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ARTICLE INFO ABSTRACT

Keywords: It has long been suggested that NO may inhibit an early stage in viral replication. Furthermore, in vitro tests have
Nitric‘ oxide shown that NO inhibits the replication cycle of severe acute respiratory syndrome coronavirus. Despite smoking
S‘_m’kmg ) being listed as a risk factor to contract Covid-19, only a low proportion of the smokers suffered from SARS-corona
z:)rvaildflllgpressm" infection in China 2003, and from Covid-19 in China, Europe and the US. We hypothesize, that the intermittent

bursts of high NO concentration in cigarette smoke may be a mechanism in protecting against the virus.
Mainstream smoke from cigarettes contains NO at peak concentrations of between about 250 ppm and 1350 ppm
in each puff as compared to medicinal use of no more than 80 to a maximum of 160 ppm. The diffusion of NO
through the cell wall to reach the virus should be significantly more effective at the very high NO concentration
in the smoke, according to classic laws of physics. The only oxide of nitrogen in the mainstream smoke is NO, and
the NO; concentration that is inhaled is very low or undetectable, and methemoglobin levels are lower in
smokers than non-smokers, reasonably explained by the breaths of air in between the puffs that wash out the NO.
Specialized iNO machines can now be developed to provide the drug intermittently in short bursts at high
concentration dose, which would then provide both a preventative drug for those at high risk, as well as an

effective treatment, without the health hazards associated with smoking.

In this commentary we present a hypothesis that inhaled nitric oxide,
iNO, delivered in short bursts at a high concentration, has a protective
effect against Covid-19.

It has long been suggested that NO may inhibit an early stage in viral
replication and thus prevent viral spread, promoting viral clearance and
recovery of the host [1]. In a recent letter, Ignarro assumed this to apply
also to inhalation of NO (iNO) [2], supported by findings in a previous
SARS-corona epidemic. One of the authors of this commentary treated
SARS patients in Beijing with iNO in a limited number of patients [3].
iNO dramatically improved arterial oxygenation, expressed as arterial
oxygen tension, PaO,, divided by the inspired oxygen fraction, FIO,,
within 2-3 days. The PaOy/FIO; ratio increased from a mean of 97-260
mmHg and, as shown in Fig. 1, the transcutaneous O, saturation
increased and respiratory support was at the same time reduced or
discontinued. The 270% increase in the PaO2/FIO ratio is many times
larger than commonly seen when treating ARDS patients with iNO,

where an improvement by 20% is considered significant [4]. A similar
low PaO,/FIO; ratio (110 mmHg) was also reported in another study
with a larger number of patients [5]. This suggests that the SARS pa-
tients benefitted more by iNO with marked decrease in shunt through
non-ventilated lung regions than in “typical” ARDS. It turned out that
pulmonary infiltrates were also reduced, suggesting an effect on the
SARS pneumonia [3]. Furthermore, in vitro tests have shown that NO
inhibits the replication cycle of severe acute respiratory syndrome
coronavirus [6,7]. So, in addition to improved oxygenation, NO killed
the SARS Corona virus in cell culture tests. The new pandemic,
Covid-19, transmitted by the SARS-CoV-2 virus, has also caused severe
impairment in oxygenation of blood. The PaO,/FIO, ratio was as low as
a median 77 mmHg in Covid-19 in a study from Wuhan, China, where
the outbreak started [8].

Smoking is listed as a risk factor to contract Covid-19, since devel-
oping an acute lung infection on top of chronic obstructive pulmonary
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Fig. 1. Effect of inhaled nitric oxide (INO) on oxygen saturation (SpOs),
measured by pulse oximetry, (upper panel), and the inspired oxygen fraction
(F103) (lower panel) in six SARS patients and eight control patients with similar
severity of the disease, during mechanical ventilation for a week or more.
Note the improved SpO- in the patients receiving INO, while at the same time
F;0 could be reduced. No change was seen in the control patients.

*#: significant difference between INO and control patients (p < 0.05)

From Chen et al., 2004 [3]. By permission of the publisher.

disease, COPD, is presumed to increase the burden on the lung. Smokers
who contracted SARS in 2002-3 and Covid-19 today, had a poorer
outcome [5,8]. This is in line with the report by the FDA in April 2020
that “People who smoke cigarettes may be at increased risk from
Covid-19, and may have worse outcomes from Covid-19.”

