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Introduction

At the end of the 20th century it has been found that in 
any living organism a nitric oxide (NO) is produced in 
large concentrations. Further study of its biological role 
revealed that NO is a gaseous messenger which acts as 
a universal modulator of various functions in organism 
[1, 2]. NO is a ubiquitous mediator that is produced by 
three isoforms of NO synthase (NOS): neuronal (nNOS 
I), endothelial (eNOS II) and inducible (iNOS III) [3]. 
Two isoforms of NO-synthase are classified as constitu-
tive NO synthase – neuronal (nNOS I) and endothelial 
(eNOS II). Their designations indicate the cell types in 
which these isoforms have been identified. Functioning 
of constitutive forms is regulated by Ca2+ ions. eNOS 

is a Ca2+-dependent and after any stimulant which 
causes an increase in the intracellular Ca2+ concentra-
tion it synthesizes very small amounts of NO which has 
biomodulative effects. Also eNOS plays a key role in 
ensuring the constant "basal" NO level.

The third isoform of NO-synthase is inducible (iNOS 
II), as its activation induced by cytokines, endo- or exo-
toxins. Its synthesis occurs over 6–8 hours after their 
actions. iNOS is Ca2+-independent isoenzymes. In phys-
iological conditions it is inactive. NO which is produced 
by the activation of inducible NOS is primarily designed 
for the protection of organism [4]. This isoform is asso-
ciated with immunological and infectious stimuli and 
is expressed in macrophages, neutrophils and endothe-
lial cells. The NO production by activated macrophag-
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es confirms a cytotoxic and cytostatic role of NO in 
immune system. It should thus be noted that NO can 
also be produced by non-enzyme interaction of argin-
ine and hydrogen peroxide [5]. Also it has been found 
that eNOS produces low concentrations of NO, whereas 
iNOS synthesizes high concentrations of NO [4].

Although isoenzymes are products of different 
genes and they have different functions, the differenti-
ation on inducible and constitutive NO synthesis is con-
ditional, since they form a single product – a NO mol-
ecule, which diffuses easily through cell membranes 
and does not require receptors to perform its effects. 
The balance between physiological, regulatory and/or 
cytotoxic properties are largely due to the local con-
centration of NO and oxidative status of the tissue in 
which NO is synthesized and realizes its effects [6, 7].

Nowadays the role of NO in the development of 
autoimmune diseases is actively studied [8, 9]. It has 
been proved a key role of NO in the regulation of 
immune responses and its participation in almost every 
stage of inflammation. Inside the cells NO activates 
some enzymes and inhibits the others, thus participat-
ing in the regulation of cellular functions. High NOS 
activity leads to NO accumulation and initiation of 
pathological processes in the cell [10, 11]. Herewith the 
inhibition of lymphocytes proliferation and increase 
of apoptosis of lymphocytes and macrophages occurs 
which leads to secondary immunodeficiency [12]. The 
NOS activity and NO level along with other parameters 
may indicate the state of the cell system and be auxil-
iary prognostic indicators for various diseases, includ-
ing rheumatic.

Nowadays, a rheumatic diseases are considered as 
one of the most common pathologies of modern soci-
ety. They are among the most difficult diseases by their 
severity and selection of adequate treatment. Most 
chronic inflammatory rheumatic diseases are mediated 
in a particular stage by immune disorders. The reason 
of immunocomplex destruction in patients with rheu-
matoid arthritis (RA) and ankylosing spondylitis (ASA) 
is the disturbances in the regulation of the immune 
response. This is due to imbalance in function of T-and 
b-lymphocytes, which play an important role in com-
pensatory-adaptive reactions of organism.

There is a large number of studies devoted to enzy-
matic spectrum of blood lymphocytes under various 
diseases, but the studies of NOS activity of blood lym-
phocytes in patients with RA and AS are limited.

As a result of our previous studies on the enzymatic 
activity of NOS in peripheral blood lymphocytes it was 
shown [13] that NOS activity in patients with RA and 

ASA is significantly different from that in healthy per-
sons. After the treatment the NOS activity in patients 
approaches to its control values. However, it remains 
unclear the biochemical and biophysical mechanisms of 
disturbances of NOS activity in blood lymphocytes at 
autoimmune process. The aim of this work was to study 
the kinetic parameters of NOS of peripheral blood lym-
phocytes of patients with RA and ASA.

