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A B S T R A C T

Maternal smoking-induced congenital heart and microvascular defects are closely associated with the impaired
functioning of the in-utero feto-placental circulation system. Current groundbreaking facts revealed intimate
crosstalk between circulating red blood cells (RBCs) and the vascular endothelium. Thus, RBCs have become the
protagonists under varied pathological and adverse pro-oxidative cellular stress conditions. We isolated and
screened fetal RBCs from the arterial cord blood of neonates, born to non-smoking (RBC-NS) and smoking
mothers (RBC-S), assuming that parameters of fetal RBCs are blueprints of conditions experienced in-utero. Using
atomic force microscopy and mass spectrometry-based shotgun lipidomics in the RBC-S population we revealed
induced membrane stiffness, loss in intrinsic plastic activities and several abnormalities in their membrane-lipid
composition, that could consequently result in perturbed hemodynamic flow movements. Altogether, these
features are indicative of the outcome of neonatal microvascular complications and suggest unavailability for the
potential rescue mechanism in cases of vascular endothelium impairment due to altered membrane integrity and
rheological properties.

1. Introduction

More than 4800 compounds are present in the particulate and vapor
phases of cigarette smoke [1], and many of these compounds constitute
human health risk factors [2]. The adverse effects are mainly derived
from toxic materials due to enhanced oxidative damage in critical
biological substances [3]. Around 20–30% of women continue to smoke
during full-term pregnancy [4]. Based on epidemiological and tox-
icological studies, smoking can exert a marked impact on the outcome
of in-utero development [5]. Since 1959, observational clinical studies
have shown an escalation towards non-chromosomal childbirth
anomalies. The upsurge of congenital heart defects lies with vascular

endothelial damage and complexities like ventricular and atrial septal
defects, right and left ventricular outflow tract obstruction and con-
otruncal defects, which are closely associated with a higher rate of
maternal smoking during pregnancy [6]. Therefore, in the current
clinical setup neonatal heart defects with microvascular disorders
caused by intensive maternal smoking became growing health concern
issues.

During pregnancy the placenta and the umbilical cord form vital
temporary organs to sustain in-utero conditions. The intact functioning
of the feto-placental unit gets adapted to the state of increased meta-
bolic and oxygen demands with a supply of oxygen, nutrient substrates
and effective elimination of the metabolic waste [7]. The umbilical cord
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lacks innervation so the vascular tone and integrity majorly depend on
the cord endothelial-derived nitric oxide (NO) via the functional nitric
oxide synthase (NOS3). In cases of active maternal smoking the fetal
oxygenation deteriorates by the infiltration of extrinsic harmful toxic
elements through the placental barrier into the feto-placental circula-
tion. The feto-placental unit with low antioxidant and immunologic
competence is highly sensitive to long-term exposition towards harmful
materials, which cause an inevitable loss of redox balance with devel-
opment of oxidative stress condition. It induces proinflammatory sti-
mulus, causing vascular endothelium dysfunctioning with placental
insufficiency, restricted hemodynamic flow, deprivation in the oxygen
and nutrient levels [8,9].

Until recently, pathological endothelial dysfunctions were corre-
lated with vessel wall constriction, inflammation, thrombosis and pro-
liferation. The added groundbreaking facts on the human circulatory
red blood cells (RBCs) with their ‘erythrocrine function’ under normal
physiological condition and ‘erythropathy’ in disease states exclusively
define a new functional role of RBCs [10–12]. Besides carrying oxygen,
transmission of metabolic gases and nutrients to the tissues, RBCs can
synthesize and export NO by an active RBC-NOS isoform and liberate
ATP with a well-equipped endogenous redox buffering system. There
are clear evidences in adults that, under disease states, RBCs show ex-
cess levels of reactive oxygen species (ROS), altered protein profile and
due to an intimate crosstalk with the vascular endothelium, they sy-
nergize the process of vascular impairment [10–12].

In the context of hemorheological and hemodynamic flow proper-
ties, several studies were conducted on RBCs from both healthy and
patient volunteers with wide range of inherited red cell disorders to
explore the underlying molecular processes in the red cell membrane.
The uniqueness of human RBC is majorly characterized by its plasma
membrane that promotes all of its diverse antigenic, transport and
mechanical characteristics. The unique RBC membrane envelops a
composite structure of phospholipids (PLs) clustered together with an
elastic network of skeletal proteins via transmembrane proteins. The
lipid bilayer eventually regulates the membrane fluidity/deformability
of RBCs, an intrinsic nanomechanical property, which allows them to
traverse across various shear stress and continuously changing flow
conditions along the vasculature [13,14]. Excess formation of cytotoxic
oxidants and NO are important indicators of various pathological pro-
cesses, which lead to redox homeostasis imbalance and therefore might
deleteriously affect the nanomechanical properties of RBCs [15].

