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Abstract—It is shown that the inhalation of gaseous nitric oxide (gNO) or sprayed aqueous solutions of binu-
clear dinitrosyl iron complexes with glutathione or N-acetyl-L-cysteine by animals or humans provokes no
perceptible hypotensive effects. Potentially, these procedures may be useful in COVID-19 treatment. The NO
level in complexes with hemoglobin in blood decreases as the gNO concentration in the gas f low produced
by the Plazon system increases from 100 to 2100 ppm, so that at 2000 ppm more than one-half of the gas can
be incorporated into dinitrosyl complexes formed in tissues of the lungs and respiratory tract. Thus, the effect
of gNO inhalation may be similar to that observed after administration of solutions of dinitrosyl iron com-
plexes, namely, to the presence of dinitrosyl iron complexes with thiol-containing ligands in lung and airway
tissues. With regard to the hypothesis posited earlier that these complexes can suppress coronavirus replica-
tion as donors of nitrosonium cations (Biophysics 65, 818, 2020), it is not inconceivable that administration
of gNO or chemically synthesized dinitrosyl iron complexes with thiol-containing ligands may help treat
COVID-19. In tests on the authors of this paper as volunteers, the tolerance concentration of gNO inhaled
within 15 min was approximately 2000 ppm. In tests on rats that inhaled sprayed aqueous solutions of dini-
trosyl iron complexes, their tolerance dose was approximately 0.4 mmol/kg body weight.
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INTRODUCTION
It has been shown that most disorders induced by

viral infections in animal and human bodies lead to a
dramatic increase in the levels of nitric oxide NO,
reactive oxygen species, and various cytokines in host
cells and tissues [1–7]. In most cases, this NO
increase protects cells and tissues from the infection
[2, 5–12]. In particular, the protection involves deac-
tivation of viral proteins essential for viral replication:
viral proteases, reverse transcriptases, transcription
factors, etc. In most cases, the deactivation is medi-
ated by S-nitrosylation of essential thiol groups ]2, 4–
12]. However, in some viral infections, e.g., influenza
or AIDS, NO can aggravate the disease [13, 14].

In COVID-19 pandemics, increasing attention is
focused on the role of NO in viral infections. It has
been conjectured that the inhalation of gaseous NO
(gNO) may be a salvage therapy in this disease [15–
20]. In fact, a promising result was obtained in treat-
ment of six pregnant women with COVID-19. They
were exposed to a gNO flow daily at concentrations of
160–200 ppm for 30- and 60-min within the first 15
and subsequent 15 days [20]. At a lower gNO concen-
tration (30 ppm), as in [21], patients with COVID-19
showed only an improvement in the function of blood
vessels owing to the vasodilatory effect of NO and to its
ability to prevent platelet aggregation. Thus, it is rea-
sonable to consider inhalation of elevated gNO doses
to be one of the candidate approaches to COVID-19
treatment.

Along with the possibility of employing gNO in coro-
navirus treatment, it is natural to attempt to use donors of
neutral NO molecules for the same purpose. The idea that

Abbreviations: DNIC, dinitrosyl iron complex; M-DNIC and B-
DNIC, mono- and binuclear DNIC forms; GSH, reduced glu-
tathione; NAC, N-acetyl-L-cysteine; B-DNIC-GSH, binuclear
DNIC with glutathione; B-DNIC-NAC, binuclear DNIC with
N-acetyl-L-cysteine; gNO, gaseous nitric oxide.
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it is reasonable to test the antiviral action of a broad class of
nitric oxide derivatives, dinitrosyl iron complexes with
thiol ligands was recently proposed by one of the authors of
the present paper [22]. These complexes exist in the
mono- and binuclear forms: M- and B-DNICs, whose
resonance structures are [(RS–)2Fe2+(NO+)(NO)]+ and

[(RS–)2 (NO+)2(NO)2]4+, respectively. These struc-
tures allow them to donate not only neutral NO molecules
in living bodies but also the oxidized NO form, nitroso-
nium cations NO+ [23–28]. Thus, DNICS with thiol-
containing ligands can influence various metabolic pro-
cesses that are responsible for penetration of coronavirus
into cells and replication. The optimal way to deliver
DNICs to tissues affected by coronavirus appears to be
inhalation of sprayed aqueous solutions of the complexes
[22].

