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Preface to ”Seaweeds Secondary Metabolites”

Seaweed use in gastronomy is common in Asian countries, but its consumption is increasing in

other countries because its nutritional values are being established. Nowadays, scientific studies

are more focused on the potential of seaweed to promote health benefits and prevent several

diseases. In fact, their anticancer, anti-inflammatory, and anti-hypertensive activities have been

established. The relationship between those health effects and the secondary metabolites produced

has been less explored, and in vivo studies are still scarce. This book provides readers with an

understanding of how seaweeds and/or their secondary metabolites can be used to combat some

diseases. Simultaneously, some new isolation techniques are also addressed. Seaweeds Secondary

Metabolites: Successes in and/or Probable Therapeutic Applications is an excellent resource for

students and researchers in natural products chemistry and health-related fields, as well as a source

of in-depth information about the health promoting value of seaweed.

Diana Cláudia Pinto

Special Issue Editor
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Dietary Supplementation with the Red Seaweed
Porphyra umbilicalis Protects against DNA Damage
and Pre-Malignant Dysplastic Skin Lesions in
HPV-Transgenic Mice
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Abstract: Some diet profiles are associated with the risk of developing cancer; however, some nutrients
show protective effects. Porphyra umbilicalis is widely consumed, having a balanced nutritional profile;
however, its potential for cancer chemoprevention still needs comprehensive studies. In this study,
we incorporated P. umbilicalis into the diet of mice transgenic for the human papillomavirus type
16 (HPV16), which spontaneously develop pre-malignant and malignant lesions, and determined
whether this seaweed was able to block lesion development. Forty-four 20-week-old HPV+/− and
HPV−/− mice were fed either a base diet or a diet supplemented with 10% seaweed. At the end of the
study, skin samples were examined to classify HPV16-induced lesions. The liver was also screened
for potential toxic effects of the seaweed. Blood was used to study toxicological parameters and to
perform comet and micronucleus genotoxicity tests. P. umbilicalis significantly reduced the incidence
of pre-malignant dysplastic lesions, completely abrogating them in the chest skin. These results
suggest that P. umbilicalis dietary supplementation has the potential to block the development of
pre-malignant skin lesions and indicate its antigenotoxic activity against HPV-induced DNA damage.
Further studies are needed to establish the seaweed as a functional food and clarify the mechanisms
whereby this seaweed blocks multistep carcinogenesis induced by HPV.

Mar. Drugs 2019, 17, 615; doi:10.3390/md17110615 www.mdpi.com/journal/marinedrugs1
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1. Introduction

Seaweeds are an important nutritional resource in many parts of the world and have various
health-promoting biological activities [1,2]. Frequent consumption of seaweeds in South-East Asian
countries has been associated with low incidence rates of chronic diseases, such as cancer [3,4].
Seaweeds contain high amounts of vitamins, fibers, and minerals, potentially contributing to a
balanced diet if consumed regularly [5]. They are also a source of bioactive compounds with
antioxidant, antitumor, anti-inflammatory and antiviral bioactivities [1,6], which make seaweeds
popular functional foods for disease prevention [7,8]. In fact, some seaweeds contain natural
compounds with significant pharmacological potential for cancer prevention and treatment [9,10].
Porphyra umbilicalis (Bangiophyceae) is an intertidal red seaweed (Rhodophyta), and its genome has
already been disclosed, contributing to clarify the evolution of red seaweeds [11]. P. umbilicalis is used
as food and is particularly appreciated for its unusually high protein content, vitamins, and fibers [12].
In a per-portion comparison, 100 g of wet weight of P. umbilicalis contains more total fiber (3.8 g)
than apples and bananas, 2.0 g and 3.1 g, respectively. Regarding the presence of vitamins, 8 g of
P. umbilicalis contains 9 mg of vitamin C [5]. Among other uses, P. umbilicalis was found to improve the
nutritional profile of meat preparations, increasing its antioxidant properties [13]. Cofrades et al. [12]
demonstrated that this seaweed presents significant benefits to human health, being itself a functional
food. However, to our knowledge, the potential of P. umbilicalis in the prevention of cancer has never
been evaluated.

Many cancers are associated with infection by oncogenic viruses, most commonly, human
papillomavirus (HPV) [14]. High-risk HPVs are responsible for 630,000 new cancer cases per year,
mainly cervical cancer but also other anogenital cancers and some oropharyngeal carcinomas [15].
The most common high-risk HPVs are HPV16 and 18, associated with 73% of HPV-related cancer
cases [15]. Compounds from seaweeds, like carrageenan from Rhodophyta, showed remarkable
preventive effects against HPV infection [16,17]. Recently, Fucus vesiculosus (Ochrophyta) showed
significant in vitro activity against HPV-positive oropharyngeal cancer [18]. The present study
addresses, for the first time, the potential of P. umbilicalis as a functional food to block the
development of HPV-induced pre-malignant dysplastic lesions through its incorporation into the diet of
HPV16-transgenic (K14HPV16) mice [19]. These animals develop multi-step cutaneous lesions induced
by the HPV16 oncogenes, from hyperplastic foci through dysplastic patches to invasive squamous
cell carcinomas, and may be used to test chemopreventive strategies [20,21]. K14HPV16 mice also
show a debilitating syndrome, characterized by systemic inflammation, stunted growth, and chronic
hepatitis, which progresses to overt cachexia with age [22]. We took advantage of these features to
confirm whether P. umbilicalis could help countering this syndrome or would actually raise any safety
issues by aggravating any toxicological parameters.

2. Results

2.1. General Findings

At the end of the experiment, all animal survived, and none showed signs of distress. There were
no significant differences in body weight between groups at any time point, and food intake was similar
throughout the experiment (data not shown). Higher water consumption was observed in groups II
and IV of transgenic animals (7.80 g ± 1.43 and 7.06 g ± 0.79, respectively), compared to groups I and III
of wild-type animals (5.11 g ± 1.14 and 3.61 g ± 0.46, respectively). Thus, significant differences were
not observed among groups (p > 0.05). The relative weight of internal organs is reported in Table 1.
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There was a statistically significant decrease (p = 0.016) in the relative weight of lungs between group I
and group III.

Table 1. Relative weight of organs in the experimental groups (mean ± standard error).

Liver Right Kidney Left Kidney Spleen Lung Heart Bladder Thymus

Group I
(HPV16−/−,
Porphyra
umbilicalis)

0.0541 ± 0.0049 0.0060 ± 0.0002 0.0058 ± 0.0003 0.0040 ± 0.0002 0.0052 ± 0.0002 1 0.0037 ± 0.0002 0.0006 ± 0.0001 0.0010 ± 0.0001

Group II
(HPV16+/−,
P. umbilicalis)

0.0670 ± 0.0015 0.0067 ± 0.0002 0.0065 ± 0.0001 0.0063 ± 0.0007 0.0063 ± 0.0003 0.0046 ± 0.0002 0.0010 ± 0.0001 0.0011 ± 0.0001

Group III
(HPV16−/−,
base diet)

0.0574 ± 0.0012 0.0057 ± 0.0002 0.0062 ± 0.0002 0.0047 ± 0.0002 0.0063 ± 0.0003 0.0042 ± 0.0002 0.0003 ± 0.0002 0.0012 ± 0.0002

Group IV
(HPV16+/−,
base diet)

0.0717 ± 0.0019 0.0069 ± 0.0002 0.0068 ± 0.0002 0.0083 ± 0.0010 0.0071 ± 0.0002 0.0051 ± 0.0002 0.0008 ± 0.0001 0.0014 ± 0.0001

1 p = 0.016 statistically different from group III.

