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Abstract

Aim: To evaluate the effects of semi-refined carrageenan (E407a) on the
viability, metabolic and functional activity of skin fibroblasts in vitro.

Material and methods: Various concentrations of E407a (O - 10 mg/
ml) were incubated for 24 h with skin fibroblast cultures isolated from rat
embryos. The viability of cells exposed to semi-refined carrageenan was
assessed by the neutral red uptake assay. MTT test was selected to estimate
the metabolic activity of cells. In addition, scratch assay was used to determine
the functional activity of dermal fibroblasts.

Results: Direct exposure to semi-refined carrageenan did not affect
the viability of rat dermal fibroblasts, evidenced by the results of MTT and
neutral red uptake assays. However, experimental data of MTT and scratch
assays revealed that high concentrations of this food additive increased the
metabolic activity of fibroblasts and diminished the motility of these cells,
suggesting that E407a is cytotoxic at high concentrations.

Conclusion: Food-grade semi-refined carrageenan is cytotoxic towards
skin fibroblasts at high concentrations.

Key words: neutral red uptake assay, MTT assay, scratch assay,
carrageenan

Introduction

Carrageenans are flexible molecules with the

Food additives are either naturally occurring or
artificial compounds whose purpose is to improve the
texture of foods, increase their shelf-life and improve
their organoleptic properties. International regulatory
authorities such as the U.S.-based Food and Drug
Administration (FDA) and European Food Safety
Authority (EFSA) have initiated the thoughtful re-
evaluation of food additives to guarantee their safety
for consumers. Among the food additives whose
safety is debated, carrageenans seem to be the most
controversial [1-5]. Carrageenans are phycocolloids of
heteropolysaccharide origin commercially produced
from red algae and widely represented in human diet.
Cost-effectiveness and convenience of their application
in technological processes make them indispensable in
the production of processed and ultraprocessed food. The
content of carrageenans, which are registered as native
carrageenan (E407) and semi-refined form (E407a) can
vary to a high extent and may reach 0.5-1% of weight
for some dairy products, processed meat and fruit-based
processed foods [5].

helical structure extracted primarily from red algae of the
genus Eucheuma and composed of alternating 1,3-linked
D-galactopyranosyl and 1,4-linked D-galactopyranosyl
units [6]. There are three basic forms of carrageenan:
kappa, iota, and lambda, which differ in their structural
properties, sulfation degree, and technological
characteristics in the food industry. Nowadays all
major forms of carrageenans are recognized as safe for
consumption by humans. However, their safety has been
challenged by multiple experimental animal studies,
culture-based experiments and even some clinical
trials [1, 7-13]. Of note, several mechanisms have been
suggested to be implicated in carrageenan-mediated
gut toxicity. For instance, carrageenan has been shown
to inhibit gastric and intestinal proteases such as pepsin
and trypsin, reducing in this manner dietary protein
bioavailability [5]. Moreover, this food additive has been
demonstrated to increase the intestinal permeability,
compromising the barrier function [5]. This becomes
critical in case of the compromised mucus layer, which can
cause direct exposure of intestinal lining to carrageenans.
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Furthermore, several recently published papers emphasize the
ability of carrageenans to aggravate intestinal inflammation by
modulating the gut microbiota [14-16]. Carrageenans have been
reported to impair glucose metabolism, contributing to insulin
resistance [17, 18]. Despite numerous and diverse data on the
effects of orally ingested carrageenans, cell cultures provide
controversial conclusions concerning the safety profile of
E407a [1, 8, 19, 20]. This suggests that more cell culture-based
experiments are required to analyze the impact of carrageenans
on cells. In particular, scarce information on the effects of
carrageenans on fibroblasts is available.

The aim of this research was to analyze the impact of
E407a on the viability, metabolic activity and motility of skin
fibroblasts to assess its cytotoxicity.

Material and methods

Fibroblast cultures

Fibroblasts were isolated from skin of rat embryos using
the enzymatic tissue dissociation procedure [21]. Briefly, skin
was separated, fragmented and incubated with 0.25 % trypsin-
EDTA (BioWest, France) during 1 h at 37°C using a magnetic
stirrer. Thereafter, trypsin was inactivated by 10% fetal bovine
serum (FBS, Lonza, Germany) via cell filters with a 100 pm
pore size. Cells were washed in DMEM (BioWest, France)
enriched with 10% FBS. The fibroblasts were seeded in 25 cm2
culture flasks (SPL, Republic of Korea). As soon as the 100%
confluence was achieved, the fibroblasts were harvested using
0.25 % trypsin-EDTA and passaged at a ratio of 1:2. The cells
were used at passages 3-4.

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 were followed. The study was approved by the Commission
on Ethics and Bioethics (Kharkiv National Medical University,
Kharkiv, Ukraine; minutes #5 d.d. September 17, 2019).

