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Abstract

INTRODUCTION: Delivering of exogenous nitric oxide (NO) 
into the extracorporeal circuit is a potential strategy for organ 
protection during cardiopulmonary bypass (CPB). However, 
its effects are dose-dependent, and optimal concentrations 
remain unclear. OBJECTIVE: To evaluate the dose-dependent 
effects of nitric oxide delivery on the structural and function-
al properties of erythrocyte membranes and platelet aggre-
gation activity in an ex vivo model of CPB. MATERIALS AND 
METHODS: We performed a single-center, prospective, pilot, 
experimental ex vivo study using a CPB model. Whole blood 
samples were obtained from eight healthy volunteers. CPB 
was simulated for 60 minutes under five conditions: a con-
trol (no NO) and NO delivery at 40, 80, 120, and 160 ppm. 
Erythrocyte membrane microviscosity and polarity were as-
sessed, alongside spontaneous and induced platelet aggrega-
tion (adenosine diphosphate, collagen, epinephrine, arachi-
donic acid). RESULTS: In the control group, 60  minutes of 
CPB simulation significantly increased erythrocyte membrane 
microviscosity and decreased membrane polarity. NO deliv-
ery in the range of 40–120 ppm prevented the development 
of these changes. However, an NO concentration of 160 ppm 
increased the microviscosity of lipid–lipid interactions in 
erythrocyte membranes. In the control group, collagen-and 
low-dose of adenosine diphosphate-induced platelet aggre-
gation decreased during CPB simulation. While NO adminis-
tration at 40–120 ppm stabilized platelet aggregation activ-
ity, a concentration of 160 ppm enhanced collagen-induced 
platelet aggregation. CONCLUSIONS: Exogenous nitric 
oxide exerts dose-dependent effects on the structural and 
functional properties of erythrocyte membranes and plate-
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Реферат

АКТУАЛЬНОСТЬ: Проведение искусственного крово
обращения (ИК) ассоциировано с нарушением структур-
но-функционального состояния мембран эритроцитов 
и дисфункцией тромбоцитов, что способствует развитию 
микроциркуляторных расстройств и  послеоперационной 
коагулопатии. Одним из  перспективных направлений 
адъювантной органопротекции при ИК является доставка 
экзогенного оксида азота (NO) в контур экстракорпораль-
ной перфузии. Вместе с  тем физиологические эффекты 
NO носят выраженный дозозависимый характер: субтера-
певтические дозы могут быть недостаточно эффективны, 
тогда как избыточные концентрации способны реализовы-
вать прооксидантные и цитотоксические эффекты. Опти-
мальные дозы NO при ИК до настоящего времени оконча-
тельно не определены. ЦЕЛЬ ИССЛЕДОВАНИЯ: Оценить 
дозозависимые эффекты доставки оксида азота в ex vivo 
модели ИК на  структурно-функциональное состояние 
мембран эритроцитов и агрегационную активность тром-
боцитов. МАТЕРИАЛЫ И  МЕТОДЫ: Проведено одно-
центровое проспективное пилотное экспериментальное 
исследование ex vivo с использованием модели ИК. Био-
материал получен от  8  здоровых добровольцев. Моде-
лирование ИК осуществляли в  течение 60  мин в  пяти 
режимах: без подачи NO (контроль) и  с  подачей NO 
в концентрациях 40, 80, 120 и 160 ppm. Оценивали ми-
кровязкость и полярность мембран эритроцитов, а также 
спонтанную и индуцированную агрегацию тромбоцитов 
(аденозиндифосфат  [АДФ], коллаген, адреналин, арахи-
доновая кислота). РЕЗУЛЬТАТЫ: В  контрольной группе 
после 60  мин ИК отмечалось достоверное увеличение 
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let aggregation activity in an ex vivo CPB model. Nitric oxide 
concentrations of 40–120  ppm exert membrane-stabilizing 
effects and prevent platelet hyperactivation, whereas further 
dose escalation leads to a loss of protective properties.