Arguing that DNICs with thiol-containing ligands
can suppress virus replication as nitrosonium donors,
[22] referred to Badorff et al. [29, 30], where a similar
action of DNIC with cysteine on the replication of
Coxsackie-B virus, which attacks cardiac muscle tis-
sue in rats, was demonstrated. Another example is the
similar cytotoxic action of DNIC with thiosulfate,
whose cytotoxicity for Jurkat tumor cells was due to
S-nitrosylation of thiol-containing proteins on the cell
surface [31].

Thus, it is not inconceivable that coronavirus repli-
cation can be suppressed by the administration of
sprayed aqueous solutions of DNICs with thiol-con-
taining ligands by inhalation at appropriate doses, the
proper choice of thiol-containing ligands, and the
optimal inhalation duration.

There may be some obstacles in using gNO and
sprayed aqueous solutions of DNICs with thiol-con-
taining ligands. At high doses of the agents in inhaled
air, the uptake of gNO may decrease arterial blood
pressure in the lesser and systemic circuits and oxidize
a significant portion of hemoglobin to methemoglobin
[32–36]. The delivery of DNICs, which are potent
hypotensive agents [37–40], to blood may cause pro-
nounced hypotension. Therefore, the goal of this work
was to determine whether these factors can consider-
ably hamper the use of gNO and sprayed DNIC solu-
tions in COVID-19 treatment.

MATERIALS AND METHODS
Materials. Ferrosulfate (FeSO4·7H2O) was pur-

chased from Fluka, Switzerland; reduced glutathione
(GSH) and N-acetyl-L-cysteine (NAC), from Sigma,
United States. Gaseous NO for DNIC synthesis was
obtained by the reaction of ferrosulfate and sodium
nitrite in 0.1 M HCl followed by NO purification by
cryogenic sublimation in vacuo [25].

Synthesis of binuclear DNICs with glutathione and
N-acetyl-L-cysteine. Both B-DNIC-GSH and
B-DNIC-NAC were synthesized in a Thunberg vial in

2
2Fe +
the reaction of mixtures of ferrosulfate with glutathi-
one or NAC, respectively, with gNO at the pressure
150 mmHg and the molar ratio Fe2+ : GSH or Fe2+ :
NAC = 1 : 2, as described in [25]. Ferrosulfate was dis-
solved in 0.5 mL of distilled water and glutathione or
NAC in 4.5 mL of 15 mM HEPES buffer pH 7.4. The
solutions were loaded into the upper and lower con-
tainers of the Thunberg vial, respectively. The vial was
evacuated and NO was injected. The solutions were
then mixed in the presence of NO and shaken for
5 min. The NO was then evacuated from the vial. The
concentrations of the synthesized B-DNICs were
assessed from the amplitudes of light absorbance
bands at 310 and 350 nm with molar extinction coeffi-
cients 4600 and 3700 M–1 cm–1, respectively, per one
dinitrosyl fragment in B-DNIC [25]. Product concen-
trations were determined by the amount of ferrosulfate
(5 mM) used in the synthesis.

Nitric oxide-enriched gas flow for inhalation exper-
iments. Gaseous NO flows for inhalation by experi-
mental animals (rats) or human volunteers were
obtained with production models of the Plazon device
serial nos. 450 and 492, Center for High Technologies
in Machine Building, Bauman Moscow State Techni-
cal University. NO-containing gas f lows were formed
from atmospheric air by manipulators (plasmachemi-
cal nitric oxide generators), whose design was
described in [41–43].

The parameters of the NO-containing gaseous
medium for inhalation were tested with an OPTIMA 7
gas analyzer (MRU GmbH, Germany). It can mea-
sure temperature in a gas f low within 0–650°C, 1%
error; nitric oxide CNO and nitric dioxide contents

 within 0–5000 ppm and 0–1000 ppm, respec-
tively, 5% error; and the oxygen content within 0–21%
v/v, error ±0.2% v/v.