Neutral red uptake assay

The neutral red uptake assay was used to evaluate the
viability of cells exposed to the food additive E407a [22].
The fibroblasts were seeded in 96-well plates (SPL, Republic
of Korea). The amount of cells per well was 1x104. We used
the concentrations of E407a, as well as negative and positive
controls, similar to those described above. After incubation
of samples for 24 h in a CO,-incubator (5% CO,), 0.1 ml
culture medium was incubated with a neutral red dye at a final
concentration of 0.003% during 3 h in a CO_-incubator (5%
CO,). Then the medium was collected and 0.1 ml of 50% ethanol
and 3% acetic acid were added to extract and dissolve the neutral
red dye. Absorbance was determined at 570 nm. Numerical
values are expressed in optical density (OD) units.

MTT assay

To analyze the metabolic activity of cells treated with
E407a, fibroblasts were seeded into 96-well plates (SPL,
Republic of Korea) at a concentration of 1x104 per well. The
experiment was performed the next day after seeding, adhesion
and formation of fibroblast monolayers.

The cells were incubated with E407a for 24 h in a CO,-
incubator (Thermo Fisher Scientific, USA) at the concentrations
of 10, 25, 50, 100, 200, 500, 1000, 5000, 10000 pg/ml (n=8 in
each group of samples, 37°C, 5% CO,). The negative and positive

controls included the cells incubated with no carrageenan
and fibroblasts killed by 70% ethanol, respectively. Then the
medium was discarded and 0.1 ml culture medium with 15 pl
MTT at a concentration of 5 mg/ml was added. Incubation in a
CO?-incubator lasted for 3 h at 37°C and 5% CO,. Thereafter,
the medium was collected and 0.1 ml dimethyl sulfoxide with
sodium dodecyl sulfate was added to dissolve formazan. This
was followed by incubation for 1 h at 37°C. Absorbance was
measured at 570 nm. Numerical values are expressed in optical
density (OD) units.

Scratch assay

To assess the alterations of mobility and proliferation
under the influence of E407a, the scratch assay was carried out
[23]. The next day after seeding fibroblasts in 24-well plates
at a concentration of 1x10° per well, a dispensable pipette was
used to make a scratch in a 100% confluent cell monolayer. The
cells were incubated with E407a using the concentrations and
conditions outlined above. The width of the damaged area was
measured directly after making the defect, as well as after 24 and
48 h, respectively. The width of cell-free areas was determined
in three regions (top, middle, and bottom) of each well.

To visualize data, a Delta Optical NIB 100 inverted
microscope (Poland) and Sigeta MCMOS 3100 3.1MP camera
(China) were used. Images were processed using ToupView V
3.7 software (Hangzhou Toup Tek Photonics Co. Ltd, Hangzhou,
China).

Statistical analysis

The distribution normality was assessed by the Shapiro-
Wilk test. The non-parametric Kruskal-Wallis followed by
the Dunn’s test was used to detect the statistically significant
differences between several independent groups of variables.
Data are demonstrated as the median (Me) and interquartile
range (IQR; 25%—75%). A value of p below 0.05 indicated
the statistically significant difference. Graph Pad Prism 5.0
application was used to perform the statistical analyses.

Results

Visually, no noticeable changes in the fibroblast
monolayers were observed compared with the control samples
if smaller concentrations of E407a, i.e. below 5 mg per ml, were
used. The cells were characterized by a prolonged shape. They
were tightly attached to each other. The monolayer was 100%
confluent. When higher concentrations were applied, i.e. 5 mg/
ml and over, the fibroblasts partially lost adhesive properties,
became polygonal and the confluence was approximately 40-
50%. However, the complete loss of adhesion was not detected
(Figure 1). It is worth noting that the changes were reversible.
The next day after the removal of E407a, the monolayer structure
returned.

