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Abstract
Aim: The aim of the study was to assess the impact of semi-refined 

carrageenan (E407a) on the hydrophobic region of phospholipid bilayer 
in cell membranes of leukocytes exposed to the solution with high 
concentrations of this food additive. 

Material and methods: Fluorescent probe (2-phenyl-
phenanthro[9,10-d]-1,3-oxazole) was used to investigate the influence of 
E407a on the state of lipid bilayer in leukocytes extracted from rats and 
treated with a 5% solution of the food additive E407a during 4 hours.  

Results: The shapes of the probe fluorescence spectra did not 
differ in leukocytes of rats treated with the 5% solution of semi-refined 
carrageenan and white blood cells of control samples. Such findings 
suggest that exposure to the E407a solution causes no changes in the 
proton-donor ability of the media in the lipid membranes of leukocytes 
in the region where the probe locates.

Conclusion: Exposure of white blood cell suspensions to the semi-
refined carrageenan solution does not affect the membrane hydration 
of the hydrophobic region of leukocyte phospholipid bilayer.
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Introduction
Marine polysaccharides have been successfully 

used in food technology to improve the texture and 
appearance of food products as gelling agents, thickeners 
and stabilizers due to their hydrocolloid properties [1]. 
This group of compounds includes agar, alginates, and 
carrageenans. Carrageenans are the most abundant 
microalgae-derived polysaccharides in the food 
market. Thus, the safety and regulatory aspects of their 
consumption are of huge importance. At the moment, 
CGNs are being considered safe by the world-renowned 
food safety regulatory organizations such as the U.S. 
Food and Drug Administration (FDA), Joint Expert 

Committee on Food Additives (JECFA), and European 
Food Safety Authority (EFSA) [2]. However, several 
studies have demonstrated that carrageenans are able to 
trigger intestinal inflammation as a result of their oral 
exposure [3-6]. This controversy of carrageenans has 
created grounds for re-evaluation of their safety in the 
food industry, and in 2018 the EFSA released a call for 
technical and toxicological data on carrageenan (E 407) 
for uses in foods for all population groups including 
infants below 16 weeks of age (EFSA-Q-number: 
EFSA-Q-2018-00771). According to this document, the 
corresponding data will be collected until the end of 2022. 

It is worth mentioning that the mechanisms by 
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which carrageenans promote inflammation are still to be 
studied. However, there are some advances in elucidating such 
mechanisms. Both cell culture-based and animal-based studies 
have provided evidence that reactive oxygen species (ROS) 
are involved in carrageenan-mediated cytotoxicity [7-10]. 
Moreover, carrageenan-induced ROS production is believed to 
affect other pro-inflammatory intracellular signaling pathways, 
e.g. Bhattacharyya S et al reported that in the carrageenan-
triggered  signaling cascade a ROS downstream transcriptional 
factor in cells exposed to carrageenans is nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB). In addition, 
ROS mediated IL-8 production in cells treated with carrageenans 
[10]. Besides, carrageenan has been reported to activate 
toll-like receptor 4 (TLR4)/Toll/IL-1R domain-containing 
adaptor-inducing IFN-β (TRIF)/spleen tyrosine kinase (SYK)/
ROS signaling [11]. Thus, the role of ROS in carrageenan-
induced toxicity is not limited to ROS-mediated damage to 
macromolecules. Carrageenan-triggered ROS overproduction 
mediates activation of pro-inflammatory signaling pathways 
that contribute to the development of carrageenan-induced 
inflammation. Given the role of immune cells in inflammation, 
the evaluation of the effects of carrageenans on leukocytes is 
extremely appreciated. It has been recently demonstrated that 
semi-refined carrageenan (E407a) promotes generation of ROS 
in leukocytes in laboratory animals upon oral administration and 
in vitro [7; 9]. Since ROS are characterized by high chemical 
reactivity attributable to the presence of uncoupled electrons, 
they interact with fatty acids that are structural constituents 
of phospholipid bilayers in cell membranes [12]. Such ROS-
mediated lipid peroxidation affects structure of cell membranes 
changing lipid order, fluidity and viscosity of cell membranes, 
which may compromise the functions of cells. In its turn, fluidity 
of cell membranes determines cellular responses, including 
signaling and trafficking, and, thus, the maintenance of lipid 
order homeostasis in plasma membranes is of great importance 
[13]. Furthermore, leukocytes have extra function-associated 
features of proper plasma membrane organization. The particular 
lipid order of plasma membranes in killer T cells protects them, 
maintaining their ability to resist cytotoxic perforins, destroy 
target cells and survive during this process [14]. 