In adults, cardiovascular complications have been attributed to
lifestyle or genetic disorders but there is no clear understanding to
identify the key risks factors associated with rising neonatal micro-
vascular comorbidities. Though advanced non-invasive biomedical de-
vices like Doppler and ultrasound can easily detect any kind of ab-
normalities in the umbilical circulation under in-utero conditions, the
underlying biochemical and molecular insights on how tobacco smoke
affects fetal development are missing. The basic purpose of our study
was to elucidate that how the nanomechanical activities subsequently
influence the feto-placental hemodynamic flow conditions under severe
oxidative stress conditions; these can represent key factors in the
prognosis of neonatal microvascular complications. We assumed that
the parameters of fetal RBCs derived from arterial cord blood are
blueprints of conditions experienced in-utero. Thus, we aimed to di-
rectly investigate and map the continuous effect of tobacco exposure on
the biochemical and biophysical characteristics of fetal RBCs isolated
from the arterial cord blood at the time of birth.

2. Material and methods

2.1. Human samples

In accordance to the principles outlined in the Declaration of
Helsinki and signed consent of the pregnant mothers, fetal blood sam-
ples were collected at the Department of Obstetrics and Gynaecology,

University of Szeged, Hungary. The Ethics Committee of the
Department approved the study protocol (16/2014; Investigation of
oxidative stress markers in maternal and neonatal blood samples). RBCs
were isolated from the arterial cord blood of neonates, born to non-
smoking (RBC-NS, n = 60) and heavy smoker (RBC-S, n = 55) mothers
(at least 10 cigarettes per day). Age below 18 years, gestational
age < 37 weeks, gestational diabetes, infection or inflammatory
conditions or disorders such as cardiovascular diseases, complications
during delivery, malformations or evidence of genetic disorders were
the exclusion factors. The nutritional status of the mothers during
pregnancy was satisfactory; no case of malnutrition occurred.

Blood samples were centrifuged at 200g for 5 min at 20 °C and the
lowest two-third portion from the RBC phase was collected.
Consecutive washing of the RBCs was done with 2 volumes of isotonic
saline solution at pH-7.0. The purity of the RBC preparation was>
95%. The homogeneity of the RBC preparation was confirmed by im-
munostaining with RBC-specific mouse anti-Glycophorin A antibody.
Samples for immunohistochemistry, spectrophotometric and atomic
force microscopy studies were processed immediately. For lipidomic
analysis, RBC ghost membrane preparation was carried out im-
mediately and stored at −80 °C until further processing.

2.2. Determination of hydrogen peroxide (H2O2) and peroxynitrite
(ONOO−) level

The RBCs were haemolysed by the addition of distilled water at a
ratio of 1:9. The hemolysate of the samples were diluted in 50 mM PB
(pH-6.0) at a ratio of 1:250. The assay was performed according to
Villegas and Gilliland [16]. Serial dilutions of H2O2 between 27.5 and
440 μM were prepared and used as a standard. Reaction mixture
without blood sample was used as a reference. Samples were incubated
with 0.1% (w/v) horseradish peroxidase in 50 mM PB (pH-6.0) and 1%
(w/v) o-dianisidine in methanol for colour development, at 37 °C for
10 min. The reaction was stopped by 4 N HCl. The H2O2 concentration
was determined spectrophotometrically at 400 nm, using GENESYS 10S
UV–Vis spectrophotometer (Thermo Fischer Scientific, Madison, WI,
USA) and the results were calculated according to the standard curve
and normalized with protein concentration (μmol/mg protein).

Measurement of ONOO− level was performed at 302 nm. Each
hemolysate was diluted with 1 M NaOH solution in a ratio of 1:250. The
increase of absorbance was measured until it reached a stable equili-
brium, then the sample was added into 100 mM PB (pH 7.4) in the same
ratio as the reference. At this neutral pH, the ONOO− decomposes, and
the decrease in absorbance can be followed till equilibrium [17]. Ac-
cording to the Lambert-Beer law the ONOO− (ƐONOO-
= 1670 M−1 cm−1) concentration was calculated by the absorbance
difference at two distinct pH values and normalized for protein con-
centration, where the total protein levels were measured following the
protocol of Lowry et al. [18].