2.2. HPV-Induced Lesions and Hepatic Histology

Histological analysis of skin chest and ear samples are reported in Table 2.
P. umbilicalis-supplemented-diet group II showed epidermal hyperplasia in 100% of the mice,
while base diet-fed group IV only showed 36.4% of epidermal hyperplasia. Therefore, there
were statistically significant differences concerning the skin chest among supplemented and not
supplemented animals (p = 0.004). On the other hand, the P. umbilicalis-supplemented-diet group II
mice did not show epidermal dysplasia, while 63.6% of non-supplemented mice showed epidermal
dysplasia. Regarding ear samples results, there were no statistically significant differences between
the supplemented and the non-supplemented groups. Figure 1 shows skin histological samples for
(a) normal skin, (b) epidermal hyperplasia, and (c) epidermal dysplasia. On histological analysis,
all mice showed normal hepatic morphology (data not shown).

Table 2. Incidence of histological lesions in skin chest and ear samples in the experimental groups.

Skin Chest Incidence/n (%) Ear Incidence/n (%)

Normal
Epidermal

Hyperplasia
Epidermal
Dysplasia

Normal
Epidermal

Hyperplasia
Epidermal
Dysplasia

Group I (HPV16−/−,
P. umbilicalis)

11/11
(100.0%)

0/11
(0%)

0/11
(0%)

11/11
(100.0%)

0/11
(0%)

0/11
(0%)

Group II (HPV16+/−,
P. umbilicalis)

0/11
(0%)

11/11
(100.0%)

0/11
(0%)

0/11
(0%)

7/9
(77.8%)

2/9
(22.2%)

Group III (HPV16−/−,
base diet)

11/11
(100.0%)

0/11
(0%)

0/11
(0%)

11/11
(100.0%)

0/11
(0%)

0/11
(0%)

Group IV (HPV16+/−,
base diet)

0/11
(0%)

4/11 1

(36.4%)
7/11

(63.6%)
0/11
(0%)

4/11
(36.4%)

7/11
(63.6%)

1 p = 0.004, statistically different from group II.
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Figure 1. Skin histology samples of female FVB/n mice, magnification 200×, hematoxylin and
eosin (H&E) staining: (a) Normal skin histology in wild-type groups (I and III); (b) Epidermal
hyperplasia in K14human papillomavirus(HPV)16 transgenic mice; (c) Epidermal dysplasia in
K14HPV16 transgenic mice.

2.3. Serum Biochemical Parameters

The serum biochemical parameters are registered in Table 3. There were no significant differences
between P. umbilicalis-supplemented-diet and base diet-fed groups.

Table 3. Serum biochemical parameters (mean ± standard error).

Group I (HPV16−/−,
P. umbilicalis)

Group II (HPV16+/−,
P. umbilicalis)

Group III (HPV16−/−
Base Diet)

Group IV (HPV16+/−
Base Diet)

Albumin (g/L) 28.65 ± 1.37 30.43 ± 0.93 29.78 ± 1.71 30.37 ± 0.96

Total proteins (g/L) 45.95 ± 1.72 50.32 ± 2.24 51.34 ± 4.07 49.62 ± 1.12

Glucose (mg/dL) 222.29 ± 11.16 197.65 ± 15.97 195.70 ± 15.99 198.07 ± 13.36

Aspartate
aminotransferase (U/L) 35.63 ± 4.03 40.89 ± 5.65 37.28 ± 4.70 38.85 ± 3.54

Alanine aminotransferase
(U/L) 59.34 ± 5.17 65.66 ± 7.16 44.74 ± 3.76 51.82 ± 3.70

Gamma
glutamyltransferase (U/L) 31.75 ± 3.17 40.07 ± 7.67 48.61 ± 6.11 60.78 ± 8.35

2.4. Comet Assay

The P. umbilicalis-supplemented-diet transgenic group II showed a significantly lower basal genetic
damage index (GDI) compared with the base diet-fed group IV (p = 0.006). There were no statistically
significant differences concerning formamidopyrimidine DNA glycosylase (FPG) incubation (GDIFPG)
among groups (Figure 2), but the P. umbilicalis-supplemented-diet group I displayed significantly
(p = 0.001) lower net enzyme-sensitive sites (NSSFPG), compared with the base diet-fed group III
(Figure 3). Higher (p < 0.001) NSSFPG levels were detected in P. umbilicalis-supplemented-diet
transgenic group II, compared with group IV (base diet).
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Figure 2. Mean values of non-specific genetic damage index (GDI, grey) and oxidative genetic
damage index resulted from the assay with an extra step of digestion with formamidopyrimidine
DNA glycosilase (FPG, GDIFPG, black), measured in peripheral blood cells of female FVB/n mice
(n = 11 for each group). Asterisk (‘*’) represents statistically significant differences (p = 0.006) relative to
non-specific DNA damage (grey) in group II, in comparison to the control group IV (grey). Bars represent
the standard deviation.

 
Figure 3. Values of net FPG-sensitive sites from the comet assay with an additional FPG step to detect
oxidized purine bases. ‘*’ represents statistically significant difference (p = 0.001) in group I, in relation
to group III; ’**’ represents statistically significant difference (p < 0.001) in group II, in relation to group
IV (n = 11 for each group).

2.5. Micronucleus Test

The micronucleus (MN) frequencies were slightly lower in the P. umbilicalis-supplemented-diet
group I compared with the base diet-fed group III. The same applies to the
P. umbilicalis-supplemented-diet group II that showed a lower MN frequency compared to the
base diet-fed group IV (Figure 4), although these differences did not reach statistical significance.
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Figure 4. Mean frequency of micronuclei in 1000 erythrocytes of female mice FVB/n during the
experimental study (n = 22 for each group). Bars represent the standard deviation.

3. Discussion

Cancers induced by high-risk HPVs remain among the most frequent and deadly, especially in
developing countries, where the implementation of vaccination and screening programs have been less
successful [15]. In fact, effective prevention efforts are critical to reduce the incidence of many types of
cancer, either by withdrawing risk factors (e.g., oncogenic viruses and tobacco toxins) or by screening
and treating pre-malignant lesions. A growing body of data suggests that some foods and nutrients
also contribute to preventing the development of cancer [23]. Seaweeds are recognized as an important
component of balanced diets in many world regions, and some species have shown anticancer activity.
In general, addition of P. umbilicalis to food increases the concentration of some minerals (K, Ca, Mg,
Mn, and Fe), amino acids, and consequently total protein [12]. Also, P. umbilicalis is a rich source of
polyunsaturated fatty acids which are precursor of various cell components, allowing to maintain
cellular homeostasis [13,24]. However, P. umbilicalis, a widely consumed red seaweed, has not yet been
studied for its chemopreventive activity against cancer.

