
Many physicochemical factors, for example, expo�

sure to light [1] or ultrasound [2], induce physiological

responses (either positive or negative) on the body level.

In this case, the most essential condition for physiologi�

cal response formation is the triggering of biochemical

reactions by biologically active products released from

physiological depots under the influence of the physico�

chemical factors. For instance, the enhancement of blood

flow caused by irradiation with red light may be related to

the release of nitric oxide (NO) from nitrosohemoglobin

(HbNO) or other photosensitive NO donors [1].

Nitric oxide is one of the most important biological

regulators. It induces relaxation of blood vessels, modulates

transmission of neural signals, and is responsible, along

with oxygen free radicals, for the toxicity of phagocytes [3].

Nitric oxide is produced by NO�synthase from L�

arginine with the participation of O2 and NADPH. NO

forms a complex with the iron ion of guanylate cyclase

heme and activates the enzyme to increase synthesis of

cyclic GMP, which mediates the effects of neuromedia�

tors and hormones [4].

NO is a very labile free radical compound; it effec�

tively reacts with either O2 in air or dissolved in water to

form NO2 [5]. The half�conversion time of NO to NO2 is

about 5�6 sec [6]. The generated nitrosyl radicals dismu�

tate to N2O4, which forms NO2
– and NO3

– ions in water

[7]. Under certain conditions NO can react with thiol

groups to produce S�nitrosocompounds and S�nitrosylat�

ed proteins, for instance, serum albumin [8]. In arterial

blood, NO is converted to NO2
– accompanied by oxida�

tion of oxyHb to metHb, whereas in venous blood the

presence of NO leads to a production of small amounts of

nitrosoHb due to the binding of NO to deoxyHb [9]. The

oxidation of ferro forms of Hb by nitrites gives rise to NO

and S�nitrosoglutathione in erythrocytes [10, 11].

S�Nitrosocompounds, especially S�nitrosoproteins,

are more stable substances than free NO and are trans�

ferred via the blood flow over significant distances [12].

This probably ensures stability in supporting the tonus of

blood vessels.
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Abstract—S�Nitrosocompounds are formed when aqueous solutions of cysteine or glutathione are exposed to ultrasound

(880 kHz) in air. The yield of the S�nitrosocompounds was as high as 10% for glutathione and 4% for cysteine of the initial

thiol concentrations (from 0.1 to 10 mM) in the aqueous solutions. In addition to the formation of S�nitrosocompounds,

thiol oxidation to disulfide forms was observed. After the oxidation of over 70% of the sulfhydryl groups, formation of per�

oxide compounds as well as cysteic acid derivatives was recorded. The formation of the peroxide compounds and peroxide

radicals in the ultrasound field reduced the yield of S�nitrosocompounds. S�Nitrosocompounds were not formed when

exposing low�molecular�weight thiols to ultrasound in atmospheres of N2 or CO. In neutral solutions, ultrasound�exposed

cysteine or glutathione released NO due to spontaneous degradation of the S�nitrosocompounds. N2O3, produced due to

the spontaneous degradation of the S�nitrosocompounds in air, nitrosylated sulfhydryl groups of glutathione manifested in

the appearance of new absorption bands at 330 and 540 nm. The nitrogen compounds formed in an ultrasound field modi�

fied the sulfhydryl groups of apohemoglobin and serum albumin. The main target for ultrasound�generated oxygen free rad�

icals were cystine residues oxidized to cysteic acid residues.
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Therefore, the participation of NO in reactions with

low�molecular�weight thiols, protein sulfhydryl groups,

and the ferro forms of hemoglobin plays an important role

in the mechanisms of transport, distribution, and stabi�

lization of NO level in tissues.

Ultrasound is extensively used for diagnosis in clini�

cal medicine, physiotherapy, and laboratory practice to

obtain liposomes and to rupture cellular membranes. The

effects of ultrasound on the body arise from a number of

factors. These are primarily mechanical and thermal

stimulation as well as chemical reactions [13]. The chem�

ical effects are related to the production of cavitation

bubbles in which water vapors are dissociated to form

OH� and H�radicals [14�16].

The primary free radicals formed interact both with

themselves and with dissolved gases and produce, along

with hydrogen peroxides, a considerable amount of nitro�

gen oxides as well as nitrites and nitrates [13]. Enhancement

of blood flow due to ultrasound�induced local relaxation of

blood vessels has been found earlier [17, 18].

The changed blood flow remained for 30 min after

ultrasonic treatment of a tissue section or an organ [17].

Ultrasound was shown to accelerate healing of chronic

varicose ulcers on legs. The temperature increase was

insignificant, which probably indicates that the mecha�

nism of the effect was not thermal [19]. We suppose that

in blood or single organs subjected to long�term treat�

ment with a medical ultrasound apparatus S�nitrosocom�

pounds could be formed. The possible induction of cavi�

tation is connected with inhomogeneity of media that

consists of cells, intracellular liquids with different oxy�

gen saturation, etc. The concentration of glutathione, the

main intracellular low�molecular�weight thiol, is high in

cells (e.g., in erythrocytes it is 0.5�1.0 mM).

In this work, we studied the formation of S�nitroso�

glutathione, S�nitrosocysteine, and S�nitrosoproteins

under the influence of ultrasonic treatment of aqueous

and aqueous–alcohol solutions of low�molecular�weight

thiols and proteins in atmospheres of air or nitrogen. We

also investigated the generation of NO and nitrogen oxi�

des caused by spontaneous degradation of S�nitrosocom�

pounds under anaerobic and aerobic conditions.