2.3. Enzyme activity measurements

Superoxide dismutase, SOD (EC 1.15.1.1) activity was determined
on the basis of the inhibition of the epinephrine–adrenochrome auto-
xidation [19]. The hemolysate of the sample was used directly, without
further dilution. Spectrophotometric measurement was carried out at
480 nm using GENESYS 10S UV–Vis spectrophotometer (Thermo Fisher
Scientific, Madison, WI, USA). Results were expressed in U/mg protein.

Catalase, CAT (EC 1.11.1.6) activity was determined by spectro-
photometrical study at 240 nm [20] and CAT specific activity was ex-
pressed in Bergmeyer units (BU)/g protein (1 BU = decomposition of
1 g H2O2/min at 25 °C).

2.4. Lipidomic analysis

Lipid standards were obtained from Avanti Polar Lipids (Alabaster,
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AL, USA). The solvents used for extraction and for mass spectrometric
(MS) analyses were of liquid chromatographic grade from Merck
(Darmstadt, Germany) and Optima LCMS grade from Thermo Fisher
Scientific (Waltham, MA, USA). All other chemicals were purchased
from Sigma-Aldrich (Steinheim, Germany) and were of the best avail-
able grade.

Resuspended RBC ghost pellet was subjected to one-phase metha-
nolic extraction [21]. 20 μL RBC ghost suspension was sonicated in
1 mL methanol (containing 0.001% butylated hydroxytoluene as anti-
oxidant) for 5 min, shaken for 5 min, and centrifuged at 10,000 ×g for
5 min. The supernatant was transferred into a new Eppendorf tube and
stored at −20 °C until MS analysis.

MS-based lipidomic analyses were performed on an Orbitrap Fusion
Lumos instrument (Thermo Fisher Scientific, Bremen, Germany)
equipped with a TriVersa NanoMate robotic nanoflow ion source
(Advion BioSciences, Ithaca, NY) using chips with spraying nozzles
having a diameter of 5.5 μm, as described in [22]. The ion source was
controlled by Chipsoft 8.3.1 software. The ionization voltages were
+1.3 kV and −1.9 kV in positive and negative mode, respectively, and
the backpressure was set at 1 psi in both modes. The temperature of the
ion transfer capillary was 330 °C. Acquisitions were performed at the
mass resolution Rm/z 200 = 240,000.

Phosphatidylcholine (PC, diacyl and PC-O, alkyl-acyl), lysopho-
sphatidylcholine (LPC), and sphingomyelin (SM) were detected and
quantified using the positive ion mode. Cholesterol (Chol) was deriva-
tized according to Liebisch et al. [23] and analysed in the positive ion
mode. Phosphatidylethanolamine (PE, diacyl and PE-Pl, alkenyl-acyl),
phosphatidylinositol (PI), phosphatidylserine (PS), the lyso derivatives
LPE, LPI, LPS, phosphatidic acid (PA) and ceramide (Cer) were detected
and quantified using the negative ion mode. For MS analysis, 10 μL
lipid extract was diluted with 140 μL infusion solvent mixture
(chloroform: methanol: isopropanol 1:2:1, by vol.) containing an in-
ternal standard mix (66 pmol PC d31-16:0/18:1, 23 pmol PE d31-16:0/
18:1, 10 pmol PI d31-16:0/18:1, 18 pmol PS d31-16:0/18:1, 1 pmol PA
d31-16:0/18:1, 24 pmol SM d18:1/17:0,2 pmol Cer d18:1/17:0). Next,
the mixture was halved, and 5% dimethylformamide (additive for the
negative ion mode) or 3 mM ammonium chloride (additive for the
positive ion mode) were added to the split sample halves. Lipid species
were identified by LipidXplorer software [24]. The mass tolerance was
3 ppm. Data files generated by LipidXplorer queries were further pro-
cessed by in-house Excel macros.

The double bond index (DBI) was calculated as Σ(mol % of un-
saturated fatty acids in a given lipid class × number of double bonds of
each unsaturated fatty acid) / 100.