Here, we report the first data showing that P. umbilicalis is able to block the development of
pre-malignant lesions in a mouse model of HPV16-induced cancer. In K14HPV16 transgenic mice,
the cytokeratin 14 (K14) gene promoter/enhancer is used to specifically target the expression of all
the HPV16 early region genes, including the key drivers of malignant transformation E6 and E7,
to epithelial basal cells in keratinized squamous epithelia [25]. The HPV16 E6 and E7 oncoproteins
induce the degradation of the cellular p53 and retinoblastoma (pRb) proteins, allowing unchecked
proliferation, survival, and accumulation of genetic mutations and driving carcinogenesis [26,27].
In consequence, this animal model develops multi-step lesions of the skin [21]. Our group and others
have characterized these lesions and shown that their development may be blocked pharmacologically,
using investigational and commercial drugs [20,22,28]. HPV16 causes cancers in mucosal surfaces
such as the cervix rather than the skin, but skin lesions in this model closely follow the same
histological and molecular pattern of multi-step carcinogenesis observed in cervical cancer [29,30].
In the present study, P. umbilicalis dietary supplementation completely abrogated the progression of
hyperplastic epidermal lesions to the dysplastic stage in chest skin. Thus, we observed an increase of
hyperplastic epidermal lesions from 36.4 to 100% in transgenic mice supplemented with P. umbilicalis
in comparison with the control group. This suggests that P. umbilicalis was effective in preventing
the progression of HPV16-induced lesions in this animal model. In the ear skin, this effect was
less dramatic: supplementation with P. umbilicalis resulted in a decrease the incidence of dysplasia
from 63.6 to 22.2%. Previous studies have shown that lesions in the chest and the ear progress
along similar pre-malignant epidermal hyperplasia and dysplasia to form invasive squamous cell
carcinomas (SCCs) and that SCCs originating from the chest skin are poorly differentiated and tend to
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metastasize to regional lymph nodes, while SCCs from the ear skin are well differentiated and only
invade locally [19]. It is interesting to notice that P. umbilicalis preferentially inhibited the development
of the most aggressive type of lesions from the chest, rather than that of the well-differentiated
SCCs arising from the ear skin. The present study employed a short-term approach for P. umbilicalis
supplementation, and additional studies are needed to confirm its long-term effects. While it is
possible that long-term supplementation may enhance the protective effects of this seaweed, it is also
possible that these effects may wane over time. P. umbilicalis, being a rich source of polyphenols, has a
broad range of biological activities including anti-inflammatory, immune-modulatory, antioxidant,
cardiovascular protective, and anti-cancer actions [13,31]. Polyphenols show a beneficial influence
on skin aging and dermal diseases (cancer) [32]. A combination of vitamins A, C, and E with natural
extracts obtained from P. umbilicalis can show significant effects in skin protection against UV radiation,
preventing DNA damage and inflammation, and can also act on cell renewal [33]. Inflammation is
associated with the development and malignant progression of most cancers [34]. Therefore, its
control has a negative impact on tumor development. As we previously reported, K14HPV16 mice
showed increased numbers of tumor-associated leukocytes compared with wild-type animals [35].
In fact, multiple studies have shown that the development of lesions in these animals depends on
tumor-associated inflammation and that the administration of anti-inflammatory drugs is able to block
tumor progression [22,28,30,35–37]. Our results support the hypothesis that dietary supplementation
with P. umbilicalis may have chemopreventive effects against pre-malignant lesions induced by HPV16
and associated with inflammation. Another interesting possibility is that P. umbilicalis might be
able to reduce the activity of the cytokeratin 14 gene promoter, thereby decreasing the expression of
the HPV16 transgenes and slowing down the development of lesions. Elucidating the mechanisms
underlying this chemoprevention should be the focus of future studies on this red seaweed. We also
wished to confirm that dietary supplementation with P. umbilicalis was safe, especially in the presence
of a chronic debilitating condition. The present results do not show any influence of P. umbilicalis
over animals’ behavior or the clinico-physiological variables analyzed, such as food intake and body
weight. There were also no changes in the intermediate and hepatic metabolism associated with
P. umbilicalis, at both the biochemical and the histological level. This is particularly interesting, as this
model was previously shown to develop chronic hepatitis easily, as part of a wasting syndrome
characterized by chronic systemic inflammation, presumably in response to the lesions induced by
HPV16 transgenes [22]. The reduced relative mass of the lung in animals treated with P. umbilicalis
of the group I is likely due to the presence of different amounts of residual blood following cardiac
puncture. Two genotoxicity assays were used to study possible mutagenic risks posed by P. umbilicalis,
i.e., the comet assay, also known as single-cell gel electrophoresis (SCGE), and the MN test [38]. The use
of both assays allows the gathering of complementary information, as DNA damage detected by
the comet assay occurs earlier, is rather short-lived, and does not require cell division to become
evident. On the contrary, the MN test detects DNA-strand breaks that are not repaired and persist
beyond mitosis, giving rise to clastogenic lesions or to aneuploidy [39–41]. P. umbilicalis reduced
non-specific GDI in HPV16-transgenic mice. Relatively to the oxidative damage revealed by FPG
treatment, there was a side effect consisting in the stimulation of the antioxidant system. It has been
shown that some foods with antioxidant action induce a slight increase in reactive oxygen species
(ROS) to activate the antioxidant system and thus strengthen the defenses against stronger exogenous
genotoxic stimuli [42]. Concerning wild-type mice, the seaweed had no effect over the non-specific
GDI but significantly reduced oxidative DNA damage. Importantly, the MN test did not reveal any
significant differences between groups, although there was a trend for HPV16-transgenic mice to show
slightly higher MN frequencies. Overall, these results suggest that P. umbilicalis does not induce any
genotoxicity. The seaweed may even have DNA protective effects in specific contexts, and the results
observed in wild-type and HPV16-transgenic animals deserve further study. Currently, there is only
very limited knowledge concerning the DNA protective or damaging effects of seaweeds, and some
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recent studies in Drosophila melanogaster suggested that some seaweed species may provide protection
against different genotoxic insults [43].

4. Material and Methods

4.1. Animals

K14HPV16 transgenic mice were generously donated by Drs. Jeffrey Arbeit and Douglas
Hanahan from the University of California, through the National Cancer Institute Mouse Repository
(USA). In these animals, expression of the whole early region of HPV16 is controlled and directed
to basal epithelial cells by the cytokeratin 14 gene promoter [29]. Forty-four female mice on an
FVB/n background (22 transgenic HPV16+/− mice and 22 wild-type HPV16−/− mice) at 20 weeks
of age were used. By 20 weeks of age, these animals start undergoing a critical change in their
lesions, which progress from a purely hyperplastic stage to a more advanced, dysplastic stage [29,30].
Preventing this transition theoretically blocks further progression towards malignancy, so we chose to
act within this time frame. The animals were genotyped as previously described [25]. This experimental
assay was approved by the University of Trás-os-Montes and Alto Douro Ethics committee (approval
no. 10/2013) and the Portuguese Veterinary Authorities (approval no. 0421/000/000/2014).