METHODS OF INVESTIGATION

Aqueous and aqueous–alcoholic solutions of glu�

tathione (GSH) and cysteine (Cys) in an atmosphere of air

were exposed to ultrasound with frequency 880 kHz and

intensity ranging from 0.2 to 2 W/cm2. The head of the

ultrasonic device was cooled with water running through a

hollow coaxial copper cylinder at 400 ml/min. The head of

the ultrasonic device was built into the base of the cylinder.

Samples (5 ml, concentration 10–4�10–2 M) in 25�ml

glass flasks were placed on the surface of the sonication

device and exposed to ultrasound for 30�300 min.

Solutions saturated with N2 and CO were obtained

by bubbling with molecular nitrogen or CO, respectively,

for 10 min. Carbon dioxide was obtained by addition of

sulfuric acid to an aqueous solution of formic acid in a

Kipp gas generator.

The formation of S�nitrosoglutathione or S�nitroso�

cysteine after ultrasonic treatment of aqueous solutions of

GSH or Cys, respectively, were recorded spectrophoto�

metrically [20, 21].

Hydrogen peroxides as well as glutathione and cys�

teine peroxides were measured by the iodometric method

using catalase [22].

The number of sulfhydryl groups in thiol solutions

after exposure to ultrasound was recorded with

Ellman’s reagent using the molar absorption coefficient

13,600 M–1⋅cm–1 [23]. Cystine formed in solutions was

determined after preliminary treatment with NaBH4.

Then pH values of the solutions were sequentially lowered

to pH 3.0 (to degrade excess NaBH4), brought back to pH

7.0, Ellman’s reagent was added, and absorption was

recorded at 412 nm. The concentration of the cystine

produced was determined by the increment in absorption

in comparison with solutions not treated with NaBH4.

Cysteic acid and its derivatives were determined by a

method described earlier [20].

Oxy�Hb was isolated from fresh donor blood by a

method described previously [24]. OxyHb concentration

in solutions was measured spectrophotometrically using

the following absorption coefficients (in M–1⋅cm–1): ε412 =

125,000; ε576 = 15,150; ε542 = 14,250 [25]. NO2
– concen�

tration was determined using the Griess reagent [26]. The

concentration of nitrates was measured by absorption at

400 nm in the presence of phenol�2,4�disulfoacid [27].

NO2 formation in aqueous solutions due to degradation

of S�nitrosocompounds in air was monitored according to

the amount of oxyHb oxidized to metHb considering that

1 mol of NO2
– oxidizes 1 mol of ferrous cations in Hb [7].

N2O3 production was detected spectrophotometri�

cally using the amount of nitrosylated GSH with absorp�

tion at 334 nm (ε = 780 M–1⋅cm–1) as indicator.

The number of protons produced during the transi�

tion of nitrogen oxides NO2 and N2O3 into aqueous solu�

tions was determined spectrophotometrically using phe�

nolphthalein as indicator and based on the Henderson–

Hasselbach equation [28].

Formation of nitrotyrosine or nitrotyrosine residues

within in human serum albumin (HSA) in water solutions

of tyrosine or protein (pH 9.0) exposed to ultrasound was

registered spectrophotometrically using molar absorption

coefficient ε428 = 4200 M–1⋅cm–1 [29].

NO release observed in degrading S�nitrosocom�

pounds was monitored spectrophotometrically by

nitrosoHb formation [10, 11] and by a method using the

quenching of pyrene fluorescence. To record NO by the

fluorescence quenching method, the desaturation device

shown in Fig. 1 was used.
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The desaturation device is comprised of the follow�

ing parts: right�angled glass cell (l = 1 cm) (1), valve

which is used to connect the desaturation device with the

vacuum pump or air (2), Warburg vessel with a sidearm

(3), vacuum pump (4), and magnetic mixer (5). After

removal of air, the desaturation device is placed into the

cell compartment of the spectrofluorometer.

Pyrene solution (10–5�10–6 M) was poured into the

glass cell, whereas 2 ml of Tris or phosphate buffer (pH

7.0, 0.2 M) was placed into central compartment of the

Warburg vessel. The solution of S�nitrosoglutathione or

S�nitrosocysteine obtained in an ultrasound field was

placed into the sidearm of the Warburg vessel. Air was

pumped off with the vacuum pump to a pressure of 0.2 torr,

and the reaction was started by mixing of the correspon�

ding S�nitrosothiol with 0.2 M buffer, pH 7.0. The con�

centration of dissolved NO was measured from the

quenching of pyrene fluorescence.

A similar device (Fig. 1) was also used to record NO

spectrophotometrically using deoxyHb [10, 11].

A single�photon�counting fluorimeter with nanosec�

ond time resolution [30] was used to measure fluores�

cence decay lifetimes. An solution of POPOP (1,4�bis[5�

phenyl�2�oxazolyl]benzene) in ethanol was used as a

standard with lifetime of 1.35 nsec. The nonlinear least�

squares method with the Marquardt algorithm was

employed for analysis of the fluorescence decay data [31].

Absorption spectra were recorded using a Specord

M40 (Germany) spectrophotometer, and steady�state

fluorescence spectra were measured using a Solar spec�

trofluorometer (Belarus).

RESULTS

1. Formation of S�Nitrosocompounds 
from Low�Molecular�Weight Thiols 
and Proteins Exposed to Ultrasound

After exposure of aqueous solutions of GSH or Cys

under air to ultrasound, a new band with maximum at 340 nm

and a weaker band at 540 nm appeared in the absorption

spectrum (Fig. 2). The long�wavelength absorption band

is responsible for the pink color of sonicated solutions of

GSH or Cys. This absorption spectrum is a characteristic

feature of S�nitrosothiols [20, 32].