Lipid species are given as sum formulas according to Liebisch et al.
[25]. For glycerolipids, e.g., PC (34:1), the total number of carbons
followed by double bonds for all chains are indicated. For sphingoli-
pids, e.g., SM (34:1:2), first the total number of carbons in the long
chain base and the fatty acid (FA) moiety then the sum of double bonds
in the long chain base and the FA moiety are indicated followed by the
sum of hydroxyl groups in the long chain base and the FA moiety. Li-
pidomic results are expressed as mol% of membrane lipids that con-
sisted of glycerophospholipids, sphingolipids and Chol.

2.5. Fluorescence-activated cell sorting (FACS) analysis

Fixation and staining of RBCs were performed using standard pro-
tocols [26]. Cells were fixed with 4% (w/v) paraformaldehyde in
0.05 M phosphate buffer (PB) at pH-7.2 for FACS analysis at 4 °C for
60 min. After consecutive washing with PB, they were subjected to
permeabilization by 0.1% Triton-X100 and further incubated for 1 h in
PB containing 1% bovine serum albumin and 10% normal goat serum to
block non-specific antibody binding. RBCs were immunolabelled with
mouse anti-Glycophorin A (CD235a) (1:50 dilution, MA5-12484,
Thermo Fisher Scientific, Madison, WI, USA), rabbit anti-NOS3 anti-
body (1:100 dilution, ab5589, Santa Cruz Biotechnology Inc., Dallas,

TX, USA) and mouse anti 4-hydroxy-2-nonenal antibody (4-HNE)
(1:100 dilution, ab48506, Abcam, Cambridge, UK), by single or double
staining, at 4 °C for overnight. Incubations with the primary antibodies
were followed by washing and incubation with goat anti-mouse
Alexa®647 and/or with goat anti-rabbit Alexa®488-conjugated sec-
ondary antibodies for 1 h at room temperature. After washing, RBCs
were processed for quantitative analysis (FACS, BD FACS Calibur™, BD
Biosciences). The FACS data were analysed using FlowJo_V10 software
tool.

2.6. Atomic force microscopy

2.6.1. Instrumentation
All elasticity experiments were carried out with Asylum Research

MFP-3D atomic force microscope (Asylum Research, Santa Barbara, CA;
driving software IgorPro 6.32A, Wavemetrics), being mounted on a
Zeiss Axiovert 200 optical microscope for initial positioning. The ex-
periments were performed with a V-shaped tip mounted on a gold
coated silicon nitride rectangular cantilever (BL RC150VB-A), nominal
spring constant of 30 pN/nm and resonant frequency of 37 kHz. Prior to
experiments, spring constant of each cantilever was calibrated [27,28].

20 μL of freshly prepared RBC solution was dropped onto 1 mg/mL
polyethyleneimine coated Petri Lid surface. Measurements were carried
out in 0.9% NaCl solution. With the help of the optical microscope,
RBCs were positioned for elastic mapping. In each case, 15 × 15 μm2

area was selected, divided into 40 lines by 40 points and at every point
a force distance curve was recorded at 8 μm/s speed, having maximal
load of 0.5 nN and 2 kHz sampling frequency. Nanomechanical prop-
erties were extracted using a custom written MatLab® routine, de-
scribed elsewhere [29].

2.6.2. Data analysis
Elastic and plastic properties of the studied RBCs were compared

based on the calculated elastic and remanent work for each force curve.
All parameters were extracted with the help of a custom-made MatLab®
(MathWorks) routine. The elastic index was defined as the ratio be-
tween the elastic and remanent work [29,30]. Pseudo coloured three
dimensional maps were reconstructed using the driving software of the
instrument. Data is presented as average ± standard deviation [31].

2.7. Statistical analysis

For ONOO−, H2O2, SOD, CAT and FACS measurements, statistical
analyses were calculated with one-way analysis of variance (ANOVA)
(GraphPad Statistical Software version 4.0) using Newman-Keuls mul-
tiple comparison test. Significant differences were accepted at
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. Atomic
force microscopy data were analysed by Kruskal-Wallis rank test, since
this test does not presume normal distribution of values and gives ac-
curate results for relatively small sample sizes as well. Significant dif-
ferences were accepted at *p ≤ 0.05. For lipidomic data, significance
was determined by Student's t-test and was accepted at p < 0.05.
Orthogonal partial least squares discriminant analysis (OPLS-DA) was
performed and validated using MetaboAnalyst [32].

