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Figure 3. Eckol (30 μM) prevented PM2.5-induced mitochondrial dysfunction by balancing
mitochondrial membrane potential and calcium level. (a) Mitochondrial ROS induced by PM2.5

was decreased via treatment with eckol through DHR123 staining. Depolarization of mitochondrial
membrane potential (JC-1 staining) induced by PM2.5 was repolarized via treatment with eckol through
(b) flow cytometry and (c) confocal microscopy. Extra-mitochondrial Ca2+ (Rhod-2 AM staining)
induced by PM2.5 was blocked by treatment with eckol was monitored using (d) confocal microscopy
and (e) flow cytometry. All experiments were performed after treatment with PM2.5 for 24 h, and n = 3
for every group. * p < 0.05 and # p < 0.05 compared to control cells and PM2.5-exposed cells, respectively.
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2.4. Eckol Modulated PM2.5-Induced Apoptotic Factors

It has been reported that urban particulate pollution penetrates the skin barrier and causes
apoptosis in keratinocytes by activating caspase-3 [22]. Therefore, we evaluated the levels of the
proapoptotic protein-Bax, antiapoptotic protein-Bcl-2, and cleaved caspase-3 (Figure 4a). The protein
levels of Bax and activated caspase-3 were increased by PM2.5, but expression of Bcl-2 was decreased
by treatment with PM2.5. However, these were reversed by eckol treatment. To investigate whether
PM2.5 could induce apoptosis, we counted apoptotic bodies via Hoechst 33342 dye staining (Figure 4b).
The number of apoptotic cells in PM2.5 group surged four times compared to that in the control group.
However, both eckol and Z-VAD-FMK (the caspase inhibitor) halted the apoptotic bodies induced
by PM2.5.

 
(a) 

(b) 

Figure 4. Eckol (30 μM) regulated apoptosis-related proteins induced by PM2.5. (a) Increase of Bax and
cleaved caspase-3 and decrease of Bcl-2 by PM2.5 were reversed by treatment with eckol, as observed
by western blotting (WB). (b) Apoptosis induced by PM2.5 was reduced by treatment with eckol or
caspase inhibitor (Z-VAD-FMK), as seen by Hoechst 33342 staining. All experiments were performed
after treatment with PM2.5 for 24 h, and n = 3 for every group. * p < 0.05 and # p < 0.05 compared to
control cells and PM2.5-exposed cells, respectively.

2.5. Eckol Reduced MAPK Signaling Pathway Activated by PM2.5

In a review, Sun et al. have pointed out that many anti-cancer therapeutics induced apoptosis
by modulating the MAPK/ERK signaling pathway [23]. Thus, we checked the expression levels
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of MAPK-related proteins, ERK, p38, and JNK, and the results showed that PM2.5 could stimulate
ERK, p38, and JNK (Figure 5a). However, eckol inhibited the activation of ERK, p38, and JNK. Next,
we examined PM2.5-induced apoptotic bodies by treatment with MAPK pathway inhibitors, U0126,
SB203580, and SP600125 (inhibitors of ERK, p38, and JNK, respectively), and the results showed that
all these three inhibitors could reduce the number of apoptotic bodies (Figure 5b). In addition, eckol
enhanced the anti-apoptotic effect of MAPK-related inhibitors.

 
(a) (b) 

Figure 5. Eckol (30 μM) reduced PM2.5-induced MAPK signaling pathway. (a) Western blot showing
that activation of ERK, p38, and JNK induced by PM2.5 was reversed via treatment with eckol.
(b) Apoptosis induced by PM2.5 was reduced by treatment with eckol or ERK, p38, and JNK inhibitors
(U0126, SB203580 (SB), and SP600125 (SP), respectively), as observed through Hoechst 33342 staining.
All experiments were performed after treatment with PM2.5 for 24 h, and n = 3 for every group.
* p < 0.05, # p < 0.05 and ## p < 0.05 compared to control cells, PM2.5-exposed cells, and both inhibitor
and PM2.5-exposed cells respectively.

3. Discussion

There have been several investigations into the bioactivities of eckol, since it was first isolated
from Ecklonia cava [3]. Eckol has multi-protective effects towards several cell lines, including lung
fibroblast cells [24], human dermal fibroblasts [8], Chang liver cells [25], and human keratinocytes [6].
Furthermore, eckol is a compound with therapeutic potential in many areas, such as anti-oxidative
stress [24], radioprotective action [26], antithrombotic and profibrinolytic activities [27], and anticancer
activity [28]. Piao et al. studied PM2.5-induced ROS generation at different concentrations (25, 50, 75,
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and 100 μg/mL) for 24 h in HaCaT keratinocytes, and found that PM2.5 50 μg/mL caused excessive
ROS and skin dysfunction [29]. Usually, oxidative stress is caused by excessive accumulation of ROS
or lack of the ability to eliminate them. PM2.5 produces large amounts of ROS beyond the clearance
ability of cells [30]. In our study, eckol showed its ability to protect cells against PM2.5-induced ROS,
cell cycle arrest, and apoptosis, and improved cell viability.

To explore the mechanism in detail, we checked the state of intracellular molecules such as lipids,
protein, and DNA, which play various important roles in the cells [31]. Furthermore, intracellular
macromolecular damage can be recognized as oxidative stress [32]. Our results demonstrated that
PM2.5 indeed induced oxidation of molecules, whereas eckol relieved intracellular molecular damage.
The review also points out that mitochondria-dependent ROS generation subsequently caused cell cycle
arrest and apoptosis, which is ROS-mediated apoptosis via mitochondrial mechanism [33]. In addition,
our previous studies showed that calcium level and mitochondrial membrane potential affect the
function of mitochondria [30,34]. The data in Figure 3 show that PM2.5 increased the calcium level
and depolarized mitochondrial membrane potential as compared to the control cells, whereas eckol
regulated the mitochondria and maintained a stable state. The mechanism of mitochondrial damage is
related to Bcl-2 proteins, which maintains mitochondrial membrane integrity [35]. The interaction
between Bcl-2 and Bax also influences antiapoptosis [36]. Bcl-2 plays an anti-apoptotic role, whereas Bax
is proapoptotic [37]. There is a complex crosslink between Bcl-2 family proteins and caspase proteins
in cell apoptosis, in which Bcl-2 indirectly activates the caspase cascade [38]. The caspase-3 results
in apoptosis induced by both extrinsic and intrinsic stimulus [39]. The results elucidated that except
for the decrease of Bcl-2, Bax and cleaved caspase-3 (activated caspase-3) were increased by PM2.5.
However, eckol reversed these effects. Then, we treated cells with caspase inhibitor (Z-VAD-FMK) and
found that upon pretreatment with caspase inhibitor, the apoptotic bodies were decreased significantly.
These data prove that caspase proteins contributed to cell apoptosis induced by PM2.5. MAPK signaling
pathway plays a role in many systems of cell proliferation, migration, and apoptosis [23]. Many
drugs are used to modulate MAPK signaling pathway to induce cell apoptosis in cells, such as lung
cancer [40], human colorectal cancer [41], and cervical cancer HeLa cells [42]. Finally, we checked
MAPK signaling pathway-related proteins, ERK, p38, and JNK. The results show that PM2.5 activated
all three proteins, but eckol exhibited the ability to inactivate them. When we used inhibitors of ERK,
p38, and JNK to treat PM2.5-damaged cells, the numbers of apoptotic bodies were decreased, similar to
eckol. These data further prove that MAPK signaling pathway plays a vital role in the inhibition of
PM2.5-induced apoptosis by eckol.

Although the protective effects of eckol on human keratinocytes from PM2.5-induced skin damage
has been shown, there are limitations to this study. These results from in vitro experiments need to be
validated by animal studies and clinical trials. Moreover, the concentration of air pollutants in the
natural environment is different from the PM2.5 purchased from the company, which provide certain
ingredients for reference. In the future, there should be in vivo animal trials on skin protection to
elucidate the protective effects and side effects of eckol under the complicated living environments.

4. Materials and Methods

4.1. Eckol and PM2.5

Eckol was provided by Professor Nam Ho Lee of Jeju National University (Jeju, Korea), which
belonged to Phaeophyceae. Preparation of the extract and its purification was following the reported
protocol [43]. The dried brown alga Ecklonia cava was extracted with 80% methanol and the crude
extract was purified by HPLC. After purification, 20 mg of pure eckol was obtained from 1 kg dry
weight of the brown algae. A stock solution of eckol was prepared by dimethyl sulfoxide (DMSO).
The NIST particulate matter SRM 1650b (PM2.5) was bought from Sigma-Aldrich (St. Louis, MO, USA)
and a stock solution in DMSO was prepared to obtain a concentration of PM2.5 at 25 mg/mL. DMSO
was as the control.
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4.2. Cell Culture

The human HaCaT keratinocytes were purchased from Cell Lines Service (Heidelberg, Germany)
and were grown in Dulbecco’s modified Eagle’s medium (Life Technologies Co., Grand Island, NY, USA)
with 10% heat-inactivated fetal calf serum, streptomycin (100 μg/mL), and penicillin (100 units/mL).
The cells were cultured at 37 ◦C in an incubator in an atmosphere containing 5% CO2 [6].

4.3. ROS Detection

To examine the intracellular ROS scavenging ability of eckol, DCF-DA (Sigma-Aldrich) staining
assay was performed. Cells (1.5 × 105 cells/mL) were treated with eckol (30 μM) for 30 min, PM2.5

(50 μg/mL) for another 24 h, and DCF-DA (25 μM) sequentially. Then, the stained cells were detected
by using a flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and confocal microscope
(Carl Zeiss, Oberkochen, Germany). Similarly, mitochondrial ROS levels were detected by DHR123
(Molecular Probes) staining (10 μM) [30].

4.4. Sub-G1 Cell Detection

Cells were treated with eckol (30 μM) and PM2.5 (50 μg/mL) sequentially. After 24 h, cells were
harvested and dyed with PI and RNase A (1:1000) for 30 min. Finally, the fluorescence emission was
detected with a FACSCalibur flow cytometer (Becton Dickinson) [30].

4.5. Hoechst 33342 Staining

The apoptotic bodies were examined with Hoechst 33342 (Sigma-Aldrich), which is a
nucleus-specific dye. All cells were stained with Hoechst 33342, and the images were captured
under a Cool SNAP-Pro color digital camera (Media Cybernetics, Silver Spring, MD, USA) in a
fluorescence microscope [44].

4.6. Cell Viability

Cells were cultured with eckol and/or PM2.5 for 24 h, and the dead cells were stained with 0.1%
trypan blue solution. Then, unstained bodies (live cells) and stained bodies (dead cells) were counted
separately. Cell viability (%) was determined as: Live cells/ (live cells + dead cells) × 100% [45].

4.7. Lipid Peroxidation Assay

Cells (1.5 × 105 cells/mL) were cultured with eckol and/or PM2.5 for 24 h in the chamber slides.
The lipid hydroperoxides in cells were reacted with diphenylpyrenylphosphine (DPPP, Molecular
Probes) and the lipid adducts of DPPP oxide were detected by a confocal microscope [30].

4.8. Protein Carbonylation Assay

Cells (1.5 × 105 cells/mL) were cultured with eckol and/or PM2.5 for 24 h in the culture dish.
The OxiselectTM protein carbonyl ELISA kit (Cell Biolabs, San Diego, CA, USA) was used to detect
protein oxidation following the manufacturer’s instructions [34].

4.9. Detection of 8-Oxoguanine (8-oxoG)

Cells (1.5 × 105 cells/mL) were cultured with eckol and/or PM2.5 for 24 h in the chamber slides.
The avidin-TRITC conjugate was used to detect 8-oxoG, an indicator of oxidative DNA damage.
The stained cells were visualized under a confocal microscope [27].

4.10. Single Cell Gel Electrophoresis (Comet Assay)

Cells (1.5 × 105 cells/mL) were cultured with eckol and/or PM2.5 for 30 min in the microtubes,
and the harvested cells were fixed on a microscopic slide with low-melting agarose (1%). The slides
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with cells were permeated into lysis buffer (pH 10) for 1 h, which contained NaCl (2.5 M), Na-EDTA
(100 mM), Tris (10 mM), Triton X-100 (1%), and DMSO (10%). Finally, the slides were subjected to
electrophoresis, and the samples were dyed with ethidium bromide. The fluorescent images of the tails
were captured with a fluorescence microscope and the tail lengths (50 cells per slide) were analyzed by
the image analysis software (Kinetic Imaging, Komet 5.5, Liverpool, UK) [29].

4.11. Quantification of Ca2+ Level

Cells (1.5 × 105 cells/mL) were cultured with eckol and/or PM2.5 for 24 h in the chamber slides.
Cells were stained with Rhod-2 AM to check mitochondrial calcium levels, and the images were
captured by confocal microscopy and flow cytometry [30].

4.12. Mitochondrial Membrane Potential (ΔΨm) Analysis

Cells (1.5 × 105 cells/mL) were cultured with eckol and/or PM2.5 for 24 h in the chamber slides.
Cells were stained with 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide
(JC-1, Invitrogen, Carlsbad, CA, USA) to observe changes in cell membrane potential. The fluorescence
emission was analyzed by confocal microscopy and flow cytometry [6].

4.13. Western Blotting

The protein lysates from harvested cells were subjected to SDS-PAGE and transferred into
membranes in sequence. The membranes were incubated with primary and secondary antibody
(Pierce, Rockford, IL, USA) for 1 h separately. Protein bands were visualized via X-ray film (AGFA,
Belgium). The following primary antibodies were used: caspase-3, phospho-p38, phospho-ERK, and
phospho-JNK (Cell Signaling Technology, Beverly, MA, USA), Bax and Bcl-2 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), and actin (Sigma-Aldrich) [44].

4.14. Statistical Analysis

All data were collected from three experiments and presented as mean ± standard error, which
were analyzed by variance (ANOVA) with Tukey’s test using Sigma Stat (v12) software (SPSS, Chicago,
IL, USA). P-values < 0.05 were considered statistically significant.