Monitoring of NO, NO2, O2, blood pressure, and
blood (hemoglobin) saturation with oxygen in human
participants. Arterial blood pressure and pulse rate
were measured in human participants with an auto-
mated OMRON M3 Expert monitor (OMRON
Healthcare Co., Japan). It measures systolic and dia-
stolic pressures within 0–299 mmHg with absolute
errors within ±3 mmHg and pulse rate within 40–
180 beats per min with ±5% relative errors.

Absolute blood saturation values in a human par-
ticipant exposed to NO inhalation were measured with
a C101A2 oxymeter (Medical Technology Co.,
China). It measures hemoglobin saturation with oxy-
gen (SpO2) within 70–100%, error 2%.

Exposure of human participants to gNO. Two
healthy volunteers (co-authors of this paper A.V.P.
and A.B.V., aged 69 and 55 years, respectively) were
exposed to gNO flows obtained from Plazon serial
no. 492. To obtain various NO concentrations in the
inhalation volume, the device was equipped with two
types of manipulators. In using the manipulator
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described in [42], variation of the distance from the
outlet from 120 to 400 mm provided NO concentra-
tions at the f low axis in the inhalation volume from
600 to 100 ppm, respectively; the temperature was
within 50–20°C. With the manipulator described in
[43], distance variation from 60 to 100 mm provided
NO concentrations at the f low axis in the inhalation
volume from 1000 to 2100 ppm; the temperature was
within 50–25°C.

The volunteer kept a manipulator at a certain dis-
tance from the nose, breathed in through the nose and
out through the mouth into a corrugated tube with an
internal diameter of 16 mm, with an OPTIMA 7 gas
sensor inside. The contents of NO ( ), NO2, and O2
in the exhaled gas mixture were measured with the
manipulator running before and after the inhalation.
This procedure was repeated nine times at nitric oxide
concentrations  from 100 to 2100 ppm.

The NO uptake in the respiratory system at the res-
piration rate 12 breaths/min and inhaled volume
1 L/breath was calculated as

(1)

where  and  are expressed in ppm, and m, in
mg/s [43].

Arterial blood pressure and pulse rate were mea-
sured in the human participants before and after the
inhalation for 15 min at NO contents in the inhaled gas
mixture 500 and 1000 ppm. Oxygen saturation in
blood was measured in eight experiments at inhalation
durations 4 and 15 min and NO contents in the gas
flow 164, 500, 1008, and 2090 ppm. The measure-
ments were made at 1-min intervals with a pulse oxim-
eter starting before (5–6 min), during (4 and 15 min)
and after the inhalation until the saturation returned to
its starting value.

Exposure of animals to gNO. Gaseous NO was
given to rats in a NO-containing gas f low formed with
a standard manipulator [42] from the Plazon device
serial no. 450. Animals were placed in the NO-con-
taining gas f low at 180–200 mm from the outlet of the
manipulator for 1 h. The inhalation f low parameters at
the axis of this volume were: nitric oxide content
CNO = 400 ppm, nitric dioxide content  =
30 ppm, and temperature 38°C.

Exposure of animals to sprayed aqueous solutions of
B-DNICs with glutathione or NAC. Experiments were
carried out with normotensive Wistar male rats weigh-
ing 300–400 g. The animals were anesthetized by
intravenous injection of 5% ketamine (100 mg/kg
body weight). As ketamine acts for short periods, addi-
tional doses of 5–10 mg/kg were injected at 30–
40 min intervals.

The mean arterial pressure was measured with a
catheter inserted into the carotid artery and attached
to a P23 Db electric manometer (Gould Statham,
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United States). The mean arterial pressure was
recorded with a Biograph 4 polygraph (St. Petersburg
State University for Aerospace Instrumentation, Rus-
sia). The record was digitized with a USB 6210 multi-
function I/O device, Gould Statham, United States,
and the Data Acquisition program, as customized by
Dr. E.B. Lukoshkova for processing physiological sig-
nals.