The yield of S�nitrosocompounds induced by an

ultrasonic field for GSH was higher than that for L�cys�

teine (Fig. 3). At thiol concentration of 10–2 M, the

amount of S�nitrosothiol produced approached 10% and

∼4% of the initial thiol concentration in solutions for

GSH and Cys, respectively. S�Nitrosoglutathione yield

(absolute value) was maximal at GSH concentration of

∼8 mM (Table 1). Besides the formation of disulfides and

S�nitrosocompounds in an ultrasonic field, the formation

of peroxide compounds was detected. Figure 4 shows

kinetics of GSH (10–3 M concentration) transformation

in an ultrasonic field. Due to the very low concentrations

for these conditions, the amount of produced S�nitroso�

glutathione is not shown in Fig. 4. The GSH content in

aqueous solution decreased after the ultrasound treat�

ment. The kinetics of the decrease in sulfhydryl group

number measured using Ellman’s reagent is shown (Figs.
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Fig. 1. Scheme of desaturating device for fluorometric (or

spectrophotometric) determination of NO. It consists of a rec�

tangular glass cuvette (l = 1 cm) (1), valve connecting the evac�

uated device either with vacuum pump or with atmosphere (2),

Warburg vessel with sidearm (3), vacuum pump (4), magnetic

mixer (5). After the removal of air, the desaturating device was

placed into the spectrofluorometer (or spectrophotometer)

sample holder.
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Fig. 2. Absorption spectra of GSH (1, 3) and Cys (2) in aque�

ous solutions after exposure to ultrasound under nitrogen (1) or

air (2, 3). GSH and Cys concentrations were 10 mM. The time

of the ultrasonic treatment (880 kHz, intensity 2 W/cm2) of the

aqueous thiol solutions was 30 min.
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3 and 4) for concentrations of 10 and 1 mM, respectively.

After production of significant amounts of oxidized GSH

(70% and more), peroxide compounds titrated iodomet�

rically were found in the solution. Further sonication

resulted in growth in peroxide compound concentration

accompanied by a decrease in S�nitrosocompound pro�

duction (Figs. 3 and 4).

The results indicate that formation of peroxide com�

pounds in solution occurs after significant oxidation of

the thiols to the corresponding disulfides, which is in

good agreement with data obtained earlier [20]. Peroxide

compounds or their intermediate forms probably interact

with S�nitrosocompounds to eliminate them. Addition of

hydrogen peroxide to the aqueous solution accelerates S�

nitrosoglutathione degradation. Therefore, it can be sug�

gested that peroxide compounds formed in an ultrasonic

field (and consequent peroxide radicals) will decrease S�

nitrosocompounds production.

In an ultrasonic field, amino acids and alcohols form

peroxides that are easily detectable by the iodometric

method [22]. Therefore, the presence of alcohols and

amino acids led to a decrease of S�nitrosocompound

yields in aqueous solutions of thiols exposed to ultrasound

(Table 2).

The decrease in the production was inversely propor�

tional to the concentration of peroxides produced by the

ultrasound treatment of solutions of amino acids or alco�

hols. For example, the yield of amino acid peroxides was

22 and 36 µM for aqueous solutions of arginine and

valine, respectively, exposed to ultrasound for 15 min.

In the N2 atmosphere, S�nitrosocompounds were

not formed. In water–alcohol solutions with 0.1 M

ethanol (Table 2) as well as in the presence of valeralde�

hyde (1 mM), S�nitrosocompounds were practically not

formed after exposure to ultrasound.

The effect of ultrasound on distilled water in the air

atmosphere resulted in hydrogen peroxide formation,

detectable by the iodometric method, and also nitrites

and nitrates (Table 3).

The concentration of hydrogen peroxide after 30�min

sonication of distilled water in the air atmosphere at

ultrasound intensity 2.0 W/cm2 was 3 mM. Our measure�

ments showed that the amount of nitrite produced in

water exposed to ultrasound for 30 min in air was 0.04 mM,

and constituted only a few percent of the maximal quan�

tity (0.6 mM) of the S�nitrosoglutathione formed (Table

1).

Lesser amounts of nitrites were produced in sonicat�

ed aqueous solutions of GSH. For example, in GSH solu�

tions (10 mM) exposed to ultrasound for 90 min, 1.85 mM

SH, %

Fig. 3. Kinetics of the decrease in Cys (1) and GSH (2)

sulfhydryl groups and formation of S�nitrosoglutathione (3)

and S�nitrosocysteine (4) in aqueous solutions of GSH and

Cys exposed to ultrasound under air. The concentration of

GSH and Cys was 10 mM. Ultrasound intensity, 2 W/cm2; fre�

quency, 880 kHz. The initial sulfhydryl group concentration

was taken as 100%. The yield of RSNO did not exceed 10% of

initial thiol concentration.
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Fig. 4. Kinetics of decrease of GSH sulfhydryl groups (1), ove�

rall production of GSH peroxides and hydrogen peroxides

(GSOOH + H2O2) (2), production of hydrogen peroxides in

water (3), and GSH peroxides (4) after sonication of aqueous

solutions of GSH (1, 2, 4) or water (3). The initial GSH con�

centration of 1 mM was taken as 100%. To determine the con�

centrations of GSH (1), GSOOH + H2O2 (2), H2O2 (3), and

GSOOH (4) at different times, the percentage values for the

concentration should be multiplied by 1 mM. The overall con�

centrations of hydrogen peroxides and GSH peroxides were

measured iodometrically without a preliminary addition of

catalase. The concentration of only GSH peroxides was deter�

mined after the preliminary incubation of catalase with soni�

cated GSH.
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S�nitrosoglutathione and only 0.05 mM nitrite were

formed.

S�Nitrosocompounds were not observed after mixing

GSH or Cys with nitrite�containing sonicated water.

These results indicate that S�nitrosocompounds are

formed due to interaction of sulfhydryl groups not with

nitrite, but with unstable intermediate products, e.g., the

nitrogen oxides NO and NO+ generated in an ultrasonic

field.