5. Conclusions

PM2.5 causes skin cell damage by generating ROS, excess of which oxidizes intracellular molecules
and causes mitochondrial dysfunction, and activates MAPK signaling pathways. The skin is the
first protection from various pollutants in the air, and it is important to identify effective biological
compounds to prevent skin damage. Eckol has been known to inhibit UVB-induced ROS generation in
keratinocytes [6]. In this study, we show that eckol could protect keratinocytes from PM2.5-induced
apoptosis by halting ROS generation, suggesting that eckol is a suitable candidate for skin protection
and can be useful in the cosmetics industry as well as in medicine.
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Abstract: (1) Background: Brown and red algal sulfated polysaccharides have been widely described
as anticoagulant agents. However, data on green algae, especially on the Ulva genus, are limited.
This study aimed at isolating ulvan from the green macroalga Ulva rigida using an acid- and
solvent-free procedure, and investigating the effect of sulfate content on the anticoagulant activity of
this polysaccharide. (2) Methods: The obtained ulvan fraction was chemically sulfated, leading to a
doubling of the polysaccharide sulfate content in a second ulvan fraction. The potential anticoagulant
activity of both ulvan fractions was then assessed using different assays, targeting the intrinsic
and/or common (activated partial thromboplastin time), extrinsic (prothrombin time), and common
(thrombin time) pathways, and the specific antithrombin-dependent pathway (anti-Xa and anti-IIa),
of the coagulation cascade. Furthermore, their anticoagulant properties were compared to those of
commercial anticoagulants: heparin and Lovenox®. (3) Results: The anticoagulant activity of the
chemically-sulfated ulvan fraction was stronger than that of Lovenox® against both the intrinsic and
extrinsic coagulation pathways. (4) Conclusion: The chemically-sulfated ulvan fraction could be a
very interesting alternative to heparins, with different targets and a high anticoagulant activity.

Keywords: Ulva rigida; ulvan; chemical sulfation; anticoagulant activity

1. Introduction

Marine macroalgae are used in several industrial applications and have represented a sharply
increasing annual market over the last decades, going from about USD 6 billion in 2003 to
currently USD 10.6 billion, and exhibiting an annual growth rate close to 10%, due to the high
expansion of the aquaculture sector, which represents today 97% of the global seaweed production
worldwide [1–3]. Seaweed and seaweed products are mainly used for human consumption
(85%) and in the hydrocolloid industry. The three main groups of marine algae (Phaeophycae,
Rhodophyta, and Chlorophyta) are rich sources of various compounds of interest such as proteins,
pigments, and polysaccharides, whose potential market is estimated at several USD billion [3–5],
and have been studied for their potential pharmaceutical, cosmetic, or nutraceutical applications.
Polysaccharides from brown and red marine macroalgae are widely used in the industry for
their gelling properties, alginates, agar, and carrageenans in particular [1,3]. It has also been
shown that sulfated polysaccharides from marine macroalgae have numerous biological activities,
including immunoinflammatory [6–8], antioxidant [9,10], antitumor [11–13], antiviral [7,14–16],
and anticoagulant [17–20] properties. Conversely, although they have been consumed for centuries,
green macroalgae are still relatively unexploited. Nevertheless, the discovery of ulvans, the sulfated
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polysaccharides from green algae of the Ulva genus (including species from the formerly genus
Enteromorpha), has increased the interest for these seaweeds. Ulvans are mainly composed of rhamnose
and uronic acids (glucuronic or iduronic acid) [21,22]. The main repeated disaccharide units of
ulvans are [→4)-β-d-Glcp-(1→4)-α-l-Rhap3S-(1→]n (type A) and [→4)-α-l-Idop-(1→4)-α-l-Rhap3S-(1→]n

(type B) [7].
Heparin, a polysaccharide belonging to the glycosaminoglycan family, is mainly composed of

l-iduronic-2-O-sulfate acid and d-glucosamine-N-sulfate, 6-O-sulfate. Unfractionated heparin (UFH)
has an average molecular weight (MW) of 15 kDa [23]. Its anticoagulant activity is primarily due
to its specific antithrombin-binding pentasaccharide sequence, where the central glucosamine is
not only 2- and 6-O-sulfated but also 3-O-sulfated [24]. Despite of its major anticoagulant activity,
UFH may cause serious adverse events (AE), such as heparin-induced thrombocytopenia [25] or
hemorrhage [26]. Moreover, its low bioavailability [27] makes such a treatment really expensive.
To reduce the risks of AE, heparin may be depolymerized to produce smaller molecules, known as
low-molecular-weight heparins (LMWH, MWavg ≥∼6 kDa) [28]. Although LMWH significantly reduce
the risks of AE associated with UFH, their recommended use as first-line treatment for cancer-associated
venous thromboembolism (VTE), for at least 3 to 6 months, still exposes patients to allergic reactions,
heparin-induced thrombocytopenia, recurrent VTE, and major bleeding events, leading to high rates
of treatment discontinuation [29,30]. Given the risks and high costs of these treatments, there is a
compelling need for further investigations to identify new sources of anticoagulants.

The first studies assessing the anticoagulant activity of sulfated polysaccharides from macroalgae
have shown that polysaccharides from brown algae could be alternative sources of new anticoagulant
compounds. Sulfated fucoidans from brown algae and sulfated galactans from red seaweeds (also
referred to as carrageenans) seem to have a strong anticoagulant activity. Data on the anticoagulant
activity of polysaccharides from green macroalgae are limited compared to brown and red algae,
but a few studies have demonstrated their potential. Regarding the anticoagulant activity, the most
studied genera are Codium [31–36], which contains sulfated arabinans and arabinogalactans, and then
Monostroma, which contains sulfated rhamnans [37–42]. Only two studies have shown the potential
anticoagulant properties of ulvans extracted from Ulva conglobata and Ulva reticulata [43,44].

The relationship between the polysaccharide chemical structure and the anticoagulant activity
is complex but previous studies have shown that several factors, such as MW, osidic composition,
and sulfate content and substitution pattern, may significantly affect the anticoagulant activity [17,45–47].
Polysaccharide sulfate content appears to have a major impact on its anticoagulant potential. Thus,
Cianca et al. have demonstrated that sulfated galactans extracted from Codium fragile and Codium
vermilara with a high MW and high sulfate content have a higher anticoagulant activity than LMW
and low sulfate content polysaccharides [36]. Furthermore, the only published studies that have
highlighted a strong activity of sulfated rhamnans from the Ulva genus were based on highly sulfated
ulvans (sulfate content of 26–35%) [43,44].

In this study, a solvent- and acid-free process to extract and purify ulvan from Ulva rigida was
developed. To study the effect of sulfate content, a chemical sulfation procedure based on the sulfur-trioxide
pyridine complex method was performed on the ulvan fraction obtained. The anticoagulant activity of
both the native and chemically-sulfated ulvan fractions was then assessed against the intrinsic and/or
common (activated partial thromboplastin time: APTT), extrinsic (prothrombin time: PT), and common
(thrombin time: TT) pathways, and the specific antithrombin-dependent pathway (anti-Xa and anti-IIa),
of the coagulation cascade.

2. Results and Discussion

2.1. Extraction, Purification, and Sulfation of Ulvan from U. rigida

The extraction of ulvan from the green macroalga U. rigida was carried out in hot water
and was followed by a multistep purification procedure previously developed [48]: ultrafiltration,
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ion exchange, and precipitation of remaining proteins. After neutralization with 1 M NaOH, the sulfated
polysaccharides were recovered in a sodium salt form in the ULVAN-01 fraction, with an extraction
yield of about 5% of the non-desalinated dry biomass (initially containing about 50% of salt).

The sulfation procedure was finally carried out starting from 500 mg of ULVAN-01 fraction, to give
200 mg of ULVAN-02 fraction.

2.2. Chemical Characterization of the ULVAN-01 and ULVAN-02 Fractions

The efficacy of the extraction and purification procedure of ulvan from U. rigida in terms of
sulfated polysaccharide production was high with less than 4% of remaining contaminant proteins in
the ULVAN-01 fraction. The purity of the polysaccharide was even higher after chemical sulfation
with a percentage of remaining proteins less than 1% in the ULVAN-02 fraction (Table 1). This better
purification was very likely due to the last step of the sulfation procedure, i.e., ethanol precipitation of
sulfated polysaccharides.

Table 1. Chemical composition of the ULVAN-01 and ULVAN-02 fractions.

ULVAN-01 ULVAN-02

Neutral sugars

% (w/wdry fraction)

41 33
Uronic acids 34 31

Sulfates on the polysaccharide backbone
(sulfate to uronic acid molar ratio) 11 (0.65) 20 (1.30)

Proteins 4 <1
Polyphenols 0 0

Lipids 0 0
Ashes 23 nd (d)

Monosaccharide composition
(% molar ratio)

Glc/Gal 12.2 nd (d)

Xyl 8.0 nd (d)

Rha 42.6 nd (d)

GlcN 6.9 nd (d)

GlcA/IdoA 30.3 nd (d)

Mn
(a) (kDa) 31.3 39.0

Mw
(b) (kDa) 56.7 55.3
I (c) 1.8 1.4

(a) number-averaged molecular weight; (b) weight-averaged molecular weight; (c) polydispersity index; (d) not determined.

Both ulvan fractions contained about 30% of uronic acids, a value that was in the higher range
of what could be observed in ulvans from Ulva species [49]. Conversely, the sulfate content of about
11%, corresponding to a sulfate to uronic acid molar ratio of 0.65, was in the lower range of ulvan
sulfate content [22,49]: this could be explained by the harsh conditions of extraction, ultrafiltration and
protein precipitation used during the isolation process (80 ◦C, 5 bars), which may have led to partial
desulfation. ULVAN-01 was mainly composed of rhamnose and glucuronic and/or iduronic acid,
and to a lesser extent of glucose and/or galactose, xylose, and glucosamine. It is noteworthy, however,
that chemical sulfation allowed to almost double the initial sulfate content of ULVAN-01: indeed
ULVAN-02 exhibited 20% of sulfate groups on the polysaccharide backbone, for a sulfate to uronic
acid molar ratio of 1.30. Moreover, a very interesting feature of the extraction procedure developed by
SEPROSYS was the high purity of the resulting ulvan in the ULVAN-01 fraction, which was estimated
at 86% by adding the contents of neutral sugars, uronic acids, and sulfate esters, taking into account
that sulfates are not burned at 550 ◦C and are also part of the ash content, together with sodium cations.

2.3. Structural Characterization of the ULVAN-01 and ULVAN-02 Fractions

A MW of about 57 kDa was estimated by SEC (Figure 1 and Table 1) for ULVAN-01, based on a
calibration curve of dextran standards. After chemical sulfation of ULVAN-01 using sulfur trioxide
pyridine complex in pyridine and dimethylformamide (DMF), the resulting ulvan in ULVAN-02 had an
estimated MW of about 55 kDa, slightly lower than ULVAN-01 MW. SEC chromatograms of ULVAN-01
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and ULVAN-02 were very similar, except that the major peak eluted from 30 to 40 min seemed narrower
for ULVAN-02 and eluted slightly sooner than that of ULVAN-01. On the other hand, a peak eluted at
about 44 min, corresponding to oligosaccharides, was only found in ULVAN-01, while a peak eluted
at about 47 min, likely corresponding to low-molecular-weight oligosaccharides, was only found in
ULVAN-02. Besides, the polydispersity of ULVAN-02 (I = 1.4) was lower than that of ULVAN-01
(I = 1.8). The fact that the sulfate content in ULVAN-02 was double to the respective measured
in ULVAN-01 should highly affect MW, considering the hydrodynamic size of the polysaccharide
that is strongly affected by sulfate groups, due to anionic charges. Therefore, the weak difference
between ULVAN-01 and ULVAN-02 Mw may appear very surprising. However, these observations
could be explained by a slight cleavage of the glycosidic linkages in the polysaccharides that likely
occurred during chemical sulfation, as proposed by Nishino and Nagumo [50]. This would lead to
the transformation of bigger polysaccharides into polysaccharides of intermediary MW, and therefore
to the increase in Mn observed in ULVAN-02, concomitant with the decrease in polydispersity index,
resulting in the narrower shape of the major peak eluted from 30 to 40 min. This would also cause the
depolymerization of oligosaccharides to smaller oligosaccharides, which might explain the appearance
of the peak eluted at 47 min for ULVAN-02 as the peak eluted at 44 min found in ULVAN-01 disappeared.
Furthermore, this would be in accordance with the slightly lower value of ULVAN-02 Mw as small
oligosaccharides strongly affect the Mw value.

 
Figure 1. Size exclusion chromatograms of the ULVAN-01 and ULVAN-02 fractions.

ULVAN-01 was also characterized in a previous work by 13C NMR [48]. The chemical shifts were
attributed on the basis of references reporting assignments of ulvans and oligosaccharides [51].
As previously reported, the assignment signals corresponding to the carbons of both type A
(β-d-Glcp-(1→4)-α-l-Rhap3S) and type B (α-l-Idop-(1→4)-α-l-Rhap3S) ulvanobiouronic acid 3-sulfate
were detected, confirming the presence of this sequence. On the other hand, the ultra high pressure
liquid chromatography-high resolution mass spectrometry (UHPLC-HRMS) analyses of the 9kDa
ulvan fraction obtained after controlled depolymerization of ULVAN-01 revealed characteristic ions
that could be attributed after selective pseudo-MS3 fragmentation to oligosaccharide sequences with a
polymerization degree up to 12 (Table 2).
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Sequences 1 to 4 were determined by pseudo-MS3 analysis and shown to exhibit a repeated
disaccharide sequence, sulfated or not, composed of a rhamnose moiety and an uronic (glucuronic
or iduronic) acid, i.e., ulvanobiouronic acid 3-sulfate [48]. However, this typical structure of ulvans
was found associated to 3 variable moieties, despite being quite uncommon: glucose (or possibly
a galactose since these epimers cannot be distinguished by MS/MS analysis) (sequence 3), xylose
(sequence 4), or uronic acid (sequence 1). Together, 13C NMR and MS analyses were thus in line with
the biochemical and monosaccharide compositions of ULVAN-01, which put forward a high proportion
of neutral sugars (mainly rhamnose) and uronic acids. Glucosamine was not found in these products
of ulvan-01 depolymerization.

The MS2 analyses also revealed four disaccharide sequences in ULVAN-02 that were characterized as
Z2 ions (m/z) obtained after fragmentation of the polysaccharidic chain in the spectrometer source, in line
with the work by Saad and Leary [53], who observed the same dissociation mechanism when analyzing
heparin disaccharides by electrospray ionization MS2 analysis. The dissociation mechanism of ULVAN-02
giving access to the Z2 ion (m/z) 401.0385 (sequence 5 in Table 2) is shown as an example on Scheme 1.
The regio- and stereo-specificities of the osidic linkages could not be determined from these analyses so
that the reported structures were designed according to the established structure of ulvans [22].

