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Abstract: Background/Objectives: Growing evidence suggests that erythrocyte membrane lipids are
subject to changes during their lifespan. Factors such as the type of dietary intake and its composition
contribute to the changes in red blood cell (RBC) membranes. Due to the high antioxidant content
of beer, we aimed to investigate the effect of moderate beer consumption on the lipid composition
of RBCs membranes from healthy overweight individuals. Methods: We conducted a four-weeks,
prospective two-arm longitudinal crossed-over study, where participants (1 = 36) were randomly
assigned to alcohol-free beer group or traditional beer group. The lipids of RBCs membranes were
assessed at the beginning and the end of the intervention by thin-layer chromatography. Results:
Four-weeks of alcohol-free beer promoted changes in fatty acids (FA), free cholesterol (FC), phos-
phatidylethanolamine (PE) and phosphatidylcholine (PC) (p < 0.05). Meanwhile, traditional beer
intake led to changes in FA, FC, phospholipids (PL), PE and PC (p < 0.05). The observed alter-
ations in membrane lipids were found to be independent of sex and BMI as influencing factors.
Conclusions: The lipid composition of erythrocyte membranes is distinctly but mildly influenced by
the consumption of both non-alcoholic and conventional beer, with no effects on RBC
membrane fluidity.

Keywords: erythrocytes composition; phospholipids; fatty acids; cholesterol; alcohol consumption

1. Introduction

Human erythrocytes or red blood cells (RBCs) are highly specialized cells derived from
haemopoietic stem cells in bone marrow, that have lost all their organelles after a maturation
process driven by erythropoietin [1,2]. Once in the bloodstream, the mature erythrocyte
has a biconcave, discoid shape, and the lack of organelles confers this cell the flexibility
needed to circulate in the cardiovascular system. Flexibility, or deformability, is an intrinsic
characteristic of healthy RBCs, allowing them to travel through tiny capillaries and deliver
oxygen to all tissues. Conversely, a decrease in their flexibility might trigger hemolysis
in the capillaries and premature removal of RBCs by reticuloendothelial macrophages,
which results in altered tissue oxygenation [3,4]. It is becoming increasingly clear that RBCs
are involved in several biological processes, in addition to being transporters of O, and
CO; between the lungs and peripheral tissues, which are of fundamental importance for
cardiovascular function [5].

A key component of RBCs is the membrane, and its molecular composition seems
to modulate the rheological properties of the cell, what might play an important role in
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the cardiovascular pathophysiology. The human RBC membrane composition consists
in lipids (41%), proteins (52%) and carbohydrates (7%). In the lipid bilayer, there is a
complex mixture of different lipid classes: neutral lipids (NL, 25.2%, mainly cholesterol),
phospholipids (PL, 62.7%) and glycosphingolipids (around 12%) [6]. Regarding PL, there
are four major subclasses asymmetrically distributed in the lipid bilayer. The outer leaflet
of the membrane is rich in phosphatidylcholine (PC] representing 27% of total membrane
PL and sphingomyelin (SM) which represents 23%. The inner leaflet is mainly composed
by phosphatidylethanolamine (PE, 30%) and phosphatidylserine (PS, 15%) [1].

Abnormalities in the molecular composition and biophysical properties of erythrocyte
membranes have been associated with cardiovascular diseases [7], such as hypercholes-
terolemia [8], hypertension [9] and acute coronary syndrome [10-12]. These associations
have been attributed to (i) alterations in the fluidity of RBC membranes due to changes in the
PL, cholesterol and fatty acids (FA) composition [7-9] and (ii) destabilization of atheroscle-
rotic plaques [10-12], disordered oxygen transport by hemoglobin [7], among others.

The lipid composition of erythrocyte membranes is subject to changes during their
lifespan, which is approximately 120 days [13]. In fact, it is well known that RBCs can
interact with lipoproteins in the bloodstream, resulting in lipid transfer and membrane
remodeling. RBCs lack of the capacity to esterify cholesterol or store cholesteryl esters.
Therefore, RBCs are a source of free cholesterol (FC) that can be rapidly exchanged with
lipoproteins [14]. Moreover, diet can also modify the lipid composition of erythrocyte
membranes. A previous study showed that Mediterranean diet induced changes in the
lipid composition of erythrocyte membranes that influenced the structural properties of
the cell [15]. However, the impact of diet, especially that of fermented alcoholic beverages,
on the membrane composition of erythrocyte has been scarcely studied. Some previous
studies have indicated that moderate alcohol consumption decreases lipid peroxidation in
erythrocyte membranes and that this is due to changes in lipid composition [16]. Even so,
the effects of alcohol consumption on erythrocyte membranes are poorly understood and
there is a controversy regarding its impact on cardiovascular health.

Here, we designed a study to investigate the effect of moderate alcoholic and non-
alcoholic beer consumption on the lipid composition of erythrocyte membranes from
healthy individuals. For this purpose, a four-weeks prospective two-arm longitudinal
crossed-over study was carried out in 36 overweight and obesity class 1 individuals.

2. Materials and Methods
2.1. Experimental Design and Study Population

Thirty-six healthy adult individuals between ages of 40-60 years, non-smokers, regular
but moderate beer consumers (self-reported consumption), and with overweight (BMI,
28-29.9 kg/ m?) or obesity class 1 (BMI, 30-35 kg/ m?) were recruited [17]. Moderate beer
drinking was defined according to the “Dietary Guidelines for Americans 2015-2020”,
U.S. Department of Health and Human Services and U.S. Department of Agriculture,
(https:/ /www.niaaa.nih.gov/alcohol-health/, accessed on 5 November 2013, overview-
alcohol-consumption/moderate-binge-drinking) and refers up to 1 drink per day for
women, and up to 2 drinks per day for men.

The study was an open, randomized two-arm longitudinal cross-over trial with
4-week intervention periods (Figure 1). All subjects underwent two treatment sequences
of 4 weeks, separated by a 4-week washout period, as previously described [17]. Initially,
participants had a four-week period without beer (run-in). After this period, participants
were randomly assigned to one of two interventions, each comprising 18 participants:
non-alcoholic beer or traditional beer. After these four weeks of treatment, participants
had washout phase (from day 28 to 56). This was followed by a second four-week period
in which the groups exchanged their respective interventions. A simple randomization
was performed using computer-generated random numbers. A random number and group
were assigned to each subject at the moment of enrolment purely by chance.
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Figure 1. Experimental protocol for the intervention study.

Briefly, men drank two cans (660 mL beer) and women one can (330 mL beer) per day
of alcohol-free beer (0.0 g alcohol) or traditional beer (15 g of ethanol, equivalent to 5.7% v)
during the intervention periods. Traditional and alcohol-free beers were of the lager type
from the same Spanish commercial brand.

Individual and total phenolic compound content of the beers administered to the vol-
unteers is provided in Table S1 (Supplementary Information). The total phenolic content in
alcohol free beer was 375.9 £ 157.0 mg/L and in traditional beer was 604.8 &+ 190.0 mg/L. In
both beers, ferulic acid and isoxanthohumol were the most abundant phenolic compounds.

During the intervention (run-in, wash-out periods and intervention phases), partici-
pants were not allowed to consume drinking alcoholic beverages and alcohol-free beer out
of those provided as part of the study. Dietary patterns, assessed through the utilization of
food frequency questionnaires, were documented before each visit, with infrequent alter-
ations in dietary behaviors being reported. Adherence was assessed through routine phone
communication with participants and conducting interviews at the conclusion of each
intervention phase. Additionally, participants documented their daily beer consumption
on a diary card. Furthermore, at the end of each intervention period, a clinician evalu-
ated any potential side effects or symptoms such as facial flushing, abdominal discomfort,
lightheadedness, emesis, diarrhea, which could be linked to the study interventions.