However, an unexpected finding was that only a low proportion of
the smokers, 8%, suffered from SARS-corona infection in China 2003
[9], and in general below 10% from Covid-19 in a review of different
studies in China [10]. This is much less than the proportion of male
smokers in China, 52% [11], and men seem to contract the disease more
frequently than women. This data implies that about 80% of the male
smokers in China were protected against SARS-CoV-2 virus, but that the
accumulating chronic effects of smoking increased the risk if the patient
contracts the disease. High protection has also been reported in different
studies in France, USA and Italy with smokers contracting Covid-19 of
5-6% and the reference population of smokers being 25.4% in the
French study [12], 13.7% in the American (New York) study [13], and
14.9% in the Italian (mainly the Milan area) study [14]. Despite these
results from four different countries, there is reluctance to state that
smoking may be protective against Covid-19 and a meta-analysis of 19
studies concluded that smoking is a risk factor for the progression of
Covid-19 [15]. However, what the meta-analysis actually shows is that if
the smoker contracts Covid-19, the patient will get worse than a
non-smoker, not that relatively more smokers contract the disease. The
reluctance may be due to a general opposition to smoking and fear of
using tobacco to prevent the ongoing pandemic [16,17].

It is not generally known that mainstream smoke from cigarettes
contains NO at peak concentrations of between about 250 ppm and
1350 ppm in each puff [18,19]. The wide variation depends primarily
upon the brand. The very high NO concentration in cigarette smoke as
compared to medicinal use of no more than 80 to a maximum of 160
ppm, is presumably tolerated only because it is present for a single puff
and then followed by numerous breaths of fresh air before the next puff.
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NO given as a single burst provides a similar NO intake over time, as a
lower dose given continuously, since for example, 1000 ppm given for 1
breath followed by 10 breaths of air between doses is equivalent to 100
ppm given continuously. Moreover, the diffusion of NO through the cell
wall to reach the virus should be significantly more effective with bursts
at the very high NO concentration in the smoke, according to classic
laws of physics. The only oxide of nitrogen in the mainstream smoke is
NO, and the NO, concentration that is inhaled is very low or undetect-
able [20], therefore it’s well-known airway irritating effect is absent or
minor. Expired, endogenously produced NO, in the 0.012-0.025 ppm
range [21] is known to be reduced in smokers [22], but the approxi-
mately 100,000 times higher concentrations produced by the cigarette
puff more than compensates for the decrease in endogenous production.
Moreover, methemoglobin levels are, if anything, lower in smokers than
non-smokers [23], and the low levels can be reasonably explained by the
breaths of air in between the puffs that wash out the NO.

We hypothesize, in view of our knowledge of NO and positive
experience with NO inhalation in the SARS epidemic, that the inter-
mittent bursts of high NO concentration in cigarette smoke may be a
likely mechanism in protecting against the virus. To copy the intermit-
tent high NO concentration by breathing in NO from a gas tank is
problematic, since NOy will build up during dilution with air to poten-
tially toxic concentrations. Pulsed short bursts of high NO concentration
will require a delivery system for inhaled NO that is independent on
supply from a gas tank. Such a tankless system does exist [24], and has
been approved by the US FDA.

It may be recalled that there are also other components in the ciga-
rette smoke: nicotine, carbon monoxide (another potential antiviral
molecule) and many other more or less toxic components or compounds.
A clinical trial has, at the time of this publication, started in France on
the assumption that it is the nicotine which is the source of the protec-
tion via downregulation of the angiotensin converting enzyme-2 (ACE-
2). But this mechanism has recently been questioned after the demon-
stration of increased airway expression of ACE-2 in smokers [25,26]. To
what extent carbon monoxide and other toxic compounds play a role is
not clear.

All taken together, the fact that about 56-80% fewer smokers are
contracting Covid-19 in independent studies in China, Europe and the
US, should stimulate an understanding of the mechanisms behind the
protective effect. It seems likely from the evidence presented here that
intermittent high dose NO is that compound. Specialized iNO machines
can now be developed to provide the drug intermittently in short bursts
at high concentration, which would then provide both a preventative
drug for those at high risk, as well as an effective treatment, without the
health hazards associated with smoking.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declaration of competing interest

The authors declare they have no conflict of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ni0x.2020.06.005.

References

[1] C.S. Reiss, T. Komatsu, Does nitric oxide play a critical role in viral infections?
J. Virol. 72 (6) (1998) 4547-4551.