Scheme 1. Dissociation mechanism resulting in Z2 ion formation (example of the ion (m/z) 401.0385:
sequence 5 in Table 2 and Figure 2A) (adapted from [53]).

 
 

 
Figure 2. Negative-ion mode electrospray ionization-mass spectrometry targeted fragmentation spectra
(ESI−-pseudo-MS3) of the ions (m/z) 401.0383 (A, sequence 5 in Table 2), 502.9776 (B, sequence 6 in
Table 2), 604.9166 (C, sequence 7 in Table 2), and 706.8558 (D, sequence 8 in Table 2).
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The fragmentation profiles of the four disaccharide sequences obtained after pseudo-MS3 analysis
proved that these sequences exhibited sulfate groups on both rhamnose and uronic acid moieties,
with one to two sulfate groups on each residue (sequences 5–8 in Table 2 and Figure 2). This result
demonstrated that the chemical sulfation method used was completely random and could sulfate up
to all four free alcohols of the ulvanobiouronic acid disaccharide: two of rhamnose and two of uronic
acid (GlcA or IdoA). Besides, given both the sulfate content of ULVAN-02 of about 20%, indicating
an average sulfation of two sulfate groups every three residues, and the observation of disaccharide
sequences with up to four sulfate groups, it was concluded that the chemical sulfation of the ULVAN-01
polysaccharide led to a high heterogeneous sulfation pattern, involving both hyper-sulfated and
scarcely sulfated zones within ULVAN-02 polysaccharidic structure.

2.4. Anticoagulant Activity

The potential anticoagulant activity of ULVAN-01 and ULVAN-02 was investigated using different
clotting and enzymatic assays, targeting the intrinsic and/or common (activated partial thromboplastin
time, APTT), extrinsic (prothrombin time, PT) or common (thrombin time, TT) pathways of the
coagulation cascade, as well as the specific antithrombin-dependent pathway (anti-Xa and anti-IIa).
Furthermore, the anticoagulant properties of ulvan fractions were compared to those of commercial
anticoagulants, one UFH and one LMWH, the so-called Lovenox®.

The APTT test mainly assesses the anticoagulant activity on the intrinsic pathway, and, to a lesser
extent, on the common pathway. ULVAN-01 activity on the intrinsic pathway was very low (Figure 3A).
Indeed, at a concentration of 1000 μg/mL, the clotting time of the plasma was less than 100 s, i.e.,
100- and 1000-fold higher than that of Lovenox® and UFH, respectively. Conversely, ULVAN-02
showed a very interesting anticoagulant activity that was higher than that of Lovenox® and just slightly
lower than that of UFH. While 500 μg/mL of ULVAN-01 were needed to double the clotting time,
only 2.4 μg/mL of ULVAN-02 gave the same result: this concentration was two-fold lower than that of
Lovenox® (4.7 μg/mL) and only three-fold higher than that of UFH (Table 3). ULVAN-02 appeared
thus to be more effective than Lovenox® on the intrinsic pathway.

(A) (B) (C) 

Figure 3. (A) Activated partial thromboplastin time (APTT), (B) prothrombin time (PT), and (C)
thrombin time (TT) assays of ULVAN-01 (Δ), ULVAN-02 (�), unfractionated heparin (UFH) (�),
and Lovenox® (�). The clotting times of the plasma in the absence of fractions (negative control,
0.9% NaCl) were (A) 38.2 s, (B) 13.1 s, and (C) 12.9 s. The maximum clotting times measured by the
coagulometer were (A) 120 s, (B) 70 s, and (C) 60 s (no coagulation within this time range). Data shown
as the mean +/−SD, n = 6.

Therefore, the chemical sulfation procedure significantly increased the activity of ULVAN-01
on the intrinsic and/or common coagulation pathways. Several sulfated polysaccharides from
green macroalgae species have been studied for their anticoagulant activity, including high
arabinose-containing sulfated polysaccharides, arabinogalactans, or galactans found in Codium [32,34,36]
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or Ulva (formerly Enteromorpha) [54,55]; polysaccharides rich in sulfated galactose from Caulerpa [56];
and high-rhamnose-containing sulfated polysaccharides from Monostroma [38,40,41,57]. It has mainly
been shown that these polysaccharides could extend the APTT. Only one study has assessed, by APTT
assay, a significant anticoagulant activity of sulfated ulvans extracted from an Ulva species (Ulva
conglobata) [43]. These polysaccharides were naturally highly sulfated (between 23.0 and 35.2%), with a
rhamnose content between 63 and 72%. The most effective ulvan contained 35.2% of sulfates and
prolonged the clotting time to 120 s at a concentration of 2.5 μg/mL, versus 4 μg/mL and 5 μg/mL for
two other ulvans with 23 and 28% of sulfate content, respectively. Interestingly, the concentration of
4 μg/mL in ULVAN-02 (sulfated at 20%) resulted in the same clotting time, thus making its activity
very similar to that of Ulva conglobata ulvans.

Table 3. Overall analysis of the anticoagulant activity of ULVAN-01 and ULVAN-02.

-

Concentration (μg/mL)

Unfractionated
Heparin (UFH)

Lovenox® ULVAN-01 ULVAN-02

Activated partial thromboplastin time (APTT) (a) 0.75 4.7 500 2.4
Prothrombin time (PT) (a) 14.25 480 inactive 45

Thrombin time (TT) (a) 0.45 1.82 117 2.62
Anti-Xa (b) 0.2 0.125 inactive 17.5
Anti-IIa (b) 0.25 1.75 inactive 18

(a) Sample concentration needed to double the clotting time compared to the negative control (0.9% NaCl); (b) sample
concentration for which the enzyme maintained 50% of residual activity.

The PT test, assessing the ulvan activity on the extrinsic coagulation pathway, also showed a
major effect of the sulfation procedure on the polysaccharide activity. Indeed, ULVAN-01 was inactive
on this coagulation pathway whereas the activity of the sulfated fraction ULVAN-02 was high and
only three-fold lower than that of UFH (Figure 3B). ULVAN-02 activity was more than ten-fold higher
than that of Lovenox®, with respective concentrations needed to double the clotting time of 45 and
480 μg/mL (Table 3).

Furthermore, a significantly increased anticoagulant activity was associated with ULVAN-01
sulfation, based on the TT assay, which evaluates the anticoagulant activity on the common pathway
of the coagulation process (Figure 3C). Indeed, the concentration of ULVAN-01 needed to double
the coagulation time of the negative control (117 μg/mL) was more than 40-fold higher than that of
ULVAN-02 (2.6 μg/mL) (Table 3). However, ULVAN-02 activity on this coagulation pathway was
slightly lower than that of Lovenox®, which was not the case on the other coagulation pathways.
Thus, for the common pathway, the chemical sulfation procedure led to a significantly increased
anticoagulant activity of U. rigida ulvan.

All these clotting time assays tended to show that the anticoagulant activity of ULVAN-02 was
mostly oriented towards the early steps of the coagulation cascade, both on the intrinsic and extrinsic
pathways, since its activity on the common pathway, which is the final coagulation with fibrin complex
formation (red thrombus), was low compared to both Lovenox® and UFH.

Finally, the anticoagulant activity of the ulvan fractions ULVAN-01 and ULVAN-02 was assessed
on two central enzymes of the coagulation process, factors Xa and IIa (also called thrombin).
The anticoagulant activity was measured in the presence of antithrombin, a coagulation inhibitor,
since UFH and Lovenox® are known for their antithrombin-mediated anticoagulant activity.

ULVAN-01 was devoid of any antithrombin-mediated anti-Xa activity (no activity at 1000 μg/mL,
data not shown) while ULVAN-02 showed a maximal activity at a concentration of 100μg/mL (Figure 4A).
However, despite a much higher antithrombin-mediated anti-Xa activity of ULVAN-02 compared to
that of ULVAN-01, this activity was 100-fold lower than that of UFH and Lovenox®. Indeed, factor
Xa residual activity was of 50% with UFH, Lovenox®, and ULVAN-02 concentrations of 0.2 μg/mL,
0.125 μg/mL, and 17.5 μg/mL, respectively (Table 3). The lack of antithrombin-mediated anti-Xa activity
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of the native ulvan fraction ULVAN-01 is in line with the study by Mao et al. [39], which has concluded
that rhamnan sulfates from Monostroma nitidum have a very low antithrombin-mediated anti-Xa
activity (concentration higher than 1000-fold than that of heparin for the same activity). Two sulfated
rhamnan extracts were compared by these authors, with MW of 70 kDa and 870 kDa, and sulfate
contents of 34.4 and 28.2%, respectively. Although their sulfate content was much higher than that
of ULVAN-01 or ULVAN-02 ulvans (11 and 20%, respectively), these sulfated polysaccharides were
not more active. Moreover, despite its sulfate content being about 65% lower than that of these
sulfated rhamnans described by Mao et al., the concentration of ULVAN-02 needed to achieve a similar
antithrombin-mediated activity was 10-fold lower. The work by Majdoub et al. on sulfated rhamnans
(20% of sulfates) from the cyanobacteria Arthrospira platensis (formerly Spirulina platensis) also showed
a lack of anti-Xa activity of this type of sulfated polysaccharide [58]. Conversely, Matsubara et al.
highlighted the anticoagulant anti-Xa activity of sulfated galactans extracted from the green seaweed
Codium cylindricum, containing 89% of galactose and only 13.1% of sulfates, and found an activity very
similar to that of ULVAN-02 [33]. In conclusion, the degree of sulfation seems to play a key role in the
antithrombin-mediated inhibition of factors Xa and IIa by ulvans, but it does not seem to be the only
structural feature that drives this reactivity when it comes to polysaccharides from other seaweeds.

  

(A) (B) 

Figure 4. Dose-response curves of antithrombin-mediated (A) anti-Xa and (B) anti-IIa activities of
ULVAN-02 (�), unfractionated heparin (UFH) (�), and Lovenox® (�). Data shown as the mean, n = 6
(error bars are not indicated for better readability).

In addition, ULVAN-02 was also shown to exhibit an antithrombin-mediated anti-IIa activity
(Figure 4B), with a concentration of 18 μg/mL needed to reduce the enzymatic activity of factor IIa
by 50%, while ULVAN-01 had no activity (data not shown). Nevertheless, this activity was quite
low, 70-fold and 10-fold lower than those of UFH and Lovenox®, respectively (Table 3). Lovenox®

activity was thus much lower than that of UFH, which is consistent with the known anticoagulant
effect of Lovenox® since it mainly targets factor Xa. These results are also in accordance with those
obtained with other sulfated rhamnans from green macroalgae, which are able to inhibit thrombin in
the presence of antithrombin, but to a lesser extent than heparin. Rhamnose-rich polysaccharides from
Monostroma nitidum [39] or Arthrospira platensis (formerly Spirulina platensis) [55], and ulvans from Ulva
species [43], are, for instance, 100-fold and 10-fold less active than UFH, respectively.

All together, these results confirm previous findings showing that the anticoagulant activity of
macroalgal sulfated polysaccharides is affected by their degree of sulfation [46,47]. Indeed, almost
all the tests showed a highly significant increase in the anticoagulant activity of U. rigida ulvan after
chemical sulfation. The results obtained with ULVAN-02 on the PT test are of particular interest as
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they are not in line with previous studies on sulfated polysaccharides from green macroalgae that
have concluded that sulfated polysaccharides have a positive effect on the intrinsic and/or common
coagulation pathways, based on the APTT test, while they do not exhibit any activity on the extrinsic
coagulation pathway, based on the PT test. For instance, an ulvan from Capsosiphon fulvescens (15.4%
sulfate content) [59], sulfated rhamnans from Monostroma latissima (21–26% sulfate content) [38,40,41]
or from Monostroma nitidum (28.2–34.4% sulfate content) [39], did not show any activity on the extrinsic
pathway, whereas their sulfate content was very close to that of ULVAN-02. Thus, the degree of sulfation
does not seem to be the only parameter affecting the anticoagulant activity of ulvans. Other polyanionic
polysaccharides from various origins have been shown to have an anticoagulant activity strongly
related to their degree of sulfation ([43,44,46,47]: sulfated fucans, in particular, have been extensively
studied and their activity has been proved to be mainly mediated by thrombin inhibition by either
antithrombin or heparin cofactor II, at different extents. However, numerous studies on sulfated fucans
and galactans [60–62], and more recently on carrageenans [63], also established that anticoagulant
activity, particularly in terms of efficiency, is not merely a function of charge density and depends
critically on other structural features [46,47]: monosaccharide composition, glycosidic bounds, MW [50],
branching residues, and position of sulfate groups on the sugar backbone [18,60]. Among them,
the most important seem to be the sulfation pattern and monosaccharide composition [18,46,47,60].
According to Melo et al. [60], the anticoagulant activity of sulfated galactans is achieved mainly through
potentiation of plasma cofactors, including antithrombin, which are the natural inhibitors of coagulation
proteases but the structural basis of the interactions involved is very complex, due to the heterogeneity
of these polysaccharides. Their study on interactions with thrombin and its cofactors, in particular,
notably showed that sulfated galactans can link with antithrombin but require significantly longer
chains than heparin to interact with the antithrombin/thrombin complex, and bind to a different site.
In addition, Becker et al. highlighted, by molecular modeling techniques, that similarities obtained in
the glycosidic linkages and predominant 1C4 chair form of sulfated fucans and galactans could fully
explain their specific interaction with antithrombin and the differences between their anticoagulant
activity and that of heparin [62]. All these data indicate that the action mechanism of heparin mimetics
including sulfated polysaccharides from marine seaweeds differs from that of heparin, which is well in
accordance with the overall results obtained in the present study. It was indeed shown that ULVAN-01
was very slightly active on the intrinsic and common pathways, and inactive on the extrinsic pathway
of the coagulation cascade, based on the PT test. It was also inactive on the coagulation factor Xa,
which is the upstream common point for intrinsic and extrinsic coagulation pathways. On the contrary,
ULVAN-02 was active on all tested pathways, showing that chemical sulfation strongly enhanced
the anticoagulant activity of ULVAN-01 and could even enable it to inhibit the antithrombin/Xa or
antithrombin/IIa complexes. It was also demonstrated by UHPLC-HRMS analyses that the chemical
sulfation method used to obtain ULVAN-02 led to an ulvan with a very heterogenous sulfation
pattern, involving both hyper-sulfated and scarcely sulfated zones within the polysaccharidic structure,
which is very different from what is usually found in the native form of ulvans, i.e., a sulfation pattern
most exclusively involving the position 3 of rhamnose. The most likely hypothesis to explain the
anticoagulant activity of ULVAN-02 lies in the probability that a geometrical match between the
polysaccharide and its binding site on coagulation factors is increased by sulfation, the sugar backbone
providing the geometric constraints to accommodate the binding site, and the increased negative
charge due to sulfation pattern modifications in the hyper-sulfated zones providing higher physical
interaction properties, further enhancing the binding capacity of the polysaccharide.