4.2. Diet Preparation

Porphyra umbilicalis was harvested from Mindelo beach (41◦18′36.8′’N 8◦44′25.9′’W), Vila do
Conde, Portugal (October 2015). This seaweed was taken to the ALGAplus company, Ílhavo, Portugal,
where it was dried for 24 h in a controlled-temperature chamber (25 ◦C), to 10–12% humidity. Then, the
seaweed was milled and incorporated at 10% (w/w) into a standard mouse diet (Diet Standard
4RF21, Ultragene, Italy). The chosen concentration (10%) was based on research performed with
D. melanogaster [44]. The seaweed and the base diet were finely milled, mixed, and granulated to form
new pellets (2 mm in diameter), using an industrial mixer and adding 6.67% (v/w) of water. The base
diet for the control groups was milled and granulated without including P. umbilicalis. The newly
made pellets were dried at 40 ◦C during 48 h and stored at 4 ◦C until used.

4.3. Experimental Conditions

The animals were maintained in accordance with the Portuguese (Portaria 1005/92 dated
October the 23rd) and European (EU Directive 2010/63/EU) legislation, under controlled conditions
of temperature (23 ± 2 ◦C), light–dark cycle (12 h light/12 h dark), and relative humidity (50 ± 10%).
The animals were identified individually and housed in hard polycarbonate cages (Eurostandard Tipo
IV 1354G, Tecniplast, Italy; Eurostandard Tipo IV S 1500U, Tecniplast, Italy) using corncob bedding
(Ultragene, Santa Comba Dão, Portugal) and environmental enrichment with paper rolls. Water and
food access were provided ad libitum.

4.4. Experimental Design

The animals were divided into four groups: group I (HPV16−/−, n = 11) and group II (HPV16+/−.,
n = 11) received P. umbilicalis-supplemented diet, while group III (HPV16−/−, n = 11) and group
IV (HPV16+/−, n = 11) received the base diet, during 22 consecutive days. Animal body weight,
body condition, behavior, mental status, grooming, ears and whiskers, mucosae, posture, respiratory
and cardiac frequency, hydration status, answer to external stimuli, and feces were monitored weekly,
along with water and food consumption. At the end of the experiment, all animals were sacrificed
by xylazine–ketamine overdose followed by cardiac puncture exsanguination, according to FELASA
guidelines [45]. A complete necropsy of the animals was performed, and the internal organs (liver,
right and left kidney, spleen, lung, heart, bladder, and thymus) were collected. Skin samples (chest and
ear) and internal organs (liver) were collected for histological analysis.
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4.5. Histological Analysis

The left ear was collected and longitudinally sectioned for histological analysis. Chest skin was
harvested from the lower cervical to the diaphragmatic zone, forming a square of approximately 1 cm2.
Skin samples from the chest and ear and liver samples were fixed in 10% neutral buffered formalin
and processed for hematoxylin and eosin (H&E) staining to classify HPV-induced cutaneous lesions
and any toxic hepatic lesions attributable to P. umbilicalis. Skin samples were classified as normal,
epidermal hyperplasia, or epidermal dysplasia. Normal epidermis was characterized by the presence
of only 1 or 2 cellular layers and a keratin layer, while hyperplastic and dysplastic lesions showed
over 3 cellular layers. Additionally, dysplastic lesions showed marked nuclear pleomorphism and
suprabasal mitotic figures. Liver samples were classified as normal liver, grade I hepatitis, grade II
hepatitis, and grade III hepatitis, as previously described [22].

4.6. Biochemical Analysis of Serum

Blood samples were collected by cardiac puncture and centrifuged at 1400× g for 15 min to isolate
serum. The concentration of glucose, albumin, and total protein, as well as alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and gamma glutamyltransferase (GGT) were determined
through spectrophotometric methods using an autoanalyzer (Prestige 24i, Cormay PZ), in order to
detect potential metabolic disorders and hepatotoxic effects.

4.7. Genotoxicity Assays

4.7.1. Comet Assay

The alkaline comet assay (pH > 13) was performed as previously described [46,47]. Briefly, slides
were precoated with normal-melting-point (NMP) agarose. For each animal, 4 slides were prepared
(2 for performing the assay with the repair enzyme and the other 2 for the assay without the enzyme).
Approximately 10 μL of blood was diluted in 200 μL of ice-cold phosphate-buffered saline (PBS)
in a 0.5 mL microtube to prepare a cell suspension. Twenty μL of cell suspension was mixed with
70 μL of 1% low-melting-point (LMP) agarose, and 8 drops were placed onto the 4 precoated slides
(2 replicates per slide). The slides were immersed in a lysis solution and rinsed three times. In order to
specifically measure oxidatively damaged DNA, namely, 8-oxoguanines and other altered purines,
2 slides were incubated for 30 min with formamidopyrimidine DNA glycosylase (FPG), a DNA
lesion-specific repair enzyme which converts oxidized purines into DNA single-strand breaks, donated
by Professor Andrew Collins (University of Oslo, Norway). Slides with and without FPG treatment
were gently immersed in a freshly prepared alkaline electrophoresis solution to allow DNA unwinding.
Subsequently, the cells were electrophoresed in the same solution for 30 min at 25 V and a current
of 300 mA. Following electrophoresis, the cells were immersed in PBS followed by distilled water,
dehydrated in 70% and absolute ethanol, and air-dried. For visual scoring, DNA was stained with
1 μg/mL of 4,6-diamidino-2-phenylindole (DAPI) solution (Sigma-Aldrich Chemical Company, Spain)
and visualized using a fluorescent microscope (OLYMPUS R XC10, U-RFL-T). The relative fluorescence
intensity of head and tail (extent of DNA migration) was used as an indicator of DNA damage.
One hundred comets (50 comets per gel) were evaluated to obtain a GDI in a scale ranging between
0 and 400 arbitrary units. Scores for GDIFPG were subtracted from those for GDI to quantify the
NSSFPG.

4.7.2. Micronucleus Test

The MN test was performed as previously reported [48]. Briefly, MN frequency in erythrocytes
was evaluated through blood smears on glass slides. Two slides were prepared for each animal.
The preparations were air-dried, fixed in methanol for 10 min, and stained in 5% Giemsa for 30 min.
One thousand erythrocytes and the respective micronuclei were counted per slide (2000 cells for each
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animal) under an optical microscope (Nikon Eclipse E100). The MN frequencies were presented as
mean ± SD for each experimental group.

4.8. Statistical Analysis

Relative organ weights were calculated as the ratio of the organ weight to the animal’s bodyweight.
The data were analyzed using IBM SPSS software, version 25. The statistical approach used analysis of
variance (ANOVA), followed a Bonferroni test. A Chi-squared test was performed for the histological
lesions. Student’s t tests were performed for the comet and micronucleus assays. In all tests,
we compared the HPV−/− and the HPV+/− groups fed with different diets (P. umbilicalis-supplemented
animals and base diet-fed animals). So, group I compared to group III and group II to group IV.
Differences were considered statistically significant in all the analyses when p < 0.05.