2.2. Ethical Statement

Informed written consent was obtained from all participants before entering the study
and the participants were able to withdraw from the study at any time without giving a
reason. The study was approved by the Human Ethical Review Committee of the Hospital
“Santa Creu i Sant Pau” of Barcelona (Ref 14/186; 12 November 2014). All procedures were
carried out in compliance with the principles outlined in the Declaration of Helsinki.

2.3. Sample Collection

Twelve hour fasting blood samples from the 36 volunteers were obtained at day 1 and 28
(first period) and day 56 and 84 (second period). Briefly, blood samples were collected in ethylene
diamine tetra acetic acid (EDTA) or sodium citrate-containing vacutainer tubes for plasma and
erythrocyte ghost preparation, respectively. Plasma was obtained after blood centrifugation at
1800 g for 20 min and preserved at —80 °C until used for lipoprotein extraction.

2.4. Human Erythrocyte Ghosts’ Preparation

Fresh blood from volunteers was collected in Vacutainer tubes containing sodium
citrate. Tubes were centrifuged at 2500 rpm for 15 min and the plasma, and the buffy coat
layer was carefully removed. Lack of hemolysis was visually controlled in all samples and
those with signs of hemolysis were discarded. Cell membrane purification was performed
immediately after.

A hypotonic solution (PBS 1X pH 7.4 + 14 mM EDTA) was added to the tubes and
samples were homogenized. As previously described, additional centrifugation cycles with
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the hypotonic solution were performed until the buffy coat layer was completely removed.
Consecutively, a second hypotonic solution (H;O Braun + 14 mM EDTA) was added to
the tubes, which were left in agitation at 4 °C overnight. To remove the hemoglobin
after hemolysis, further centrifugation (3220 x g, 4 °C, 45 min) and homogenization steps
were performed in the 2nd hypotonic solution until a cream-colored pellet was obtained.
The resulting cream-colored pellets were further washed in shorter centrifuge cycles of
20, 15 and 10 min at 3220 x g until the colorless ghosts were obtained. Thereafter, samples
were transferred to Eppendorf tubes and stored at —80 °C under controlled conditions
until their analysis.

2.5. Thin Layer Chromatography (TLC)

The lipid composition of lipoproteins was determined by thin layer chromatography
(TLC) before and after the intervention. Lipids were extracted from erythrocyte ghosts
using a dichloromethane/methanol (1:2 v/v) mixture and the organic solvent was re-
moved under nitrogen stream. For the study of NL, lipid extracts were suspended in
dichloromethane and applied to TLC glass plates (Macherey-Nagel TLC glass plates SIL
G-25UV254, 20 x 20 cm, Macherey-Nagel, France) along with different concentrations
of lipid standards (a mixture of cholesterol, cholesterol palmitate, triglycerides (TAG),
diglycerides and monoglycerides). For development (lipid separation), a mobile phase
composed of heptane/diethyl ether/acetic acid (74:21:4, v/v/v) was used.

Additionally, a subgroup of 18 volunteers was randomly selected for further anal-
ysis using HPTLC to study changes in different phospholipid classes, specifically PS,
PE, PC, and SM. The lipid extracts were suspended in a chloroform/methanol mixture
(1:1 v/v) and applied to high-performance TLC (HPTLC) plates (HPTLC Silica Gel 60,
Fy54, Glass plates, 20 x 20 cm, MilliporeSigma™, Madrid, Spain) along with different
standards of PL (PE, PC, SM and PS). For development, a mobile phase composed of
chloroform/methanol/ammonium hydroxide (65:25:4, v/v/v) was used. Finally, a staining
solution composed of sulphuric acid, phosphomolybdic acid, and ethanol was applied to
visualize the lipid bands, which were quantified by densitometry.

2.6. Anthropometric Data, Blood Pressure, Serum Lipid Profile and Other
Biochemical Measurements

In addition, anthropometric measurements (body weight, waist circumference and
BMI) were determined at baseline, before starting the intervention, and at the end of
the intervention periods. The serum lipid profile such as total cholesterol, high density
lipoprotein cholesterol (HDLc), nonHDL, low density lipoprotein (LDL), very-low density
lipoprotein (VLDL) and TAG and other biochemical measurements were performed as
previously described [17].

2.7. Statistical Analysis

Normality of distribution was assessed by the Shapiro-Wilk test. Differences in the
baseline characteristics by sex and overweight vs. obesity were analyzed by Mann-Whitney
test. To evaluate any differences at the end of the study with respect to the baseline in
each arm group, a paired t-test for NL and Wilcoxon-test for PL subclasses were used.
Differences in the changes between groups were analyzed by paired t-test for NL and
Wilcoxon-test for PL subclasses. Correlation between RBCs lipids and blood lipids were
assessed by means of Pearson’s correlation. All statistical analyses were conducted using
STATA 15 (College Station, TX, USA) software. All reported p-values are two-sided, and a
p-value of 0.05 or less was considered to indicate statistical significance.

3. Results

Thirty-six subjects (21 men, 15 women) with an average age of 48 & 5 years, who were
initially recruited for the study, completed both intervention phases, and were included in
the final analysis.
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3.1. RBC Membrane Lipid Composition at Baseline

As shown in Figure 2, the analysis of RBC membrane lipids by HPTLC showed that
PL were the major lipid class representing the 69%, while NL (FC and FA) represented the
31% of the lipid membrane composition. Between PL fraction, PE was the major subclass,
representing the 36% of the lipids, followed by PC, SM and PS (31, 21 and 12%, respectively).
Furthermore, the study of NL by TLC, Figure 2, showed that FC was the major NL. In fact,
along with PL, FC is one of the main structural components of erythrocyte membranes.
Although TAG and esterified cholesterol (EC) are also found as components of some cell
membranes, their solubility in phospholipid membranes was quite limited.
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Figure 2. RBC membrane lipids from representative HPTLC and TLC plates. EC: Esterified
cholesterol; FC: Free cholesterol; FA: Fatty acids; NL: Neutral lipids; PC: Phosphatidylcholine;
PE: Phosphatidylethanolamine; PL: Phospholipids; PS: Phosphatidylserine; SM: Sphingomyelin and
TAG: triacylglycerols.

Differences in the baseline lipid composition of erythrocyte membranes from the
study volunteers were analyzed regarding sex and BMI (Figure 3) at baseline. Regarding
sex-related differences a similar profile was observed between sexes for FC, FA and PL
(p > 0.05). In addition, no statistically significant difference was observed for PE, PC, PS
and SM between sexes (p > 0.05).