3. Results

3.1. Increased ONOO− level in the RBC-S population indicates ROS
overproduction

Sustained smoking tends to enhance the intrinsic pro-oxidant con-
tent. In RBCs originated from neonates born to smoking mother a sig-
nificant ~1.5–2-fold increase was detected in the level of ONOO−

(Fig. 1A), while the level of H2O2 and the activities of the enzymes
responsible for its synthesis (superoxide dismutase, SOD) and de-
gradation (catalase, CAT) showed decreasing tendencies, but these were
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not significant (Fig. 1B, C and D).

3.2. Nanomechanical parameters indicate altered rheological state of RBC-
S group

High resolution direct measurement of RBC deformability is a
challenging task. To distinguish the nanomechanical characteristics of
the RBC-NS and RBC-S populations, we used atomic force microscopy-
based force spectroscopy [33] and calculated the indenting energy
(Elastic Work) and remanent energy (Plastic Work) using a custom-
made MatLab® routine on AFM data. As all force curves were recorded
using the same maximal load, the indenting energy is a suitable para-
meter for comparing the elastic properties of the studied cells. The cells
of RBC-S origin required slightly lower elastic work to be indented at
the same extent than the RBC-NS cells (Fig. 2A, B and E x axis), while
considerably lower values (~1/2) were recorded for remanent, i.e.,
plastic work after indentation (Fig. 2C, D and E y axis). As a con-
sequence, the ratio of remanent and indenting energies, named Elastic
index, was significantly lower for the RBC-S population (Fig. 2F).

3.3. Lipidomic analysis reveals alterations in the RBC-S plasma membrane
organization

To assess the alterations that may underlie the large deformability
difference between the RBC-NS and RBC-S populations, we hypothe-
sized the contribution of an altered lipid composition of the RBC plasma

membrane. To test this hypothesis, we applied comprehensive elec-
trospray ionization mass spectrometric measurements on RBC mem-
brane lipid extracts. Our high sensitivity, high resolution shotgun lipi-
domic approach allowed the identification and quantification of ca. 150
lipid molecular species encompassing 14 lipid classes (Supplementary
Lipid Table). To obtain an overview of the lipidome changes, the MS
data, expressed as mol% of membrane lipids, were subjected to multi-
variate statistical analysis. In orthogonal partial least squares dis-
criminant analysis (OPLS-DA) the RBC-NS and RBC-S groups were well
separated (Fig. 3), and permutation tests (n = 1000) returned good
predictability (Q2 = 0.58, p < 0.001) as well as high goodness-of-fit
value (R2 = 0.94, p < 0.001) for the model.

In order to identify appropriate differences of relevance, data were
grouped for changes in lipid classes, leaflet asymmetry, degree of un-
saturation, and susceptibility to oxidation. Based on such groupings, the
following trends were revealed. The Chol/PL ratio increased in the
membranes of the RBC-S group as compared to the RBC-NS (Fig. 4A).
The ratio of the outer leaflet-dominant choline-containing PC + SM
versus the inner leaflet-dominant PE + PS + PI was found to be dif-
ferent between the RBC-NS and RBC-S groups (Fig. 4B); of note, the
major contribution could be attributed to the decrease of PS level
(Fig. 4C). The average degree of unsaturation of the RBC membrane
lipids was also calculated and characterized by the double bond index
(DBI). DBI was found to be significantly decreased in the RBC-S popu-
lation as compared to the RBC-NS (Fig. 4D). And finally, we detected
pronounced reductions in the levels of several polyunsaturated fatty

Fig. 1. Spectrophotometric measurement on strong oxidants and antioxidant enzymes in RBC-NS and RBC-S populations.
The graphs indicate the levels of strong oxidants, ONOO− and H2O2 (A and B) and the activity of antioxidant enzymes, SOD and CAT (C and D) in the studied groups.
The sample numbers were n = 27–30 for RBC-NS and n = 30–45 for RBC-S. Significance was tested by one-way ANOVA using the Newman-Keuls multiple
comparison test and accepted at ***p < 0.001.
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acid (PUFA)-containing lipid species, which are potential targets for
lipid peroxidation. The results for the significantly affected species are
summarized in Fig. 4E.