Materials and methods

The study was carried out on peripheral blood lym-
phocytes isolated from patients with RA and ASA, 
treated in Lviv Regional Clinical Hospital (Ukraine). All 
patients were divided into two groups: patients with 
RA (n = 40) and patients with ASA (n = 30). Control 
group were practically (clinically) healthy persons rep-
resentative by age and sex (n = 30). All patients and 
donors gave written informed consent to participate in 
research (Ethical Committee Approval Protocol No 8 
from October 22, 2012).

Isolation of lymphocytes
Mononuclear peripheral blood lymphocytes were iso-
lated from heparinized freshly obtained blood by 
ficoll-triombrast with gradient density ρ = 1.08 g/cm3 
[14]. Integrity and viability of blood lymphocytes eval-
uated using trypan blue staining in all experiments was 
at least 95 % [15].

NOS activity was determined on the saponin-per-
meabilized blood lymphocytes. For permeabilization 
of lymphocytes membrane and disclosure of enzymatic 
activity lymphocytes were incubated for 10 min with 
moderate shaking in a solution containing saponin in 
a concentration of 0.2% [16, 17]. Protein content in 
lymphocytes mixture was determined by Lowry meth-
od [18].

Determination of NOS
Determination of NOS activity in permeabilized lym-
phocytes was carried out in the reaction mixture (at 
37°C) containing 80 mM Tris-HCl buffer (pH 7.4), 5 
mM CaCI2, 0.15 mM L-Arg, 0.12 mM NADPH. The reac-
tion was initiated by the introduction of an aliquot of 
blood lymphocytes (70 μl) in the reaction mixture. Pro-
tein content in the sample did not exceed 50–75 μg. 
The difference between the values of NADPH oxida-
tion with L-Arg and with inhibitor L-NAME reflects the 
value of the NADPH oxidation, ie total NOS activity. 
The test samples were estimated spectrofotometrically 
against control samples at 340 nm and then incubat-
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ed for 20 min at 37 ºC. The reaction was stopped by 
the introduction of 0.05 ml of 1.5 M HCIO4 and then 
decrease in extinction was registered [19]. NOS activity 
was expressed in nmol NADPH oxidase per 1 min per 
1 mg of lymphocytes protein [20].

The activity of Ca2+-independent iNOS was deter-
mined similarly, adding to the incubation medium Ca2+ 
chelators EGTA (4 mM) instead of CaCl2. The activity 
of Ca2+-dependent NOS isoforms was calculated as the 
difference between total NOS activity and Ca2+-inde-
pendent NOS activity.

Kinetic analysis
Kinetic analysis of the enzyme reaction was performed 
in a standard incubation system (as described above) 
with modified physical and chemical characteristics or 
the respective components (the substrate concentra-
tion, incubation time, protein content and detergent 
concentration). The kinetic parameters characterizing 
the NO-synthase reaction – the initial (instantaneous) 
reaction rate (V0), maximum amount of the reaction 
product (Pmax) and characteristic reaction time (time 
half saturation) τ were determined according to [21]. 
The apparent affinity constant for L-arginine (KL-Arg) 
and maximum reaction rate (Vmax) were determined 
by Lineweaver-burk plot [22]. Kinetic and statistical 
calculations were carried out using the software MS 
Office computer programs. The results were treated 
by methods of variation statistics using Student t-test. 
The equation of the straight line that approximates the 
experimental data the best was calculated by method 
of least squares. The absolute value of the correlation 
coefficient r was from 0.85 to 0.95. The significance 
of the calculated parameters of line was tested by the 
Fisher’s F-test. The accurate approximation was when 
P ≤ 0.05.

Results
Kinetic analysis of NOS activity on concentration 
of L-arginine
Isoenzymes of NOS are dioxygenases which use molec-
ular oxygen and NADPH for the transformation of 
L-arginine to L-citrulline and NO. Arginine is the basic 
amino acid substrate for NO production by all NOS iso-
forms. 

For this reason, changes in the L-arginine concentra-
tion in the incubation medium affect the rate of NO-
synthase reaction. The dependence of the NO-synthase 
activity on substrate concentration in the incubation 
medium is determined by the apparent affinity con-

stant to the substrate KL Arg. For its determination the 
L-arginine was added to the incubation medium in con-
centrations ranging from 0.1 to 30 mM (at constant 
concentration of CaCI2 – 10 mM and NADPH – 0.12 
mM). It was observed a monotonic increase in the enzy-
matic activity of two isoforms of NOS reaching a pla-
teau (Figure 1). As can be seen from figure 1 the eNOS 
activity in patients with RA is reduced in comparison 
with the value in healthy donors in the whole range of 
L-arginine concentrations. Reduction of eNOS activity is 
accompanied by a sharp increase in activity of inducible 
form. The optimum substrate concentration for both 
enzymes is within 20–30 μM. The dependence NOS 
activity on L-arginine concentration for patients with 
ASA has an identical character. 