KEYWORDS: cardiopulmonary bypass, nitric oxide, platelet 
aggregation, erythrocyte membrane
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коэффициентов микровязкости мембран эритроцитов 
и снижение их полярности. Доставка NO в диапазоне 40–
120 ppm предотвращала развитие указанных изменений. 
При концентрации NO 160 ppm выявлялось увеличение 
коэффициентов микровязкости липид-липидных контак-
тов мембран эритроцитов. Агрегационная активность 
тромбоцитов, индуцированная низкими концентрациями 
АДФ и коллагеном, снижалась в контрольной группе при 
моделировании ИК. Применение NO в дозах 40–120 ppm 
стабилизировало агрегационную активность тромбоци-
тов, тогда как при концентрации 160 ppm отмечалось уси-
ление коллаген-индуцированной агрегации. ВЫВОДЫ: 
Экзогенный NO при моделировании ИК ex vivo оказывает 
дозозависимое влияние на  структурно-функциональное 
состояние мембран эритроцитов и агрегационную актив-
ность тромбоцитов. Концентрации NO в диапазоне 40–
120  ppm обеспечивают реализацию мембраностабили-
зирующего эффекта и  предотвращают гиперактивацию 
тромбоцитов, тогда как дальнейшее увеличение дозы со-
провождается утратой защитных свойств.

КЛЮЧЕВЫЕ СЛОВА: искусственное кровообращение, 
оксид азота, агрегация тромбоцитов, мембраны 
эритроцитов
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Introduction

Cardiopulmonary bypass (CPB) is associated with the 
development of a systemic inflammatory response, activa-
tion of lipid peroxidation, as well as mechanical damage to 
erythrocytes, leading to disruption of cytoplasmic mem-

brane integrity and impairment of blood cell functional ac-
tivity. Damage to erythrocyte membranes is accompanied 
by alterations in their deformability, resulting in microcir-
culatory disturbances and contributing to the development 
of organ injury [1].

https://doi.org/10.21320/1818-474X-2026-3-68-79
mailto:nikolajkamenof@mail.ru
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A number of aggressive factors associated with CPB 
(blood contact with the foreign surface of the extracorpore-
al circuit, non-physiological non-pulsatile blood flow, acti-
vation of the complement system, etc.) also induce primary 
platelet activation followed by subsequent dysfunction and 
suppression of platelet activity. These changes may lead to 
an imbalance in the hemostatic system and the develop-
ment of postoperative coagulopathy [2, 3].

One of the promising approaches for adjunctive organ 
protection during CPB-assisted surgery is the delivery of 
nitric oxide (NO) into the CPB circuit. Experimental stud-
ies have demonstrated that NO administration reduces the 
severity of structural and functional disturbances in eryth-
rocyte membranes and contributes to the preservation of 
their functional activity [4]. In addition, NO inhibits plate-
let adhesion, aggregation, and degranulation [5], which may 
prevent platelet hyperactivation during extracorporeal per-
fusion and help maintain hemostatic potential.

However, the physiological effects of NO are dose-de-
pendent, creating a scientific and clinical risk–benefit di-
lemma when selecting target NO concentrations during 
extracorporeal perfusion. Suboptimal doses of NO fail to 
ensure the development of an organ-protective pheno-
type. At the same time, high concentrations of NO exhib-
it pro-oxidant and cytotoxic properties, may initiate lipid 
peroxidation, trigger mechanisms of regulated cell death 
including apoptosis and necroptosis, and exacerbate eryth-
rocyte damage under CPB conditions [6, 7]. Excessive NO 
doses may also cause pronounced suppression of platelet 
functional activity, thereby reducing the effectiveness of 
primary hemostasis and increasing the risk of postoperative 
bleeding.

Thus, the optimal therapeutic dose of NO and the ap-
propriate duration of exposure have not yet been estab-
lished. At the same time, the concentration used should 
provide erythrocyte membrane protection and anti-activa-
tion/anti-degranulation effects on the platelet component 
without exceeding safe concentration limits.

Objective

To evaluate the dose-dependent effects of nitric ox-
ide delivery on the structural and functional properties of 
erythrocyte membranes and platelet aggregation activity in 
an ex vivo cardiopulmonary bypass model.