5. Conclusions

Red seaweed P. umbilicalis reduced the incidence of dysplastic cutaneous lesions induced by HPV16
in this model, suggesting that dietary supplementation with this seaweed in the concentration used
may have beneficial chemopreventive effects. Results also indicate that the tested level of P. umbilicalis
supplementation was safe and did not induce toxicity under the current experimental conditions.
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Abstract: Marine algae have gained much importance in the development of nutraceutical products
due to their high content of bioactive compounds. In this work, we investigated the activity of Padina
pavonica with the aim to demonstrate the pro-osteogenic ability of its extract on human primary
osteoblast (HOb). Our data indicated that the acetonic extract of P. pavonica (EPP) is a safe product
as it did not show any effect on osteoblast viability. At the same time, EPP showed to possess a
beneficial effect on HOb functionality, triggering their differentiation and mineralization abilities. In
particular EPP enhanced the expression of the earlier differentiation stage markers: a 5.4-fold increase
in collagen type I alpha 1 chain (COL1A1), and a 2.3-fold increase in alkaline phosphatase (ALPL),
as well as those involved in the late differentiation stage: a 3.7-fold increase in osteocalcin (BGLAP)
expression and a 2.8-fold in osteoprotegerin (TNFRSF11B). These findings were corroborated by the
enhancement in ALPL enzymatic activity (1.7-fold increase) and by the reduction of receptor activator
of nuclear factor-κB ligand (RANKL) and osteoprotegerin (OPG) ratio (0.6-fold decrease). Moreover,
EPP demonstrated the capacity to enhance the bone nodules formation by 3.2-fold in 4 weeks treated
HOb. Therefore, EPP showed a significant capability of promoting osteoblast phenotype. Given its
positive effect on bone homeostasis, EPP could be used as a useful nutraceutical product that, in
addition to a healthy lifestyle and diet, can be able to contrast and prevent bone diseases, especially
those connected with ageing, such as osteoporosis (OP).

Keywords: Padina pavonica; marine algae; osteoporosis; bone metabolism; bone health; nutraceutical

1. Introduction

Bone is a specialized form of connective tissue and its functions include locomotion, protection
and mineral homeostasis. Osteoblasts, osteocytes, and bone lining cells are bone-forming cells, whereas
osteoclasts are involved in the bone resorption process. The retention of homeostasis is based on
the balance between these opposite activities. Therefore, bone is a very dynamic tissue due to the
continuous balance between mineralization and resorption processes, that guarantee tissue homeostasis
and functions [1]. With ageing, a net loss of bone is observed due to the increment of the resorptive
activity of osteoclasts that is not balanced by novel bone tissue formation. This condition leads to
pathological processes, such as osteoporosis (OP), a devastating bone disease [2] characterized by
thinning of the tissue, changes in skeletal architecture, and significant increase of fracture risks. OP
affects both women and men (even if it is more frequently observed in postmenopausal women), and
the healthy and socio-economic issues connected to this pathology are expected to grow due to the
increase of life expectancy. Due to the inefficiencies of current treatment options and related side effects,
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alternative therapies and preventive agents are highly desirable [3]. Osteogenic bioactive compounds
have been isolated from many marine organisms, mainly macroalgae, such as brown algae Sargassum
horneri and Undaria pinnatifida, so that OP could benefit from a novel and more efficient marine-based
treatment. Compounds from marine organism are known to have a wide range of osteogenic effects,
including stimulation of osteoblast functions and mineralization, as well as suppression of osteoclast
activity [3,4].

Many previous studies have focused on the beneficial protective effects of seaweeds on human
health and against chronic disease as they represent a source of unique bioactive compounds, such as
proteins, peptides and amino acids, lipids and fatty acids, sterols, polysaccharides, oligosaccharides,
phenolic compounds, photosynthetic pigments, vitamins, and minerals [5,6].

For the extraction of all the above-mentioned compounds, many different methods and solvents
have been used. The process parameters of each method and the solvent must be chosen and
optimized in order to obtain the extracts with the targeted bioactive compounds [7]. Parameters such
as techniques, solvent, temperature, and raw material are known to notably affect the yield of extracted
compounds from a quantitative and a qualitative point of view [6,8]. As the demand of macroalgae
in the development of PUFA-related dietary supplements is growing, Kumari P. et al. performed a
comparison of different lipid and fatty acid extraction and derivatization methods [9].

P. pavonica is a marine brown seaweed, a member of the Dictyotaceae family that is widespread
throughout the world in warm temperate to tropical locations, including North Carolina to Florida in
the United States, the Gulf of Mexico, throughout the Caribbean and tropical Atlantic and the Eastern
Atlantic, Mediterranean, and Adriatic Seas [10]. In marine biology, P. pavonica is used above all as sensor
or marker to study pollution levels in the sea and, in general, in the marine environment [11]. Regarding
the functional and positive influence of P. pavonica on human health, sterols, lipids, polysaccharides,
carotenoids, polyphenols, and fibers are the main bioactive compounds found in Padina species [12].

In a previous in vivo study conducted on 40 postmenopausal women and based on the initial
founding by Gilles Gutierrez [13], P. pavonica demonstrated the ability to increase bone mineral density
(BMD) and to exert a positive effect on collagen control (ICP Ltd., personal communication based
on the study performed by Professor Mark Brincat). Nevertheless, based on our literature research,
in vitro biochemical and molecular evaluation supporting osteogenic beneficial effects from P. pavonica
extracts are nonexistent Therefore, in this study, we aimed to demonstrate the activity of EPP on bone
homeostasis, providing the first report on French Polynesian P. pavonica effects on HOb metabolism. In
particular, we undertook biochemical and molecular analyses to demonstrate if this vegetal substance
may increase the uptake and the fixation of calcium by osteoblasts, and thus can induce a mass
increment of bone tissue.

2. Results

2.1. Chemical Composition and Antioxidant Capacity of EPP

EPP was chemically characterized for its total phenolic, flavonoid, and tannin content [6]. The
total phenolic, flavonoid, and tannin contents of the seaweed were 27.0, 54.8, and 54.3 mg per g of
extract, respectively, corresponding to 0.81, 1.64, and 1.63 mg per g of dry material, respectively. The
antioxidant activity resulted as 256 ± 2 μmol of Fe2+ per g of extract.

EPP was also examined for its lipid content by GC-MS [6]. Hydrocarbons represented 79.88%
of the total extract, among which 68.83% corresponded to fatty acids (FAs), 0.19% corresponded to
squalene, and 10.86% to other hydrocarbon species (Figure 1). Sterols represented 8.37% of the extract
and included fucosterol and cholesterol at percentages of 7.40% and 0.97%, respectively (Figure 1).
GC-MS analysis was also performed with a different sample preparation approach consisting in a
saponification and an extraction by dispersive liquid-liquid microextraction (DLLME) of EPP, in order
to analyze the most lipophilic compounds. This analysis mostly confirmed the presence of several
already identified compounds (Figure 1).
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Figure 1. Padina pavonica extract (EPP) lipid content by GC-MS. For the analysis of the most lipophilic
compounds, EPP was submitted to saponification and DLLME. Experiments were performed in
triplicate. Data are presented as mean ± SD.

EPP’s FA profile (Figure 2) showed that the presence of saturated FAs (SFAs) corresponded to
43.45% of total EPP (63.13% of total FAs). Among these, the most abundant FA was palmitic acid with
a total percentage of 34.15%, followed by stearic (3.25%), pentadecanoic (1.95%), arachidic (0.74%),
myristic (0.43%), lauric (0.47%), and behenic (0.04%) acids. Monounsaturated FAs (MUFAs) made up
23.67% of total EPP (34.40% of total FAs). The most abundant MUFA was palmitelaidic acid (16:1 n-7 E,
7.82%), followed by oleic acid (18:1 n-9, 7.79%) and palmitoleic acid (16:1 n-7 Z, 6.29%). Polyunsaturated
FAs (PUFAs) corresponded to 1.70% of EPP (2.47% of total FAs). The main PUFA found in EPP was
arachidonic acid (20:4 n-6, 0.64%), followed by linoleic (18:2 n-6, 0.53) and eicosapentanoic acid (20:5
n-3 0.24%) [6].