H— 36 16
25 : 0.6 1.0 - 50 25
34 14
2.0 05 084 | 45 20
32 12
0.4
15 0.6 40 30 16 15
0.3
1.0 0.4 35 28 8 10
* %
0.5 0.2 4 30 26 6 5
o1{ _L_
FC/mg protein FA/mg protein PL/mg protein PE (%) PC (%) PS (%) SM (%)

# Overweight ¥ Obesity

2.5 4 . 36 16
0.6 1.0 50 25
34 14
2.0 0.5
0.8 o 45 4 20
32 12
0.4
15 6 4
0.6 40 5 10 15
0.3
101 02 0.4 35 28 8 10
o1 0.2 30 1 26 6 5
0.5
FC/mg protein FA/mg protein PL/mg protein PE (%) PC (%) PS (%) SM (%)

Figure 3. Sex-related and individual (overweight vs. obese) differences in lipid composition of
erythrocyte membranes at baseline. Data are expressed as median (IQR). Differences between sexes
and BMI were analyzed by Mann-Whitney test. No statistically significant differences were observed
(p > 0.05). n = 36 for NL and n = 18 for PL subclasses.
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Differences in lipid composition were also assessed by BMI at baseline (Figure 3). No
significant differences were observed on the membrane lipid profile (FC, FA, PL and PL
subclasses) between volunteers with overweight and obesity at baseline (p > 0.05).

3.2. Effect of Beer Intake on RBC Membrane Lipid Composition

As shown in Table 1, alcohol free beer intake led a significant increase of FC
(p < 0.008) and FA (p < 0.001). In addition, there was a tendency to increase the lev-
els of PL (p = 0.062) and non-significant differences was observed for FC:PL ratio (p = 0.357).
On another hand, traditional beer consumption during four-weeks, in addition to reaching
higher amounts of FC (p < 0.007) and FA (p < 0.001), an increase was also observed for
PL (p < 0.010). Regarding to FC:PL ratio there was a tendency to increase (p = 0.087). A
comparative assessment of the differences between the two experimental groups indicated
that while the changes observed in the cohort receiving the traditional beer were more
pronounced, statistical analysis did not reveal any significant differences for FC, FA, PL,
and FC:PL ratio (p > 0.05) (Table 1). In addition, not significant differences were detected
for the fold changes between alcohol free beer group and traditional beer group (p > 0.05).

Table 1. NL (mg protein) and PL (%) subclasses in RBCs membranes at the beginning of the
intervention (Baseline) and after of four weeks of dietary intervention with alcohol free beer or

traditional beer.
Alcohol Free Beer Traditional Beer
Lipids Baseline p-Value 2
After A p-Value ! After A p-Value !

FA 0.32 +0.02 0.45 + 0.03 0.13 <0.001 0.52 +0.05 0.20 <0.001 0.124

FC 1.27 +0.07 1.55 + 0.09 0.28 0.008 1.58 +0.11 0.31 0.007 0.804

PL 0.40 +0.03 0.47 +0.04 0.07 0.062 0.50 &+ 0.04 0.10 0.010 0.402
FC/PL 3.68 £ 0.38 4.27 + 0.68 0.58 0.357 4.46 +£0.72 0.68 0.087 0.932
PE (%) 39.53 £ 1.35 4225 +1.32 2.73 0.026 42.58 + 1.58 3.05 0.050 0.731
PC (%) 32.20 £ 0.67 30.95 + 0.58 —1.24 0.019 30.46 £ 0.60 —1.74 0.003 0.383
PS (%) 11.69 + 0.59 11.80 £ 0.58 0.10 0.784 11.65 £+ 0.51 —0.04 0.686 0.750
SM (%) 16.58 £ 1.32 15.00 £+ 1.44 —-1.59 0.049 1531 £ 1.46 —-1.27 0.182 0.808
PC/PE 0.83 £ 0.03 0.74 £ 0.03 —0.09 0.014 0.74 £ 0.05 —0.09 0.023 0.731
PC/SM 2.33+0.33 2.70 + 0.51 0.37 0.126 2.64 +0.37 0.16 0.334 0.731
PE/PS 3.70 £ 041 3.85 £ 0.36 0.15 0.424 3.81 £0.28 0.12 0.951 0.951

Data are given as mean & SEM. n = 36 for NL and # = 18 for PL subclasses. p-value !: Comparison between
baseline and final levels of each intervention were analyzed by paired t-test for NL and Wilcoxon-test for PL
subclasses; p-value 2: Comparison of the changes observed at the end of the interventions between both groups
were analyzed by paired f-test for NL and Wilcoxon-test for PL subclasses. p < 0.05 indicates significance.

Regarding PL fraction, the consumption of non-alcoholic beer leads to an increase
in the relative abundance of PE (2.73%) and a decrease in SM and PC (1.59 and 1.24%,
respectively) (p < 0.05) after four-weeks of intake in overweight and obese volunteers
(Table 1). On the other hand, four-weeks of traditional beer intake leads to a significant
increase in the relative abundance of PE (3.05%) and a decrease in PC (1.74%) (p < 0.05).
Regarding PS, in both groups this fraction remained unchanged (p > 0.05). In addition,
several ratios were calculated (PC:PE, PC:SM, and PE:PS), however, significant differences
were only observed in the PC:PE ratio in both intervention groups (p < 0.05). Comparison
of the relative abundance for each of the PL subclasses showed that there was no significant
difference in the changes observed between both interventions (p > 0.05) (Table 1). Addi-
tionally, the analysis of the ratios showed no statistically significant differences between
groups (p > 0.05). Moreover, no statistically significant differences were observed in the
fold changes between the free alcohol beer group and the traditional beer group for the PL
subclasses (p > 0.05) (Supplementary Table S2).

When sex differences in the levels of RBC lipids at the end of the interventions were
investigated, it was found that women showed a higher abundance of PC (p value = 0.031)
after alcohol free beer intake (p value = 0.031), while no statistically significant differences were
observed for the other lipids species (Supplementary Table S3). After 4 weeks of traditional
beer consumption, lipid profiles were similar between women and men (p > 0.05). Additionally,
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the changes observed following the consumption of both alcoholic and non-alcoholic beer
were similar between the sexes (p > 0.05).

The comparison of RBC lipids in function of BMI (overweight vs. obesity) was also
evaluated (Supplementary Table S4). At the end of the intervention, obese individuals of
the alcohol-free beer group presented a higher abundance of SM (p = 0.042) and FC/PL
ratio (p = 0.010) and a lower relation of PC/SM (p = 0.034). In specific in this group, obese
subjects showed a significant increase in SM and FC/PL ratio accompanied by a reduction
PC/SM (p < 0.005), the opposite pattern was observed in overweight individuals. No
significant differences were observed at the end of the intervention with traditional beer
between overweight and obese individuals.

3.3. Metabolic Remodeling of the Human Red Blood Cell Membrane

To better understand the relationship between the remodeling of the human RBCs
membrane lipids we correlated (Pearson correlation) the changes observed for the NL and
PL subclasses (Figure 4). In addition, correlation networks were constructed based on their
Pearson correlation coefficient, demonstrating that the lipids were highly correlated with
each other mainly in the free-alcohol beer group (Figure 4A,B).

A
Alcohol Free Beer
AFAAFCAPE APCAPSASM FC
®
AFA
A FC ]
APE ¥k 3k
APC ¥
A PS
| __|
-1 0 1
B
Traditional Beer
AFAAFCAPE APCAPSASM
AFA
A FC
aPE k¥
A PC
A PS *
ASM | % 3k -
| |
-1 0 1

Figure 4. Heat maps and correlation networks of changes in NL and PL subclasses after 4-weeks
of dietary intervention with alcohol-free beer (A) or traditional beer (B). In the pairwise correlation
map, red shows a negative correlation and blue a positive correlation. Correlation networks were
constructed based on their Spearman correlation coefficient. In each network, colored nodes refer to
different lipid species and lines link correlated pairs. Dotted line means negative association. Line
means positive association. * Means statistically significant difference, p < 0.05.

