 (pandemic flu) and influenza B. This ef- 
fect is dose depende nt and begins to occur at the highest range of
dosages applied in the approved use of inhaled NO for full term in- 
fants (80 ppm). At a dose of 160 ppm a significant virucidal and an
antiviral effect during early infection of influenza A was observed.
However influenza B was not similarly affected during infection 
but was susceptibl e in a cell free environment. We propose here 
a mechanism of action for the viral inhibition, in which influenza
NA is being inactivated by gNO. Future research should focus on
expanding these experimental observations to test the antiviral ef- 
fect of gNO and surface protein (HA and NA) inhibition on a wide 
variety of viruses in order to help elucidate the mechanism of its 
antiviral action.
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