2.2. EPP Effects on HOb Viability

EPP did not exhibit significant effects on HOb viability at the concentrations used (1, 10, 20 μg/mL)
after 24 h treatment (Figure 3). We detected a minor effect on HOb viability only at the highest
concentrations tested. Therefore, having verified that EPP had no remarkable toxic effects at the
concentrations tested, we focused on analyzing its functional activity on HOb.

2.3. Expression Analysis of Bone Differentiation Markers

To evaluate the effect of EPP at the molecular level, we extracted RNAs from EPP-treated cells and
performed RT-qPCR analysis of osteoblastic-specific genes. Expression of genes coding for osteocalcin
(BGLAP), osteoprotegerin (TNFRSF11B), collagen type I alpha 1 chain (COL1A1), alkaline phosphatase
(ALPL) and Sox9 after 24 h of treatment with EPP at different concentrations (1, 10, and 20 μg/mL) was
assessed. These mRNA species were chosen for our study as they represent recognized markers of the
different osteoblast differentiation stages. Sox9 mRNA was also monitored as a transcription factor
involved in cartilage growth during chondrogenesis. At the molecular level, Sox9 directly interacts
with RUNX2, a transcription activator of osteoblast-specific genes, decreasing RUNX2 binding to
its target sequences and inhibiting its activity. During osteochondroprogenitor cells’ differentiation
toward the osteoblastic phenotype, Sox9 expression levels decrease and RUNX2 increases [14].
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Figure 2. Padina pavonica extract (EPP) fatty acids (FAs) profile: PUFAs (polyunsaturated FAs), MUFAs
(monounsaturated FAs) and SFAs (saturated FAs). Experiments were performed in triplicate. Data are
presented as mean ± SD.

Figure 3. Viability of human primary osteoblasts (HOb) following 24 h treatment with EPP. Experiments
were performed in triplicate. Data are expressed as percentage of control and presented as mean ± SD.
Statistically significant differences from untreated control are denoted by * p < 0.05.

2.3.1. BGLAP

EPP treatment induced an increment of BGLAP expression in HOb at all the concentrations tested
(Figure 4). In particular, a nearly two-fold increase of BGLAP was observed at 1 and 10 μg/mL, and of
around 3.7-fold at 20 μg/mL.

2.3.2. TNFRSF11B

EPP treatment induced an increase of TNFRSF11B expression in HOb. In particular, all the
concentrations tested induced statistically significant increase of the gene expression: 1.7-fold at
1 μg/mL, 2.8-fold at 10 μg/mL, and nearly two-fold at 20 μg/mL (Figure 5).
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Figure 4. Relative expression of the BGLAP gene from HOb following 24 h treatment with EPP.
Untreated cells were used as controls. Experiments were performed in triplicate. Results are shown as
a mean of fold change in gene expression ± SD using untreated osteoblasts as a control. Statistically
significant differences from untreated control are denoted by * p < 0.05 or § p < 0.01.

Figure 5. Relative expression of the TNFRSF11B gene from HOb following 24 h treatment with
EPP. Experiments were performed in triplicate. Results are shown as a mean of fold change in gene
expression ±SD using untreated osteoblasts as a control. Statistically significant differences from
untreated control are denoted by * p < 0.05 or § p < 0.01.

2.3.3. COL1A1

COL1A1 was expressed in larger amounts in EPP-treated HOb in respect to control (Figure 6).
EPP treatment induced a dose-dependent increase in COL1A1 expression: 2.7-fold at 1 μg/mL, 3.8 at
10 μg/mL, and 5.4-fold at 20 μg/mL.

Figure 6. Relative expression of the COL1A1 gene from HOb following 24 h treatment with EPP.
Experiments were performed in triplicate. Results are shown as a mean of fold change in gene
expression ± SD using untreated osteoblasts as a control. Statistically significant differences from
untreated control are denoted by § p < 0.01.
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2.3.4. ALPL

HOb showed an increase expression of ALPL following EPP treatment (Figure 7). The expression
of the gene was enhanced by nearly 1.9-fold at 1 μg/mL, 2.3-fold at 10 μg/mL, and nearly two-fold at
20 μg/mL.

Figure 7. Relative expression of the ALPL gene from HOb following 24 h treatment with EPP.
Experiments were performed in triplicate. Results are shown as a mean of fold change in gene
expression ± SD using untreated osteoblasts as a control. Statistically significant differences from
untreated control are denoted by § p < 0.01.

2.3.5. Sox9

EPP treatment of HOb resulted in a dose-dependent reduction of Sox9 expression compared to
control (Figure 8): 0.8-fold at 1 μg/mL, 0.4-fold at 10 μg/mL, and 0.3-fold at 20 μg/mL.

Figure 8. Relative expression of the Sox9 gene from HOb following 24 h treatment with EPP. Experiments
were performed in triplicate. Results are shown as a mean of fold change in gene expression ± SD
using untreated osteoblasts as a control. Statistically significant differences from untreated control are
denoted by § p < 0.01.

2.4. Receptor Activator of Nuclear Factor-κB Ligand (RANKL) and Osteoprotegerin (OPG) Ratio
(RANKL/OPG Ratio)

The RANKL/OPG ratio is the main determinant of bone mass and better reflects the bone
remodeling condition [15]. In EPP-treated HOb, we detected a reduction in RANKL/OPG ratio
with increasing EPP concentrations (Figure 9). In particular, EPP at 20 μg/mL caused a reduction in
RANKL/OPG ratio of nearly 0.6-fold compared to untreated HOb (CTR).
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Figure 9. RANKL/OPG levels in HOb following 96 h treatment with EPP. Experiments were performed
in triplicate. Data are expressed as percentage of control and presented as mean ± SD. Statistically
significant differences from untreated control are denoted by * p < 0.05.

2.5. Alkaline Phosphatase (ALPL) Activity

ALPL activity was detected following 96 h treatment with EPP. Compared with control cell
cultures, EPP treatment significantly upregulated ALPL activity in HOb (Figure 10). In particular, EPP
treatment at 1, 10, and 20 μg/mL led to an increase in ALPL enzymatic activity of 1.25, 1.5, and 1.7-fold
over the control, respectively.

Figure 10. ALPL activity in HOb following 96 h treatment with EPP. Experiments were performed
in triplicate. Data are expressed as percentage of control and presented as mean ± SD. Statistically
significant differences from untreated control are denoted by § p < 0.01.

2.6. Bone Nodule Formation and Mineralization

Detecting the formation of mineralized nodules in EPP-treated HOb cultures has provided a
means to assess mature osteoblast cells’ function and the status of the cultures.

EPP treatment of HOb for 3 or 4 weeks induced the deposition of mineralized nodules (Figure 11a).
The nodules appeared three-dimensional under a phase contrast microscope and continued to grow
until the end of the culture period.