In the non-alcoholic beer group, an increase in FA was positively associated with
FC and PE (r > 0.6) and negatively correlated with PC and SM (r > —0.4). An increase
in the FC levels were associated with higher levels of PE, while a decrease in FC levels
were associated with an increase in the relative abundance of SM (r = 0.5462 and —0.5999,
respectively). Regarding to PE, the higher the abundance, the lower the abundance of PC
(r=—0.6018) and SM (r = —0.9147). PS represents the only lipid specie that was not related
to any other lipid in the non-alcoholic beer group.

In regard with the associations in traditional beer group strong positive associations
were detected between FA and FC and PE (r > 0.5) and strongly negative between FA and
SM (r > 0.5). FC was associated negatively with SM (r = —0.5034). In addition, a very
strong negative association between PE and SM was observed (r = —0.9287) and a moderate
negative correlation with PS (r = —0.4957).
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3.4. Associations between Membrane Lipids and Circulating Lipids

Figure 5A show the Pearson correlations between the changes in FA, FC and PL of
RBCs membranes and the changes observed for serum lipid profile. Compare with tradi-
tional beer group (where not significant associations were detected), several associations
were detected in the alcohol-free beer group, all of them positives (p < 0.05). To be spe-
cific, an increase in FA was related with higher levels of total cholesterol (r = 0.355) and
cholesterol transported for HDL (r = 0.424). At a higher concentration of FC, an increase
in total cholesterol (r = 0.384), cholesterol transported by HDL (r = 0.354) and nonHDLc
(r = 0.353) was also observed. Regarding PL, the more PL in the erythrocyte membrane the
more HDL was observed (r = 0.369). In addition, a bivariate scatter plot is also shown only
for those variables that show a statistically significant correlation (alcohol-free beer group,
Figure 5B).

Alcohol Free Beer Traditional Beer
< <
N M
¢ Q ¢ 9
& ¢ Q¥ & R
™ S () N S o
ORI & & Y& &
> ° © > ° ° > ° > v °
AFA * *
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[ |
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5 06 S 04
s s
& 04 § o
£
< 0.2 <
b £ 00
< 0.0 <
-0.2
-0.2
-60 -40  -20 0 20 a0 -10 -5 0 5 10 15
acrt A HDLc
y=0.0475x + 0.2618
15 _'
c L] .
§ 10 . .
° . .
8 05 e o
0o N °
£ 00 I H
9 .
= .
<-0.51e
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-0 -5 10 15
A HDLc
15 0.6
£ 10 £ 04
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s 05 502
3 £
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<05 <-0.2
-1.0 . -0.4
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A nonHDLc AHDLc

Figure 5. (A) Pearson correlation between the changes observed after 4-weeks of alcohol-free beer or
traditional beer intake in NL of RBCs membranes and plasmatic lipids. In the pairwise correlation
map, red shows a negative correlation and blue a positive correlation. (B) Bivariate scatter diagram
only on those variables that showed a statistically significant correlation. * Indicates significance with
Pearson correlation coefficient test (p < 0.05). A: Change.

4. Discussion

Several observational studies and meta-analyses have consistently shown that moder-
ate alcohol consumption is associated with protection against coronary artery disease and
ischemic stroke [18,19]. We previously demonstrated that moderate beer intake (traditional
and alcohol-free) does not exert vascular detrimental effects or increases body weight in
obese healthy individuals [17]. In addition, we also demonstrated that regular moderate
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intake of traditional and alcohol-free beer attenuates the inflammasome signaling path-
way in human macrophages [20]. Here we perform a prospective two-arm longitudinal
crossed-over study to elucidate the effects of beer (alcoholic and non-alcoholic) intake
on erythrocyte membrane lipid composition in overweight and obese volunteers. To our
knowledge, this is the first study showing that beer intake (non-alcoholic or traditional)
promotes changes in the lipid profile of erythrocyte membranes.

Regarding FA, in the study carried out for Pawlosky and Salem [21] demonstrated the
effect of ethanol on essential FA metabolism. Stimulation of FA anabolism seems to be the
mechanism by which low doses of alcohol intake may promote changes in FA profile (for
example an increase in polyunsaturated fatty acids, PUFAs) [21]. On the contrary, when
higher amounts of alcohol are consumed, the concentration of PUFAs decreases due to an
increase in the FA catabolism [21]. This could explain why, although not significant, the
changes in FA content were more evident in the group that had moderate consumption of
traditional beer during four-week (0.20 vs. 0.13 FA/mg proteins). In a study carried out in
2009, alcohol intake (wine) was associated with higher concentrations of w3-FA in RBCs
membranes [22]. In the mentioned study, in addition to the alcohol effect on FA metabolism,
it was also suggested that non-alcoholic components of wine, namely polyphenols, could
also interact with the metabolism of essential PUFAs. Therefore, in our study, the synergistic
effect of alcohol and polyphenols (which were in higher concentrations in traditional beer)
could tentatively be related to the more pronounced changes in the group that had moderate
consumption of traditional beer for 4-weeks. In addition, the changes observed in the RBCs
membranes of the volunteers who received the alcohol-free beer may be related to the
polyphenols in the beer that promoted the metabolism of FA.

The lipid composition of the cell membrane, particularly cholesterol, influences various
functions of embedded enzymes, transporters, and receptors in RBCs. High membrane
cholesterol content affects the RBCs” main vital function, O, and CO, transport and delivery,
with consequences on peripheral tissue physiology and pathology [14]. Additionally, it is
well established that cholesterol in the cell membrane not only impairs transport processes
but also affects the cell’s deformability [23]. Since erythrocyte membrane fluidity depends
on (i) cholesterol content and the presence of other neutral lipids and (ii) phospholipid
composition and phospholipid fatty acid pattern [24] according with our results, the daily
intake of non-alcoholic and traditional beer during four weeks causes minimal changes in
membrane fluidity in overweight and obese individuals. This finding is supported by the
fact that, although daily intake of both non-alcoholic beer and traditional beer causes an
increase in erythrocyte membrane FC, minimal changes in PL were observed, the increase
being significant only in the group receiving traditional beer. In a study carried out in 2010,
was demonstrated that chronic alcoholism causes alterations in the membranes, leading
to an increase in total cholesterol and a tendency to decrease PLs [24]. Human evidence
also suggests that erythrocyte membrane PL composition is affected by dietary fat and
host factors (e.g., age, BMI, WHtR) [25]. Recently, was demonstrated that alcohol-induced
lipid peroxidation causing an increase in PL in drinking male volunteers with regular
practice of consuming alcohol every day for at least 70-80 g for the last 8-10 years [26].
In addition to changes in the PL fraction in erythrocyte membranes due to ethanol, the
changes may also be due to the minority composition of beer. Certain biological activities
of phenolic compounds are attributed to their interactions with the PL bilayer component
found in membranes. These activities linked to the membrane involve specific interactions
between lipids and phenolic compounds, such as preventing lipid peroxidation, as well as
non-specific effects that modify the biophysical characteristics of the membrane [27].