2.5. Effect of ULVAN-01 and ULVAN-02 on Cell Viability

The in vitro cytotoxicity of ULVAN-01 and ULVAN-02 was assessed using the MTT assay on
human fibroblastic cells, and compared to those of UFH and Lovenox® (Figure 5).
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Figure 5. Viability of human fibroblasts treated for 72 h with ULVAN-01, ULVAN-02, unfractionated
heparin (UFH), and Lovenox®. Results are expressed as the relative percentage of viability compared
to the negative control. Data shown as the mean +/−SD, n = 5. Significant differences between samples
and negative control are indicated by * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).

Results showed that ULVAN-01, ULVAN-02, and UFH had a very similar dose-response effect on
cell viability. Up to 250 μg/mL, they had a very limited impact on cell viability: about 80% viable cells
were indeed enumerated, compared to the negative control. Lovenox® even seemed to have slightly
less impact on cell viability. More importantly, ULVAN-02 was absolutely not cytotoxic to human
fibroblasts at concentrations within the range of 1–15 μg/mL, corresponding to the concentration range
where it was shown to be bioactive, regardless of the anticoagulant activity tested, which is an essential
prerequisite to consider any further development of this sulfated ulvan fraction extracted from U. rigida
as part of a therapeutic anticoagulation application.

3. Materials and Methods

3.1. Materials

Green macroalga U. rigida was cultivated in a pond in the “Ferme du Douhet,” a marine farm in
Ile d’Oléron (France). It was collected in 2012 and dried.

UFH was purchased from Interchim (Montluçon, France) (heparin sodium salt 12865E, batch 201274)
and Lovenox® was kindly provided by the the Saint-Louis Hospital (La Rochelle, France).

Unless otherwise stated in the text, all chemical reagents were purchased from Merck
(Darmstadt, Germany).

3.2. Methods

3.2.1. Extraction and Purification Process

First, 500 g of U. rigida thallus were washed in 15 L of distilled water (1/30 (w/w)) for 10 min
at room temperature (RT) and wrung with a fabric cone to remove as much water as possible [48].
The washed algae were then ground at 80 ◦C in a blender, in 5 L of deionized water, until obtaining
2-mm particles. The 5 L of minced algae in water were transferred into a thermostated tank at 80 ◦C
containing 2.5 L of distilled water. Extraction was processed under constant agitation with a bladed
stirrer at a rotation speed of 10 spins/min for 2 h. The pulps were then removed from the tank and
filtered with the fabric cone to collect the aqueous extract. The aqueous extract was then recovered and
filtered with an ultrafiltration unit equipped with a 15 kDa Kerasep KBW membrane (Novasep Process,
Pompey, France). Filtration was carried out at 80 ◦C at a pressure of 5 bars and a circulation flow of
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450 L/h (circulation speed of 5 m/s), until obtaining a retentate around 4◦Bx. Next, 1.5 L of retentate
was demineralized by passage on a column containing 100 mL of Amberlite FPA 98, a strong anionic
resin in the OH− form, in series with a column containing 200 mL of Amberlite IR 120 Na, a strong
cationic resin in the H+ form. Circulation was processed with a peristaltic pump at a flow rate of 2 BV/h.
The deionized product was finally decanted in a water bath at 80 ◦C for 2 h. After centrifugation at
5000× g for 15 min at RT, the fraction, referred to as ULVAN-01, was neutralized to pH 7 with 1 M
NaOH and lyophilized.

3.2.2. Sulfation Procedure

The sulfation procedure was carried out on the ULVAN-01 fraction using the sulfur-trioxide
pyridine complex (SO3–pyridine) method, in dimethylformamide (DMF) and pyridine [64].

Briefly, 500 mg of ULVAN-01 were dissolved in a mixture containing 10 mL of DMF and 1.4 mL of
pyridine. The mixture was heated to 60 ◦C and sulfation was then processed by progressive addition
of 3 g of SO3–pyridine complex for 2 h at 60 ◦C under constant stirring. The mixture was left for
two additional hours at 60 ◦C under stirring. After cooling of the mixture at RT, it was centrifuged
at 5000× g for 10 min at 4 ◦C. The supernatant was then removed and the pellet was dissolved in
5 mL of 2.5 M NaOH, and 45 mL of absolute ethanol were added (final concentration: 90% (v/v)).
After 12 h at 4 ◦C under stirring, the precipitate was isolated by centrifugation (10,000× g, 10 min,
4 ◦C) and dissolved in 60 mL of deionized water. The solution was finally dialyzed for seven days
against deionized water (cut-off: 1 kDa) and lyophilized. The resulting sulfated fraction was referred
to as ULVAN-02.

3.2.3. Chemical Composition

The neutral sugar content was determined according to the phenol-sulfuric method [65],
using glucose as a standard. The uronic acid content was measured as described by Bitter and Muir [66].
The protein content was determined using the Bradford protein assay [67]. The sulfate content was
obtained using 3-amino-7-(dimethylamino)phenothiazin-5-ium chloride (Azure A), which binds to
the sulfated groups in a polysaccharide chain [68,69]. The quantitation method of polyphenols was
adapted from the original one [70], using gallic acid as a standard: briefly, 50 μL of Folin–Ciocalteu
reagent and 200 μL of 20% sodium carbonate were successively added to 100 μL of sample and the
mixture was incubated in the dark for 45 min at RT, prior to absorbance reading at 730 nm. The ash
content of ULVAN-01 was quantified after 15 h at 550 ◦C. The ash content of ULVAN-02 could not be
determined due to a lack of material. All analyses were performed at least in triplicate, except the
determination of ULVAN-01 ash content (n = 2), and data are thus shown as the mean.

3.2.4. Analysis of the Fractions by High Performance Size Exclusion Chromatography

The structural and quantitative analyses of ulvan fractions were performed using a HPLC
1100 LC/RID system (Agilent technologies, Santa Clara, CA, USA), with two successive exclusion
chromatography columns of 30 cm in size: TSK gel 5000 PW and TSK gel 4000 PW (Tosoh Bioscience,
Tokyo, Japan). These analyses were carried out at 30 ◦C, after injection of 20 μL of 1 mg/mL fraction
or sample, at a flow rate of 0.5 mL/min of elution buffer (0.1 M ammonium acetate). Products
were detected and quantified by differential refractometry using the HP Chemstation software in
off-line mode for processing. The standard curve was made using dextran standards from 1000 to
50,000 Da. The number-averaged molecular weight (Mn), weight-averaged molecular weight (Mw)
and polydispersity index (I) were calculated as follows [71]:

Mn = (Σ Ni ×Mi)/Σ Ni

Mw = (Σ Ni ×Mi
2)/(Σ Ni ×Mi)

I =Mw/Mn

where Ni is the number of moles of polymer species and Mi the molecular weight of polymer species.
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3.2.5. Nuclear Magnetic Resonance (NMR) and Ultra High Performance Liquid
Chromatography-High Resolution Mass Spectrometry (UHPLC-HRMS)

Carbon (13C) NMR analysis of the ULVAN-01 fraction was performed using a JEOL JNMLA400
spectrometer (400 MHz, JEOL, Peabody, MA, USA) in D2O solution at a concentration of 50 mg/mL [48].

The monosaccharide composition and oligosaccharide sequences were determined by
UHPLC-HRMS. Analyses were carried out using an UHPLC system, “Acquity UPLC H-class,”
coupled to a HRMS system, “XEVO G2-S Q-TOF,” equipped with an electrospray ionization source
(Waters, Milford, MA, USA). The UHPLC system was formed by a quaternary pump (Quaternary
Solvent Manager, Waters) and an automatic injector (Sample Manager-FTN, Waters) equipped with a
10 μL injection loop. Analyses were performed according to the UHPLC and MS parameters given in
Table 4.

Table 4. Ultra high pressure liquid chromatography (UHPLC) and mass spectrometry (MS) parameters
used to determine the monosaccharide composition and oligosaccharide sequences.

Monosaccharide Composition Oligosaccharide Sequences

UHPLC Parameters

Column “Acquity UPLC BEH Amide” (Waters) (2.1 × 500 mm, 1.7 μm), maintained at 30 ◦C

Flow rate (μL/min) 0–15 min, 130–200; 15–18 min, 200;
18–30 min, 200–130; 30–37 min, 200 200

Gradient: water (A)/acetonitrile
(B) + 0.015% (v/v) ammoniac

0–15 min, 90–55% B; 15–17 min, 55%
B; 17–18 min, 55–90% B; 18–37 min,

90% B

0–3 min, 100% B; 3–3.1 min 100–70% B; 3.1–10 min,
70–50% B; 10–10.5 min, 50–45% B; 10.5–18 min,

45–100% B
Injection 5 μL (7 ◦C)

MS Parameters

Mode ESI+ (centroid) ESI− (centroid)
Source temperature 120 ◦C

Desolvation temperature 250 ◦C 500 ◦C
Gas flow rate of the cone 50 L/h
Desolvation gas flow rate 800 L/h

Capillary voltage 2.5 kV
Sampling cone voltage 35 V 130 V
Source compensation 80 V

Acquisition mass range 50–1200 m/z 50–2100 m/z (down-regulated according to the
fragmented ion with a scan time of 0.15 s)

Lock-mass Leucine Enkephalin (MW = 555.62 Da, 1 ng/μL)

The analyses of monosaccharide composition were performed after total acid hydrolysis of
ULVAN-01. Briefly, 1 mL of 10 mg/mL ULVAN-01 solution in HCL 3 M was prepared and heated
at 100 ◦C for 5 h (total hydrolysis was monitored over-time using reducing sugar assessment by the
dinitrosalicylic acid method [72]). After cooling at room temperature, the sample was centrifuged at
10,000× g for 10 min and filtrated through 0.22 μm filter, prior to UHPLC-HRMS analysis.

The analyses of oligosaccharide sequences were carried out on a 9 kDa ulvan fraction filtrated
through 0.22 μm filter, obtained after solid supported depolymerization of ULVAN-01. Briefly, 100 mL
of ULVAN-01 solution at 25 mg/mL were prepared and depolymerized, using a circuit consisting of the
ULVAN-01 solution, a peristaltic pump set at a flow rate of 12 mL/min and a column containing 10 mL
of AMBERLITE™ FPC23 H resin in the H+ form. The polysaccharide solution and the column were
maintained at 80 ◦C for 19 h. After cooling at room temperature, the samples were filtrated through
0.22 μm filter, prior to UHPLC-HRMS/MS analysis.

3.2.6. Clotting Time Assays

The anticoagulant activity of the different fractions was determined by measuring the APTT,
PT, or TT. All the assays were carried out using a Start4 coagulometer and assay kits from Stago
(Asnières-sur-Seine, France), according to the manufacturer’s instructions. Briefly, 90 μL of normal
human plasma were mixed with 10 μL of 0.9% NaCl solution containing various sample concentrations
for each assay. For the APTT assay, 100 μL of APTT assay reagent were added to the mixture prior to
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incubation for 3 min at 37 ◦C and addition of 100 μL of 0.025 M CaCl2, and the clotting time (APTT)
was recorded. For the TT and PT assays, the mixture was first incubated for 2 min (PT) or 1 min (TT) at
37 ◦C, before adding 200 μL of PT assay reagent (PT) or 100 μL of TT assay reagent (TT), and recording
the clotting time. The negative control used in all assays was 0.9% NaCl solution.

3.2.7. Assays of Antithrombin-Mediated Inhibition of Factors Xa and IIa

Stachrom ATIII and Stachrom Heparin kits (Stago, Asnières-sur-Seine, France) were used to assess
the antithrombin-mediated inhibition of factors Xa and IIa (thrombin), respectively, according to the
manufacturer’s instructions. Antithrombin was diluted 1:2 in 0.1X kit buffer. Then, 25 μL of sample
(aqueous solution of ulvan fraction, UFH or Lovenox® at various concentrations) were incubated
with 25 μL of antithrombin (0.626 μg/μL) at 37 ◦C for 30 s. Thereafter, 25 μL of factor Xa or factor IIa
(thrombin) (11.25 nKat/mL) were added. After 30 s of incubation, 25 μL of a 3.25 nM solution of factor
Xa chromogenic substrate (CBS 31.39; CH2-SO2-d-Leu-Gly-Arg-pNA, AcOH) or 25 μL of a 1.4 nM
solution of factor IIa chromogenic substrate (CBS 61.50; EtM-SPro-ARG-pNA, AcOH) were added.
Factor Xa or IIa activities were immediately measured at 405 nm every 6 s for 5 min. The initial velocity
was calculated as the slope of the linear segment of the kinetic curve. All assays were performed in
96-well NUNC microplates (Thermo Fisher Scientific, Waltham, MA, USA), using a Fluostar Omega
microplate reader (BMG LABTECH, Ortenberg, Germany).

3.2.8. Evaluation of Cell Viability

Normal human dermal fibroblasts (NHDF) were obtained from ATCC (Manassas, VA, USA):
product code CCD-1059Sk; ATCC® CRL-2072™, lot number 62062292, from the skin of a 20-year-old
woman according to the supplier’s information. Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, PAN Biotech, Aidenbach, Germany) supplemented with 10% (v/v) fetal bovine serum
(PAN Biotech, Dutscher, France) and 1% (v/v) antibiotic solution (10,000 U/mL penicillin, 10 mg/mL
streptomycin) (PAN Biotech, Aidenbach, Germany), referred to as complete culture medium thereafter.
The cells were cultured at 37 ◦C with 5% CO2, in a temperature-controlled, humidified incubator.
The cells were grown in 75 cm2 surface ventilated Falcon culture flasks (BD Biosciences, Franklin Lakes,
NJ, USA) and subcultured by trypsinization (0.05% (w/v) trypsin, PAN Biotech, Aidenbach, Germany).
The culture medium was changed every 2 or 3 days. Cells were used between the 3rd and 8th passages
for the experiments.