Rats were exposed to sprayed solutions of
B-DNICs with GSH or NAC with a Microlife nebu-
lizer (Italy) filled with 10 mL of 5 mM solution of a
tested complex. The f low of the solution sprayed into
microdrops of 2–3 μm in diameter was driven through
a special-purpose needle into the nasal cavity of the
animal, so that 10 mL of B-DNIC solution entered the
respiratory tract and lung tissue per hour. The animals
were exposed to the f low of B-DNIC-NAC for 1 h, so
that they received 50 μmol of the complex or to the
flow of B-DNIC-GSH for 2 h (two 10-mL portions)
to receive 100 μmol.

EPR measurements in animal tissues. Blood, liver,
and kidney samples from rats were placed into
ampoules that were 4 mm in diameter and quickly fro-
zen in liquid nitrogen. EPR spectra of the tissue sam-
ples were recorded with an EPR radiospectrometer
Model 109E (Varian, United States) in the X range at
77 K. The concentrations of paramagnetic centers
responsible for the EPR signals were assessed by dou-
ble integration of the signals recorded against frozen
solution of paramagnetic M-DNIC with glutathione
of known concentration, whose EPR signal had the
following g factor parameters: gmean = 2.03,  = 2.04
and  = 2.014 [25]. Below, we discuss this signal,
which is denoted below as 2.03 signal, in more detail.
Spectra of some samples were recorded at room tem-
perature.

Statistical evaluation of the results was made with
the Student’s t test. Data are presented as the mean ±
SEM.

RESULTS
Inhalation of gaseous NO by human participants.

Gaseous NO inhaled by volunteers was absorbed by
the body at almost 90%, as evident from the experi-
mental data on the ratios between the concentrations
of inhaled and exhaled nitric oxide at NO concentra-
tions in inhaled air 500 and 1700 ppm, exposure dura-
tion 3 min (Table 1).

The measured ratios between NO contents in
inhaled and exhaled air at inhaled NO contents that
varied from 100 to 2100 ppm are plotted in Fig. 1. The
uptake values of NO by the respiratory system of a par-
ticipant exposed to various NO concentrations in
inhaled air calculated by Eq. (1) are shown in Fig. 2.

Measurements of blood saturation in the volun-
teers who inhaled gNO at concentrations 164–
2090 ppm for 15 min showed rapid decrease in oxygen

g⊥

g�
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Table 1. The gas concentrations during inspiration (through the nose) and expiration (through the mouth)

Time, s NO, ppm NO2, ppm O2, % NO, ppm NO2, ppm O2, % Location

0 500 45 20.9 1700 211 20.8 Inspiration

30 74 0 17.6 166 3 17.8

60
90
120

68
63
64

0
0
0

17.7
17.7
17.7

184
202
215

3
4
4

17.8
18.1
18.2

Expiration

150 65 0 17.9 231 4 18.2

180 67 0 17.8 243 5 18.2

Mean 66.83 0 17.73 206.83 3.83 18.05

Uptake, % 86.61 100 3.17 87.79 98.18 2.75 In the respiratory system
content in blood by several percent. It rose to the nor-
mal value only at 1 h or later (Fig. 3). The decrease
appears to result from rapid conversion of hemoglobin
to methemoglobin by oxidation of the heme iron
within its nitrosyl complex to iron(III). It follows from
the data in Fig. 3 that the subsequent heme iron reduc-
tion to iron(II), which is able to be oxygenated, took
several hours depending on the degree of blood satu-
ration with oxygen.

With regard to the fact that the level of hemoglobin
in 5 L of blood in an adult man is approximately
12 mmol and the level of heme groups able to bind one
NO molecule each is approximately 50 mmol, we can
assess the dependence of the level of nitrosyl hemoglo-
bin complexes (Hb-NOs) arising in participants'
blood on NO concentration in the gas f low and expo-
sure time from the reduction in blood saturation with
oxygen. It follows from Table 2 that the level of NO
bound to hemoglobin in the blood of participants var-
ied from 6.5 to 1.5 mmol when the participant inhaled
Fig. 1. The ratio between NO concentrations in inhaled
and exhaled air.
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gNO at concentrations 2090–164 mmol, respectively,
for 15 min.