It was determined the main kinetic parameters of 
L-arginine hydrolysis to elucidate the possible mecha-
nism of change in NOS activity in patients with RA and 
ASA (Figure 2).

Linearization of concentration curves in Lineweav-
er-burk plot for iNOS has an identical character. The 
main kinetic parameters NOS of blood lymphocyte of 
donors and patients with RA and ASA were calculat-
ed by linearization of the data in Lineweaver-burk plot 
(Table 1).

Data in table 1 show that the maximum rate of 
hydrolysis of L-arginine for eNOS of blood lympho-

Figure 1. Concentration dependence of L-arginine effect on NOS activity 
of saponin-permeabilized peripheral blood lymphocytes of patients with 
rheumatoid arthritis, M ± m, n = 6–8
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cytes of healthy persons is 2.5 and 2.2 times greater 
than this value for eNOS of patients with RA and ASA 
accordingly. However, affinity constants for L-arginine 
in all studied groups were not significantly different. 
Hence we can conclude that affinity of eNOS for L-argi-
nine does not change in patients with RA and ASA. 
Thus, in patients with rheumatic pathology the inhibi-
tion of eNOS in immunocompetent cells occurs by non-
competitive type, by reducing the speed of the enzyme 
(value of Vmax decreases).

The maximum rate of L-arginine hydrolysis for iNOS 
(which is not identified in normal and is significantly 
activated in rheumatic diseases) differs from this val-
ue for eNOS of blood lymphocytes in healthy persons 
(in 1.4 times greater than in patients with RA and 1.6 
times greater than in patients with ASA) Affinity con-
stant for L-arginine for iNOS of blood lymphocytes 
in patients with rheumatic disorders is lower than for 
eNOS in healthy persons (in 5.2 times in patients with 
RA and in 5.6 times in patients with ASA).

Kinetic analysis of NO-synthase reaction on time
For studying the peculiarities and the mechanism of 
NOS functioning the initial (instantaneous) reaction rate 
(V0), maximum amount of the reaction product (Pmax) 
and characteristic reaction time (time half saturation) (τ) 
were determined [21]. For determination of these kinet-
ic parameters of NOS the dynamics of NADPH(H+) accu-
mulation, indicating NO synthesis, was examined. Sus-
pension of lymphocytes was incubated in the standard 
incubation medium for various periods of time (0–30 
min.). These experiments show that kinetics of NO-syn-
thase reaction by saponin-permeabilized lymphocytes is 
reflected by curves that tend to saturation (Figure 3).

Analysis of the results shows that kinetics of NO 
production by eNOS is consistent with the first-order 
reaction in the range 0–20 min. In this time interval 
the dependence of NO production on the incubation 
period is almost linear. Therefore, in further experi-
ments the incubation time of lymphocytes and, there-
fore, NO-synthase reaction is 20 min.

Table 1. Kinetic parameters of NOS of blood lymphocytes of patients with RA and ASA, defined by L-arginine, M ± m, n = 6–8

Kinetic parameters Patients with RA Patients with ASA Control group
eNOS  

Vmax, nmol NADPH(H+)/min⋅ mg protein 92.2 ± 12.8 *** 108.8 ± 8.2 *** 235.6 ± 44.0
KL-Arg, μM 16.3 ± 0.4 15.8 ± 1.5 14.6 ± 2.7

iNOS
Vmax, nmol NADPH(H+)/min⋅ mg protein 164.3 ± 10.2 142.4 ± 11.0 –
KL-Arg, μM 2.8 ± 0.5 2.6 ± 0.4 –

*** P < 0.001 compared to healthy donors

Figure 2. Linearization of concentration curves in Lineweaver-Burk plot, here V  is eNOS activity of 
saponin--permeabilized peripheral blood lymphocytes of patients with rheumatoid arthritis and 
ankylosing spondylitis, n = 4-6; r > 0.85; F < 0.005
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As can be seen from Figure 3a in the whole 
range of time, the value of NO produced by eNOS 
of blood lymphocytes of patients with rheumatic dis-
eases is much lower compared to value in healthy 
donors. However, the value of NO produced by iNOS 
(Figure 3b) of blood lymphocytes of patients with 
rheumatic diseases is significantly higher than these 
values in donors.

by linearization of the data in the coordinates P/t on 
P the main kinetic characteristics of eNOS and iNOS of 
blood lymphocytes in patients with RA were calculated 
(Table 2, Figure 4). In patients with ASA the lineariza-
tion curves of NADPH accumulation by endothelial and 
inducible form of NOS have a similar appearance.