In our study we observed that an increase in FC was associated with an increase
in FA. Interesting, higher levels of FC were correlated with an increase in HDL in the
free alcohol-beer group and with total blood cholesterol. Since RBCs, which carry large
amounts of FC in their membrane, have been shown to play an important role in reverse
cholesterol transport [28], it is not surprising that they are related to HDL levels. It is
also not surprising that an increase in blood cholesterol levels is associated with higher
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levels of FC in erythrocyte membranes. It was demonstrated that approximately 50%
of circulating cholesterol is carried in RBC membranes and that the magnitude of the
cholesterol flux through RBCs is comparable to the total efflux of free cholesterol from
tissues [29]. In our study a positive association between changes in PL and HDL was
detected. In the EPIC-Norfolk Prospective Study [30] no overall significant relationship
between total plasma PL concentration and coronary heart diseases was found. It is
conceivable that the observed correlation can be ascribed to the intrinsic ability of HDL
to serve as endogenous antioxidants, thereby exerting a protective effect against lipid
oxidation occurring in biological membranes [31].

In addition, no alterations were observed in the FC/PL ratio in our study. In a study
was suggested that an increase in cholesterol-to-PL ratio results in loss of membrane
fluidity [32,33]. In specific, in the study carried out by Meurs and colleagues showed
that a two-fold increase in FC/PL ratio decreased deformability and increased osmotic
fragility, causing reduced lifespan of RBCs [34]. It has also been proposed that decreases
in membrane fluidity are primarily in the membrane FC/PL range of 1.0 to 2.0; however,
little additional change in fluidity occurs when the membrane FC/PL ratio increases to
2.0-3.0 [33]. According to the results obtained, the daily intake of beer with and without
alcohol does not affect the initial RBC membrane fluidity of the study participants, given
that the FC/PL ratio at the beginning of the intervention is greater than 3 in both groups
and greater than 4 after the intervention.

Regarding PE, the most abundant PL subclass, an increase was observed after
four weeks of beer intake (alcoholic and non-alcoholic) in overweight and obese vol-
unteers. It is also important to note that the most profound changes were also observed
in the group that received the traditional beer (without reaching significant differences
between groups). To our knowledge, the effect of alcohol or polyphenol consumption on
the PE of erythrocyte membranes has been scarcely studied. In a study with healthy male
adults an increased in PE-monounsaturated fatty acids and PE-PUFAs in RBC was observed
in average drinkers (30.2-63.4 g/day, essentially red wine) compared with non-drinking
volunteers [35]. Although the mechanism (such as the activation of 6-6 and 5-5 desaturases)
causing these alterations was not well defined. The fact that PE are good markers of dietary
factors was also evidenced in healthy adults who showed changes in PE containing DHA
in response to oral supplementation with DHA (510 mg DHA /day for 29 days) [36].

Additionally, the analysis of the PL fraction revealed a noteworthy reduction in the
abundance of PC in both experimental groups following a four-week intervention period.
The traditional beer group exhibited the most pronounced decrease in PC (—1.74 vs. 1.24%),
without reaching statistical significance. Another important finding of our study was
that women showed a higher abundance of PC than men at the end of the intervention
with alcohol free beer. In research involving healthy adult males, it was noted that those
who were moderate drinkers (consuming an average of 30.2-63.4 g/day, primarily red
wine) showed an increase in PC rich in PUFAs compared to individuals who did not
consume alcohol [35]. However, to our knowledge there are no studies that reveal the effect
of moderate beer intake on erythrocyte membrane PCs. The divergent roles of choline
metabolites in the pathogenesis of cardiometabolic risk factors and cerebrovascular diseases
are well known. In a cross-sectional subset of the nutrition, aging and memory in elder’s
cohort [37] higher plasma PC was associated with characteristics of both favorable (higher
HDL and lower BMI). In our study the abundance of PC was not dependent on BMI
(overweight vs. obesity) in both groups. The RBCs PC:PE ratio has been suggested as an
indicator of presence of pro-inflammatory molecules in the blood, attributed to selective PC
hydrolysis in the erythrocyte membrane [38]. In human studies, a decreased in PC:PE ratio
has been linked to conditions such as obesity [39], non-alcoholic fatty liver disease [40],
prediabetes, and type 2 diabetes [41]. In our study we have observed a minimal change in
this ratio (—0.09, one-fold change) in both groups. Our results indicate that the moderate
alcohol intake in traditional beer nor the alcohol-free beer induce a detrimental effect on
RBCs lipid composition.
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The relative abundance of SM was reduced in the alcohol-free beer group (1.61 £ 0.80%).
High plasma levels of SM have been proposed as a marker of atherogenic remnant lipoprotein
accumulation that may predict lipoprotein susceptibility to arterial wall sphingomyelinase [42].
In a human study it was suggested that increased levels of SM may play a role in plaque
instability in acute coronary syndrome and may be the mechanism underlying elevated
cholesterol levels in patients with coronary artery disease [43]. In our study, we did not
detect a positive relationship between SM and FC levels. Beer is a beverage rich in phenolic
compounds from hops (30%) and malt (70-80%) [44], being the phenolic acid and flavonoids,
the main families identified [45]. The impact of flavonoids on the hydrophilic and hydrophobic
regions of membranes was demonstrated in a biophysical study [46]. In our study, since the
abundance of SMs was significantly reduced only in the group that received the non-alcoholic
beer, this could be due to a protective effect of minority compounds such as polyphenols.
Finally, no changes were observed in the relative abundance of PS.

It is crucial to emphasize the pronounced interplay existing among the diverse lipid
species within the membranes of erythrocytes. This finding could suggest the role of diet
in lipid metabolomics remodeling indicating that changes occur in a connected manner
affecting all lipid species. PC and SM primarily reside in the membrane outer leaflet
(facing the outside environment) while the inner leaflet (facing the inside of the cell)
is known to mainly consist of PE and PS [1]. The detection of negative associations
between the abundance of PC or SM and PE or PS is not surprising, considering that PL are
asymmetrically distributed in the RBCs membrane. This observation implies a reciprocal
relationship, wherein an increase in one lipid species coincides with a decrease in the other,
likely attributable to their distinct functions and distribution across the membrane structure.

This study has several limitations in this exploratory clinical study. First, targeted
lipidomic analysis was not performed; second, the sample size of the clinical study was
small; and third, the results were not externally validated. After the changes observed
in this exploratory study, future studies should use integrative untargeted and targeted
metabolomics and lipidomic in RBCs to further evidence potential differences between the
intervention groups.

5. Conclusions

In conclusion, our results demonstrate that beer consumption, both traditional and
without alcohol, mildly modifies the lipid composition of RBC membranes. In specific,
four weeks of alcohol-free beer consumption resulted in increased levels of FA, FC, and
PE, along with a reduction in PC and SM. Meanwhile, traditional beer intake led to ery-
throcyte membranes with higher levels of FA, FC, PL, and PE, and lower PC levels. The
changes observed were consistent across both groups. Another of our findings is that the
observed alterations in membrane lipids were found to be independent of sex and BMI as
influencing factors.