[2] L.J. Ignarro, N.O. Inhaled, Covid-19, Br. J. Pharmacol. (2020), https://doi.org/
10.1111/bph.15085.


https://doi.org/10.1016/j.niox.2020.06.005
https://doi.org/10.1016/j.niox.2020.06.005
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref1
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref1
https://doi.org/10.1111/bph.15085
https://doi.org/10.1111/bph.15085

G. Hedenstierna et al.

[3]

[4]

[5]

[6]

[71

[8]

[91
[10]
[11]

[12]

[13]

L. Chen, P. Liu, H. Gao, B. Sun, D. Chao, F. Wang, Y. Zhu, G. Hedenstierna, C.

G. Wang, Inhalation of nitric oxide in the treatment of severe acute respiratory
syndrome: a rescue trial in Beijing, Clin. Infect. Dis. 39 (10) (2004) 1531-1535.
S. Lundin, H. Mang, M. Smithies, O. Stenqvist, C. Frostell, Inhalation of nitric oxide
in acute lung injury: results of a European multicentre study. The European Study
Group of Inhaled Nitric Oxide, Intensive Care Med. 25 (9) (1999) 911-919.

J.S. Peiris, C.M. Chu, V.C. Cheng, K.S. Chan, L.F. Hung, L.L. Poon, K.I. Law, B.

S. Tang, T.Y. Hon, C.S. Chan, K.H. Chan, B.J. Zheng, W.L. Ng, R.W.M. Lai, Y. Guan,
K.Y. Yuen, HKU/UCH SARS Study Group : clinical progression and viral load in a
community outbreak of coronavirus-associated SARS pneumonia: a prospective
study, Lancet 361 (9371) (2003) 1767-1772.

S. Akerstrom, M. Mousavi-Jazi, J. Klingstrom, M. Leijon, A. Lundkvist, A. Mirazimi,
Nitric oxide inhibits the replication cycle of severe acute respiratory syndrome
coronavirus, J. Virol. 79 (3) (2005) 1966-1969.

E. Keyaerts, L. Vijgen, L. Chen, P. Maes, G. Hedenstierna, M. Van Ranst, Inhibition
of SARS-coronavirus infection in vitro by S-nitroso-N-acetylpenicillamine, a nitric
oxide donor compound, Int. J. Infect. Dis. 8 (4) (2004) 223-226.

X. Yang, Y. Yu, J. Xu, H. Shu, J. Xia, H. Liu, Y. Wu, L. Zhang, Z. Yu, M. Fang, et al.,
Clinical course and outcomes of critically ill patients with SARS-CoV-2 pneumonia
in Wuhan, China: a single-centered, retrospective, observational study, Lancet
Respir. Med. 8 (5) (2020) 475-481, https://doi.org/10.1016/52213-2600(20)
30079-5.

P.T. Tsui, M.L. Kwok, H. Yuen, S.T. Lai, Severe acute respiratory syndrome: clinical
outcome and prognostic correlates, Emerg. Infect. Dis. 9 (9) (2003) 1064-1069.
1. Berlin, D. Thomas, A.L. Le Faou, J. Cornuz, COVID-19 and smoking, Nicotine
Tob. Res. (2020), https://doi.org/10.1093/ntr/ntaa059.

M. Parascandola, L. Xiao, Tobacco and the lung cancer epidemic in China, Transl.
Lung Cancer Res. 8 (Suppl 1) (2019) S21-S30.

M. Miyara, F. Tubach, V. Pourcher, C. Morelot-Panzini, J. Pernet, J. Haroche,

S. Lebbah, E. Morawiec, G. Gorochov, E. Caumes, P. Pierre Hausfater, A. Combes,
T. Similowski, Amoura Z Low rate of daily active tobacco smoking in patients with
symptomatic COVID-19, Qeios, www.qeios.com/read/WPP19W.4, 2020.

P. Goyal, J.J. Choi, L.C. Pinheiro, E.J. Schenck, R. Chen, A. Jabri, M.J. Satlin, T.
R. Campion Jr., M. Nahid, J.B. Ringel, K.L. Hoffman, M.N. Alshak, H.A. Li,

G. Wehmeyer, M. Rajan, E. Reshetnyak, N. Hupert, E.M. Horn, F.J. Martinez, R.
M. Gulick, M.M. Safford, Clinical characteristics of covid-19 in New York city,

N. Engl. J. Med. 382 (24) (2020) 2372-2374.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Nitric Oxide 103 (2020) 1-3

N. Gaibazzi, D. Tuttolomondo, A. Guidorossi, A. Botti, A. Tedeschi, C. Martini,
M. Mattioli, Smoking prevalence in low in symptomatic patients admitted for
COVID-19, MedRxiv (2020), https://doi.org/10.1101/2020.05.05.20092015.