The MTT test was used to evaluate cell viability, according to the method described by
Mosmann [73]. This colorimetric assay allows assessing cell proliferation, based on the reduction
of a tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, MTT), by living
cells. MTT is a yellow salt. In the presence of mitochondrial succinate dehydrogenase produced by
active living cells, the tetrazolium ring they contain is reduced and forms a violet product: formazan.
The yellow solution becomes purple and the intensity of the purple coloration is proportional to the
number of living cells.

Briefly, 100 μL of complete culture medium containing 5 × 104 cells/mL were seeded in 96-well
Falcon microplates (BD Biosciences, Franklin Lakes, NJ, USA) and incubated for 24 h. The medium
was then removed and 100 μL of samples prepared in DMEM supplemented with 1% (v/v) antibiotic
solution, or negative control (DMEM supplemented with 1% (v/v) antibiotic solution alone) were added
into the wells. After 48 h, 25 μL of MTT (5% (w/v) in PBS) were added in each well and the plates were
incubated for 4 h at 37 ◦C. The medium was then removed and 200 μL of dimethyl sulfoxide were
added into each well. The plates were then incubated for 10 min and absorbance was read at 550 nm
using a Fluostar Omega microplate reader (BMG LABTECH, Ortenberg, Germany).

3.2.9. Statistical Analysis

The one-way Anova was applied to determine significant differences between samples and
negative control, using Sigma Plot 12.5 (Systat Software Inc., San Jose, CA, USA).
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4. Conclusions

A solvent- and acid-free procedure was developed to extract and purify ulvan from U. rigida,
providing an ulvan fraction of high purity (ULVAN-01), with less than 4% of contaminant proteins
remaining at the end of the procedure. The sulfate content of this ulvan was 11%, which is in the lower
sulfation range of ulvans extracted from algae of the Ulva genus. Data on the anticoagulant activity
of ulvans are limited but previous studies focusing on other types of sulfated polysaccharides have
shown that sulfation is essential for their anticoagulant activity, although the osidic composition, MW,
and sulfate groups position are also important features. To investigate the importance of the degree of
sulfation of U. rigida ulvan, a chemical sulfation procedure was applied to ULVAN-01, which allowed
almost doubling the sulfate content of the native polysaccharide, reaching 20%. The resulting
chemically-sulfated ulvan fraction, ULVAN-02, thus exhibited a strongly enhanced anticoagulant
activity, regardless of the coagulation pathway tested. Its most significant activity was shown to target
the intrinsic and extrinsic pathways, with an activity higher than that of Lovenox® and close to that of
UFH. It was indeed less active on the common pathway, although its activity was only slightly lower
than that of Lovenox®. This last result was confirmed by the low antithrombin-mediated inhibition
activity exhibited by ULVAN-02 on two important coagulation factors of the common pathway, Xa and
IIa (thrombin), which was also significantly increased compared to ULVAN-01 but remained quite low
compared to UFH and Lovenox®. Hence, the ULVAN-02 fraction could be a very interesting alternative
to heparins, with different targets and a high anticoagulant activity. Moreover, ULVAN-02 did not
appear to be cytotoxic on human model cells but further studies are needed to confirm these findings.
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Abstract: Gigartina pistillata is a red seaweed common in Figueira da Foz, Portugal. Here, the
antitumour potential of G. pistillata carrageenan, with a known variable of the life cycle, the female
gametophyte (FG) and tetrasporophyte (T) was evaluated against colorectal cancer stem cell (CSC)
-enriched tumourspheres. FTIR-ATR analysis of G. pistillata carrageenan extracts indicated differences
between life cycle phases, being FG a κ/ι hybrid carrageenan and T a λ/ξ hybrid. Both carrageenan
extracts presented IC50 values inferior to 1 μg/mL in HT29-derived CSC-enriched tumourspheres, as
well as reduced tumoursphere area. The two extracts were also effective at reducing cellular viability
in SW620- and SW480-derived tumourspheres. These results indicate that carrageenans extracted
from two G. pistillata life cycle phases have antitumour potential against colorectal cancer stem-like
cells, specially the T carrageenan.

Keywords: antitumour activity; carrageenan; colorectal cancer; cancer stem cells

1. Introduction

Seaweeds are turning into one of the most attractive natural resources of compounds that can
replace chemically synthetized compounds, such as plastic and other petroleum-based products,
or those from animal origin, such as collagen (gelatin). Seaweeds main structural component is a
polysaccharide-based type; its main function is to maintain the structure of the cell wall, with alginic
acid being the main polysaccharide produced in brown algae (Ochrophyta, Phaeophyceae), and agar
(agarophytes) and carrageenan (carrageenophytes) in red algae (Rhodophyta).

The use of seaweed biopolymers is increasing in the food industry as natural gelling and
emulsifier agents [1]. Carrageenans are one of the main natural texturizing agents in food applications
(dairy products, jellies, pet foods, sauces) being considered safe food additives [2]. They are
also used in pharmacological formulations, in cosmetics, as biomedical polymer compounds or
as lubricant [2–4]. Overall, carrageenans principal functions in industry are as a gelling, stabilizing,
and viscosity-building agent.

Diverse types of carrageenan are acquired from different species of the Gigartinales (Rhodophyta).
Kappa (κ)-carrageenan is mostly acquired by extraction from the tropical seaweed Kappaphycus
alvarezii (identified as “cottonii”, in the seaweed commercial area related to the food industry),
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while iota (ι)-carrageenan is mainly extracted from Eucheuma denticulatum (commercial denomination
“spinosum”). In turn, lambda (λ)-carrageenan is acquired from various species from the genera
Gigartina and Chondrus (commercial denomination “Irish moss”).

This unique hydrocolloid consists of alternating galactose and 3,6-anhydrogalactose sugars linked
by alternating α-1,3 and β-1,4 glycosidic linkages [5,6]. Carrageenans can be classified as λ, κ, and ι

according to the number of sulphated groups by galactose unit (Figure 1), where number, chemical
location, and arrangement of these groups defines carrageenan function and bioactivity power [2,7].

 
Figure 1. Idealized structure of the chemical units of different types of carrageenan [8].

The Xi (ξ)-carrageenan, a non-commercial carrageenan, has two sulphated ester groups, minus one
that is the λ-carrageenan but identical to ι-carrageenan. ξ-carrageenan is a viscous type carrageenan
due to the number of sulphated esters present in the structure [8]. The k-carrageenan only has a
sulphated ester group by the galactose unit.

Commonly, seaweeds do not produce these flawless and clean carrageenans, but instead a full
variety of hybrid configurations of carrageenan within the species life cycle [8]. Intrinsic carrageenans
always show a complex hybrid chemical conformation and are frequently a combination of galactans
composed of different carrabiose types, where proportions and structures change within the species,
ecological, physiological, and developmental conditions [9,10]. Hence, carrageenans are a group of
polysaccharides with molecular weight varying between 30 and 5000 kDa but the average molecular
weight of extracted carrageenans is between 200 and 800 kDa. [5,11]. These huge polysaccharides are
nonnutritive and after ingestion have an analogous effect to dietary fibers, being extremely resistant in
the digestive tract [5].

Both the Food and Drugs Administration (FDA) and the European Food Safety Agency (EFSA)
have approved the commercial forms of λ-, κ-, and ι-carrageenans for the food industry [5,11].
In the European Union, the carrageenan application is regulated by the Commission Regulation
(EU) No 231/2012, which defines that the commercial carrageenan (E 407) comprises essentially
potassium, sodium, magnesium, and calcium sulphate esters of galactose and 3,6-anhydrogalactose
polysaccharides [11]. Sub-chronic toxicity studies performed in rats showed that a dose of E 407
between 3400–3900 mg/kg body weight per day had no-observed-adverse-effect, fulfilling the EU
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specification for food level carrageenan food level [11]. On the other hand, the poligeenan, a degraded
ι-carrageenan with average molecular weight of 10–20 kDa, is not authorized in food applications
within the European Union area. In fact, degraded carrageenans, also known as artificial products
derived from carrageenan, are associated with adverse effects [5,12].

Carrageenans are water soluble polymers, their solubility being determined by the type of
carrageenan derivation, temperature, pH, and the counter ion in the dissolving solution, where
κ-carrageenan is the most soluble. The sodium salt of κ-carrageenan is soluble in cold water, but the
potassium salt is soluble only by heating. ι-carrageenan has an intermediate solubility [2]. All types of
carrageenan are insoluble in organic solvents including alcohols and ketones [13].

The carrageenan extraction method plays a major role in purity control. As shown by EFSA,
when carrageenans are produced by alcohol procedure, they contain approximately 90% anhydrous
carrageenan, 8% moisture, and 2% inorganic salts (mainly chlorides), while those manufactured by gel
press procedure contain about 77% anhydrous carrageenan, 8% moisture, and up to 15% inorganic
salts [11].

Gigartina pistillata (Figure 2) is an edible red seaweed found in both Northeast and Southeast
Atlantic and Southeast Asia, and a carrageenan resource for extraction industry. Its morphology is
described as the type species of the genus Gigartina and their thalli are erect, up to 20 cm tall, dark-red or
red-brown, cartilaginous, elastic, dichotomously branched, attached to the substratum through a small
disk [14]. G. pistillata can show a rare presence of the heterosporic thalli (i.e., producing tetraspores and
carpospores in the thalli of one specimen), despite although having an isomorphic triphasic life cycle [6].
In Gigartinaceae, the life cycle phase strongly disturbs carrageenans configuration. Gametophytic life
cycle yields a κ/ι-type carrageenans, while tetrasporophytic life cycle yields a λ-type carrageenans, as
shown by Pereira et al. [6,9,15,16].

 
Figure 2. G. pistillata in nature, fixed in a rocky platform in Praia do Cabo Mondego, Figueira da
Foz, Portugal.

The maximum carrageenan content extracted in G. pistillata in the work of Pereira [6,17] was
obtained from female gametophyte (FG) samples, with 59.7% of dry weight in late spring; a sample of
heterosporic thalli had the minimum value in late autumn, with 22.7% of dry weight.

In the last decades, the biological potential of carrageenans has been explored. Since the 1960s,
carrageenan anticoagulant and antithrombotic activity has been studied with λ-carrageenan showing
higher anticoagulant potential than κ-carrageenan [18]. Carrageenans have also been shown to
selectively inhibit many enveloped viruses [19] and to have antioxidant properties [20]. Carrageenan
antitumour potential has only been studied more recently, with several in vivo and in vitro models
proposing an antiproliferative action against tumour cells [21], being compounds from marine
bio-sources increasingly relevant in the quest to find new biomolecules with antitumour potential.
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Cancer is undoubtedly a major cause of worldwide morbidity and mortality, with 18.1 million
new cases and 9.6 million deaths estimated in 2018, and with an increasing social and economic
impact. Cancer in the gastrointestinal tract plays an important role in these estimates with colorectal
cancer being the third most incident (10.2%) and second most mortal (9.2%) [22]. Several studies
have highlighted the role of cancer stem cells (CSCs) in colorectal cancer development, progression,
and resistance to therapy [23–27].

The increasing evidence of the existence of CSCs has challenged the classical stochastic model
of cancer dynamics and has laid the foundation for the hierarchical model of tumourigenesis,
where the tumour mass is viewed as a hierarchical and unidirectional system, with CSCs in a
foundational position giving rise to heterogeneous cell populations. CSCs display high self-renewal
capacities, plasticity potential, high resistance to tumour microenvironment stress factors and
quiescence. These properties are believed to be responsible for CSC resistance to chemotherapy,
cancer relapse, and metastization [27–30]. The key role of CSCs in cancer development and recurrence
opens new venues for novel therapeutic strategies based on the specific and effective targeting of
this cell subpopulation. For instance, drugs that selectively inhibit CSC growth, induce cell death,
force differentiation, or modulate microenvironment are promising therapeutic strategies [27,30].
By combining CSC-targeting drugs and conventional anti-cancer therapies, one can target both bulk
cancer cells and CSCs, being more effective and faster in eradicating the tumour. However, it is
important that noncancerous somatic stem cells are spared, particularly in tissues with high cellular
turnover rates such as colon [30]. Great efforts have been made in this direction, trying to find
novel drugs that specifically target CSC, particularly bioactive compounds from plant sources, where
compounds such as resveratrol or curcumin show promising results [29]. In this matter, compounds
from marine biosources have been less explored. Nevertheless, compounds isolated from red algae
have shown some potential against CSC in an in vitro model of breast cancer [31].

Here, G. pistillata carrageenans from two life cycle phases, FG and tetrasporophyte (T) were
analyzed by Fourier transform infrared attenuated total reflectance (FTIR-ATR) and their potential
against colorectal CSC-enriched tumourspheres was explored.

2. Results

2.1. Carrageenan Extraction Yields

Through the alkali extraction method, from 1 g of dried seaweed, it was possible to obtain 17% ±
0.1 of FG carrageenan and 31% ± 3.2 of T carrageenan.

2.2. FTIR-ATR

Carrageneenan extracts from G. pistillata FG and T life cycles were obtained and analyzed by
FTIR-ATR. This technique allowed carrageenan characterization in a fast, nondestructive manner,
requiring small amounts of the sample [16]. The obtained spectra were reviewed with bibliographic
support [6,8] (Figure 3 and Table 1).

In the G. pistillata’s FG FTIR-ATR spectrum (Figure 3a), the first band to emerge is the low intensity
802 band, corresponding to DA2S bond, indicating the presence of ι-carrageenan, while the bands at
845 and 927 cm−1, G4S and DA bonds, respectively, with very close intensities, indicate the presence of
κ-carrageenan. A strong percentage of κ-carrageenan is also supported by the 1066 cm−1 band (DA).
The 970 cm−1 band is related to the presence of galactose units.

In the G. pistillata T spectrum (Figure 3b) the first band appears at 830 cm−1, corresponding to the
G/D2S, this indicates the presence of λ-carrageenan. The following band at 930 cm−1, appears as a low
intensity shoulder, in opposition to the strong band observed in the FG carrageenan, the same band
(the 927 cm−1, belonging to the same type of bond) in the spectrum presents a more noted band.

Bands at 1007 and 1214 cm−1 correspond to sulphated esters groups which dominate the spectrum
with their very intense and broad profile, indicating a noted presence of sulphated esters groups in
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the T carrageenan, because T forms a nongelling carrageenan. It is noted that the 1214 cm−1 can be
derived from Xi (ξ) carrageenan.