After ultrasound treatment of aqueous solutions of

HSA and apoHb, a weak absorption band at 340 nm

appeared which was not observed in the initial protein

solution. Sonicated proteins spontaneously released NO,

which was registered spectrophotometrically by HbNO

formation (Table 4).

Simultaneously with the modification of HSA

sulfhydryl groups in an ultrasonic field, a fast oxidation of

Initial 
concentration
of GSH, mM

2.0

4.0

6.0

8.0

10.0

Absorption
at 340 nm

0.165

0.345

0.485

0.520

0.510

Fraction 
of GSH 

converted to
S�nitrosoglu�
tathione, %

10

10

10

8.1

6.4

Concentration
of S�nitroso�
glutathione,

mM

0.20

0.40

0.60

0.65

0.64

Table 1. S�Nitrosoglutathione formation in aqueous

solutions with different GSH concentrations exposed to

ultrasound (exposure time, 30 min)

Air
atmos�
phere

—

—

+

+

+

+

+

+

+

+

+

CO
atmos�
phere

+

—

—

—

—

—

—

—

—

—

Composition of
aqueous solution

GSH

GSH

GSH

GSH + ethanol
(0.9 mМ)

GSH + ethanol
(1.8 mМ)

GSH + ethanol
(3.5 mМ)

GSH + ethanol
(35 mМ)

GSH + ethanol
(100 mМ)

L�Cys

L�Cys + L�Arg

L�Cys + L�Val

Yield of
GSNO

or
CysNO,

mM

0

0

6.1 

0.48

0.44

0.23

0.02

0

0.35

0.13

0.08

Table 2. Dependence of S�nitrosoglutathione (GSNO)

and S�nitrosocysteine (CysNO) formation in aqueous

solutions of GSH and Cys exposed to ultrasound on

atmosphere composition and presence of organic com�

pounds (concentrations of GSH and Cys are 10 mM; L�

Arg and L�Val, 1 mM; exposure time, 30 min)

N2

atmos�
phere

— 

+

—

—

—

—

—

—

—

—

I, W/cm2

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

[NO2
–], µM

0

0.80

1.40

2.40

5.70

9.60

12.0

15.0

18.0

21.0

24.1

[H2O2], µM

0

0

0.8

3.6

7.1

11.6

14.6

19.0

22.0

30.0

30.0

Table 3. Formation of NO2
– and H2O2 after ultrasound

treatment of different intensities on distilled water in the

air atmosphere (exposure time, 1 min) 

Solution
composition

ApoHb 
(65 µM)

ApoHb 
(65 µM)

Air 
atmosphere

+

—

HbSNO yield,
µM

50 

0

Nitrogen
atmosphere

—

+

Table 4. Production of S�nitrosoprotein after the sonica�

tion of apoHb aqueous solutions in air or nitrogen atmos�

pheres for 60 min (the amount of NO released due to the

spontaneous degradation of S�nitroso�apoHb was record�

ed spectrophotometrically by HbNO production; apoHb

concentration is represented for tetrameric molecules)
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cystine residues to cysteic acid residues was observed.

Besides cystine residues, the most significant decrease in

content was observed for histidine and methionine residues

as well as for aromatic amino acid residues (Table 5). The

concentrations of other amino acid residues, for example

of glycine, were not changed or changed insignificantly.

After ultrasound treatment of an aqueous solution of

tyrosine or HSA, absorbance at 360�420 nm and weak

fluorescence with maximum at 450 nm were observed.

Therefore, the results indicated that S�nitroso�

compounds and products of oxidative transformation of

thiols by oxygen free radicals are formed in ultrasound�

treated aqueous solutions of low�molecular�weight thi�

ols and of proteins containing sulfhydryl groups.

Cysteic acid is mainly formed due to disulfide bond oxi�

dation by hydroxyl radicals. This is suggested by the

results of ultrasound treatment of low�molecular�

weight thiols as well as by high yield of cysteic acid

residues in the case of HSA (Table 5). It is known that

S�nitrosocompounds are unstable in neutral media and

degrade releasing NO, which in air forms a range of

active compounds. Thus, we later registered the kinetics

of NO release as proof of S�nitrosocompound forma�

tion in an ultrasonic field and as a tool to study the pos�

sible participation of S�nitrosocompound degradation

products in secondary reactions. Measurements were

carried out spectrophotometrically by monitoring

HbNO formation and using the method of pyrene fluo�

rescence quenching.

2. Spontaneous Release of NO 
from S�Nitrosocompounds under Anaerobic Conditions

2.1. Spectrophotometric monitoring. When S�

nitrosoglutathione produced in an ultrasound field was

located in a glass vacuum desaturator and air was

removed, its spontaneous degradation accompanied by

NO release could be seen. NO release was accelerated in

neutral media and by addition of L�cysteine. In parallel,

the decrease of absorption bands at 340 and 543 nm

occurred. The amount of released NO was monitored by

HbNO formation due to binding of NO with Hb. After

long incubation times with deoxyHb under vacuum,

practically all released NO was bound:

Hb + NO → HbNO.                           (1)

This is due to the extremely high value of the NO�

binding rate. The equilibrium association constant of

deoxyHb with NO is 1500 times higher than that with

CO, and approximately 30,000 times higher than that

with O2. Therefore, after sufficiently long periods of time,

NO is practically completely utilized from the desatura�

tor. We found that the amount of spontaneously degraded

S�nitrosoglutathione, as measured by a decrease of

absorption (at 340 and 543 nm), satisfactorily coincided

with the amount of HbNO produced.