3.4. Elevated 4-hydroxynonenal (4-HNE) formation confirms increased
lipid peroxidation

The major products of lipid peroxidation are oxygenated α-, β-un-
saturated aldehydes; one of the most studied being 4-HNE. To follow its
level, we choose a widely accepted, specific detection method, the
immunolabeling of the aldehyde-protein adduct with anti-4-HNE anti-
body. In agreement with the above-shown decrease of PUFA-containing
structural lipids, we were able to detect significant increase in the level
of 4-HNE adduct formation (8–10-fold) in the RBC-S group as compared
to the RBC-NS (Fig. 5A and B).

4. Discussion

Sustained smoking-induced hypoxia, excessive generation of free

radicals and drastic reduction of bioavailable NO initiates the devel-
opment of pathologically altered vascular system [34,35]. An under-
standing about the pathophysiological mechanisms in the vascular
diseases necessitates a detailed knowledge regarding the complications
in the circulating RBCs. This project was based on the expectation that
the state of the circulating RBCs in the developing fetus is reflective to
the harmful substances that originated from an improper maternal
lifestyle and remain unfiltered by the placental barrier.

Our results indicate that due to maternal smoking the physico-
chemical properties of fetal RBCs undergo significant alterations in-
cluding elevated plasticity and altered lipid composition of the plasma
membrane. We demonstrated that RBCs with smoking origin display
significantly higher level of a toxic oxidant, ONOO−, generated by the
spontaneous reaction of superoxide anion (O2%

−) and NO [36], which
suggests an increased O2%

− generation and an alteration in the bioa-
vailability and actions of NO. Compared to the control values, the H2O2

level was somewhat lower in the RBC-S population, which was paral-
leled with unaltered/decreased activities of scavenging enzymes like
SOD and CAT.

Fig. 2. Investigation on the rheological status of RBCs by atomic force microscopy.
Representative three-dimensional reconstructed topographies of RBC-NS (A and C) and RBC-S (B and D) pseudo-coloured with Elastic Work (A and B) and Plastic
Work (C and D). Values of Plastic Work versus Elastic Work are shown as mean ± standard deviation represented by error bars (E). The ratio of Plastic Work: Elastic
Work denoted as Elastic Index is represented by average ± standard deviation for RBC-NS (n = 41) and RBC-S (n = 32) cells (F).
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These results, together with the fact that O2%
− is a common partner

for the formation of both ONOO- and H2O2, imply that the production
of ONOO- is limited to the available NO instead of the O2%

− level. If so,
this suggests the presence of an excess O2%

− content, which is alter-
natively able to reduce quinones and transition metals, thus inducing
impairment of metal-containing enzymes. Furthermore, free O2%

−

contribute to hydroperoxyl radical formation, which by subtracting
hydrogen atoms from PUFA and lipid hydroperoxides, similarly to
ONOO−, initiates lipid oxidation [37]. Indeed, a significant increase in
the formation of 4-HNE, a known product of lipid peroxidation was
detected in RBC-S population. The increased frequency of lipid perox-
idation indirectly signifies a loss of membrane integrity and function as
well as an impairment in the rheological parameters.

The extensive deformation and relaxation properties of RBCs are
determined by the membrane composition and properties of the
membrane-cytoskeleton complex [38]. Multivariate statistics on our
lipidomic dataset revealed that long-term maternal smoking leaves
characteristic fingerprint on the lipidome of the RBC-S population
compared to the RBC-NS. Furthermore, we could identify several in-
terpretable differences. The elevated Chol/PL ratio in the RBC-S group
points to a decrease in membrane fluidity; indeed, it was documented
for adult RBCs that the increase in Chol/PL paralleled the decrease in
membrane fluidity [39,40]. In addition, the decrease in the average
degree of unsaturation of the RBC-S lipids also confirms that the RBC-S
population possesses a more rigid membrane that can enhance the re-
sistance to the hemodynamic flow. Under normal physiological condi-
tions, Chol is equally distributed between the two membrane leaflets,
whereas the 4 major PLs - the outer monolayer PC and SM and the inner
monolayer PE and PS - are asymmetrically disposed [40]. We showed
that the membrane lipid asymmetry differs between the RBC-NS and
RBC-S populations. This derived mainly from the lowering of PS level. It
was reported that the change in membrane lipid asymmetry itself may
adversely influence the association of membrane proteins [41]. On the
other hand, the reduction in PS may refer to the weakening of the in-
teraction between the cytoskeletal network and the bilayer due to the
known specific interaction of PS with spectrin proteins, thus causing a

less fluid or flexible RBC-S membrane [42]. Finally, the significant
decreases in the levels of several oxidation-prone, i.e., PUFA-containing
lipid species in the RBCs with smoking origin confirm the elevated
oxidative damage caused by ROS generation. As mentioned above, this
loss on the target side paralleled the significant increase on the product
side, i.e., the level of 4-HNE elevated as a result of lipid peroxidation in
the RBC-NS group.