As can be seen from Table 2 the values of the 
kinetic parameters of NO production by eNOS of blood 
lymphocytes of patients with rheumatic diseases and 
healthy persons differ significantly. The maximum 
instantaneous rate of eNOS is greater in 3 times in 

healthy donors compared with values in patients with 
RA and ASA. Maximum amount of reaction product by 
eNOS in control group exceeds this value in patients 
with RA and ASA in 5.1 and 4.2 times accordingly.

The results of kinetic analysis indicate that NO pro-
duction by iNOS is much more intense than by eNOS, 
and, in turn, NO production by eNOS in the control 
group is quicker and more active than in patients with 
rheumatic pathologies. The maximum instantaneous 
rate of iNOS reaction exceeds this value of eNOS reac-
tion in patients with RA and ASA in 12 and 10.8 times 
accordingly. Maximum amount of reaction product by 
iNOS exceeds this value for eNOS in patients with RA 
and ASA in 6.5 and 5.7 times respectively.

Kinetic analysis of NOS activity on concentration 
of protein
Taking into account that enzyme activity depends on 
the protein content in incubation medium, the NOS 

 a b

               

Figure 3. Dynamics of NADPH(H+) production in NOS reaction of blood lymphocytes by eNOS (a) and by iNOS (b) in patients with RA and ASA, M ± m, 
n = 6–8

Table 2. Kinetic parameters of L-arginine hydrolysis by NOS of blood lymphocytes of patients with RA and ASA, M ± m, n = 6–8

Kinetic parameters Patients with RA Patients with ASA Control group
eNOS

V0, nmol NADPH(H+)/min⋅ mg protein 33.9 ± 2.4*** 32.8 ±2.7*** 98.0 ± 7.2
Pmax, nmol NADPH(H+)/mg protein 690.1 ± 83.0*** 827.6 ± 91.0*** 3512 ± 306
τ, min 21.4 ± 5.9 ** 26.0 ± 6.8**** 36.6 ± 4.6

iNOS
V0, nmol NADPH(H+)/min⋅ mg protein 405.2 ± 50.3 356.0 ± 37.4 –
Pmax, nmol NADPH(H+)/mg protein 4524.2 ± 282.6 4725.9 ± 302.8 –
τ, min 11.6 ± 1.9 13.7 ± 2.1 –

** P < 0.01
*** P < 0.001 compared to healthy donors
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reaction was initiated by inclusion of protein with 
concentrations ranging from 25 to 150 μg/ml in lym-
phocyte mixture (Figure 5). It was investigated that 
a gradual increase in lymphocyte protein concentration 
in the incubation medium leads to an increase in V0 of 
NOS reaction.

The dependence of the NADPH(H+) production on 
the protein content in incubation medium has the same 
character both for eNOS and iNOS. However, the data 
indicate that maximum instantaneous rate of NADPH(H+) 
production by eNOS in patients with RA and ASA is sig-
nificantly different from that of healthy donors (Table 3).

Figure 4. Linearization of curves of NADPH(H+) accumulation by eNOS and by iNOS of saponin-
permeabilized peripheral blood lymphocytes of patients with rheumatoid arthritis in coordinates 
[P/t; P], n = 6–8; r > 0.9; F < 0.02

Figure 5. Dependence of the initial rate of eNOS reaction of saponin-permeabilized blood lympho-
cytes of patients with RA and ASA on protein content, M ± m, n = 4–6
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Analysis of the dependence of NOS activity on the 
detergent (saponin) concentration
Studying the NOS activity the different methodological 
approaches (studies on isolated subcellular structures, 
on whole cells or on cell homogenates) are used. Study 
of the NOS properties on isolated membrane fractions 
or lymphocyte mitochondria is difficult due to their 
gradual inactivation during preparative obtain of frac-
tions of subcellular structures.

The aim was to pick up the optimal conditions for 
NOS determination using saponin as a detergent. This 
substance is capable of binding to membrane pro-
teins by hydrophobic bonds, while interacting by polar 
groups with water. This allows molecules of detergent 
to loosen the membrane without disrupting its struc-
ture and function [31]. Saponin was used in the con-
centration range from 0.02 to 0.3%. 