In the same manner, measurements of S�nitrosopro�

teins produced after ultrasound treatment of water solu�

tions of apoHb and HSA were carried out. The amount of

NO released due to spontaneous degradation of S�nitroso�

proteins was equal to the HbNO formed. Hb has six

sulfhydryl groups [33], and HSA has one residue of cys�

teine, Cys�34 [34]. The yield of S�nitrosocompounds for

Amino acid

Cys

Gly

Met

Tyr

His

Cysteic acid

HSA

35

82

6

18

16

0

HSA + ultrasound

20.9

83

4.3

15

14

11

Table 5. Oxidation of cystine residues to cysteic acid after

sonication (30 min) of aqueous solutions of serum albu�

min (the amino acid content was determined after acid

hydrolysis of the protein (110°C in 6 N HCl for 24 h)

using an amino acid analyzer)

Fig. 5. Fluorescence of pyrene monomer in butanol under vac�

uum (1) and in air atmosphere at different pressures (2�10) (in

torr): 2) 22.5; 3) 45; 4) 72; 5) 100; 6) 140; 7) 175; 8) 240; 9)

360; 10) 760.
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apoHb was 3% per mole of sulfhydryl group within the pro�

tein after a 30�min ultrasound treatment (Table 4). This is

significantly lower than, for example, for GSH (Table 1).

The described spectrophotometric method for meas�

urement of NO is very time�consuming (significant time

is needed to reach complete binding of NO to Hb), and it

can only measure amounts of NO that do not exceed the

Hb concentration in the solution.

2.2. Measurements of NO concentration using pyrene
fluorescence quenching. We developed a fast and sensitive

method for monitoring of NO based on the quenching of

fluorescence by NO molecules. Fluorescence intensity

depends on quencher concentration [Q] according to the

Stern–Volmer equation:

I0/I = 1 + kqτ[Q],

where I0 and I are fluorescence intensities in the absence

and presence of quencher, respectively; kq is bimolecular

rate constant of quenching, and τ is the emission lifetime

in the absence of quencher.

We used pyrene as the fluorescent molecule because

of its high quantum yield and long emission lifetime. In

dilute solutions, pyrene exists as monomers characterized

by a fluorescence spectrum with vibronic structure.

Pyrene fluorescence is strongly quenched by oxygen (Fig.

5). The fluorescence lifetime of the monomer in butanol

in the absence of oxygen is ∼300 nsec (Fig. 6). Since kq

both for oxygen and NO is ∼1010 M–1⋅sec–1 [35], one can

easily calculate the concentration of quencher from fluo�

rescence intensity measurements.

The solubility of quencher molecules in organic sol�

vents and in water differs greatly, which results in different

quenching of pyrene fluorescence at constant partial pres�

sure of NO or O2. Therefore, it is desirable to perform meas�

urements in one organic solvent to exclude effects connect�

ed with different solubility of the gaseous ligands NO and O2.

Air was removed from the desaturator volume with a

vacuum pump, and pyrene fluorescence in the absence of

quencher was measured. Then an aqueous solution of S�

nitrosoglutathione, placed in the sidearm of a Warburg

vessel, was mixed with phosphate buffer (pH 7.0) in the

Warburg vessel. In weakly acidic media S�nitrosoglu�

tathione is stable, but in neutral media in the presence of

free GSH it easily degrades, releasing NO, which causes

the quenching of pyrene fluorescence (Fig. 7).

Fig. 6. Fluorescence decay of pyrene (10 µM) in butanol in the

absence of oxygen. The decay lifetime is τ = 307 ± 5 nsec; λex =

337 nm; λem = 390 nm. a) Experimental and calculated decay

curves: dots correspond to experimental data; the solid curve is

the result of approximation with a single exponential function;

b) distribution of weighted residuals; c) autocorrelation func�

tion of weighted residuals.
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These results indicate that in ultrasound�treated

aqueous solutions of thiols, S�nitrosocompounds (NO

donors) are formed. The rather fast degradation of the S�

nitrosocompounds is probably due to the presence of low�

molecular�weight thiols in solution [12, 21].

Under an atmosphere of air, nitric oxide produced

during the degradation of S�nitrosocysteine and S�

nitrosoglutathione undergoes more complicated transfor�

mations.

3. Formation of NO, NO2, and N2O3 during Degradation
of S�Nitrosoglutathione in Air. Kinetics 

of S�Nitrosoglutathione Degradation in Air Atmosphere

In air, S�nitrosoglutathione degradation accompa�

nied by a decrease in absorption bands at 340 and 543 nm

was also observed. The S�nitrosoglutathione degradation

rate increased with increasing pH of the medium.

Released NO interacts with air oxygen to form NO2 in a

three�component reaction (2) [7].

Nitrosyl radicals produced recombine to N2O4,

which in water forms NO2
– and NO3

– (Eqs. (3) and (4)):

2NO + O2 → 2NO2 ;                                          (2)

2NO2 → N2O4 ;                                                   (3)

N2O4 + H2O → NO2
– + NO3

– + 2H+.                     (4)

At lower concentrations of oxygen in the desaturator

atmosphere, the role of the interaction between NO2 and

NO molecules (reaction (5)) increases:

NO2 + NO → N2O3 ;                                          (5)

N2O3 + H2O → 2NO2
– + 2H+.                           (6)

As follows from reactions (2)�(6), the amount of

NO2 is equal to the increment of proton concentration in

the solution. We determined changes in pH of the medi�

um spectrophotometrically using phenolphthalein (pKa =

9.6) and pyridoxine (pKa = 3.7) dyes.