In summary, the lipid composition of erythrocyte membranes is distinctly but mildly
influenced by the consumption of both non-alcoholic and conventional beer, with no effects
on RBC membrane fluidity.
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Author Contributions: Conceptualization, T.P. and L.B.; Data curation, A.L.-Y., V.d.S.V,, T.P. and
L.B.; Formal analysis, A.L.-Y. and N.M.-G.; Funding acquisition, T.P. and L.B.; Investigation, T.P. and
L.B.; Methodology, N.M.-G., T.P. and L.B.; Project administration, T.P. and L.B.; Resources, T.P. and
L.B.; Supervision, T.P. and L.B.; Validation, T.P. and L.B.; Visualization, A.L.-Y.,, V.d.S.V. and L.B.;


https://www.mdpi.com/article/10.3390/nu16203541/s1
https://www.mdpi.com/article/10.3390/nu16203541/s1

Nutrients 2024, 16, 3541 12 of 14

Writing—original draft, A.L.-Y.,, N.M.-G., V.d.S.V. and T.P,; Writing—review & editing, A.L.-Y., T.P.
and L.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by an unrestricted grant of FICYE, Madrid, Spain and from The
European Foundation for Alcohol Research (ERAB) EA1659 (to L.B.), Rue Washington 40, Brussels.
Additional support came from the Spanish Ministry of Economy and Competitiveness of Science
[AEI/10.13039/501100011033-[PID2019-107160RB-100] to L.B.; Institute of Health Carlos III, ISCIII
[FIS FISPI22/01930 to T.P.; FEDER “Una Manera de Hacer Europa”. We thank FIC-Fundacion
Jesus Serra, Barcelona, Spain, for their continuous support. A.L.-Y. expresses gratitude for the
financial support received through the “Juan de la Cierva-Formacion” program funded by MCIN
(MCIN/AEI/10.13039/501100011033) and by the European Union (NextGenerationEU/PRTR).

Institutional Review Board Statement: The study was approved by the Human Ethical Review
Committee of the Hospital “Santa Creu i Sant Pau” of Barcelona (Ref 14/186; 12 November 2014). All
procedures were carried out in compliance with the principles outlined in the Declaration of Helsinki.

Informed Consent Statement: All participants provided written consent after being adequately
informed before their inclusion.

Data Availability Statement: The information outlined in the manuscript, as well as the code book
and analytic code, will be provided upon a reasonable request, subject to scientific approval.

Acknowledgments: V.d.S.V. and N.M.-G. are recipients of predoctoral fellow funded by Cardiovascu-
lar Program-ICCC.

Conflicts of Interest: L.B. declares to have served as a SAB member of Sanofi, Ionnis, Pfizer, and
NovoNordisk; to have received a research grant from AstraZeneca; to have received speaker fees from
Sanofi, Bayer; and to have founded the Spin-Off Ivastatin Therapeutics S (which are not associated
with this research). T.P. discloses being a co-founder of Spin-off Ivastatin Therapeutics S (unrelated to
this study). The remaining authors have no competing interest to declare.

References

1. Pretini, V.; Koenen, M.H.; Kaestner, L.; Fens, M.H.A.M.; Schiffelers, R.M.; Bartels, M.; Van Wijk, R. Red Blood Cells: Chasing
Interactions. Front. Physiol. 2019, 10, 945. [CrossRef] [PubMed]

2. Klinken, S.P. Red Blood Cells. Int. J. Biochem. Cell Biol. 2002, 34, 1513-1518. [CrossRef] [PubMed]

3.  Barbalato, L; Pillarisetty, L.S. Histology, Red Blood Cell; StatPearls Publishing: Tampa, FL, USA, 2019.

4. Bonomini, M.; Pandolfi, A.; Sirolli, V.; Arduini, A.; Di Liberato, L.; Di Pietro, N. Erythrocyte Alterations and Increased Cardiovas-
cular Risk in Chronic Renal Failure. Nephrourol. Mon. 2017, 9, e45866. [CrossRef]

5. Pernow, ].; Mahdi, A.; Yang, J.; Zhou, Z. Red Blood Cell Dysfunction: A New Player in Cardiovascular Disease. Cardiovasc. Res.
2019, 115, 1596-1605. [CrossRef] [PubMed]

6. Haest, CW.M. Distribution and Movement of Membrane Lipids. In Red Cell Membrane Transport in Health and Disease; Springer:
Berlin/Heidelberg, Germany, 2003; pp. 1-25.

7. Revin, V.V;; Gromova, N.V,; Revina, E.S.; Martynova, M.1; Seikina, A.L; Revina, N.V.; Imarova, O.G.; Solomadin, I.N.; Tychkov,
A.Y.; Zhelev, N. Role of Membrane Lipids in the Regulation of Erythrocytic Oxygen-Transport Function in Cardiovascular
Diseases. Biomed Res. Int. 2016, 2016, 3429604. [CrossRef]

8.  Radosinska, J.; Vrbjar, N. The Role of Red Blood Cell Deformability and Na, K-ATPase Function in Selected Risk Factors of
Cardiovascular Diseases in Humans: Focus on Hypertension, Diabetes Mellitus and Hypercholesterolemia. Physiol. Res. 2016,
65, 543-554. [CrossRef]

9. Rodriguez-Varela, M.; Garcia-Rubio, D.; De la Mora-Mojica, B.; Méndez-Méndez, J.; Duran-Alvarez, C.; Cerecedo, D. Alterations
to Plasma Membrane Lipid Contents Affect the Biophysical Properties of Erythrocytes from Individuals with Hypertension.
Biochim. Biophys. Acta (BBA)-Biomembr. 2019, 1861, 182996.

10. Giannoglou, G.D.; Koskinas, K.C.; Tziakas, D.N.; Ziakas, A.G.; Antoniadis, A.P.; Tentes, L.K.; Parcharidis, G.E. Total Cholesterol
Content of Erythrocyte Membranes and Coronary Atherosclerosis: An Intravascular Ultrasound Pilot Study. Angiology 2009,
60, 676-682. [CrossRef]

11.  Zhong, Y,; Tang, H.; Zeng, Q.; Wang, X.; Yi, G.; Meng, K.; Mao, Y.; Mao, X. Total Cholesterol Content of Erythrocyte Membranes Is
Associated with the Severity of Coronary Artery Disease and the Therapeutic Effect of Rosuvastatin. Upsala J. Med. Sci. 2012,
117,390-398. [CrossRef]

12. Tziakas, D.N.; Kaski, J.C.; Chalikias, G.K.; Romero, C.; Fredericks, S.; Tentes, L.K.; Kortsaris, A.X.; Hatseras, D.I.; Holt, D.W. Total
Cholesterol Content of Erythrocyte Membranes Is Increased in Patients with Acute Coronary Syndrome: A New Marker of
Clinical Instability? J. Am. Coll. Cardiol. 2007, 49, 2081-2089. [CrossRef]

13. Thiagarajan, P.; Parker, C.J.; Prchal, ].T. How Do Red Blood Cells Die? Front. Physiol. 2021, 12, 655393. [CrossRef] [PubMed]


https://doi.org/10.3389/fphys.2019.00945
https://www.ncbi.nlm.nih.gov/pubmed/31417415
https://doi.org/10.1016/S1357-2725(02)00087-0
https://www.ncbi.nlm.nih.gov/pubmed/12379271
https://doi.org/10.5812/numonthly.45866
https://doi.org/10.1093/cvr/cvz156
https://www.ncbi.nlm.nih.gov/pubmed/31198931
https://doi.org/10.1155/2016/3429604
https://doi.org/10.33549/physiolres.933402
https://doi.org/10.1177/0003319709337307
https://doi.org/10.3109/03009734.2012.672345
https://doi.org/10.1016/j.jacc.2006.08.069
https://doi.org/10.3389/fphys.2021.655393
https://www.ncbi.nlm.nih.gov/pubmed/33790808

Nutrients 2024, 16, 3541 13 of 14

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Niesor, E.J.; Nader, E.; Perez, A.; Lamour, F; Benghozi, R.; Remaley, A.; Thein, S.L.; Connes, P. Red Blood Cell Membrane
Cholesterol May Be a Key Regulator of Sickle Cell Disease Microvascular Complications. Membranes 2022, 12, 1134. [CrossRef]
[PubMed]