The nanomechanical property of deformability is highly determined
by the elastic and plastic activities of the RBC membrane-cytoskeleton
complex [43,44]. There are applied biophysical techniques to measure
the RBCs' “membrane stiffness” like rheoscopy, ektacytometry or op-
tical trapping. One of the most direct and robust techniques to in-
vestigate RBCs' rheological pattern close to native conditions is atomic
force microscopy-based force spectroscopy [44,45]. In the RBC-S sam-
ples we registered increase in the membrane stiffness; similar findings
were reported by Lekka and co-workers in adults under several pa-
thological conditions like coronary disease, diabetes mellitus, and hy-
pertension [46]. Additionally, we were able to characterize the vis-
coelastic response of RBCs to the mechanical stimulus, where we found
a remarkable decrease in the recovering ability of RBCs with smoking
origin after indentation. It is conceivable that the long-term exposure to
the cytotoxic effectors derived from cigarette smoke markedly influ-
enced the hemorheological properties of RBCs by architectural mod-
ifications which led to loss in the ability to regain their initial shape. As
suggested by Pretorius and Masilamani, the increase of plastic work
closely associated with cytoskeletal membrane stiffness and redox
homeostasis imbalance [13,47].

The measured parameters in this work are well indicative to the
vulnerability of the fetal circulatory system as a consequence of ma-
ternal smoking. Although the directly exposed RBCs derived from
smoking mothers possess a functional and mature antioxidant system
that still has the capacity to increase O2%

− scavenging activity under
stress conditions [48], the endogenous antioxidant system in the fetal
RBCs is barely functional; the delicate oxidant/antioxidant balance is
disrupted. Lipid peroxidation, as measured by 4-HNE level, is almost
doubled in the fetal red cells with smoking origin compared to the
maternal population [48]. This prominently indicates a higher rate of
macromolecular damage in the fetal system, via indirect exposure to
tobacco smoke, which gives rise to all other consequences for the
rheological features.

5. Conclusion

In this work we demonstrated that fetal RBCs are highly affected by
maternal smoking; they become a source of ROS and lose their char-
acteristic membrane and rheological features. The importance of our
work is underlined by recent findings about a close relationship be-
tween the vascular endothelium and the circulating RBCs, which was
demonstrated in patients with type 2 diabetes mellitus [11,12]. An
excess level of toxic oxidants not only compromises the RBC function
and viability, but the liberated reactive oxygen/nitrogen species from
the considerable mass of RBC have a potential to influence other
components of the circulation as well. Therefore, the induced lipid
oxidation, the altered membrane lipid composition, membrane stiffness
and loss in plastic activities could serve as an early prognostic markers
for not only the RBC-linked anomalies, but also the state of the neonatal
vascular environment. Furthermore, assuming that under stress condi-
tions circulating RBCs are able to sense and respond to endothelial
demands to improve the blood flow, it is most likely that in the RBC-S
population the compensatory/rescue mechanism remained unavailable
due to altered membrane integrity and rheological properties.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbalip.2020.158615.

Fig. 3. Orthogonal partial least squares analysis scores plot of lipidomic data.
Values are shown for the RBC-NS (n = 20, green) and RBC-S (n = 13, red)
populations; goodness-of-prediction value was Q2 = 0.58 (p < 0.001) and
goodness-of-fit value was R2 = 0.94 (p < 0.001) based on n = 1000 per-
mutation tests. Coloured circles display 95% confidence regions.
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Fig. 4. Lipidomic differences between plasma membranes from the RBC-NS and RBC-S samples.
Key features of lipid compositional differences between RBCs with NS and S origins (A–E). (A) Cholesterol to phospholipid ratio (Chol/PL), (B) ratio of outer to inner
leaflet-dominant lipids calculated as (PC + SM)/(PE + PS + PI), (C) mol% of PS in the plasma membrane, (D) average double bond index (DBI), (E) mol% of PUFA-
containing lipid species in the plasma membrane; PE-Pl, alkenyl-acyl PE. The values are expressed as mean ± standard deviation, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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