The question arises of the extent to which these val-
ues correspond to the overall level of gNO inhaled by
the volunteers, which could be assessed from the ratio
between the concentrations of inhaled NO and the
level of uptaken NO, mg/s, as plotted in Fig. 2. It fol-
lows from the data in Table 2 that the amount of NO
taken by the participants' bodies increased with a NO
increase in the gas f low so that it eventually exceeded
the amount of this agent incorporated into hemoglo-
bin complexes by a factor of 2.3 at the highest NO con-
centration 2090 ppm. Only at the lowest NO concen-
tration in the gas f low (164 ppm) all the NO taken up
by the body was bound to hemoglobin.

It is noteworthy that the measurements indicate
that with an exposure time shortened to 4 min the dif-
ference between the NO levels taken up by the body
and incorporated into hemoglobin was reduced even
at the maximum NO concentration in the gas f low,
BIOPHYSICS  Vol. 66  No. 1  2021

Fig. 2. NO uptake in the respiratory system vs. its concen-
tration in inhaled air.
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Fig. 3. The typical time variation of blood (hemoglobin) saturation with oxygen in human participants after NO inhalation at con-
centrations within 164–2090 ppm for 15 min.
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Table 2. The ratios between the overall amount of NO taken
up by a human participant and the amount of NO bound to
hemoglobin in the blood (mmol) after 15-min inhalation of
gaseous NO

Inhaled NO 

concentration

Total uptake 

of NO (A)

Amount of NO bound 

to hemoglobin (B)
A : B

2000 ррm 15 6.5 2.3

1000 ppm 7 3.5 2.0

500 ppm 4 2.5 1.6

160 ppm 1.5 1.5 1.0
2100 ppm. It was reduced to equal values, 4 mmol, in
both cases.

Obviously, the NO molecules bound to hemoglo-
bin and then oxidized to nitrate could not promote a
blood pressure decrease. The latter could be caused
only by the NO that was not bound to hemoglobin,
whose levels were 8.5, 3.5, and 1.5 mmol after the
inhalation of 2000, 1000, and 500 ppm NO, respec-
tively (Table 2). Nevertheless, the assessment of blood
pressure in the human participants at these relatively
high inhaled NO levels showed no significant decrease
in systemic pressure (Table 3). At 500 ppm gNO and
gas f low temperature 50°C, the arterial blood pressure
in one volunteer decreased by no more than 10% on
average after 15-min exposure, while in the other vol-
unteer at the same NO concentration and gas f low
temperature 30°C it remained practically unchanged.
At the concentration of 1000 ppm and temperatures of
25—30°, no blood pressure decrease was detected in
either volunteer (Table 3).

Inhalation of gaseous NO by rats. Rats were
exposed to gNO produced by a plasmachemical gener-
ator at the NO concentration in the gaseous phase
400 ppm for 1 h. This procedure exerted practically no
effect on arterial blood pressure: the decrease was less
than 5%. EPR spectroscopy of blood revealed signifi-
cant levels (up to 75 μmol/L blood, or 6 μmol/kg body
weight) of Hb-NO complexes detected from their
characteristic signal with g factor values g1 = 2.07, g2 =

2.01, and g3 = 1.98, which had a triplet hyperfine cou-

pling centered at g2 = 2.01 (Fig. 4a).

This amount, which was steady according to its ori-
gin, was determined by the ratio of (1) the rate of gNO
uptake by blood and (2) the rate of NO oxidation
inside Hb-NOs by air oxygen, which degraded the
complexes [35, 36].
BIOPHYSICS  Vol. 66  No. 1  2021
The appearance of considerable Hb-NO levels in
blood indicates that inhaled gNO came readily to
blood and then to red cells, where it bound to heme
groups of hemoglobin and produced EPR-detectable
mononitrosyl Hb-NOs. As no notable decrease in sys-
temic blood pressure was detected, it is reasonable to
state that the overwhelming majority of gNO taken up
by blood was bound to hemoglobin; thus, the remain-
der of the NO, which was not bound to hemoglobin,
was insufficient for reducing blood pressure.