Quantifying the mineralized nodules after 3 weeks indicated no significant difference in HOb
treated with EPP at 1 and 10 μg/mL compared to the control, whereas 20 μg/mL EPP induced a
2.6-fold increase in calcium deposition (Figure 11b). At 4 weeks EPP treatment, a larger increase in
calcium deposition was observed at all the concentrations of EPP tested: 1.4-fold at 1 μg/mL, 3.1-fold
at 10 μg/mL, and 3.2-fold at 20 μg/mL (Figure 11c).

21



Mar. Drugs 2019, 17, 473

Figure 11. Detection (a) and quantification (b,c) of mineralized nodules formed in HOb cultured
for 3 weeks (b) or 4 weeks (c) in the presence of EPP at different concentrations. Experiments were
performed in triplicate. Bars represent mean ± SD. Original magnification: 10×.

3. Discussion

OP is a silent disease which leads to feeble quality of life and increased mortality in aged people,
especially in postmenopausal women [16]. The balance between bone resorption and bone formation is
the key point in bone homeostasis and health and an imbalance of these events causes OP. Loss of bone
matrix and mass and microarchitectural deterioration are the main features of OP that increase the
rate of fractures [16]. Nowadays, finding the proper treatment for bone-related disease is a matter of
great interest. Due to the inefficiencies of current treatment options and related side effects, alternative
therapies and preventive agents are highly desirable [3]. Since natural products are showing lower
side effects and are more suitable for long-term use, they are quickly replacing traditional synthetic
drugs [16].

Osteogenic bioactive compounds have been isolated from many marine organisms, mainly
macroalgae, such as brown algae Sargassum horneri and Undaria pinnatifida, so that OP could benefit
from a novel and more efficient marine-based treatment. Compounds from marine organisms are
known to have a wide range of osteogenic effects, including stimulation of osteoblast functions and
mineralization, as well as suppression of osteoclast activity [3,4].

Marine algae have been demonstrated to be strong candidates for the extraction and enforcement
of novel drugs [17] and in recent years, significant development has been achieved in the isolation of
these active compounds with several activities, such as anticancer, anti-inflammation, antioxidant, and
having an inhibitory effect on ROS generation [18].

Numerous macroalgae have shown potent cytotoxic activities and some authors have suggested
the utilization of algae as a chemopreventive agent against several cancers. Among these, extracts
from Laurencia viridis and Portieria horemanii, containing dehydro-thrsiferol and halomon, have been
tested in preclinical trials [19,20]. Recently, the methanolic extract of P. pavonica from the Adriatic Sea
(Montenegro) was demonstrated to possess antitumoral activities on human cervical and breast cancer
cell lines [21], inducing high DNA damage and cell growth inhibition due to apoptosis. Moreover, we
previously demonstrated the proapoptotic activity of French Polynesian P. pavonica extract on human
osteosarcoma cells. These finding suggests that EPP could be of special interest for developing novel
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therapeutic agents for osteosarcoma, a rare highly malignant bone cancer, whose cells phenotypically
present an early stage of differentiation [2].

Extract or bioactive compounds from macroalgae have been shown to possess a noticeable effect
on regulation of bone metabolism as proved by enhanced bone mass, trabecular bone volume, number
and thickness and lower trabecular separation, resulting in a higher bone strength [17]. Such anti-OP
effects seem to be mediated via antioxidant or anti-inflammatory pathways and their downstream
signaling mechanisms, leading to osteoblast mineralization and osteoclast lack of activity [17].

Seaweeds not only consist of organic bio-active compounds such as phenols, flavonoids and
tannins, fatty acids, polysaccharides, proteins, and fibers, but they are also a valuable source of minerals
such as calcium, magnesium, and other bone-supporting elements [22]. Mineral-rich extracts have
been isolated from the red marine algae Lithothamnion calcareum and tested as a dietary supplement
for prevention of bone mineral loss [22]. The extract of the brown algae Sargassum horneri has been
demonstrated to possess an anabolic effect on bone elements, due to its capacity to stimulate bone
deposition and inhibit bone degradation in rat femoral tissues in vitro and in vivo [23].

The effect of algae such as Undaria pinnatifida, Sargassum horneri, Eisenia bicyclis, Cryptonemia
scmitziana, Gelidium amasii, and Ulva pertusa Kjellman on bone calcification have been studied. Results
showed that bone calcium content was significantly increased [22,24].

The methanol extract of brown algae Ecklonia cava has been used for in vitro arthritis treatment [25].
Nevertheless, very few compounds have been analyzed and reported for bone-related disease

treatment and the effect of marine algae extracts on bone metabolism has not yet been entirely clarified.
Still much research work is needed for further elucidations.

In this work, we investigated the proanabolic activity of P. pavonica on HOb by monitoring the
effects of EPP on cell viability, differentiation, and mineralization.

EPP was previously characterized for its chemical composition; in particular, we determined the
total phenolic, flavonoid, and tannin content, antioxidant activity, lipid composition, and fatty acid
profile [6].

Regarding the effect of the brown algae P. pavonica on bone metabolism, in a previous in vivo
study, the activity of a marine algae-derived molecules on bone density and collagen synthesis markers
were investigated. Briefly, 40 postmenopausal women were recruited and randomly treated with
different dose of P. pavonica. Every 3 months, physical examination, including bone densitometry and
collagen markers measurement, was conducted. At the end of the 12-month period, an ultrasound
scan and cervical cytology analysis were conducted. P. pavonica demonstrated the ability to increase
BMD measured in lumbar spine and femur neck compared to the untreated group. Regarding collagen
analysis, procollagen I C-end terminal peptides and pyridinium crosslinks were investigated as markers
of bone formation and bone resorption, respectively. Results revealed that P. pavonica may have a
positive effect on collagen control. Finally, P. pavonica did not appear to affect other estrogen-sensitive
organs such as the endometrium or vaginal mucosa. Steroid structure compounds were suggested
as the active molecules responsible for the observed effects. Such results led to the hypothesis of a
selective estrogen receptor modulator-like molecules (ICP Ltd., personal communication based on the
study performed by Professor Mark Brincat).

Nevertheless, based on our literature research, in vitro biochemical and molecular evaluation
supporting beneficial osteogenic effects of P. pavonica extracts are nonexistent. Hence, in this study, for
the first time, the biological activity of EPP was evaluated on HOb.

Overall, our data indicate that EPP is a safe product regarding cell viability, showing no toxicity
against HOb. RT-qPCR was used to examine the expression of ALPL, collagen type I alpha 1
chain, osteoprotegerin, and osteocalcin. These mRNA species were chosen for our study as they
represent recognized markers of the different osteoblast differentiation stages. COL1A1 and ALPL
characterized the earlier stage; in the late stage, matrix mineralization occurs when the organic
structure is supplemented with osteocalcin, which stimulates deposition of mineral substances [26].
EPP exhibited the capacity to increase the expression of the earlier differentiation-stage markers
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(COL1A1 and ALPL) as well as those involved in terminally osteoblastic differentiation (BGLAP
and TNFRSF11B). In accordance with these findings, EPP also showed the ability to increase ALPL
enzymatic activity. Sox9 mRNA was also monitored. Sox9 is a chondrocyte-specific transcription
factor and it is required for prechondrogenic cell condensation and prechondrocyte and chondroblast
differentiation [27]. The SOX9 and RUNX2 expression ratio is crucial in determining the shift in
equilibrium toward osteogenesis or chondrogenesis [28]. RUNX2 regulates downstream genes that
determine the osteoblast phenotype and controls the expression of osteogenic marker genes such as
ALPL, Osteopontin (OPN), Osterix (OSX), COL1A1, Bone sialoprotein (BSP), and BGLAP [28].