The aqueous solutions of phenolphthalein or pyri�

doxine were placed into a right�angled cuvette, whereas

the solution of S�nitrosoglutathione was placed in a small

flask. This flask served as a stopper that closed the desat�

urator hermetically. The volume of the air above solutions

in the cuvette and flask was 20 cm3. The phenolphthalein

solution was bleached (Fig. 8), and in the pyridoxine

spectrum the absorption band at 320 nm decreased and

the band at 290 nm increased. These results indicate that

the solutions became more acidic, and protonated forms

of the compounds were produced. Using the Henderson

equation and known concentrations of the protonated

and deprotonated forms of the dye, one can calculate the

increment of proton concentration in the solution [28]. It

is known that NO2
– oxidizes HbO2 to Hb(III) [10, 11]. As

it follows from comparison of data shown in Figs. 8 and 9,

the amount of NO2
– is approximately the same as the con�

centration of protons H+.

The amount of additionally produced protons in the

solution, as well as the Hb(III) concentration, were less

than the amount of spontaneously degraded S�nitrosoglu�

tathione. This is connected with reactions (2)�(6) between

O2 and NO in the aqueous medium in the vessel (3). After

incubation for 24 h and complete S�nitrosoglutathione

degradation, 0.9 mM nitrite was registered in the vessel (3).

If an aqueous solution of GSH was placed in the

cuvette and an S�nitrosoglutathione solution was in the

flask in the upper part of the desaturator, then after long�

term incubation for 24 h or more in air, we observed the

emergence of absorption bands at 334 and 543 nm. This

indicates that GSH molecules were nitrosylated. The

yield of nitrosylated GSH was low, not exceeding 1�2% of

the total amount of released nitrogen oxides.

S�Nitrosoglutathione can also be produced due to

the interaction of N2O3 with sulfhydryl groups of thiols

and proteins [36].

Summarizing these results, we conclude that in air

NO is mainly converted to NO2, which is then trans�

formed to NO2
–.

On the base of these results, we suppose that also in

ultrasonic fields in air the formation of S�nitrosocom�

pounds probably is not connected with the interaction of

sulfhydryl groups with N2O3. Indeed, the yield of S�

nitrosocompounds in ultrasonic fields is rather high

(Table 1). Therefore, we suppose that not N2O3, but nitric

oxide (NO) and its redox form (NO+) produced in ultra�

sound fields are mainly responsible for modification of

sulfhydryl groups of low�molecular�weight thiols and also

of sulfhydryl groups of Hb and HSA.

DISCUSSION

Formation of HO�, H�, and O2
–�radicals in water and

aqueous solutions exposed to ultrasound has been proven

by EPR spectroscopy [15]. Primary free radical products,

produced in cavitational bubbles, interact with air oxygen

and among themselves and form secondary products of

reaction (hydrogen peroxides, nitrogen oxides, etc.). The

yield of free radical products in an ultrasonic field

depends significantly on the composition of the gas

atmosphere and on the presence of volatile compounds

[13, 14].

Among gas molecules inside the cavitational bubble,

energy exchange is possible, which leads to dissociation

and ionization of gas molecules [13].

In cavitational bubbles saturated with air, dissociation

of N2 and O2 molecules takes place. Products of their degra�

dation interact among themselves to form nitrogen oxide
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and its redox forms, which diffuse to the interface between

two media, and interact with sulfhydryl groups of low�

molecular�weight thiols to form S�nitrosothiols that possess

characteristic absorption at 340 and 540 nm (Fig. 2):

N + O → NO;                                  (7)

N+ + O → NO+.                               (8)

In the absence of reactive sulfhydryl groups (Cys and

GSH), nitric oxide in aqueous solution is mainly trans�

formed to nitrite in reactions with oxygen (reactions (2)�

(6)) or, interaction with superoxide anion, forms unstable

peroxynitrite [29, 37]:

O2
– + NO → –OONO.                          (9)

Peroxynitrite is also formed as a product of the inter�

action between NO+ and H2O2 [38]. Peroxynitrite is sta�

ble in alkaline medium, but if the cis�form is protonated

(pK 6.8) [39], it isomerizes to nitrite with the lifetime ∼1 sec

at pH 7.0 [29].

Peroxynitrite oxidizes sulfhydryl groups of thiols [29,

36] and nitrates tyrosine [29]. The appearance of weak

absorption at 360�420 nm in the spectrum of sonicated

HSA suggests that ultrasound promotes modification of

tyrosine residues.

The interaction of hydroxyl radicals with NO and

NO2 leads to the formation of nitrites and nitrates:

NO + OH → HONO → NO2
– + H+;           (10)

NO2 + OH → HONO2 → NO3
– + H+.         (11)

Therefore, in water exposed to ultrasound in air,

hydrogen peroxides and nitric (Table 3) and nitrous acids

are produced. The absorption maximum of nitrate ions is

at 302 nm (ε = 7 M–1⋅cm–1) and that of nitrite ions at 340 nm.

The yield of nitrate ions in the initial periods of exposure to

ultrasound was low. The absorption spectra of NO2
– anions

and molecules of the corresponding acid HNO2 are differ�

ent (the absorption band of HNO2 has fine structure).

Oxygen free radicals also diffuse to the interface

between phases and interact with functional groups (pri�

marily with sulfhydryl groups of Cys and GSH), causing

their oxidation to disulfides, peroxides (Fig. 3), and, as

shown earlier, to cysteic acid [20]. Formation of perox�

ides of GSH and cysteic acid does not occur until

sulfhydryl group content is diminished and a significant

concentrations of disulfides are produced [20]:

RSH + (OH, O2
–) → RS + (OH–, H2O2);                   (12)

RS + RS → RS–SR;                                                   (13)

RSH + RS → RSHSR; RSHSR + RS→ RSSR + RSH. (14)

We believe that a small production of RSO2 in the

presence of high concentrations of GSH is caused by effi�

cient proceeding of reaction (14).