Materials and methods

We conducted a single-center, prospective, pilot, ex-
perimental ex vivo study utilizing a simulated cardiopulmo-
nary bypass (CPB) model. The study was performed in ac-
cordance with the STROBE (Strengthening the Reporting 
of Observational Studies in Epidemiology) principles for 
experimental ex  vivo studies. Whole blood samples were 

collected from eight healthy volunteers. Written informed 
consent was obtained from all participants.

Inclusion criteria:
	ÿ Age over 18 years;
	ÿ Signed informed voluntary consent form.

Non-inclusion criteria:
	ÿ Presence of acute or chronic decompensated diseases at 

enrollment;
	ÿ Any conditions that could alter the investigated blood 

parameters.
Exclusion criteria:

	ÿ Development of complications associated with veni-
puncture.

Peripheral venous blood samples were collected se-
quentially from each participant at 1-week intervals, yield-
ing in five samples per participant. Each obtained blood 
sample was introduced into a mock CPB circuit (Dideco 
D100 KIDS, Italy). We simulated CPB conditions across 
five experimental groups:
	ÿ mechanical perfusion without NO delivery (control 

group);
	ÿ mechanical perfusion with NO delivery at 40 ppm;
	ÿ mechanical perfusion with NO delivery at 80 ppm;
	ÿ mechanical perfusion with NO delivery at 120 ppm;
	ÿ mechanical perfusion with NO delivery at 160 ppm.

Each volunteer consecutively underwent all five exper-
imental stages. Thus, eight independent samples (one from 
each participant) were obtained for each NO concentration. 
The total number of experiments performed was 40 (8 par-
ticipants × 5 experimental conditions). Randomization of 
the exposure order was not performed in this pilot study.

Cardiopulmonary bypass simulation methodology

A schematic representation of the experimental CPB 
setup with exogenous NO delivery into the circuit is shown 
in Figure 1.

To prime the circuit, a solution containing the follow-
ing components was used:
	ÿ 11 mL of sodium citrate;
	ÿ 30 mL of Sterofundin;
	ÿ 30 mL of sterile water for injection;
	ÿ 8 mL of NaHCO3 solution;
	ÿ 1 mL of 4 % KCl solution;
	ÿ 0.5 mL of 40 % glucose solution.

This priming solution provided the necessary antico-
agulation and maintained the acid–base and electrolyte ho-
meostasis of the blood sample.

Blood samples (100 mL) were collected from the an-
ticubital vein of healthy volunteers was performed after 
an overnight fast. The cardiotomy reservoir (13) was filled 
through a three-way connector (14).

After mixing the blood with the priming solution, the 
roller pump of the CPB machine (12) was activated to cir-
culate the blood circulation through the tubing system (15), 
filling the circuit and displacing air.
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Once the circuit was completely filled, CPB simulation 
was initiated. For this purpose,
	ÿ carbon dioxide from a gas cylinder (1);
	ÿ air from a compressor (4);
	ÿ NO from a Tianox plasma-chemical nitric oxide gen-

erator (Russian Federal Nuclear Center  — All-Russian 
Research Institute of Experimental Physics, Sarov, 
Russian Federation) (16) were delivered simultaneously.

Gas flow rates were regulated using a gas flowmeter (7). 
NO and nitrogen dioxide concentrations were monitored 
continuously using the gas analyzer integrated into the 
Tianox device (10).

After passing through the gas flowmeter, the gas mix-
ture entered the oxygenator (11), to interact with the blood.

The roller pump (12) flow rate was maintained at 
100  mL/min with a circuit pressure of approximately 
40  mmHg. The occlusion pressure, measured at a pump 
speed of 5 rpm with fully clamped tubing, was 300–
350  mmHg. The circuit temperature was maintained at 
37 °C throughout the 1-hour experiment using a heat ex-
changer (17). 

Hemoglobin concentration, hematocrit, oxygen satura-
tion, partial pressures of oxygen and carbon dioxide, met-
hemoglobin levels, and acid-base status parameters were 
measured every 10 minutes using a Stat Profile CCX blood 
gas analyzer (Nova Biomedical, USA).