Figure 1 - Cultured fibroblast monolayers treated with various
concentrations of the food additive E407a (A - O pg/ml; B - 100
pg/ml; C - 5 mg/ml) during 24 h. Phase contrast microscopy. The
scale bar is 100 um.
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Figure 2 - Representative images of cultured dermal fibroblasts
exposed to different concentrations of the food additive E407a
(A-0ug/ml; B-100 pg/ml; C - 5 mg/ml) for 24 h and subsequently
stained with the neutral red dye. Phase contrast microscopy. The
scale bar is 100 pm.
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Figure 3 - The viability of fibroblasts exposed to E407a at
concentrations 0-10 mg/ml for 24 h was assessed by neutral red
uptake assay. Numerical data are presented in optical density
(OD) units. The food additive E407a was not found to affect cell
viability.
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Figure 4 - The metabolic activity of dermal fibroblasts treated
with semi-refined carrageenan (E407a) for 24a (0-10 mg/ml of
the food additive) was estimated quantitatively using MTT assay.
Numerical values are expressed in optical density (OD) units.
Exposure to E407a at a concentration of 5 mg/ml and higher
statistically significantly increased the metabolic activity of
fibroblasts compared with control samples.
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A complex evaluation of E407a cytotoxicity towards rat
skin fibroblasts was performed. Data of MTT test and neutral
red uptake assay showed that carrageenan had no effect on cell
viability, which was confirmed by the absence of statistically
significant (p>0.05) reduction of optical density values in
fibroblast suspensions treated with carrageenan and subsequently
stained with vital dyes: MTT and neutral red (Figures 2-4). On
the contrary, the statistically significant (p<0.01) elevation of
optical density values in samples incubated with 5 mg/ml and
10 mg/ml of E407a for 24 h while carrying out the MTT assay
suggested that E407a increased the metabolic activity of cells.
The increase in the parameter studied was 1.6- and 1.5-fold,
respectively (Figure 4).

The same trend was observed in case of the functional
scratch assay. Concentrations of semi-refined carrageenan below
1 mg/ml did not have any impact on the motility of fibroblasts,
evidenced by no statistically significant changes (p>0.05) in
the width of cell-uncovered regions within 48 h after the assay
performance (Figure 5). However, after 48 h almost a 3-fold
reduction in the size of cell-free areas was revealed in the
samples exposed to high concentrations of E407a (over 1 mg/
ml).

Figure 5 - Scratch assay was used to assess the motility of
fibroblasts after exposure to semi-refined carrageenan (E4Q07a)
for 24a at the concentrations of 0-10 mg/ml. The width of cell-
free areas was compared followed a formation of scratches by
a pipette time after O, 24 and 48 h, respectively. Semi-refined
carrageenan at concentrations of 1 mg/ml and above statistically
significantly reduced the motility of fibroblasts compared with
controls.
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Discussion

The complex assessment of semi-refined carrageenan
cytotoxicity to skin fibroblasts performed in this study shows
that partial toxic effects are typical only for high concentrations
of this food additive. Our experimental data prove that the
concentrations exceeding 5 mg/ml increase the metabolic activity
of cells against the background of the reduction of functional
activity, i.e. motility of fibroblasts. A higher metabolic activity
of fibroblasts induced by exposure to high concentrations
of E407a may indicate the compensatory mitochondrial
hyperactivation as a part of the stress-induced response. Since
MTT is converted to formazan in mitochondria, our findings
suggest that the carrageenan toxicity is at least partially
associated with mitochondria-mediated mechanisms. There is
some evidence that such changes in the results of MTT viability
assays may be due to either mitochondrial biogenesis, which can
compensate for the damage to mitochondria caused by E407a, or
even a higher generation of formazan by the reduced number of
overactivated surviving cells [24].

Our data are consistent with other findings, in particular,
the inability of different types of undegraded carrageenan to
promote cell death in human intestinal and hepatic cells [19,
20]. Degraded carrageenan, whose toxicity is compellingly
demonstrated, induced apoptosis and blocked cell proliferation
in normal and cancer intestinal and hepatic cell lines [19].

It is important to mention that immune cells are more
sensitive to carrageenan cytotoxic effects. Our earlier studies
demonstrate the uptake of semi-refined carrageenan by
leukocytes and anti-apoptotic bcl-2 upregulation in lymphocytes
in vitro, as well as excessive ROS production and activated
apoptosis of circulating leukocytes after E407a ingestion in
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vivo [25, 26]. Moreover, semi-refined carrageenan increases
the metabolic activity of splenocytes and bone marrow cells at
lower concentrations compared with fibroblasts (unpublished
data). This observation is of huge importance due to the presence
of experimental evidence on the inability of carrageenans to
be absorbed and their interaction with host intestinal immune
cells [4, 20, 27]. In particular, there is some evidence that high-
molecular-weight carrageenan can overcome the intestinal
barrier via macrophages in Peyer’s patches [28].

It has been reported that carrageenan toxicity is mediated
by the TLR4-and NF-kB-associated pathways, NLRP3
inflammasome pathway, ROS-mediated damage and, hence,
upregulation of pro-inflammatory cytokines [25, 29-31]. The
role of pathways outlined above in immune cells is more
pronounced compared with fibroblasts, which can be speculated
to explain the difference in cytotoxic effects of semi-refined
carrageenan on different types of cells. However, more cell
culture-based and animal studies should be carried out to
elucidate molecular mechanisms by which carrageenans exert

Conclusion
Semi-refined carrageenan (E407a) shows cytotoxic
properties to skin fibroblast cell cultures at high concentrations.
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