The Hb-NO EPR signal determined by the preser-
vation of residual blood in animal organs was recorded
in nearly all organs of animals that inhaled gNO. Such
signals, as recorded in rat lungs and kidneys, are
shown in Fig. 4. We found no other paramagnetic
nitrosyl iron complexes in the examined rat tissue
samples, in particular, M-DNICs with thiol-contain-
ing ligands, whose EPR signals with gmean = 2.03 are

shown below in Figs. 5 and 6.

Inhalation of sprayed aqueous solutions of B-DNIC-
NAC or B-DNIC-GSH by rats at the levels of 50 or
100 μmol, respectively, for 1 or 2 h resulted in the
emergence of protein-bound M-DNICs in lung tis-
sues. These M-DNICs were detectable from their
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Table 3. Arterial blood pressure in a human participant’s body before and after 15-min NO inhalation at concentrations of
500 and 1000 ppm

t, temperature of the NO-containing gas f low in the inhalation volume.

Volunteer 1 Arterial blood pressure and pulse rate

measurement 1 2 3 Mean

Before inhalation CNO = 500 ppm, t = 50°C 131/86, 66 127/87, 67 127/84, 66 128/85, 66

Immediately after inhalation 128/76, 65 113/77, 68 118/74, 68 120/76, 67

20 min after inhalation 108/76, 66 118/77, 67 116/78, 66 114/77, 66

60 min after inhalation 134/87, 65 134/88, 65 128/87, 66 132/87, 65

Before inhalation CNO = 1000 ppm, t = 30°C 127/83, 64 128/82, 63 129/86, 63 128/84, 63

Immediately after inhalation 125/80, 64 125/79, 64 123/81, 64 124/80, 64

20 min after inhalation 121/80, 64 123/80, 65 124/84, 65 122/81, 65

60 min after inhalation 131/90, 65 134/87, 64 128/86, 65 131/87, 65

Volunteer 2 Arterial blood pressure and pulse rate

measurement 1 2 3 Mean

Before inhalation CNO = 500 ppm, t = 25°C 155/96, 65 151/95, 65 146/93, 65 151/95, 65

Immediately after inhalation 149/92, 62 149/90, 62 150/91, 62 149/91, 62

20 min after inhalation 143/91, 64 142/89, 63 143/93, 63 143/91, 63

60 min after inhalation 148/95, 63 148/94, 63 147/91, 63 148/93, 63

Before inhalation CNO = 1000 ppm, t = 30°C 154/94, 63 154/97, 63 153/96, 65 154/96, 64

Immediately after inhalation 145/87, 60 146/89, 63 148/89, 61 146/88, 61

20 min after inhalation 144/90, 62 149/91, 63 150/92, 62 147/91, 62

60 min after inhalation 156/93, 62 155/96, 65 153/95, 65 155/95, 64
characteristic EPR 2.03 signal, as mentioned in the
Materials and methods (Fig. 5, spectrum 3; Fig. 6,
spectrum 1). The proteinaceous nature of the M-
DNIC was evident from the preservation of the same
anisotropic shape of the 2.03 signal recorded at room
temperature: the low mobility of the protein globule
housing M-DNIC was insufficient for averaging the g
factor anisotropy.

Judging from the amplitude of the 2.03 signal
recorded in rat lungs after the inhalation of B-DNIC-
GSH or B-DNIC-NAC, the corresponding M-DNIC
concentrations were 70 ± 20 and 90 ± 20 μmol/kg
wet tissue, respectively. As the steady concentration of
M-DNIC in the lungs of animals that inhaled
B-DNIC-NAC was approximately twice as high with
respect to the amount of taken up B-DNIC, we pre-
sume that the efficiency of the interaction of these
complexes with proteinaceous matter, converting
B-DNICs to protein-bound M-DNICs was higher in
the case of B-DNIC-NAC. This might be due to the
ability of NAC as a thiol-containing ligand to pene-
trate through cell membranes more readily.