Barcel6, F.; Perona, ].S.; Prades, J.; Funari, S.S.; Gomez-Gracia, E.; Conde, M.; Estruch, R.; Ruiz-Gutiérrez, V. Mediterranean-Style
Diet Effect on the Structural Properties of the Erythrocyte Cell Membrane of Hypertensive Patients: The Prevencion Con Dieta
Mediterranea Study. Hypertension 2009, 54, 1143-1150. [CrossRef] [PubMed]

Akkus, I; Giltekin, F; Akoz, M.; Caglayan, O.; Bahgaci, S.; Can, UG, Ay, M.; Giirel, A. Effect of Moderate Alcohol Intake on
Lipid Peroxidation in Plasma, Erythrocyte and Leukocyte and on Some Antioxidant Enzymes. Clin. Chim. Acta 1997, 266, 141-147.
[CrossRef] [PubMed]

Padro, T.; Mufioz-Garcia, N.; Vilahur, G.; Chagas, P.; Deya, A.; Antonijjoan, R.M.; Badimon, L. Moderate Beer Intake and
Cardiovascular Health in Overweight Individuals. Nutrients 2018, 10, 1237. [CrossRef]

Ronksley, PE.; Brien, S.E.; Turner, B.].; Mukamal, K.]J.; Ghali, W.A. Association of Alcohol Consumption with Selected Cardiovas-
cular Disease Outcomes: A Systematic Review and Meta-Analysis. BMJ 2011, 342, d671. [CrossRef]

Costanzo, S.; Di Castelnuovo, A.; Donati, M.B.; Iacoviello, L.; de Gaetano, G. Alcohol Consumption and Mortality in Patients
with Cardiovascular Disease: A Meta-Analysis. |. Am. Coll. Cardiol. 2010, 55, 1339-1347. [CrossRef]

Mufioz-Garcia, N.; Escate, R.; Badimon, L.; Padro, T. Moderate Beer Intake Downregulates Inflammasome Pathway Gene
Expression in Human Macrophages. Biology 2021, 10, 1159. [CrossRef]

Pawlosky, R.J.; Salem, N., Jr. Perspectives on Alcohol Consumption: Liver Polyunsaturated Fatty Acids and Essential Fatty Acid
Metabolism. Alcohol 2004, 34, 27-33. [CrossRef]

European Collaborative Group of the IMMIDIET Project. Alcohol Consumption and n-3 Polyunsaturated Fatty Acids in Healthy
Men and Women from 3 European Populations. Am. . Clin. Nutr. 2009, 89, 354-362. [CrossRef]

Forsyth, A.M.; Braunmdiller, S.; Wan, J.; Franke, T.; Stone, H.A. The Effects of Membrane Cholesterol and Simvastatin on Red
Blood Cell Deformability and ATP Release. Microvasc. Res. 2012, 83, 347-351. [CrossRef] [PubMed]

Maturu, P; Vaddi, D.R.; Pannuru, P.; Nallanchakravarthula, V. Alterations in Erythrocyte Membrane Fluidity and Na+/K+-ATPase
Activity in Chronic Alcoholics. Mol. Cell. Biochem. 2010, 339, 35—42. [CrossRef] [PubMed]

Fuhrman, B.].; Barba, M.; Krogh, V.; Micheli, A.; Pala, V.; Lauria, R.; Chajes, V.; Riboli, E.; Sieri, S.; Berrino, F. Erythrocyte
Membrane Phospholipid Composition as a Biomarker of Dietary Fat. Ann. Nutr. Metab. 2006, 50, 95-102. [CrossRef] [PubMed]
Bulle, S.; Reddy, V.D.; Padmavathi, P.; Maturu, P; Puvvada, PK.; Nallanchakravarthula, V. Association between Alcohol-Induced
Erythrocyte Membrane Alterations and Hemolysis in Chronic Alcoholics. J. Clin. Biochem. Nutr. 2017, 60, 63-69. [CrossRef]
[PubMed]

Hossain, S.I.; Saha, S.C.; Deplazes, E. Phenolic Compounds Alter the Ion Permeability of Phospholipid Bilayers via Specific Lipid
Interactions. Phys. Chem. Chem. Phys. 2021, 23, 22352-22366. [CrossRef]

Ohkawa, R.; Low, H.; Mukhamedova, N.; Fu, Y.; Lai, S.-].; Sasaoka, M.; Hara, A.; Yamazaki, A.; Kameda, T.; Horiuchi, Y.
Cholesterol Transport between Red Blood Cells and Lipoproteins Contributes to Cholesterol Metabolism in Blood. J. Lipid Res.
2020, 61, 1577-1588. [CrossRef]

Turner, S.; Voogt, J.; Davidson, M.; Glass, A.; Killion, S.; Decaris, J.; Mohammed, H.; Minehira, K.; Boban, D.; Murphy, E.
Measurement of Reverse Cholesterol Transport Pathways in Humans: In Vivo Rates of Free Cholesterol Efflux, Esterification, and
Excretion. J. Am. Heart Assoc. 2012, 1, e001826. [CrossRef]

Khaw, K.-T; Friesen, M.D.; Riboli, E.; Luben, R.; Wareham, N. Plasma Phospholipid Fatty Acid Concentration and Incident
Coronary Heart Disease in Men and Women: The EPIC-Norfolk Prospective Study. PLoS Med. 2012, 9, e1001255. [CrossRef]
Xepapadaki, E.; Zvintzou, E.; Kalogeropoulou, C.; Filou, S.; Kypreos, K.E. The Antioxidant Function of HDL in Atherosclerosis.
Angiology 2020, 71, 112-121. [CrossRef]

Cooper, R.A; Leslie, M.H.; Fischkoff, S.; Shinitzky, M.; Shattil, S.J. Factors Influencing the Lipid Composition and Fluidity of Red
Cell Membranes in Vitro: Production of Red Cells Possessing More than Two Cholesterols per Phospholipid. Biochemistry 1978,
17,327-331. [CrossRef]

Cooper, R.A. Influence of Increased Membrane Cholesterol on Membrane Fluidity and Cell Function in Human Red Blood Cells.
J. Supramol. Struct. 1978, 8, 413—-430. [CrossRef] [PubMed]

Meurs, I.; Hoekstra, M.; van Wanrooij, E.J.A.; Hildebrand, R.B.; Kuiper, J.; Kuipers, F.; Hardeman, M.R.; Van Berkel, T.].C.; Van
Eck, M. HDL Cholesterol Levels Are an Important Factor for Determining the Lifespan of Erythrocytes. Exp. Hematol. 2005,
33, 1309-1319. [CrossRef] [PubMed]

Simonetti, P.; Brusamolino, A.; Pellegrini, N.; Viani, P.; Clemente, G.; Roggi, C.; Cestaro, B. Evaluation of the Effect of Alcohol
Consumption on Erythrocyte Lipids and Vitamins in a Healthy Population. Alcohol. Clin. Exp. Res. 1995, 19, 517-522. [CrossRef]
[PubMed]

Uhl, O.; Demmelmair, H.; Klingler, M.; Koletzko, B. Changes of Molecular Glycerophospholipid Species in Plasma and Red Blood
Cells during Docosahexaenoic Acid Supplementation. Lipids 2013, 48, 1103-1113. [CrossRef]