Simultaneously with sulfhydryl group oxidation by

oxygen free radicals, S�nitrosocompounds are produced

(Figs. 2 and 3), possibly due to interaction of thyil radi�

cals with NO and nitrosonium ion NO+ with RSH

groups:

RS + NO → RSNO;                              (15)

RSH + NO+ → RSNO + H+.                (16)

At sufficiently high concentrations of GSH, only

reactions (15) and (16) proceed, and NO2
– formation is

negligible. The amount of NO2
– produced under the action

of ultrasound on distilled water in air (reactions (10) and

(11), Table 3) was approximately 10 times lower than the

maximal amount of S�nitrosoglutathione (6�6.5 mM) pro�

duced in GSH aqueous solutions exposed to ultrasound

(Table 1). We think that this indicates the involvement of

both NO and NO+ in the formation of S�nitrosothiols.

Nitric oxide very effectively interacts with O2
– to pro�

duce peroxynitrite (reaction (9)). The rate constant of

this reaction is 6.7⋅109 M–1⋅sec–1 [37]. It results in a

decrease in nitric oxide concentration. The same reac�

tions probably occur between organic peroxide radicals

and NO.

Aliphatic alcohols and amino acids, particularly in

the beginning of sonication, lower the production of S�

nitrosocompounds (Table 2). On ultrasound treatment of

aqueous solutions of amino acids or alcohols, their perox�

ides are formed, these being easily detected by the iodo�

metric method.

We suppose that the production of peroxide free rad�

icals decreases the yield of S�nitrosocompounds due to

the interaction of their forms with NO:

RSOO + NO → RSO + NO2;                    (17)

RSO + RSH → RSOH + RS;                   (18)

RSOH + RSH → RSSR + H2O.              (19)

Glutathione peroxides are formed only after oxida�

tion of 70% of GSH, when the role of reaction (14) is

diminished due to the decrease of sulfhydryl group con�

centration.

In an atmosphere of N2 or CO, we did not observe pro�

duction of S�nitrosocompounds (Fig. 2, Table 2). Therefore,

it can be assumed that O2 is needed for formation of nitro�

gen oxides from primary radicals of N2 dissociation.

Earlier it was shown that biologically active S�

nitrosocompounds were able to spontaneously release

NO, and its yield was increased after addition of thiols to

the solution [21].
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NO is a very active free�radical compound and effec�

tively reacts with air oxygen or O2 dissolved in water to

form nitrite (reactions (2)�(6)).

However, when concentrations of GSH or Cys are

significantly higher than S�nitrosoglutathione concentra�

tion in solution, then nitrite yield is decreased due to for�

mation of conjugates between GSH and S�nitrosoglu�

tathione, which then are transformed to GSSG, NH3,

and N2O [21].

GSH or Cys solutions exposed to ultrasound con�

tained besides initial thiol compounds and S�nitroso�

thiols, also disulfide forms of thiols, peroxides (Figs. 1�3),

and cysteic acid, and products containing cysteic acid

residues, etc. [20].

In aqueous solutions of serum albumin and apoHb

exposed to ultrasound in air atmosphere, formation of

protein S�nitrosocompounds capable of spontaneously

releasing NO also occurred (Table 4). The yield of S�

nitrosocompounds after sonication of apoHb was lower if

we take into consideration the amount of sulfhydryl

groups of protein and of low�molecular�weight thiols. For

example, S�nitrosoglutathione production was approxi�

mately four times higher than HbSNO formation.

This could be connected with different accessibility

of SH�groups in protein and/or with interaction of nitro�

gen oxides with other amino acid residues, e.g., tyrosine

residues. In fact, as absorption spectroscopy data shows,

ultrasound treatment modifies both free tyrosine and,

probably, tyrosine residues in proteins. However, the

number of nitrated tyrosine residues was low, not exceed�

ing 2�5% of the number of protein S�nitrosothiols. Also,

oxygen free radicals react with other targets in proteins,

because, in contrast to concentrated thiol solutions, oxy�

gen free radicals are not intercepted (reaction (12)) and

not transformed to thyil radicals. The main targets for

oxygen free radicals in HSA molecules are cystine

residues, which are oxidized to cysteic acid residues dur�

ing treatment with ultrasound (Table 5). HSA contains 17

cystine residues and one sulfhydryl group [34]. The same

process of cysteic acid residue formation for low�molec�

ular�weight thiols was also observed after production of a

significant amount of disulfide compounds (70% and

more) [20]. For HSA solutions, this process of cystine

residue oxidation took place almost from the beginning of

exposure to ultrasound.

It must be noted that both for solutions containing

low�molecular�weight thiols and S�nitrosothiols and also

for solutions of proteins and S�nitrosoproteins, the possi�

bility of SH�group modification in secondary reactions

with N2O3 exists in principle. The anhydride of nitrous

acid can be formed in the reaction of NO with NO2 after

spontaneous degradation of S�nitrosothiols (reaction (6)).

Since compounds were exposed to ultrasonic fields

for several hours, the produced S�nitrosocompounds par�

tially degraded, releasing NO and forming new reaction

products (reactions (2)�(6)).

Experimental methods based on pyrene fluorescence

quenching by O2 and NO (Figs. 5�7) and spectrophotom�

etry using HbNO determination allow the amount of

released NO to be determined.

Results of measurements indicate that S�nitroso�

products obtained on exposure of aqueous solutions of

thiols to ultrasound degrade spontaneously, releasing NO

(Fig. 7). In air, nitric oxide formed during the degradation

of S�nitrosocysteine or S�nitrosoglutathione undergoes

more complicated transformation. Our measurements

showed that NO was not found at oxygen partial pressure

of 75 torr or more. At O2 partial pressure of 140�150 torr,

practically all of the NO was converted to NO2. The

amount of N2O3 did not exceed 1�2% of the total amount

of NO2. These data indicate that nitrous anhydride can be

formed via S�nitrosocompound degradation in air atmos�

phere during long�term ultrasound exposure, but its con�

tribution in thiol nitrosylation is small.