As can be seen from Figure 6 in a wide range of 
saponin concentrations (0.02–0.3%) curves of enzyme 
activity on the detergent concentration are dome 
shaped. The maximum of NOS activities is observed 
for saponin concentrations of 0.1–0.2%. This range of 
saponin concentrations can be considered as the most 

appropriate for practical use in experiments to study 
the kinetic and catalytic properties of NOS. Lower 
saponin concentrations (0.02–0.04%) do not disclo-
sure of NOS activity fully. Dependences NOS activity 
on saponin concentration for lymphocytes of patients 
with ASA have a similar appearance.

Discussion
The availability of L-arginine is a potential mechanism 
for controlling the NO production, since most cell types 
can not synthesize arginine and require arginine intake 
from outside [23, 24, 25].

Physiological needs of most tissues and organs 
of mammals in arginine are satisfied with its endog-
enous synthesis and/or intake of food. but this ami-
no acid is essential for young individuals and adults 
under stress or illness. Arginine is an essential pre-
cursor for the synthesis of proteins and many biologi-
cally important molecules, such as ornithine, proline, 
polyamines, creatine and agmatine. However, the 
main role of arginine in organism is to be a substrate 
for NO synthesis [26]. 

Table 3. The kinetic parameters of NADPH(H+) production by eNOS of saponin-permeabilized blood lymphocytes of patients 
with RA and ASA, M ± m, n = 4–6

Kinetic parameters Control group
Patients with

RA ASA
V0, nmol NADPH(H+)/min⋅ mg protein 53.6 ± 1.0 18.6 ± 0.5*** 17.6 ± 1.4***

*** P < 0.001 compared to healthy donors

Figure 6. The dependence of eNOS and iNOS activity of saponin-permeabilized blood lymphocytes of 
patients with RA on saponin concentration, M ± m, n = 4
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However, local bioavailability of L-arginine for NOS 
may be reduced due to the increased activity of L-ar-
ginase, which competes with NOS for the same sub-
strate. Arginases metabolize arginine to ornithine and 
urea [23, 27, 28].

If iNOS is induced by classically inflammato-
ry cytokines (IL-1, TNF-α, γ and IFN-γ and IL-2), the 
humoral proinflammatory cytokine (IL-4, IL-10, IL-13 
and TGR-β) induce the expression of arginase. Endo-
toxin induces both iNOS and arginase I [27]. iNOS pro-
vides a regulating effect on arginase activity through 
production of hydroxy-L-arginine which is an interme-
diate product in the NO production. Arginase, in turn, 
can regulate NO synthesis through depletion of argin-
ine availability [28].

Taking into account that cellular NO production in 
immune cells is completely dependent on the presence 
of L-arginine [29], a sharp increase in iNOS activity in 
blood lymphocytes of patients with RA and ASA is 
probably associated with an increase in substrate con-
centration. 

based on our data, we assume that in white blood 
cells of patients with RA and ASA the NO production 
by iNOS is much more intense than by eNOS. NO pro-
duction by eNOS in patients with rheumatic pathology 
is slower and less active than in healthy donors. Thus, 
we can conclude that in lymphocytes of patients with 
RA and ASA the NO production is realized by inducible 
isoform of NOS mainly, and under normal physiologi-
cal conditions involving endothelial enzyme form.

Using whole cells the different NOS isoforms are in 
latent state and inaccessible to substrates. Therefore, 
testing their activities possible after prior disturbance 
of integrality of lymphocytes plasma membranes. This 
can be achieved by introducing a substance leading to 
perforation of plasma membranes (detergent) in the 
incubation medium. Using a suspension cells pretreated 
with detergent is adequate for correct testing of NOS of 
subcellular structures. Under these conditions the natu-
ral interrelation of intracellular stores is obey [30].

Similar studies of dependence of enzyme activity 
on the saponin concentration were carried out by oth-
er researchers. It was shown that similar saponin con-
centrations are used to uncover latent activity of bot 
h membrane and cytosolic enzymes [31]. Using such 
methodological approach for testing the enzymes is 
also confirmed by ultrastructural study [32].

Under conditions of rheumatic pathologies the 
effects of NO are different. On the one hand, a distur-
bance of constitutive NO production is associated with 
a decrease in the eNOS activity. On the other hand, 

these conditions can lead to iNOS hyperactivation and 
excess production of cytotoxic amounts of NO.

Conclusions
It was shown that reduction in eNOS activity is accom-
panied by a sharp increase in activity of its inducible 
form. It was established that inhibition of eNOS occurs 
by noncompetitive type. NO production in lympho-
cytes of patients with rheumatic diseases is mainly 
realized by iNOS, whereas under normal physiologi-
cal conditions endothelial form of the enzyme is being 
involved.
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