Roe, AJ.; Zhang, S.; Bhadelia, R.A.; Johnson, E.J.; Lichtenstein, A.H.; Rogers, G.T.; Rosenberg, .H.; Smith, C.E.; Zeisel, S.H.;
Scott, T.M. Choline and Its Metabolites Are Differently Associated with Cardiometabolic Risk Factors, History of Cardiovascular
Disease, and MRI-Documented Cerebrovascular Disease in Older Adults. Am. J. Clin. Nutr. 2017, 105, 1283-1290. [CrossRef]


https://doi.org/10.3390/membranes12111134
https://www.ncbi.nlm.nih.gov/pubmed/36422126
https://doi.org/10.1161/HYPERTENSIONAHA.109.137471
https://www.ncbi.nlm.nih.gov/pubmed/19805640
https://doi.org/10.1016/S0009-8981(97)00135-6
https://www.ncbi.nlm.nih.gov/pubmed/9437542
https://doi.org/10.3390/nu10091237
https://doi.org/10.1136/bmj.d671
https://doi.org/10.1016/j.jacc.2010.01.006
https://doi.org/10.3390/biology10111159
https://doi.org/10.1016/j.alcohol.2004.07.009
https://doi.org/10.3945/ajcn.2008.26661
https://doi.org/10.1016/j.mvr.2012.02.004
https://www.ncbi.nlm.nih.gov/pubmed/22349292
https://doi.org/10.1007/s11010-009-0367-z
https://www.ncbi.nlm.nih.gov/pubmed/20047071
https://doi.org/10.1159/000090496
https://www.ncbi.nlm.nih.gov/pubmed/16373991
https://doi.org/10.3164/jcbn.16-16
https://www.ncbi.nlm.nih.gov/pubmed/28163384
https://doi.org/10.1039/D1CP03250J
https://doi.org/10.1194/jlr.RA120000635
https://doi.org/10.1161/JAHA.112.001826
https://doi.org/10.1371/journal.pmed.1001255
https://doi.org/10.1177/0003319719854609
https://doi.org/10.1021/bi00595a021
https://doi.org/10.1002/jss.400080404
https://www.ncbi.nlm.nih.gov/pubmed/723275
https://doi.org/10.1016/j.exphem.2005.07.004
https://www.ncbi.nlm.nih.gov/pubmed/16263415
https://doi.org/10.1111/j.1530-0277.1995.tb01540.x
https://www.ncbi.nlm.nih.gov/pubmed/7625591
https://doi.org/10.1007/s11745-013-3837-8
https://doi.org/10.3945/ajcn.116.137158

Nutrients 2024, 16, 3541 14 of 14

38.

39.

40.

41.

42.

43.

44.

45.

46.

Dinkla, S.; van Eijk, L.T.; Fuchs, B.; Schiller, J.; Joosten, I.; Brock, R.; Pickkers, P.; Bosman, G.J. Inflammation-Associated Changes
in Lipid Composition and the Organization of the Erythrocyte Membrane. BBA Clin. 2016, 5, 186-192. [CrossRef]

Weir, ] M.; Wong, G.; Barlow, C.K.; Greeve, M.A.; Kowalczyk, A.; Almasy, L.; Comuzzie, A.G.; Mahaney, M.C.; Jowett, ].B.M.;
Shaw, J. Plasma Lipid Profiling in a Large Population-Based Cohort [S]. J. Lipid Res. 2013, 54, 2898-2908. [CrossRef]

Arendt, BM.; Ma, D.W.L.; Simons, B.; Noureldin, S.A.; Therapondos, G.; Guindi, M.; Sherman, M.; Allard, J.P. Nonalcoholic Fatty
Liver Disease Is Associated with Lower Hepatic and Erythrocyte Ratios of Phosphatidylcholine to Phosphatidylethanolamine.
Appl. Physiol. Nutr. Metab. 2013, 38, 334-340. [CrossRef]

Meikle, PJ.; Wong, G.; Barlow, C.K.; Weir, ] M.; Greeve, M.A.; MacIntosh, G.L.; Almasy, L.; Comuzzie, A.G.; Mahaney, M.C;
Kowalczyk, A. Plasma Lipid Profiling Shows Similar Associations with Prediabetes and Type 2 Diabetes. PLoS ONE 2013,
8, €74341. [CrossRef]

Jiang, X.; Paultre, F; Pearson, T.A.; Reed, R.G.; Francis, C.K.; Lin, M,; Berglund, L.; Tall, A.R. Plasma Sphingomyelin Level as a
Risk Factor for Coronary Artery Disease. Arter. Thromb. Vasc. Biol. 2000, 20, 2614-2618. [CrossRef]

Zhang, J.; Tu, K;; Xu, Y,; Pan, L.; Wu, C.; Chen, X.; Wu, M.; Cheng, Z.; Chen, B. Sphingomyelin in Erythrocyte Membranes
Increases the Total Cholesterol Content of Erythrocyte Membranes in Patients with Acute Coronary Syndrome. Coron. Artery Dis.
2013, 24, 361-367. [CrossRef] [PubMed]

Di Domenico, M.; Feola, A.; Ambrosio, P; Pinto, F; Galasso, G.; Zarrelli, A.; Di Fabio, G.; Porcelli, M.; Scacco, S.; Inchingolo, F.
Antioxidant Effect of Beer Polyphenols and Their Bioavailability in Dental-Derived Stem Cells (D-DSCs) and Human Intestinal
Epithelial Lines (Caco-2) Cells. Stem Cells Int. 2020, 2020, 8835813. [CrossRef] [PubMed]

Wannenmacher, J.; Gastl, M.; Becker, T. Phenolic Substances in Beer: Structural Diversity, Reactive Potential and Relevance for
Brewing Process and Beer Quality. Compr. Rev. Food Sci. Food Saf. 2018, 17, 953-988. [CrossRef] [PubMed]

Wrtoch, A; Strugata-Danak, P; Pruchnik, H.; Krawczyk-Lebek, A.; Szczecka, K.; Janeczko, T.; Kostrzewa-Sustow, E. Interaction of
4'-Methylflavonoids with Biological Membranes, Liposomes, and Human Albumin. Sci. Rep. 2021, 11, 16003. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.bbacli.2016.03.007
https://doi.org/10.1194/jlr.P035808
https://doi.org/10.1139/apnm-2012-0261
https://doi.org/10.1371/journal.pone.0074341
https://doi.org/10.1161/01.ATV.20.12.2614
https://doi.org/10.1097/MCA.0b013e328362228f
https://www.ncbi.nlm.nih.gov/pubmed/23652364
https://doi.org/10.1155/2020/8835813
https://www.ncbi.nlm.nih.gov/pubmed/33101420
https://doi.org/10.1111/1541-4337.12352
https://www.ncbi.nlm.nih.gov/pubmed/33350107
https://doi.org/10.1038/s41598-021-95430-8

	Introduction 
	Materials and Methods 
	Experimental Design and Study Population 
	Ethical Statement 
	Sample Collection 
	Human Erythrocyte Ghosts’ Preparation 
	Thin Layer Chromatography (TLC) 
	Anthropometric Data, Blood Pressure, Serum Lipid Profile and Other Biochemical Measurements 
	Statistical Analysis 

	Results 
	RBC Membrane Lipid Composition at Baseline 
	Effect of Beer Intake on RBC Membrane Lipid Composition 
	Metabolic Remodeling of the Human Red Blood Cell Membrane 
	Associations between Membrane Lipids and Circulating Lipids 

	Discussion 
	Conclusions 
	References