It has been earlier shown that incubation of leukocytes 
with semi-refined carrageenan promotes an enhancement in the 
lipid order of less hydrophobic area of phospholipid glycerol 
heads in cell membranes [15]. However, there is scarce data on 
the effects of carrageenans on deeper hydrophobic regions of 
cell membranes, in particular, areas of aliphatic acyl chains of 
fatty acids.

The aim of this study was to investigate the effects of 
direct exposure to E407a on the hydrophobic region of lipid 
membranes of leukocytes using a fluorescent probe.

Material and methods
Experimental procedures

Blood was collected from 8 female WAG rats weighing 
160-190 g into sterile vacutainer tubes containing dipotassium 
ethylenediaminetetraacetate (K2EDTA; IMPROVACUTER 
Evacuated EDTA K2 Spray Dried PET Tubes, Guangzhou, 
China). Thereafter, two aliquots of 500 μl were transferred from 
each vacutainer tube to polysterene tubes for further incubation. 
Experimental samples were incubated with 100 μl of semi-refined 
carrageenan solution in phosphate buffered saline (PBS, pH 7.4) 
(Becton Dickinson, USA) reaching the final concentration of dry 
matter equal to 5% during 4h. Control samples were incubated 
with PBS in the same conditions.

The European Convention for the Protection of Vertebrate 
Animals used for Experimental and other Scientific Purposes 
(EST 123), Directive 2010/63/EU for the Protection of Animals 
Used for Scientific Purposes, and Recommendation 2007/526/
EC regarding guidelines for the accommodation and care of 
animals used for experimental and other scientific purposes were 
followed. The study was approved by the Commission on Ethics 
and Bioethics (Kharkiv National Medical University, Kharkiv, 
Ukraine; minutes #5 dated September 17, 2019).

Fluorescent probe PH1
The cells were fluorescently labeled in accordance with the 

following procedure: an aliquot of the probe stock solution in 
acetonitrile was added to the leukocyte suspension to achieve 
a final probe concentration of ~5×10–6 mol/L. Lipid-to-probe 
molar ratio was ~200:1. Before fluorescence measurements, 
the cell suspensions were incubated with the probe at room 
temperature for 1 hour. 

The fluorescence spectra were measured on a fluorometer 
Hitachi F850 (Tokyo, Japan) in the range of 350-630 nm, with 
an increment of 2 nm. The excitation wavelength was 330 nm. 
The excitation and emission slits were 5 nm.

Fluorescent probe PH1 (2-phenyl-phenanthro[9,10-d]-1,3-
oxazole) was used since the shape of its fluorescence spectrum 
depends upon the proton-donor ability of the microenvironment 
[16;17]. The ratio of the intensities of the most short-wavelength 
fluorescence band and the most long-wavelength fluorescence 
band (IS/IL) of probe PH1 was used as a parameter for estimation 
of the changes in the proton-donor ability of the probe 
microenvironment: e.g., with growth of the proton-donor ability 
of the media, the IS/IL ratio decreases [16;17].

The expected location of probe PH1 in lipid membranes: 
the area of hydrocarbon chains of phospholipids of the lipid 
bilayer and the centre of the lipid bilayer [16;17]. Its location is 
demonstrated in Figure 1.

Figure 1. The figure demonstrates localization and orientation 
of fluorescent probe PH1 in phospholipid membranes. Two 
molecules of phosphatidylcholine from the outer leaflet are 
shown to denote the localization of the probe (Adapted from Ref 
[16]).
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Since water has the proton-donor ability and penetrates 
into lipid bilayers, fitting packing defects between fatty acyl 
chains [18;19], thus constituting an interchain hydration, the 
probe can be used to detect the changes in the hydration of lipid 
membranes [16;17].

Given that the changes in membrane hydration, in their 
turn, are linked with the changes of the membrane lipid order 
[20-22], the probe can indicate such modifications.

Statistics
The non-parametric Mann-Whitney U test was chosen 

to compare data in two independent groups of samples. The 
median (Me) and interquartile range (IQR; 25%–75%) were 
presented as numerical parameters to compare differences in 
the fluorescence of fluorescent probe PH1. The differences were 
statistically significant if p values were below 0.05. Graph Pad 
Prism 5.0 was used to process data.