Signals 2.03 with amplitudes corresponding to
10 ± 5 and 30 ± 10 μmol/kg wet tissue were
also recorded in kidney samples from rats that
inhaled B-DNIC-GSH and B-DNIC-NAC (Fig. 5,
spectrum 5; Fig. 6, spectrum 2). The emergence of
M-DNICs in kidneys indicates that a small portion
of B-DNICs reached the blood from the lungs and
then accumulated in the kidneys to be converted to
M-DNICs and then removed from the body. In
blood, 2.03 signal was hardly visible there (amplitude
corresponding to no more than 1–2 μM/L; thus, the
steady level of protein-bound M-DNICs was insig-
nificant and insufficient to cause notable blood pres-
sure decrease in the animals. In fact, no notable
blood pressure decrease was recorded in rats that
inhaled B-DNIC-GSH. A slight blood pressure
decrease (by no more than 5%) was noted in rats that
received B-DNIC-NAC. A substantial blood pres-
sure decrease, by 20%, was reported for rats
after intravenous administration of approximately
30 μM/L B-of B-DNICs with GSH or cysteine
[38, 39].

In other tissues, liver and heart, the amplitudes of
the 2.03 signal were insignificant as well: no more than
2–3 μM/kg wet tissue (Figs. 5, 6). It is worth noting
that EPR spectra showed no Hb-NO in lungs, kid-
neys, blood, or other tissues of rats that received
B-DNIC-GSH or B-DNIC-NAC. Hence, no signif-
icant release of neutral NO molecules from the
administered DNICs occurred there.
BIOPHYSICS  Vol. 66  No. 1  2021
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Fig. 4. The EPR spectra of frozen samples of rat tissues
taken after 1-h inhalation of gaseous NO: (1) blood,
(2) lungs, (3) kidneys. Record parameters: T = 77 K, mod-
ulation amplitude 0.4 mT, radiospectrometer amplifica-
tion × 104.

Magnetic field, mT

Fig. 5. The EPR spectra of frozen samples of rat tissues
taken after 2-h inhalation of sprayed B-DNIC with gluta-
thione: (1) blood, (2) heart, (3) lungs, (4) liver, (5) kid-
neys. Record parameters: T = 77 K, modulation amplitude
0.4 mT, radiospectrometer amplification × 104.

Magnetic field, mT

Fig. 6. The EPR spectra of frozen samples of rat tissues
taken after 1-h inhalation of sprayed B-DNIC with N-ace-
tyl-L-cysteine: (1) lungs, (2) kidneys, (3) blood, (4) heart,
(5) liver, (6) skeletal muscle. Record parameters: T = 77 K,
modulation amplitude 0.4 mT, radiospectrometer amplifi-
cation × 104.

Magnetic field, mT
Thus, the inhalational administration of sprayed
aqueous solutions of DNICs with thiol-containing
ligands in the levels 50 or 100 μmol (0.2 or
0.4 mmol/kg body weight, respectively) within 1 or 2 h
proved to be safe with respect to a decrease in blood
pressure. The greatest level of the complexes was
found in lungs, and their concentration in lung tissue,
0.07–0.09 mmol/kg wet tissue, was much lower than
their toxic doses reported in [37]. The LD50 value for

B-DNIC-GSH for rats that received this complex
intravenously was 3.8 mmol DNIC/kg body weight
[37].

DISCUSSION

The least expected and most curious result of the
study of gNO inhalation consequences in humans was
that as high doses of the agent entered the human body
more than one-half of it, up to 8.5 mmol at 2100 ppm
NO in the gas f low, was not incorporated into com-
plexes with hemoglobin. In this regard, two questions
arise: (1) why were NO molecules that entered the
lungs retained in their tissue and, apparently in the
respiratory tissues without entering the blood, where
they could be trapped by hemoglobin molecules?
(2) why did the NO retention in lung tissue increase as
higher doses of NO entered this tissue, as follows from
Table 2?