Method for assessing erythrocyte membrane 
microviscosity

To isolate erythrocyte membranes and subsequently 
determine their microviscosity coefficients, we collected 
10 mL of blood samples mixed with the priming solution. 
Samples were drawn via the three-way connector (14) of 
the CPB mock circuit into vacuum tubes containing potas-
sium ethylenediaminetetraacetate. Blood was sampled at 
two time points: immediately before initiating exogenous 
NO delivery and after 60 minutes of NO perfusion.

The structural and functional properties of the erythro-
cyte membranes were subsequently evaluated according to 
a previously described protocol [4].

Fig. 1.	 Cardiopulmonary bypass model with nitric oxide delivery:

1 — medical carbon dioxide source; 2 — pressure regulator; 3 — carbon dioxide supply line; 4 — medical air source; 5 — medical air supply 
line; 6 — nitric oxide supply line; 7 — gas flowmeter; 8 — gas-air mixture supply line; 9 — gas-air mixture sampling line; 10 — nitric oxide and 
nitrogen dioxide analyzer; 11 — oxygenator; 12 — roller pump of the CPB machine; 13 — cardiotomy reservoir; 14 — three-way connector for 
sampling and circuit priming; 15 — blood line; 16 — nitric oxide generator; 17 — heat exchanger.
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Method for assessing platelet aggregation capacity

To isolate platelets and evaluate their aggregation ca-
pacity, 10‑mL blood samples mixed with the priming solu-
tion were collected into plastic tubes. Platelet-rich plasma 
was prepared by centrifugation using an OPN-3.02 centri-
fuge at 1000 rpm for 7 minutes.

Platelet aggregation activity was assessed using the 
Born method modified by Gabbasov Z.A., utilizing a 220 LA 
two-channel laser aggregation analyzer (“NPF Biola”) with 
AGGR software for computerized data processing. This 
method is based on analyzing light transmission fluctu-
ations, which are proportional to the average size of the 
formed aggregates.

Adenosine diphosphate (ADP), collagen, epineph-
rine, and arachidonic acid (AA) served as aggregation ag-
onists. Working solutions were prepared using diagnostic 
kits (Tekhnologiya-Standart, Sigma-Aldrich) according 
to the manufacturers’ instructions. The final concentra-
tions of agonists in the reaction mixture were as follows: 
ADP at 0.5 and 5  μM, collagen at 2  ng/mL, epinephrine 
at 5 μM, and AA at 1 mM. The corresponding agonist was 
added to cuvettes containing 300 μL of platelet-rich plas-
ma. Aggregation curves were recorded for 5 minutes, with 
the agonist introduced 10 seconds after initiation of the re-
cording. The degree of aggregation was determined by the 
maximum increase in light transmission following agonist 
addition and expressed as a percentage.

Outcome assessment was performed under blinded 
conditions. The investigators analyzing the structural and 
functional properties of erythrocyte membranes and plate-
let aggregation activity were blinded to experimental group 
allocations.

Statistical analysis

Statistical analysis was performed using SPSS 
Statistics version 26 (IBM Corporation, Armonk, USA). 
Quantitative variables were described using the me-
dian (Me) and the first and third quartiles [Q1; Q3]. 
Comparisons of paired samples were performed using the 
Wilcoxon signed-rank test. The Kruskal-Wallis test was 
used for comparison of multiple independent quantitative 
samples. In the presence of statistically significant inter-
group differences, post hoc pairwise comparisons were 
performed using Dunn’s test. Adjustment of significance 
levels during post hoc comparisons was carried out using 
the Bonferroni correction. The threshold for statistical 
significance was set at p < 0.05.

Results

Throughout the entire CPB simulation period, hemo-
globin concentration, hematocrit, oxygen saturation, par-
tial pressures of oxygen and carbon dioxide, lactate and 

methemoglobin levels, as well as acid–base status param-
eters did not differ statistically significantly between the 
groups at any stage of the study and remained within refer-
ence ranges.

The concentration of nitrogen dioxide before entry into 
the oxygenator did not exceed 3 ppm across all investigated 
NO concentration ranges.

The values of erythrocyte membrane microviscosity 
and polarity coefficients are presented in Table 1.