Figure 3. FTIR-ATR spectra of the carrageenan extracted from FG (Female gametophyte) (a) and T
(tetrasporophyte) (b) G. pistillata life cycle.

Table 1. FTIR-ATR bands identification and characterization of the G. pistillata FG and T life cycle.

Wavelength Numbers (cm−1) Chemical Structure Bonds/Assignments Life Cycle Presence

802 C–O–SO3 on C2 of
3,6-anhydrogalactose DA2S FG

830 C–O–SO3 on C2 of galactose G/D2S T
845 C–O–SO3 on C4 of galactose G4S FG
927 C–O of 3,6-anydrogalactose DA FG
930 C–O of 3,6-anydrogalactose DA T
970 Galactose G/D FG

1007 S=O sulphated esters T
1027 S=O sulphated esters FG
1066 C–O of 3,6-anydrogalactose DA FG
1214 S=O sulphated esters FG/T

2.3. Anti-CSC Potential of Carrageenan Extracts

The tumoursphere forming assay [32] allows the establishment of 3D spheroids enriched in CSCs
from originally 2D adherent colorectal cancer cell cultures (Figure 4a). This cellular model was applied
to evaluate the potential of T and FG carrageenan extracts against CSC-enriched tumourspheres
derived from colorectal cancer cell lines. In CSC-enriched tumourspheres derived from HT29 cell
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line, both extracts presented IC50 values inferior to 1 μg/mL (0.6572 and 0.7050 μg/mL for FG and T
extract, respectively), which are similar to salinomycin (0.1450 μg/mL), a known CSC-targeting agent
(Figure 4b) [33].

 

Figure 4. Carrageenan extracts reduce cellular viability in cancer stem cell (CSC)-enriched
tumourspheres derived from HT29 colorectal cancer cell line. (a) Strategy for CSC-enriched
tumoursphere formation; (b) IC50 determination for salinomycin, T and FG carrageenans in HT29
CSC-enriched tumourspheres. Cell viability was determined by ATP (adenosine triphosphate)
metabolism assays. Results are depicted as mean ± SD, n = 3.

To assess if this effect was cell line dependent, FG and T carrageenans were incubated at two
different concentrations (33 and 100 μg/mL) with CSC-enriched tumourspheres derived from three
different human colorectal cell lines: SW620, SW480, and HCT116 cells. T carrageenan extract markedly
reduced cellular viability in SW620- and SW480-derived tumourspheres in a dose-independent manner
(< 20% for both cell lines), while FG carrageenan was more effective in SW480-derived tumourspheres
(< 30% for SW480 and ~50% for SW620) (Figure 5). Reduction in cellular viability was less evident in
HTC116-derived tumourspheres (~75% for both T and FG carrageenans) (Figure 5).

Figure 5. Carrageenan extracts have broad anti-CSC action. Both T and FG carrageenans impact at
different extents in CSC-enriched tumourspheres derived from SW620, SW480, and HCT116 cell lines,
in a dose-independent manner. Cell viability was determined by ATP metabolism assays. Results are
depicted as mean ± SEM, n = 3.
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Moreover, in HT29-derived tumourspheres, both T and FG extracts impacted on tumoursphere
formation, by significantly reducing the tumoursphere area when incubated at their IC50 dose (p= 0.0017
and p = 0.0056 for T and FG, respectively) (Figure 6), similarly to salinomycin control (p = 0.0007). On
the other hand, tumoursphere numbers slightly increased, particularly for FG carrageenan, although
without statistical significance (Figure 6).

Figure 6. Carrageenan extracts impact on HT29-derived CSC-enriched tumoursphere formation when
incubated at their respective IC50 dose (FG carrageenan: 0.6572 μg/mL; T carrageenan: 0.7050 μg/mL;
salinomycin: 0.1450 μg/mL). (a) A significant reduction on tumoursphere size is observed, however
tumoursphere number is not significantly altered. Results are depicted as mean ± SEM, n = 3.
** p < 0.005; *** p < 0.001. Sal—salinomycin. (b) Representative images of seven-day tumourspheres at
10×magnification. Scale bar, 275 μm.

3. Discussion

Seaweed collection sites and season confer variability of the dominant generation (between
gametophytes and tetrasporophytes), and reproductive cycle stage specially affects the carrageenans
structure [10,17]. Here, the FG carrageenan yield (17%) was lower when compared with previous
reports (59.7%) [17]. This could be explained by differences on the collection season, since in this study
sampling was performed in late August and not in the Spring, which is considered the best season [17].
Concerning T carrageenan, the yield (31%) was comparable to that reported before by Amimi et al.
(37%) [10].

The extracellular matrix of carrageenans resides mainly in the hydrophilic sulphated polygalactans.
The existence of d-galactose and anhydrous d-galactose differentiates the highly sulphated carrageenans
from the fewer sulphated agar (anhydrous-l-galactose) [34]. Analyzing the FTIR-ATR spectra of
FG G. pistillata, strong absorption bands can be observed at ~927 cm−1 which is characteristic of
carrageenan κ, ι, beta (β), and theta (θ), indicating the presence of C–O of 3,6-anydrogalactose (DA).
Bands in the 845 cm−1 region (characteristic of the ι and κ carrageenan spectra, and mu (μ) and nu (ν)
biological precursors of κ-carrageenan), indicate the presence of C–O–SO3 on C4 of galactose (G4S),
and bands in the 970 cm−1 area indicate the presence of galactose (G/D), which is characteristic of κ, ι,
β, and θ carrageenans spectra. However, the FG spectrum presented absorbance in the 802 cm−1 region
indicating the presence of C–O–SO3 on C2 of 3,6-anhydrogalactose (DA2S), which is only observed
in the ι and θ carrageenan spectra, meaning the presence of small amounts of ι carrageenan [8,16].
These results indicate that the FG carrageenan spectrum belongs to a κ/ι hybrid carrageenan, which is
corroborated by previous results [16]. In turn, FTIR-ATR spectra of G. pistillata T carrageenan showed
a broad band in the 830 cm−1 spectral region, indicating the presence of C–O–SO3 on C2 of galactose
(G/D2S), which is observed in the λ-carrageenan spectra and λ-carrageenan precursors. In these spectra,
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bands in the 930 cm−1 region indicate the presence of 3,6-anhydrogalactose (DA), characteristic of the
κ, ι, β and θ carrageenan spectra [8,16]. Therefore, this spectrum belongs to a hybrid carrageenan λ/ξ

spectrum, mostly λ type. Both T and FG carrageenan spectra share strong absorption bands in the
1000–1100 and 1210–1260 cm−1 regions, corresponding to sulphated esters groups (S=O), which are
always present in sulphated polysaccharide samples, in contrast to other vibrational bands that are
characteristic of carrageenans [8]. These results are corroborated by the studies realized by Amimi [9]
and Pereira [16] that proved the production of a hybrid λ/ξ carrageenan by G. pistillata T and a hybrid
κ/ι carrageenan by the G. pistillata FG.

Sphere forming assays have been extensively used to evaluate the potential of conventional
and novel molecules to target CSCs, since it has been shown that culturing 3D spheres in specific
experimental conditions promotes CSC growth and propagation [29,35–37]. The anti-CSC potential of
T and FG carrageenan extracts from G. pistillata was evaluated using a recently described CSC-enriched
tumoursphere forming assay [32], evidencing their bioactivity particularly for T extract. Both T and
FG extracts presented IC50 values inferior to 1 μg/mL in HT29-derived CSC-enriched tumourspheres.
However, when tested in tumourspheres derived from other colorectal cancer cell lines, T extract, with
λ/ξ hybrid carrageenans, was more effective in reducing cellular viability, particularly in SW480 and
SW620 cell lines, but not in HCT116. This may be since HT29, SW620, and SW480 cell lines share
genetic features such as TP53 and APC mutations or chromosomal instability, which are not present
in the HCT116 cell line, suggesting potential mechanisms of action. In addition, by impacting on
tumoursphere formation through reducing the tumoursphere area, the potential anti-CSC action of T
and FG extracts may be due to antiproliferative activity. Conversely, the increase of tumoursphere
number could suggest an increase of stemness properties; however, these changes are not significant
when compared to the control. Carrageenan extract from Kappaphycus alvarezii inhibits cell growth in
several cancer cell lines, including HT29 colon cancer cell line with an IC50 value of 73.87 μg/mL [38].
Further, it has been demonstrated that carrageenans can delay cell cycle progression in HeLa cells,
where λ carrageenans prolonged cell cycle by stalling in G1 and G2/M phases, therefore presenting a
strong antiproliferative activity by preventing cellular division [39].

Interestingly, FITR-ATR analysis showed a presence of higher sulphate ester groups in T
carrageenan compared to FG carrageenan. The quantity of sulphated esters in the carrageenan
extracts may possibly be correlated with the observed antitumour effects. However, previous
reports are conflicting. While Murad et al. showed that sulphated carrageenans from the red algae
Palisada perforata (formerly Laurencia papillosa) induced apoptosis in a breast cancer in vitro model [40],
Calvo et al. [41] reported that the presence of sulphate groups in native carrageenans diminished their
cytotoxic activity in a murine mammary adenocarcinoma cell line.

Yet, several factors must be taken into consideration concerning the use of carrageenans. Although
without major toxic effects [21], it has been described that λ carrageenans activate the Wnt/β-Catenin
pathway in normal human colonocytes which may induce the development of intestinal polyps [42].
Moreover, one must be aware of a putative carrageenans proinflammatory potential, where reports are
again conflicting. While in the past, carrageenans have been shown to induce the formation of ulcerative
lesions in a guinea pig model [21] and have been used to induce paw edema in animal models [43],
more recent data suggest that carrageenans do not induce the expression on proinflammatory proteins
in vitro models [5]. Nevertheless, the immunomodulating effect of λ-carrageenan was explored before,
suggesting that this carrageenan could be an efficient adjuvant in cancer immunotherapy by not only
inhibiting cell growth but also by enhancing tumour immune response [44].

Overall, carrageenans seem to be a potential new therapeutic strategy against cancer, including
therapy against CSC. Further studies are required to evaluate T and FG carrageenans toxicity,
CSC-specificity, and potential mechanisms of action.
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4. Materials and Methods

4.1. Reagents

Methanol was purchased from José Manuel Gomes dos Santos, Lda., Odivelas, Portugal and
acetone from the Ceamed, Lda., Funchal, Portugal. Ethanol was obtained from Valente e Ribeiro. Lda.,
Belas, Portugal and sodium hydroxide from Sigma-Aldrich GmbH, Steinheim, Germany.

4.2. Seaweed Collection

The specimens of G. pistillata (S.G. Gmelin) Stackhouse were collected in Praia do Cabo Mondego,
Buarcos, Figueira da Foz (40◦ 10′ 18.6” N, 8◦ 53′ 44.4” W), Portugal. Sampling was conducted in August
2018 from the sites with well-established G. pistillata patches and without epiphytes or degradation
visible at eyesight. Once harvested, samples were stored in plastic bags for transport to the laboratory,
in a cool box. All samples were washed thoroughly with filtered seawater to remove sand, and
epiphytes. Specimens of G. pistillata were separated according to the different life cycle phases—T and
FG, using a magnifying glass, washed briefly with distilled water to remove salts and dried in an air
force oven (Raypa DAF-135, R. Espinar S.L., Barcelona, Spain) at 40 ◦C, 48 h. The dried algae were
finely ground with a commercial mill (Taurus aromatic, Oliana, Spain) (≤ 1 mm) in order to render
the samples uniform, and then, stored in a dark room, in a box with silica gel to reduce the humidity,
at ambient temperature (± 24 ◦C).

4.3. Carrageenan Refined Alkali Extraction

Alkali extraction was preformed according to the method described by Pereira et al. [15]. The milled
seaweed was weighed in a scale (Radwag WLC 1/A2, Radwag, Radom, Poland) and 1 g samples
of the FG and T phases was used (n = 3). Before extraction, the milled seaweed material (1 g) was
resuspended and pretreated with an acetone:methanol (1:1) solution in a final concentration of 1%
(m/v) for 16 h, at 4 ◦C, to eliminate the organic-soluble fraction. The liquid solution was decanted,
and the seaweed residues obtained were dried in an air force oven (Raypa DAF-135, R. Espinar S.L.,
Barcelona, Spain) at 40 ◦C before the extraction method. The samples were placed in 150 mL of NaOH
(1 M) (1 g of initial seaweed: 150 mL of NaOH solution) in a hot water bath system (GFL 1003, GFL,
Burgwedel, Germany), at 85–90 ◦C, for 3 h. The solutions were hot filtered, twice, under vacuum,
through a cloth filter supported in a Buchner funnel and a Kitasato flask. The extract was evaporated
(rotary evaporator model: 2600000, Witeg, Germany) under vacuum to one-third of the initial volume.
The carrageenan was precipitated by adding the warm solution to twice its volume of 96% ethanol.
The precipitated carrageenan was washed with ethanol, 48 h at 4 ◦C, before drying in an air force
oven. After drying, the carrageenan was maintained in a close air sample flask stored in a dark and
no humidity local, at room temperature before the antitumour and FTIR-ATR assay. For biological
assays, the dried carrageenans extracts were grinded and dissolved in ultra-pure, sterile water at a
final concentration of 5 mg/mL.

4.4. FTIR-ATR Assay

For FTIR-ATR analysis, the T and FG dried carrageenan extracts were milled using a commercial
mill (Taurus aromatic, Spain) to obtain a fine powder, which was subjected to direct analysis. FTIR-ATR
spectra were recorded on an IFS 55 spectrometer, using a Golden Gate single reflection diamond ATR
system, with no need for sample preparation, since these assays only required dried samples, according
to Pereira et al. [6]. All spectra are the average of two independent measurements with 128 scans, each
at a resolution of 2 cm−1.
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4.5. Cell Culture

Human colorectal carcinoma cell lines HT29, HCT116, SW620, and SW480 were obtained
from ECACC (Porton Down, UK). Cell lines were cultured under adherent conditions in RPMI
(HT29), McCoy’s 5A (HCT116) and Dulbecco’s modified Eagle’s medium (DMEM; SW620 and
SW480), all supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) and 1% (v/v)
antibiotic/antimycotic solution (all from Gibco, Thermo Fisher Scientific, Paisley, UK). All cell cultures
were maintained at 37 ◦C under a humidified atmosphere of 5% CO2 (HeraCell 150i CO2 incubator,
Thermo Fisher Scientific, Paisley, UK).