 
Results

The shape of the spectra of fluorescent probe PH1 in 
leukocyte cell membranes did not differ between leukocytes 
treated with high concentrations of the common food additive 
E407a and the corresponding control samples containing 
leukocytes isolated from intact animals (Figure 2). 

Figure 2. Representative fluorescence spectra of probe PH1 in 
leukocyte suspensions: (a) control samples containing leukocytes 
obtained from the intact rats (solid line), (b) leukocytes treated 
with the 5% E407a solution during 4 h (dashed line).

Figure 3. The ratio of the intensities of the most short-wavelength 
fluorescence band and the most long-wavelength fluorescence 
band (IS/IL) of probe PH1 in leukocyte suspensions treated and 
untreated with the food additive E407a

Two parameters that characterize how probes are embedded 
in cell membranes were analyzed. Comparison of numerical 
values of IS/IL ratios demonstrated no significant difference 
(Figure 3) indicating that exposure to the solution of E407a did 
not affect the proton-donor ability in WBC cell membranes of 
rats in the membrane area, where probe PH1 locates, e.g. in the 
hydrophobic region of the lipid bilayer. The values were 0.49 

[0.44; 0.53] and 0.47 [0.41; 0.53] in samples treated with E407a 
and PBS, respectively. No statistical significance was observed 
(p=0.49).

Incubation of leukocytes with semi-refined carrageenan has 
no effect on the values of the intensity of fluorescence maximum 
(I395). This index was 446 [437; 445] a.u. in the experimental 
samples, while in the control group the values were 436 [422; 
442] a.u. Data are available in Figure 4. The difference was 
statistically insignificant (p=0.07).

Figure 4. The intensity of the fluorescence maximum of the probe 
PH1 in cell membranes of intact leukocytes and white blood cells 
incubated with E407a (5%)

Discussion
Our experimental findings, i.e. the absence of the changes in 

the shape of the fluorescence spectra, indicate that no changes in 
the membrane hydration are detected in the area of hydrocarbon 
chains of phospholipids and the centre of the lipid bilayer of the 
cell membranes in leukocytes after exposure to the 5% solution 
of the food additive E407a during 4 hours. The discussed lack of 
the changes in the membrane hydration points to the absence of 
the changes in the lipid order of the hydrophobic region of the 
leukocyte membrane.

These experimental data are consistent with our earlier 
results that have demonstrated the impact of the incubation 
of WBCs with E407a on more polar regions of leukocyte cell 
membranes [15]. The decrease in the polarity and the proton-
donor ability of the microenvironment of fluorescent probes 
O1O (2-(2'-hydroxy-phenyl)-5-phenyl-1,3-oxazole) and 
O6O (2-(2'-hydroxy-phenyl)-5-(4'-biphenyl)-1,3-oxazole) were 
indicative of the reduction in hydration in the area of glycerol 
backbones and carbonyl groups of phospholipids and, thus, 
suggested the enhanced membrane lipid order.

Given the structure of phospholipid-based cell membranes 
with hydrophilic heads outward, it is clear that free radicals 
initially come in contact with the head groups of phospholipids. 
Thereafter, the ROS-mediated oxidation of phospholipid heads 
facilitates the subsequent oxidation of hydrophobic aliphatic 
tails. Yusupov M et al state that ROS oxidation of the tails is 
preceded by oxidation of the phospholipid heads [23]. It is 
interesting to note that hydroxyl and hydroperoxyl radicals, 
as well as hydrogen peroxide tend to locate near phospholipid 
heads, whereas molecular oxygen penetrates to the interior 
of cell membranes [24]. Taken together, our data suggest that 
carrageenan causes changes to the cell membranes similar 
to those observed due to their lipid peroxidation. However, 
unexpectedly, this process affects preferably the hydrophilic 
heads of phospholipids without affecting the hydrophobic fatty 
acid tails. It can be hypothesized that this can be attributable to the 
carrageenan-induced generation of those ROS that preferentially 
interact with heads. However, further research at the atomic scale 
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is required to reveal how carrageenan-associated ROS promote 
lipid peroxidation. 

Conclusion
Direct exposure of leukocytes to semi-refined carrageenan 

does not modify the hydration in hydrophobic regions of 
phopholipid bilayer.
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