In the control group, after 60  minutes of CPB simu-
lation, significant increases were observed in the micro-
viscosity coefficients of protein–lipid (p = 0.012) and lip-
id–lipid contacts (p = 0.012), along with a decrease in the 
polarity coefficient of protein–lipid contacts (p = 0.012).

NO delivery at concentrations of 40–120 ppm was not 
associated with significant changes in the investigated pa-
rameters (p > 0.05).

At an NO concentration of 160  ppm, an increase in 
the microviscosity of lipid–lipid contacts was observed 
(p = 0.017), whereas the remaining parameters showed no 
statistically significant changes.

After 60 minutes of CPB simulation, no statistically 
significant between-group differences in erythrocyte mem-
brane microviscosity and polarity coefficients depending 
on the NO dose were identified (p > 0.05 for all parame-
ters).

Platelet aggregation activity during CPB simulation 
with different NO doses is presented in Table 2. 

Spontaneous platelet aggregation, as well as aggrega-
tion induced by ADP 5 μM, epinephrine, and AA, did not 
change after 60  minutes of CPB simulation either in the 
control group or during NO delivery at concentrations of 
40–160 ppm (p > 0.05).

When platelet aggregation was stimulated with ADP 
0.5 μM, a decrease in aggregation was observed in the con-
trol group after 60 minutes of CPB simulation (p = 0.011), 
whereas no significant changes were detected in the groups 
receiving NO delivery.

Collagen-induced platelet aggregation decreased in the 
control group after CPB simulation (p = 0.011), remained 
unchanged at NO concentrations of 40–120 ppm, and sig-
nificantly increased at 160 ppm NO (p = 0.011).

After 60  minutes of CPB simulation, no statistically 
significant between-group differences in spontaneous or 
induced platelet aggregation were identified between the 
groups receiving different NO doses (p > 0.05 for all param-
eters).

Discussion

The results obtained in this ex vivo experimental study 
confirm the role of CPB as a damaging factor and demon-
strate the dose-dependent nature of the effects of exoge-
nous NO on the structural and functional state of erythro-
cyte membranes and platelet aggregation activity.
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In the control group, CPB simulation was accompanied 
by statistically significant increases in the microviscosity 
coefficients in the regions of protein–lipid and lipid–lipid 
contacts of erythrocyte membranes, indicating a decrease 
in the formation of pyrene probe excimers (dimers) with-
in the membrane bilayer. This phenomenon occurs when 
phospholipid packing density within the membrane bilayer 
increases and, consequently, membrane microviscosity is 
increased. These changes are characteristic of mechanical 
and oxidative erythrocyte damage during extracorporeal 
circulation and have previously been described as a conse-
quence of shear stress, contact with foreign surfaces, and 
activation of lipid peroxidation. Alterations in erythrocyte 
membrane microviscosity may lead to microcirculatory 
disturbances, which are considered one of the mechanisms 
contributing to impaired tissue perfusion and organ dys-
function during CPB [1].

Administration of NO at doses of 40–120  ppm pre-
vented the development of these disturbances, indicating 
a membrane-stabilizing and membrane-protective effect 
of NO on erythrocytes within this concentration range. 
Probable mechanisms underlying this effect include inhi-
bition of lipid peroxidation, reduction of free radical ac-
tivity, and modulation of interactions between membrane 
proteins and the lipid bilayer [8]. These findings are consis-
tent with experimental and clinical data demonstrating the 
ability of NO to improve erythrocyte rheological properties 
and reduce erythrocyte damage during CPB without ad-
verse effects on oxygenators [9–11]. This NO concentration 
range has also demonstrated safety and efficacy in achieving 
an organ-protective phenotype in a series of experimental 
and clinical studies [12–14]. However, pathophysiologically 
grounded optimization of NO concentrations has not previ-
ously been a major focus of investigation.

In the present study, the use of NO at a dose of 160 ppm 
was associated with reduced microviscosity in the region of 
lipid–lipid membrane contacts, likely reflecting destabili-
zation of the lipid bilayer due to oxidative and nitrosative 
membrane lipid damage. This finding suggests a transition 
of exogenous NO delivery from a protective to a potential-
ly damaging factor. It is known that at high concentrations, 
NO interacts with superoxide anion to form peroxynitrite, a 
highly reactive pro-oxidant capable of initiating protein ni-
trosylation and oxidative damage to membrane lipids [15]. 
These data confirm the narrow therapeutic range of NO and 
the necessity for strict concentration control during CPB 
circuit administration, despite the promise of this approach 
in other clinical settings [16].