4.6. Tumoursphere Forming Assay

For the generation of tumourspheres, cell lines were grown as previously described [32]. Briefly,
cells were plated at low density (100 and 500 cells/well in 96- and 24-well plates, respectively),
in ultra-low attachment plates in a serum-free DMEM/F12 medium supplemented with 1%
penicillin-streptavidin, 1% nonessential amino acids, 1% sodium pyruvate, 2% B27 supplement,
1% N2 supplement, 40 ng/mL recombinant human epidermal growth factor (all from Gibco), 4 μg/mL
heparin (Biochrom GmbH, Berlin, Germany), and 20 ng/mL recombinant human basic fibroblast
growth factor (Peprotech, London, UK).

4.7. IC50 Determination

To quantitatively assess the carrageenan-extract inhibitory potency in CSC-enriched
tumourspheres, their half maximal inhibitory concentration (IC50) was determined through a 10-point
dose-response curve. Briefly, HT29 cells were plated in 96-well plates as described above and
treated with carrageenan extracts (concentrations ranging from 300 to 0.015 μg/mL), positive control
(salinomycin (Sigma-Aldrich, St. Louis, MI, USA); concentrations ranging from 13 to 0.023 μg/mL),
or vehicle control (DMSO). Following seven days of incubation, cell viability was assessed based on
measurement of ATP metabolism using CellTiter-Glo™ luminescent cell viability assay (Promega,
Madison, WI, USA). Luminescence signal was recorded using a GloMax®-MultiDetection System
(Promega). IC50 determination was preformed using GraphPad Prism 8.0.2. software.

4.8. Validation of CSC-Targeting Action

To assess whether the carrageenan extracts have a generic effect on colorectal CSCs or whether this
is a cell line dependent effect, they were tested on CSC-enriched tumourspheres from other colorectal
cell lines. Hence, HCT116, SW480, and SW620 cell lines were cultured in 96-well plates as described
above to promote CSC-enriched tumoursphere formation and treated with carrageenan extracts (100
and 33.3 μg/mL), positive control (salinomycin, at 0.751 μg/mL), or vehicle control (DMSO). Following
seven days of incubation, cell viability was assessed based on measurement of ATP as described before.

4.9. Impact on Tumoursphere Formation

The anti-CSC effect of the carrageenan extracts was further validated by assessing their impact
on tumoursphere formation. Hence, HT29 cells were plated in 24-well plates as described before
and treated with hit carrageenan extracts, positive control (salinomycin) all at their IC50 dose, and
vehicle control (DMSO). After seven days of incubation, tumoursphere images were acquired through
brightfield microscopy with Invitrogen EVOSTM FL Auto2 imaging system (Invitrogen, Thermo Fisher
Scientific). Tumourspheres number and area were determined using ImageJ analysis software (version
1.52a, NIH, USA). Data analysis was preformed using GraphPad Prism 8.0.2. software. A p-value
inferior to 0.05 was considered significant.
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5. Conclusions

This work shows that the carrageenans extracted from the two G. pistillata life cycle phases,
particularly the T carrageenan, have potential against colorectal cancer CSC-like cells. This could be
explained by the higher sulphated ethers content in T carrageenan (λ/ξ) comparatively with the FG
carrageenan (κ/ι) with support by the identification via FTIR-ATR. Little is known about the interaction
between CSCs and carrageenan, and how this can affect human colorectal cell function. Hence, further
studies are needed to understand the carrageenan anti-CSC mechanism of action, particularly for the
T carrageenan.
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Abstract: Changes in lipid profile constitute the main risk factor for cardiovascular diseases. Algae
extracted carrageenans are long-chain polysaccharides and their ability to form gels provides for the
formation of vegetable jelly. The objective was to evaluate the bioactive potential of carrageenan
(E407) in the lipid profile, after ingestion of jelly. A total of 30 volunteers of both sexes, aged
20–64 years and with total cholesterol (TC) values ≥200 mg/dL, who ingested 100 mL/day of jelly
for 60 days, were studied. All had two venous blood collections: before starting the jelly intake
and after 60 days. At both times, TC, high density lipoprotein cholesterol (HDL-C), low density
lipoprotein cholesterol (LDL-C) and triglycerides (TG), were evaluated using commercial kits and
spectrophotometer. The statistics were performed using the SPSS 25.0 software and p < 0.05 were
considered statistically significant. Serum values after 60 days of jelly intake revealed a statistically
significant decrease in TC levels (5.3%; p = 0.001) and LDL-C concentration (5.4%; p = 0.048) in
females. The daily intake of vegetable jelly for 60 days showed a reduction in serum TC and LDL-C
levels in women, allowing us to conclude that carrageenan has bioactive potential in reducing
TC concentration.

Keywords: carrageenan; TC; HDL-C; LDL-C; TC reduction; TG

1. Introduction

Today, profound socioeconomic changes have led to changes in lifestyles. A sedentary lifestyle
and a poor diet, low in vegetables, sometimes associated with smoking habits, are a strong inducer of
alterations in lipid profile. This is evaluated in the laboratory by several parameters: total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C) and
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triglycerides (TG) levels. Modifications in lipid profile constitute the main risk factor in the development
of cardiovascular diseases (CVDs), particularly the increase in TC and LDL-C levels [1].

Despite the description of the main risk factors and availability of pharmacological treatment, 17.9
million people die each year due to CVDs, proving to be the leading cause of death worldwide and
presenting itself as one of the biggest epidemiological problems today [2]. A similar trend is observed
in Portugal, with a record of 31% of deaths from CVDs [3].

According to Shimazu and collaborators, 2007, epidemiological studies have revealed a low
incidence of CVDs and higher longevity in Japan, a region known for the wide introduction of algae
in the diet [4]. Based on this principle, experimental and observational descriptive studies were
performed on the benefits and applications of macroalgae. These studies demonstrate its richness
in minerals, vitamins, dietary fiber and lipid poverty, which probably explains the epidemiological
evidence [5,6].

In the diet, carrageenans are linear sulphated polysaccharides, constituents of the cell walls and
intercellular spaces of Chondrus crispus (Rhodophyta, Gigartinales). They are extracted by aqueous
or alkaline processes [7,8]. Industrially they are divided into three groups, Kappa (K), Lambda (λ)
and Iota (ι) [7–9], represented on food product labels with the acronym E407 [10]. They are classified
as hydrocolloids as they easily incorporate an aqueous solution leading to the formation of gels
without changing the taste or color of the mixture. This feature enhances its use in the food, cosmetic
and pharmaceutical industries (chocolate milk, gelatin, shampoo, and anti-inflammatories, among
others) [10,11].

Carrageenans represent one of the major texturizing agents in the food industry. They are natural
ingredients, which have been used for decades in food applications and regarded as safe [12]. The dairy
sector accounts for a large part of the carrageenan applications in food products, such as frozen desserts,
chocolate milk, cottage cheese, and whipped cream. In addition to this, carrageenans are used in
various non-dairy food products, such as instant products, jellies, pet foods, and sauces, and non-food
products, such as pharmaceutical formulations, cosmetics, and oil well drilling fluid [13,14]. In general,
carrageenan serves as a gelling, stabilizing, and viscosity-building agent.

The literature reports multiple benefits regarding carrageenan consumption, such as, antioxidants,
anticancer, antilipidemic, anticoagulants, immunomodifiers, antifungals, antivirals, and digestive
health support [8,15]. In agreement with the description of the consumption of macroalgae
and/or its components, such as carrageenan, its intake comes up as an alternative to the use of
pharmaceutical products.

Some studies have shown an efficient reduction of serum TC, TG and LDL-C levels and an increase
of HDL-C in the peripheral blood by the action of carrageenans, as a bioactive principle, mainly of Kappa
subtype, justified by the interaction of its constitution (alternating groups ofβ (1-3)-d-galactose-4-sulfate
and α (1-4)-3,6 anhydro-d-galactose) on the digestion [16–18]. The investigation was carried out
in vitro [17] and in vivo, the latter performed mainly on Wistar rats [18,19] and population samples,
where carrageenans were present as supplement [20] or in enriched foods [21].

The new concept of functional food aims to reconcile food and health benefits with the ease and
speed of cooking [22,23]. In the health sciences, the possible substitution of pharmacological therapy
for foods rich in bioactive and natural compounds represents a healthier and more appealing way to
promote the normal functioning of the organism [24].

Carrageenans are widely used in the food industry as a thickener, gelling agent, stabilizer, and
protein suspending agent [25]. Successive research and experiments on colloids led to the formation of
gels with an optimal texture resulting from the interaction of carrageenan subtypes (K and ι) leading
to the emergence of 100% vegetable origin jelly’s with a faster solidification [12,26,27]. The bioactive
effect of the carrageenan mixture present in the vegetable jelly makes its ingestion a health benefit
by reducing TC. Thus, the consumption of jellies of vegetable origin can be a healthy alternative
contributing to the prevention and reduction of CVDs.
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In Europe, the adherence to the Mediterranean Food Standard has been much studied to understand
if the practices of individuals come close to the recommended ones. In this context, we highlight the
PREDIMED instrument [28], used in a multicenter, randomized, nutritional intervention study for
the primary prevention of CVDs, developed in Spain as part of the study “PREvención with DIeta
MEDiterránea”, with the objective to study the effectiveness of this diet in the primary prevention of
CVD. It is user-friendly in clinical setting [29], allowing rapid evaluation and immediate feedback in
intervention studies.

The present investigation aimed to evaluate the impact of vegetable jelly consumption on lipid
profile parameters (TC, HDL-C, LDL-C and TG) in individuals with TC levels equal to or higher than
200 mg/dL and to relate them with the degree of adherence to the Mediterranean diet.

2. Results

2.1. Sample Characterization

The experimental group of 60 days (EG-60 days), with jelly ingestion, consisted of 30 participants,
80% females and 20% males, with an average age of 48.68 ± 10.63 years. The degree of Mediterranean
diet adherence was high in 50% of the individuals of this experimental group. The experimental group
of 30 days (EG-30 days), with jelly ingestion, involved 12 participants with a predominance of females,
66.6% women and 33.3% men, and an average age of 44.55 ± 11.61 years. Regarding the degree of
adherence to the Mediterranean diet, 8 of the 12 participants had a good adherence (Table 1).

Table 1. Sample characterization.

Ingestion Period
30 Days 60 Days

n = 12 n = 30

Age (years) - 44.55 ± 11.61 48.68 ± 10.63
(min–max) (23–64) (20–64)

Sex
F 8 24
M 4 6

MeDiet
≥10 4 15
<10 8 15

F: Female; M: Male; MeDiet: Mediterranean diet.

2.2. FTIR-ATR Spectroscopy

The different types of jelly samples were analyzed by vibrational spectroscopy in order to confirm
the existence and characterize the carrageenan type. Figure 1 shows that the four FTIR-ATR spectra
of all types of jelly present the same type of spectra, with an evident particular peak of 1065 cm−1.
This indicates a gelling type of carrageenan (DA) [9], verified in the kappa and iota carrageenans,
which have inherent gelling properties [30].

All the spectra showed a band at 849 cm−1, which is characteristic of D-galactose-4-sulfate (G4S)
present in the kappa and iota carrageenan types.

The peak at 908 cm−1 indicates the presence of 3,6-anydrogalactose-2-sulfate (DA2S), a type
of linkage that belongs to the iota carrageenan type. The peak at 943 cm−1 indicates the C–O–C of
3,6-anhydrogalactose (DA) linkage, which is related with the presence kappa or iota carrageenan in the
sample. The band at 987 cm−1 shows the presence of Galactose (G/D) typically present in the kappa
and/or iota types of carrageenan. Nonetheless, the peaks at 1005 cm−1, 1049 cm−1, 1115 cm−1, 1126 cm−1,
and 1134 cm−1 indicate the presence of sulfate groups, such as sulfate esters and sulfated galactans.

Concluding, vegetal jellies present the same spectra for four different flavors indicating that all
flavors have the same colloid, a hybrid kappa/iota carrageenan which is typically present in jellies
from vegetal origin (Figure 1) [31].
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Figure 1. The four FTIR-ATR spectra of different jelly flavors present the same type of spectra with an
evident peak of 1065 cm−1 that indicates kappa (κ) and iota (ι) hybrid carrageenan [9]. Vegetal jellies
present the same spectra indicating they have the same colloid, a hybrid kappa/iota carrageenan.

2.3. Total Cholesterol

The total cholesterol parameter, in the group that ingested carrageenan for 30 days (EG-30 days)
at T0 had a concentration of 244.86 ± 31.94 mg/dL and at T1 of 226.18 ± 40.99 mg/dL, representing
a statistically significant decrease of 7.63% (18.67 mg/dL), p = 0.021 (Figure 2). The group of
individuals evaluated after 60 days of ingestion (EG-60 days) presented TC concentration at T0
of 236.92 ± 30.48 mg/dL and at T2 of 224.40 ± 23.47 mg/dL, revealing a statistically significant decrease
of 5.3% (12.52 mg/dL), p = 0.001 (Figure 3). Analysis by gender showed a significant decrease (p = 0.004)
in women at T2, comparatively to T0 (Table 2).

Figure 2. Lipid profile evaluation in experimental group with vegetable jelly ingestion for 30 days. T0:
before consumption of jelly; T1: after 30 days of consumption of jelly; TC: Total cholesterol; HDL-C:
High-density lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol; TG: Triglycerides;
* p < 0.05.
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Figure 3. Lipid profile evaluation in experimental group with vegetable jelly ingestion for 60 days. T0:
before consumption of jelly; T2: after 60 days of consumption of jelly; TC: Total cholesterol; HDL-C:
High-density lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol; TG: Triglycerides;
* p < 0.05; ** p < 0.01.

Table 2. Characterization of lipid profile analytical parameters by sex on EG-60 days.

Sex

Female Male

TC (T0) 234.51 ± 31.06 244.95 ± 29.62
TC (T2) 220.43 ± 21.16 ** 237.76 ± 27.82

HDL-C (T0) 60.85 ± 13.15 46.78 ± 6.65
HDL-C (T2) 58.41 ± 12.10 43.46 ± 7.28
LDL-C (T0) 190.58 ± 33.85 220.12 ± 38.77
LDL-C (T2) 180.35 ± 29.07 * 221.48 ± 40.11

TG (T0) 87.88 ± 38.06 109.75 ± 40.18
TG (T2) 101.65 ± 31.16 135.87 ± 50.83 *

The results are presented in mg/dL. TC: Total cholesterol; HDL-C: High-density lipoprotein cholesterol; LDL-C:
Low-density lipoprotein cholesterol; TG: Triglycerides. T0: before consumption of jelly; T2: after 60 days of
consumption of jelly; * p < 0.05; ** p < 0.01 versus T0.

