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Introduction 

Cardiovascular diseases are the major cause of death in the developed countries. There 

is increasing evidence that environmental agents can exert a marked impact on the outcome of 

in utero development and even mediate long-lasting health consequences. Many of the 

compounds present in cigarette smoke are regarded as harmful toxicants playing crucial roles 

in the pathogenesis of certain severe illnesses. It has been hypothesized that many of the 

adverse effects may result from oxidative damage to proteins, lipids, and nucleic acids. Such 

damages could be traced back to direct attack of oxidants present in cigarette smoke and to 

the activation of the endogenous sources of reactive oxygen species (ROS). 

During pregnancy, the physical connection between the mother and the fetus is 

provided by the placenta and umbilical cord. Smoking during pregnancy the harmful 

pollutants in the vapour and tar phases might diffuse into the placenta and pass down to the 

fetal circulatory system through the umbilical cord. With the exception of its most proximal 

segment, the human umbilical cord lacks innervation and thereby the main regulator of their 

vascular tone and blood flow is the nitric oxide (NO), a signalling molecule produced by the 

endothelial nitric oxide synthase (NOS3) from L-arginine. The appropriate fetal development 

is coordinated by the umbilical cord vessels and the erythrocyte population circulating in the 

vessels. Chronic smoking jeopardizes proper endothelial functioning by decreasing the 

formation and increasing the degradation of NO, via generation of ROS or other strong 

oxidants like peroxynitrite anion (ONOO-). Recently published experimental evidences make 

it highly supposable that adult red blood cells (RBCs) not only are passive regulators of the 

endothelium-derived NO level but also actively control systemic NO bioavailability by 

synthesizing, transporting, and releasing it (1,2). This new “erythrocrine function” helps to 

maintain the vascular tone and blood flow by releasing bioavailable NO synthetized by the 

post-translationally modified RBC-NOS3 (3). 
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Aims 
Our goal was to determine how maternal smoking affects the oxygenation of the fetus 

based on morphological and molecular changes in the circulating RBCs. We looked for 

possible links between alterations in morphology, endothelial nitric oxide synthase expression 

and activation, membrane damages and deformability of fetal RBCs. Furthermore, we looked 

for a potential rescue mechanism/compensatory role of fetal RBCs, based on the newly 

described “erythrocrine” function in case of any endothelial dysfunction.  

In total blood and isolated RBCs with maternal and fetal origins we examined the 

− phenotypic changes and stress adaptation 

− molecular factors influencing NOS3 activation 

− accumulation of free radicals/strong oxidants, 

− changes in membrane lipid composition and integrity 

− and rheological parameters 

 as a consecuence of maternal smoking.  

Materials and methods 

1. Sample collection and preparation of erythrocyte fraction 
Blood was taken from the umbilical cord artery of neonates born to non-smoking 
mothers (RBC-NS) and mothers who continued smoking during pregnancy (at least 10 
cigarettes per day) (RBC-S). 

2. RNA preparation, reverse transcription (RT)/ Quantitative polymerase chain reaction 
(qPCR) 

3. Morphological studies and data analysis with Advanced Cell Classifier program on 
eosin stained blood smears  

4. Investigation of rheological properties of erythrocytes with atomic force microscopy 
(AFM) 

5. Lipidome analysis of erythrocytes’ plasma membrane  
6. Fluorescence activated cell sorting and analysis (FACS) on erythrocytes 
7. Spectrophotometric measurements 

a. Determination of protein concentration 
b. Peroxynitrite (ONOO-) measurement 

8. Ex vivo treatments 
a. Heavy metal treatment 
b. Candida parapsilosis infection 
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Results and Discussion 

Our results indicated that RBCs of the developing fetus born to smoking mother (RBC-S) 

undergo morphological and molecular alterations/aberration. We demonstrated for the first 

time, that fetal RBCs carry functional NOS3 and during long term in vivo exposure to harmful 

stimuli, the NOS3 level and its activation pathways are altered in a morphology-dependent 

manner. The impaired activity of NOS3 is well paralleled with an increased ARG1 level. 

Moreover, both ARG1 protein and arg1 mRNA expression levels are elevated in the fetal 

RBC-S populations and high ARG1 expressing cells show basal NOS3 level. We also 

demonstrated that cells in RBC-S population become a source of oxidizing agents, with the 

possibility to further inactivate the NOS3 pathway by the ARG1 induction. The importance of 

this result was underlined by recent findings on adult RBCs, that RBC can intensively 

contribute to vascular functioning and integrity. NOS3-derived NO export from RBCs 

mediate a rescue mechanism in case of a vascular dysfunction, but the pathway gets 

stringently regulated by ARG1. Elevated level of ARG1 inhibits NO export thus reducing NO 

bioavailability or increasing oxidative stress conditions by the ROS generation, causing 

serious endothelial dysfunction. This induced dysfunctionality can be prevented by inhibition 

of ARG1 activity. 

In addition, we found that due to maternal smoking, the physico-chemical properties of 

fetal RBCs underwent significant alterations, with an elevated plasticity and altered lipid 

composition of the plasma membrane. Additionally, we were able to characterize the 

viscoelastic response of RBCs to mechanical stimulus and found a remarkable decrease in the 

recovery ability of the cells after indentation.  

We demonstrated a significantly elevated level of ONOO- in RBCs with smoking origin, 

which initiates free radical mediated processes that mark an array of macromolecular 

damages. In agreement with the elevated ROS production, we could also detect a significant 

increase in the lipid oxidation, based on the formation of 4-hydroxy-2-nonenal, a known 

product of lipid peroxidation. The increased frequency of lipid peroxidation indirectly 

signifies a loss of membrane integrity and function and impaired rheological parameters in the 

RBC-S population.  

Taken together - under the influence of cigarette smoke - an imbalance in the redox 

homeostasis in RBCs enhances the rate of macromolecular damage with membrane stiffness 

and loss in their intrinsic functional and elastic activities. As a consequence of it, in case of 

endothelial dysfunction with low bioavailable level of NO, the RBC NOS3-NO production is 

unavailable as a compensatory mechanism. Moreover, because of the wide increase in the 
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RBC mass during pregnancy, the elevated ARG1 level might even augments and synergizes 

the development of vascular dysfunction/comorbidities. And lastly, we believe that the 

alterations in NOS3 activation pathway and ARG1 expression might serve as an early 

prognostic marker for not only RBC-linked anomalies but also for endothelial dysfunction 

and several vascular comorbidities. 
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