In addition to its effects on membrane microviscosity, 
NO also influenced membrane polarity parameters in the 
present experiments. NO administration prevented the 
decrease in annular lipid polarity observed in the control 
group after 60 minutes of circulation, which may indicate 
preservation of the normal hydrophilic–hydrophobic or-
ganization of membrane domains. The observed decrease 
in polarity in the region of lipid–lipid contacts at an NO 

concentration of 120  ppm likely reflects redistribution of 
membrane lipids and changes in membrane microdomain 
organization induced by NO without impairment of mem-
brane integrity. Such effects are generally regarded as adap-
tive and require further investigation using additional mem-
brane analysis methods.

Similar patterns have been reported in other exper-
imental studies in which CPB simulation was associated 
with less pronounced alterations in the structural and func-
tional organization of erythrocyte membranes [4]. Under 
conditions of blood circulation within the vascular bed of 
an animal model, microviscosity changes were limited to 
the annular lipid region, whereas blood passage through the 
experimental ex  vivo setup resulted in more pronounced 
disturbances in lipid–lipid and protein–lipid contact zones, 
indicating more severe exposure conditions. Despite this, 
NO administration was associated with normalization of 
altered membrane parameters, further confirming its mem-
brane-stabilizing potential.

Analysis of platelet aggregation activity demonstrated 
that, in the control group, CPB led to a decrease in the ag-
gregation response to stimulation with low-concentration 
ADP (0.5 μM), reflecting platelet sensitivity to weak phys-
iological agonists, as well as to collagen, a key inducer of 
platelet adhesion and activation during vascular wall injury. 
These changes correspond to the phenomenon of primary 
platelet hyperactivation followed by functional exhaustion 
previously described during CPB [2].

NO delivery at doses of 40–120 ppm prevented the de-
velopment of these changes, indicating its ability to stabilize 
platelet functional status, limit platelet hyperactivation un-
der CPB conditions, and preserve adequate platelet reactiv-
ity after circulation.

At an NO concentration of 160 ppm, a significant in-
crease in collagen-induced platelet aggregation was ob-
served, which may reflect dysregulation of the modulatory 
effects of NO on platelet activation beyond the therapeutic 
dose range. This effect highlights the potential hazards as-
sociated with high NO concentrations and emphasizes the 
need for precise dose selection to prevent disturbances in 
the hemostatic system.