In water, NO2 (N2O4) and N2O3 form NO2
– and NO3

–,

respectively, and the same concentration of protons equal

to the sum of NO2
– and NO3

– concentrations (Eqs. (2)�

(6)). Coincidence of dye bleaching rate due to acidifying

Fig. 8. Decrease in the deprotonated colored form of phe�

nolphthalein in a desaturator (Fig. 1) because of acidification

of the medium during spontaneous degradation of S�nitroso�

glutathione: 1) initial dye; 2) after 20 min; 3) 40 min; 4) 60 min;

5) 90 min; 6) 120 min; 7) 160 min. Phenolphthalein was placed

in cuvette (1) and S�nitrosoglutathione in vessel (3) of the

desaturator (Fig. 1). Phenolphthalein concentration, 0.1 mM;

concentration of S�nitrosoglutathione obtained in the ultra�

sonic field was 10 mM. Air from the desaturator volume (20 ml)

was not removed.
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of the medium when NO2 penetrates into water (Fig. 8)

and Hb(III) formation velocity as a result of HbO2 oxida�

tion by nitrite in air (Fig. 9), as well as HbNO formation

or pyrene fluorescence quenching, indicate rather good

coincidence of H+ and NO2
–, NO3

– and NO concentra�

tions. Therefore, we believe that after a sufficiently long

period S�nitrosothiols completely degrade with the for�

mation of nitrogen oxides. Probably under our experi�

mental conditions the reaction producing conjugates

between GSH and S�nitrosoglutathione, which then are

transformed to NH3 and N2O and cause decreased NO2
–

yield [21], is insignificant and can be neglected.

Summarizing the results, we conclude that exposure

of GSH and Cys to ultrasound leads to formation of S�

nitrosocompounds with yields of 10 and 4%, respectively,

with regard to the total amount (2�10 mM) of the thiol

compounds in solution. In aqueous solutions of apoHb

and HSA exposed to ultrasound, S�nitrosocompounds of

proteins are also formed. Both low�molecular�weight S�

nitrosothiols and protein S�nitrosocompounds sponta�

neously release NO. Beside S�nitrosocompounds, as

main products in solution we found disulfides of thiols,

peroxide compounds, and cysteic acid residues (Fig. 10).

As follows from the presented scheme, in the pres�

ence of sufficiently high GSH or Cys concentrations

practically complete interception of oxygen free radicals

and formation of thyil radicals are observed. S�

Nitrosocompounds are formed both via the interaction of

NO with thyil radicals and due to the interaction of NO+

with sulfhydryl groups of thiols. Thyil radicals react with

O2 to form thioperoxide radicals, RSO2, which effective�

ly transform NO to NO2 and, hence, decrease RSNO

yield. In the presence of high (10 mM and more) concen�

trations of GSH or Cys in solution, cysteic acid or its

derivatives are not formed because of effective transfor�

mation of RSOO to RS, and RSSR is the main product.

However, at high RSSR concentrations and low concen�

trations of thiols, interaction of hydroxyl radicals with

disulfides takes place to produce thyil radicals, which

form RSO2 in air. We noted earlier that, beside peroxyni�

trite, secondary reactive compounds (e.g., N2O3) result�

ing from transformation of NO during degradation of S�

nitrosocompounds in air could contribute to the modifi�

cation of protein sulfhydryl groups. But their contribution

is small and should be taken into account only for long�

term exposure to ultrasound fields. These reactions are

not shown in the scheme. RSNO yield (Table 1) is

approximately tenfold higher than the output of nitrite

produced in water (in the absence of thiols) on exposureFig. 9. Kinetics of HbO2 oxidation by nitrite formed in cuvette

(1) of a desaturator during spontaneous decay of S�nitrosoglu�

tathione placed in vessel (3) (see Fig. 1): 1) absorption spec�

trum of initial HbO2; 2) after 1�h incubation; 3) after 2�h incu�

bation; 4) 3�h incubation. The concentration of S�nitrosoglu�

tathione was 10 mM; the concentration of tetrameric HbO2

was 25 µM.
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to ultrasound (Table 3). On the base of these results, we

suppose that mainly nitric oxide (NO) and its redox form

(NO+), produced in ultrasonic fields, are responsible for

sulfhydryl group modification of low�molecular�weight

thiols and proteins (Hb, HSA) and for S�nitrosocom�

pound formation.

Ultrasound is widely used in medical practice, for

example, in therapeutics, obstetrics, surgery, and for diag�

nosis of the vascular system [2]. During ultrasound irradi�

ation, energy is conveyed to tissue via some contact medi�

um, for example, a gel that is applied to the skin surface.

There are dramatic maxima of intensity in the region of

the radiator contact with tissue, and high radiation doses

can be received. To avoid this, it is recommended to apply

ultrasound with intensity of not more than 3 W/cm2, to

use interrupted exposures, and to move the sonicator

head. In this work, during in vitro measurements, ultra�

sound in the range from 0.2 to 2.0 W/cm2 was used. The

yield of S�nitrosocompounds dramatically increased as

the intensity of irradiation was increased above 0.3 W/cm2

due to development of cavitation in the medium (Table 3).

However, S�nitrosoglutathione formation was

observed even at the power of 0.2 W/cm2 when ultrasound

was imposed on GSH aqueous solutions in air.

We think that the favorable physiotherapeutic effect of

ultrasound related to enhanced blood circulation may be

due to, along with other factors, the formation of protein

S�nitrosocompounds as well as low�molecular�weight S�

nitrosothiols. The S�nitrosocompounds are able to sponta�

neously release NO, which is a vessel relaxation factor.
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