R. Patanavanich, S.A. Glantz, Smoking is associated with COVID-19 progression: a
meta-analysis, Nicotine Tob. Res. (2020), https://doi.org/10.1093/ntr/ntaa082.
R.N. van Zyl-Smit, G. Richards, F.T. Leone, Tobacco smoking and COVID-19
infection, Lancet Respir. Med. (2020), https://doi.org/10.1016/52213-2600(20)
30239-3.

C.I. Vardavas, K. Nikitara, COVID-19 and smoking: a systematic review of the
evidence, Tob. Induc. Dis. 18 (2020) 20.

Uk Department of Health, Nitric Oxide Yields of Cigarettes. Results for Cigarettes
Sampled in 1996. Commissioned by Smoking Policy Unit, 135 Waterloo Road,
London SE 1 BUG June, 1998.

T. Adam, S. Mitschke, T. Streibel, R.R. Baker, R. Zimmermann, Quantitative puff-
by-puff-resolved characterization of selected toxic compounds in cigarette
mainstream smoke, Chem. Res. Toxicol. 19 (4) (2006) 511-520.

V. Norman, A.M. Ihrig, T.M. Larson, B.L. Moss, The effect of some nitrogenous Blen
on components NO/NOx and HCN levels in Mainstream and sidestream smoke,
Beitrage zur Tabakforschung Int. 12 (1983) 55-62.

D.R. Taylor, M.W. Pijnenburg, A.D. Smith, J.C. De Jongste, Exhaled nitric oxide
measurements: clinical application and interpretation, Thorax 61 (9) (2006)
817-827.

A. Malinovschi, C. Janson, T. Holmkvist, D. Norback, P. Merilainen, M. Hogman,
Effect of smoking on exhaled nitric oxide and flow-independent nitric oxide
exchange parameters, Eur. Respir. J. 28 (2) (2006) 339-345.

C. Borland, K. Harmes, N. Cracknell, D. Mack, T. Higenbottam, Methemoglobin
levels in smokers and non-smokers, Arch. Environ. Health 40 (6) (1985) 330-333.
M.J. Pezone, M.G. Wakim, R.J. Denton, L.G. Gamero, R.F. Roscigno, R.J. Gilbert,
M.A. Lovich, Nitrogen dioxide reducing ascorbic acid technologies in the ventilator
circuit leads to uniform NO concentration during inspiration, Nitric Oxide 58
(2016) 42-50.

J.M. Oakes, R.M. Fuchs, J.D. Gardner, E. Lazartigues, X. Yue, Nicotine and the
renin-angiotensin system, Am. J. Physiol. Regul. Integr. Comp. Physiol. 315 (5)
(2018) R895-R906.

J.M. Leung, C.X. Yang, A. Tam, T. Shaipanich, T.L. Hackett, G.K. Singhera, D.

R. Dorscheid, D.D. Sin, ACE-2 expression in the small airway epithelia of smokers
and COPD patients: implications for COVID-19, Eur. Respir. J. 55 (5) (2020).


http://refhub.elsevier.com/S1089-8603(20)30161-0/sref3
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref3
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref3
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref4
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref4
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref4
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref5
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref5
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref5
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref5
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref5
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref6
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref6
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref6
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref7
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref7
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref7
https://doi.org/10.1016/S2213-2600(20)30079-5
https://doi.org/10.1016/S2213-2600(20)30079-5
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref9
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref9
https://doi.org/10.1093/ntr/ntaa059
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref11
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref11
http://www.qeios.com/read/WPP19W.4
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref13
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref13
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref13
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref13
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref13
https://doi.org/10.1101/2020.05.05.20092015
https://doi.org/10.1093/ntr/ntaa082
https://doi.org/10.1016/S2213-2600(20)30239-3
https://doi.org/10.1016/S2213-2600(20)30239-3
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref17
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref17
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref18
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref18
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref18
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref19
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref19
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref19
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref20
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref20
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref20
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref21
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref21
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref21
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref22
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref22
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref22
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref23
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref23
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref24
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref24
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref24
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref24
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref25
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref25
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref25
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref26
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref26
http://refhub.elsevier.com/S1089-8603(20)30161-0/sref26

	Nitric oxide dosed in short bursts at high concentrations may protect against Covid 19
	Funding
	Declaration of competing interest
	Appendix A Supplementary data
	References