Interpretation of the obtained findings is substantial-
ly complemented by new data regarding the dependence 
of systemic NO uptake on the route of administration. 
Cenci S. et al. demonstrated that, at an identical NO con-
centration of 80  ppm, the rate of systemic uptake during 
delivery through a mechanical ventilation circuit was more 
than three times higher than during delivery into a CPB cir-
cuit (25.1 vs. 8.2 μmol/min, p <0.001), which was reflected 
in significantly lower methemoglobin levels during me-
chanical perfusion (0.6 % vs. 2.1 %) [17]. Similar patterns of 
systemic NO absorption have been demonstrated in other 
clinical scenarios [18,  19]. Thus, current clinical practice 
and recommendations considering the range of 20–80 ppm 
as standard for inhaled NO delivery through mechanical 
ventilation circuits cannot be automatically extrapolated 
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to NO delivery through a CPB oxygenator. At comparable 
concentrations, the actual systemic bioavailability of NO 
during mechanical perfusion is substantially lower, which 
may account for insufficient organ-protective efficacy. The 
clinical significance of this phenomenon is further deter-
mined by the fact that the severity of post-perfusion hemo-
lysis — a key pathophysiological substrate representing the 
therapeutic target for exogenous NO — varies considerably 
depending on a combination of operative, technical, and bi-
ological factors [20]. Procedures of high technical complex-
ity, repeat and emergency operations, as well as prolonged 
combined procedures are associated with increased hemo-
lysis risk due to longer CPB duration, greater mechanical 
erythrocyte trauma, and increased transfusion require-
ments [21]. In addition to operative and technical determi-
nants, the severity of hemolysis is influenced by the base-
line structural and functional status of patient erythrocytes: 
even in the absence of diagnosed hematological disorders, 
elevated baseline membrane lipid peroxidation, 2,3-diphos-
phoglycerate deficiency, and reduced erythrocyte deforma-
bility reliably predict high free hemoglobin concentrations 
during CPB [22]. Additional biological modifiers include 
hematocrit level, haptoglobin deficiency, and ethnic and 
genetic variability in erythrocyte mechanical resistance 
[23]. In this context, it is fundamentally important that ex-
ogenous NO not only neutralizes the toxic effects of free he-
moglobin but also directly protects the structural and func-
tional integrity of erythrocyte membranes. NO has been 
shown to attenuate the negative effects of CPB and hypo-
thermic circulatory arrest on erythrocyte membrane polar-
ity and microviscosity, while clinical data indicate reduced 
lipid peroxidation and pathological erythrocyte aggregation 
during NO administration, findings fully consistent with the 
results of the present study [24]. The present study demon-
strated that the NO concentration range of 40–120  ppm 
provides erythrocyte membrane protection and stabiliza-
tion of platelet function without evidence of cytotoxicity. 
However, further increase in concentration to 160 ppm was 
accompanied by the emergence of an “opposite-response 
effect”, characterized by a significant increase in microvis-
cosity of lipid–lipid membrane contacts and enhanced col-
lagen-induced platelet aggregation. These findings indicate 
a transition of NO from a membrane-protective to a pro-ox-
idant mode of action with loss of its antiplatelet properties. 
Thus, an NO concentration of 120 ppm delivered into the 
CPB oxygenator appears to represent the optimal target 
level. It likely provides the threshold systemic NO bioavail-
ability necessary for achieving multiorgan protection while 

remaining within a safe hemorheological range without 
reaching concentrations capable of triggering the reverse 
effect. Taken together, these findings provide a scientific 
rationale for conducting clinical trials investigating NO at 
a concentration of 120 ppm delivered directly into the ex-
tracorporeal circulation circuit, particularly in high-risk 
patients undergoing complex reconstructive or combined 
procedures, repeat operations, and in patients with initially 
compromised erythrocyte structural and functional status 
as the most vulnerable subpopulation from the perspective 
of hemolysis-mediated organ injury.

This study has several limitations. First, the ex vivo na-
ture of the CPB model lacks the effects of neurohumoral 
regulation, endothelial response, systemic inflammatory 
reaction, and clearance of NO and its metabolites charac-
teristic of in vivo perfusion. Furthermore, variability in 
perfusion strategies (flow rates, temperature management, 
degree of hemodilution, etc.), may modify the extent of 
erythrocyte membrane damage, hemolysis severity, and 
platelet reactivity. These factors substantially limit extrap-
olation of the identified dose-dependent effects to clinical 
conditions of cardiac surgery with CPB. Second, the small 
sample size does not permit the development of complex 
multivariable models for definitive interpretation of clini-
cally significant differences in erythrocyte membrane mi-
croviscosity and platelet reactivity parameters.

Finally, the present study focused on proxy patterns of 
membrane and platelet responses and did not include as-
sessment of organ-specific outcomes. Therefore, the ther-
apeutic concentration range of inhaled NO delivered into 
the extracorporeal circulation circuit (40–120 ppm), iden-
tified in this study as optimal, requires clinical verification 
in subsequent randomized controlled trials. Among these 
concentrations, the use of 120 ppm appears to be the most 
justified.

Conclusion

Exogenous nitric oxide in an ex vivo cardiopulmonary 
bypass model exerts dose-dependent effects on the struc-
tural and functional integrity of erythrocyte membranes 
and on platelet aggregation activity. Nitric oxide concen-
trations in the range of 40–120  ppm provide clear mem-
brane-stabilizing effects and prevent platelet hyperactiva-
tion, whereas further dose escalation is associated with loss 
of protective properties. Subsequent clinical studies are 
warranted to determine the optimal NO concentration.
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