These questions can be answered by invoking data
reported in [44, 45], where the action of gNO on ani-
mal cell cultures was investigated. It was convincingly
proven that DNICs with thiol-containing ligands are
BIOPHYSICS  Vol. 66  No. 1  2021
predominant among products of the reaction of NO
with intracellular matter: S-nitrosothiols, organic and
inorganic nitrites, and nitrates [44]. Hence, NO
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incorporation in these complexes could cause the NO
retention in lung and respiratory tissues of human par-
ticipants inhaling this agent. Experiments described in
[45] revealed a significant increase in the level of
loosely bound (soluble) iron with a decrease in oxygen
concentration in animal cell culture medium, that is,
under hypoxic conditions, which brought about a
drastic increase in the level of DNICs with thiol-con-
taining ligands formed in the reaction of NO and thi-
ols with soluble iron. We may deduce from those
observations that the increase in NO retention in lung
and respiratory tissues with increase in the dose of NO
inhaled by volunteers in our experiments might be
related to (1) higher DNIC levels in these tissues, in
accordance with the mass-action law and (2) the
increasing level of soluble iron. The latter, in turn,
could be induced by poorer oxygenation of lung and
respiratory tissues; i.e., their hypoxia as a result of the
reaction of air oxygen with gNO, yielding nitrogen
dioxide NO2.

Thus, inhalation of gNO by human participants
could be followed by the absorption of a large portion
of the agent in lung and respiratory tissues as a conse-
quence of its incorporation into DNICs with thiol-
containing ligands. This situation mimicked the inha-
lational administration of sprayed solutions of these
complexes studied in this work. Neither human volun-
teers nor animals showed marked effects of the admin-
istered gNO or DNICs with GSH or NAC on systemic
blood pressure. DNICs formed after NO administra-
tion to human participants by inhalation or the same
complexes administered to animals were mainly con-
fined to lungs.

It follows from experiments with animals that no
significant levels of the inhaled DNICs passed into the
blood. Their maximum concentration in rat blood was
1–2 μM/L, which is much lower than their concentra-
tion after intravenous injection to normotensive rats
(30–40 μM/L), at which the systemic blood pressure
decreased by 20% [38, 39].

In experiments with the administration of gNO to
rats by inhalation, only EPR signals that are character-
istic of Hb-NO complexes were recorded in their lungs
and livers (Fig. 4). The 2.03 signal, which is character-
istic of M-DNICs with thiol-containing ligands, was
not recorded even in lungs, which seemingly disagrees
with the above hypothesis of the formation of such
complexes in animals. This inconsistency is reconciled
if it is remembered that DNICs with thiol-containing
ligands exist in animal tissues mainly in the EPR-
silent B-DNIC form rather than in the EPR-active
paramagnetic mononuclear M-DNIC form [46, 47].
Therefore, the absence of the 2.03 signal from the
spectra of rat lungs after gNO inhalation (Fig. 4) does
not mean that binuclear DNICs could not arise there.

Nevertheless, it is obvious that the emergence of
DNICs with thiol-containing ligands in animal and
human tissues after gNO inhalation is still an open
question, which demands further studies.

Our results indicate that the predominant accumu-
lation of DNICs with thiol-containing ligands in lung
and respiratory tissues, whether these complexes are in
their administered form or are produced in the tissues
after gNO inhalation, prevents a notable blood pres-
sure decrease. This result waives the objection to the
administration of gNO or low-molecular-weight
DNICs with thiol-containing ligands to COVID-19
patients in order to relieve the disease.

As was hypothesized in [22], the cytotoxic effect of
DNICs with thiol-containing ligands on coronavirus

may be determined by their ability to donate NO+ cat-
ions, whose S-nitrosylate proteins are essential for
replication of the SARS-CoV-2 virus, and thereby
control the virus. It is conceivable that the accumula-
tion of DNICS with thiol-containing ligands in lung
and respiratory tissues, which are the main sites that
host coronavirus in the human body, as a result of the
contact with both gNO and exogenous low-molecu-
lar-weight DNICs, will be of great use during eradica-
tion of coronavirus.
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