2.4. HDL-Cholesterol

The EG-30 days group, before ingestion of the jelly (T0), had an average concentration of
62.20 ± 19.30 mg/dL. After 30 days (T1), it presented 56.88 ± 17.39 mg/dL, which represents a
statistically significant decrease of 8.6% (5.32 mg/dL), p = 0.008 (Figure 2). The concentration of HDL-C
in EG-60 days presented at T0 a concentration of 57.60 ± 13.30 mg/dL and at T2 of 54.97 ± 12.78 mg/dL,
with a decrease of 4.6% (2.63 mg/dL) in the parameter, with statistical significance, p = 0.037 (see
Figure 3). The distribution by gender revealed no statistically significant differences and is shown in
Table 2.

2.5. LDL-Cholesterol

The LDL-C parameter concentration at EG-30 days presented mean values of 209.54 ± 57.13 mg/dL
at T0 and at T1 of 208.87 ± 64.36 mg/dL, showing no differences (Figure 2). The individuals belonging
to the EG-60 days presented a mean T0 concentration of 197.39 ± 36.5 mg/dL and T2 of 189.83 ± 33.73
mg/dL, showing a 3.8% decrease (7.56 mg/dL; p = 0.062) (Figure 3). Considering an evaluation by
gender of the individuals in the statistical analysis of the parameter, a statistically significant reduction
of 5.4% (10.28 mg/dL) was obtained for females, p = 0.048 (Table 2).
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2.6. Triglycerides

The EG-30 days exhibited at T0 a concentration of 116.09 ± 30.02 mg/dL and at T1 a concentration
of 151.28 ± 31.8 mg/dL, representing a 30.3% increase (35.19 mg/dL), statistically significant, p = 0.038
(Figure 2). The EG-60 days group presented at T0 the serum concentration of 92.93 ± 38.88 mg/dL
and at 60 days (T2) the average concentration was 109.55 ± 38.35 mg/dL, representing a statistically
significant increase of 17.8% (16 mg/dL), p = 0.014 (Figure 3). Analysis by gender revealed a significant
increase associated with males at time T2, versus T0 (Table 2).

2.7. MeDiet-Adherence to Mediterranean Diet

The analysis of the results considering the MeDiet questionnaire evaluation led to the conclusion
that the adhesion or not of a Mediterranean diet does not influence the action of carrageenan, present
in jelly, in the lipid profile.

3. Discussion

Changes in lipid profile constitute the main risk factor in the development of CVDs, considered the
leading cause of death worldwide [1,2]. The need to reduce the mortality rate has led to epidemiological
studies showing that seaweed ingestion induces an antilipidemic effect [4,5]. Intake of fiber-rich foods
has been described as a protective factor for numerous pathologies, such as hypertension, obesity,
diabetes, and many others [32]. Algae, rich in water-soluble fibers such as carrageenan, play an
important role as a source of fiber in the diet [13,22]. Introduction of seaweed constituents in food
products is nowadays frequently and widely used. As example, the inclusion of Kappa–Iota hybrid
carrageenan, identified by food additive code E407, does not alter the taste or color of mixtures and
optimizes their consistency, texture, and water retention [7,8]. Due to this characteristic, carrageenan
is widely used as a gelling agent in the food industry in the production of chocolate milk, ice cream,
beer, and jelly [10]. In addition to the antilipidemic effect, numerous benefits to human health are
attributed to carrageenan as antioxidant, immunomodulatory, antiviral, and digestive health support,
thus revealing its high bioactive potential [9,14]. However, for cultural reasons it is difficult to estimate
the impact of a carrageenan-rich diet associated with individuals not inserted in populations of Asian
culture and to evaluate their lipid profile, giving the present study a pioneer status. Thus, two time
periods of 30 and 60 days of daily ingestion of vegetable origin jelly were tested. In the absence of
studies with similar methodology developed in Caucasian populations, the time periods were based
on studies by Sokolova et al. [20] and by Panlasigui et al. [21].

According to Panlasigui and coauthors, participants ingested the mixed carrageenans in their
own food for eight weeks [21]. Also, Sokolova’s research applied carrageenan as a dietary supplement
to individuals previously diagnosed with CVDs [20]. Participants ingested 250 mL per day of a
supplement consisting of a hybrid K–λ carrageenan (3:1) for 20 days [20]. Our results showed a
statistically significant decrease in TC and HDL-C concentration in both periods (60 and/or 30 days)
after daily ingestion of 100 mL of vegetable jelly. Also, a reduction in TC and LDL-C levels in females
when assessed by gender distribution and EG-60 days was noted. In contrast, males recorded an
increase in TG concentration.

The TC levels decreased by 7.6% after 30 days and 5.3% after 60 days. The decrease was
corroborated by Sokolova et al. [20], but with a smaller percentage, which may be due to the different
study design involving cardiovascular patients with supplemental carrageenan consumption resulting
in a 16.5% decrease in TC [20]. Also, Panlasigui and coauthors [21], in their research on eating
carrageenan-rich foods at the three most important meals (breakfast, lunch and dinner) showed a
reduction in TC levels by 33%. Concerning HDL-C concentration, our results decreased by 8.6% and
4.6% after 30 and 60 days respectively, as opposed to the work of other authors [20,21] which showed
an increase. For the concentration of the LDL-C fraction after 60 days, it showed a tendency to decrease,
evidenced in relation to females showing a significant decrease, which is in accordance with the results
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of Panlasigui et al. and Matthan et al. [21,33]. The increase in TG concentration was 30.3% for 30 days
and 17.8% after 60 days of jelly ingestion. It should be noted that it has not reached the maximum
reference values [34]. For TG, the literature presents ambiguous results, since Panlasigui and coauthors
showed a 32% reduction [21], while Sokolova and collaborators showed an increase [20]. However,
low cholesterol absorption is known to be associated with increased TG and decreased HDL in both
sexes [33]. Despite the multiple benefits to human health, the mechanism of action of carrageenans is
not yet completely understood and only their interaction with the digestive process is documented,
being classified as long-chain carbohydrates [35,36]. When carrageenans reach the intestinal tract, the
volume and viscosity of the intestinal content increases and leads to increased digestion time and
reduced efficiency, since the availability of products for enzymatic action is compromised [37].

On the other hand, it is capable of capturing cholesterol and bile salts, inhibiting lipase, causing a
decrease in cholesterol absorption directly and indirectly, since the emulsifying action performed by
bile salts and lipase becomes deficient, disabling micelle formation [38–40]. However, the action of
carrageenans is not restricted to the partial effect of gastrointestinal barrier, but also has endogenous
repercussions. Excretion of bile salts precludes their reuse and, therefore, synthesis is required once
more [20,21,40,41]. The mobilization of TG occurs from energy reserves into the bloodstream because
cholesterol is required for synthesis and it is in low circulating concentrations [42].

The bioactive potential of carrageenan comes from its ability to decrease cholesterol absorption,
leading to a decreased cholesterol absorption rate and consequent increase in endogenous cholesterol
synthesis rate, maintaining the balance of values, a fundamental process to maintaining the proper
functioning of the body [33]. According to some researchers, the relationship between cholesterol
absorption markers and serum parameters has shown that when cholesterol absorption markers
decrease, serum triglyceride concentration increases and HDL-C levels decrease [33,43]. As a
complement, Matthan et al. [33] verified that when high endogenous cholesterol level marker
values were detected, the serum LDL-C fraction values decreased. An inverse relationship between
expression markers and LDL-C concentration is justified by the increased expression of the LDL-C
receptor in the cell, which causes an increase in cholesterol internalization rate, thereby decreasing
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase activity and, therefore, decreasing of
endogenous cholesterol synthesis [33,43]. Thus, carrageenan ingestion leads to decreased cholesterol
absorption rate, leading to increased serum TG concentration and reduced HDL-C. On the other hand,
the need for cholesterol for bile salt synthesis, as a result of carrageenan-induced excretion, leads to the
promotion of endogenous cholesterol synthesis, leading to a decrease in serum LDL-C levels [20,40,41].
Also, the gender difference leads to metabolic changes where the hypolipidemic properties of estrogens
induce a protective role in women [44]. The low activity of the enzyme HMG-CoA reductase in women
indicates that the neo-synthesis of cholesterol is physiologically lower in females, until menopause,
compared with males [33,44]. Also, adding the principle that the presence of estrogens increases
intestinal cholesterol absorption in humans, it seems to justify the significant reduction observed in
LDL-C and TC levels in women as a result of decreased absorption efficiency of induced cholesterol
molecules by vegetable jelly [41,44].

In conclusion, carrageenans constitute a bioactive potential in reducing total cholesterol levels in the
body. Regular consumption of vegetable origin jelly is beneficial, contributing to lower total cholesterol
levels and also to decreased LDL-C levels in females. Ingestion of vegetable jelly can therefore be
considered a good practice as a protection against the development of cardiovascular diseases.

Although these results are considered relevant, the need to increase the number of participants in
this type of study in order to consolidate the presented results in future complementary works must
be emphasized.
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4. Materials and Methods

4.1. Sample Characterization

The study comprised 30 volunteers of both sexes, aged between 20 and 64 years. In the selection
of the sample, the following inclusion criteria were applied: over 18 years old, with previous indication
of elevated TC levels (equal to or higher than 200 mg/dL), and apparently healthy. No restriction
on participants’ eating habits was indicated. As exclusion criteria, pharmacological therapy for
hypercholesterolemia was considered.

The study participation involved the ingestion of 100 mL of vegetable jelly per day, preferably after
dinner, for 60 days. This feature allowed the formation of two experimental groups. The experimental
group with jelly ingestion for 60 days (EG-60 days) was composed of 30 participants. Of these, 12 were
harvested after 30 days, constituting the experimental group with jelly ingestion for 30 days (EG-30
days). In the jelly composition, the presence of a hybrid Kappa–Iota carrageenan polysaccharide,
integrated in the gelling agent, was equal in the various flavours (pineapple, green tea, mango,
strawberry). The analysis of the carrageenan composition present in the jellies was performed by
attenuated total reflectance Fourier transform infrared spectroscopy (FTIR-ATR) spectroscopy on
the IFS 55 equipment using the Golden Gate ATR single reflection diamond system. The jelly with
vegetable origin is available on any commercial food surface. In its composition we find the following
ingredients: sugar, gelling agent (carrageenan, potassium citrates and sucrose), acidity regulators
(citric acid and sodium citrates), aromas (sulfites), antioxidant (ascorbic acid, vitamin C) and dyes
(anthocyanins and beta carotene). For the composition and energy distribution of a portion of 92 g,
equivalent to 100 mL of jelly ingested, the following mean values are given: energy 266 kJ/63 kcal
(3% DR) where DR is the reference dose for an average adult (8400 kJ/2000 kcal) per serving; lipids,
including saturated 0 g; carbohydrates 16 g (6% DR), of which 15 g (17% DR) are sugars; fiber 0 g;
proteins 0 g; salt 0.08 g (1% DR); Vitamin C: 29 mg (36% NRV) where NRV is the nutrient reference
value. The preparation of jelly involves the addition of a 90 g sachet of powdered preparation to
500 mL of boiling water, followed by distribution into five portions.

According to the inclusion criteria, venous blood was collected at three different times: (T0) before
starting the consumption of vegetable jelly, (T1) after 30 days and (T2) 60 days after the first jelly.
Posteriorly, the analytical parameters TC, HDL-C, LDL-C and TG were performed at various times
and the adherence to the Mediterranean diet was evaluated.

4.2. Sample Collection and Preparation

Venous blood samples were collected (about 5 mL) into a vacuum-dried gel tube and centrifuged
at 1800× g, 4 ◦C for 10 min. Serum was aliquoted and stored at −20 ◦C until adjustments were made.
The TC was quantified by the Liquick cor-CHOL KIT, from Cormay, Poland, according to the enzymatic
colorimetric glycerophosphate oxidase method. The determination of TG was performed by the Liquick
cor-TG KIT, from Cormay, Poland, using the enzymatic colorimetric method with cholesterol esterase
and cholesterol oxidase. The HDL-C quantification was performed with the Prestige 24i HDL-DIRECT
KIT, Cormay, Poland with help of the enzymatic direct colorimetric method using cholesterol esterase
and cholesterol oxidase. The concentrations were evaluated by spectrophotometry according to the
protocol and the Prestige 24i equipment, Tokyo Boeki Medical System Ltd., Tokyo, Japan.

The determination of LDL-C was calculated by Friedewald’s formula (LDL-C =

[TC]–[HDL-C]–([TG]/5)) using the TC, HDL-C and TG concentrations previously quantified. The
formula is applied only at TG concentrations <400 mg/dL [34,45].

The adherence to the Mediterranean diet was evaluated by applying the MeDiet questionnaire,
integrated in PREDIMED [28]. Demographic characterization was also obtained by the questionnaire.
The PREDIMED questionnaire presents 14 questions from which the respondent is categorized as
having good or poor adherence to Mediterranean diet. The response to each of the 14 items is scored
1 if it meets the criteria defined as characteristic of this type of feed (possible range 0–14 points).
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A final score of 10 points or higher represents good adherence to the standard. This questionnaire uses
predefined targets for food consumption [46].

4.3. Statistical Analysis

The statistical treatment was performed using SPSS 25.0 Software, IBM®, United States and the
graphs using GraphPad Prism version 8.1.2. Descriptive analysis of the variables was performed with
mean, maximum, minimum, and standard deviation calculations. The Wilcoxon’s t-test was used for
comparison of paired quantitative variables. The results are presented as mean ± standard deviation
and considered statistically significant for p-value < 0.05.

4.4. Confidentiality and Data Protection

The study was conducted in accordance with the principles of the Declaration of Helsinki, ensuring
maximum protection and confidentiality of data, having been previously approved by the Ethics
Committee of the Polytechnic Institute of Coimbra. All subjects gave their informed consent for
inclusion before they participated in the study. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Polytechnic
Institute of Coimbra (nº 44/2018).
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