Zhou G. et al. [14] in their study identified a transcriptional repressor function of Sox9 on RUNX2
acting during chondrogenic cell fate commitment and chondrogenesis. There are evidences on the
dominance of Sox9 function over RUNX2 during the early first step in the progenitor cell fate decision
between osteoblastic vs. chondrogenic lineages. It has been shown that Sox9 misexpression repressed
RUNX2 function and diverted cell fate from bone to cartilage in the craniofacial region [14]. Based
on these evidences, we selected Sox9 as a marker for the osteoblast phenotype maintenance in order
to prevent osteoblasts from shifting toward the chondrogenic lineage. Regarding EPP treatment, a
decrease in Sox9 expression was detected in treated osteoblast culture compared to untreated culture.

RANK, RANKL, and OPG have a fundamental role in bone remodeling and the RANKL/OPG
ratio is the main determinant of bone mass and better reflects the bone remodeling condition [29].
Our results showed that EPP upregulated OPG expression in HOb compared to the control culture.
OPG acts as nonfunctional receptor to compete with the osteoclast activation receptor RANK for its
ligand RANKL. Therefore, EPP showed an indirect inhibition effect on osteoclast activation. Finally,
results showed a decrement in RANKL/OPG ratio as a demonstration of EPP capacity to inhibit
bone resorption.

In the final step, the mineralizing ability of EPP was evaluated by Ca2+ deposition assay through
an Alizarin red S (ARS) staining assay. EPP was found to significantly enhance mineralized nodule
formation in osteoblast cultures. After 3 or 4 weeks, considering the tested concentrations of EPP (1, 10,
20 μg/mL), the extract did not have toxic effects on the cultures as cells were still vital, visibly attached,
and occupying the entire bottom of the plate as compared with those of the control group. Mineralized
nodules were observed in cells cultured in the absence of common mineralization agents such as
dexamethasone and betaglycerophosphate, demonstrating the remarkably ability of the EPP to induce
mineralization and indicating that this product serves as a suitable mineralized-nodule-inducing factor.
Calcium level is crucial in the strengthening of bone and bone homeostasis. Regarding the therapeutic
potential of marine algae in calcium-mineralization of osteoblasts, some phlorotannins have been
identified as bioactive components in Ecklonia sp. [30].

Since there have been no previous reports, to our knowledge, this work can be considered the first
to demonstrate the osteogenic capacity of P. pavonica extract in vitro. In the present study, we have
shown EPP to be able to increase the deposition of mineralized organic matrix by osteoblasts through
an increase of osteoblastic differentiation. The present study is the first to investigate the direct effects
of EPP on bone-forming osteoblasts, providing evidences both at the molecular and cellular level. We
demonstrated that EPP has a strong modulatory effect on the expression of osteoblast-specific markers
such as: COL1A1, ALPL, BGLAP, TNFRSF11B genes, ALPL enzymatic activity, as well as on the
RANKL/OPG ratio and on formation of mineralized bone nodules in long-term HOb cultures. This is
important with regard to developing materials for bone repair or bone tissue engineering/regeneration,
or active nutritional supplements.

4. Materials and Methods

4.1. Chemical Composition of EPP

EPP was produced and chemically characterized as previously described [6]. Briefly, EPP was
produced by Soxhlet extraction using acetone as the solvent, starting from algae collected in French
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Polynesia in June 2014. EPP was first tested for its total phenolic, flavonoid, and tannin content
through spectrophotometric assay (Folin–Ciocalteu method, aluminum chloride colorimetric method,
Broadhurst vanillin–HCl method, respectively) [6]. The determination of the antioxidant activity of
the extract was performed using the method of FRAP assay [6]. Finally, EPP was examined for its
lipid content by GC-MS. For the analysis of the most lipophilic compounds, EPP was subjected to
saponification and dispersive liquid-liquid microextraction (DLLME) [6].

4.2. Isolation and Culture of HOb

HOb were isolated from the trabecular bone of adult knee samples obtained with ethical approval
and informed consent during routine replacement surgery. Trabecular bone fragments were widely
washed in PBS pH 7.4 to remove blood and bone marrow, and then transferred to culture containing
DMEM (PAN Biotech) supplemented with 10% v/v fetal bovine serum (FBS) (Ultra-low endotoxin,
Euroclone), and 1% v/v penicillin–streptomycin. Cultures were incubated at 37 ◦C in a humidified
atmosphere of 5% CO2. Bone fragments were maintained in culture by removing the conditioned
medium and replacing it with a fresh one, every 2 weeks. After 3–6 weeks in culture, a cellular
confluent monolayer of Hob had grown out from the bone fragments (E1 culture) [31].

4.3. Cell Culture and Treatment

HOb were seeded at a density of 3000 cells/well into a 96-well multiplate for MTT assay, or at a
density of 15,000 cells/well into a 24-well multiplate for ARS assay or total RNA extraction, and cultured
in DMEM supplemented with 10% v/v FCS and 1% v/v penicillin–streptomycin. Subconfluent cells
were treated with EPP obtained as previously described [6] at 1 μg/mL, 10 μg/mL, and 20 μg/mL and
using DMSO as control, for 24 h for MTT assay or RNA extraction and for 96 h for RANKL and OPG
ELISA kit. Alternatively, for ARS assay, confluent cells were treated at the same EPP concentrations for
3 or 4 weeks; fresh medium (containing EPP or DMSO) was replaced twice a week.

4.4. MTT Assay

Cell viability was determined after 24 h of treatment. Culture medium was removed and cells
were incubated with MTT in white DMEM for 3.5 h. After incubation time, Formazan salts were
dissolved in DMSO and absorbance was evaluated by a microplate reader with at 550 nm.

4.5. RT-qPCR

Each cultured construct was independently collected after 24 h of treatment. Total RNA extraction
and cDNA synthesis were obtained using the FastLane Cell cDNA kit (Qiagen, Milano, Italy)
with a TProfessional Basic Thermocycler (Biometra, Cinisello Balsamo-Milano, Italy), following
manufacturer’s instruction. The RT-qPCR analyses were then performed with a RotorGene 6000
(Qiagen, Milano, Italy) using the SYBR®GreenERTM qPCR SuperMix Universal kit (Invitrogen Thermo
Fisher, Monza, Italy). Target genes were amplified using specific primer pairs obtained from KiCqStart™
Primers (Sigma Aldrich, Milano, Italy). For each sample, the quality of the PCR product was tested by
melting curve analysis. The results were expressed as fold change (increase or decrease) in expression
of the treated sample in relation to the untreated sample. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as reference gene to control for experimental variability and the level of mRNA
expression was normalized to GAPDH mRNA. RT-qPCR analysis was performed in duplicate on
samples taken from three independent cultures (i.e., six measurements for each gene).

4.6. ALPL Assay

After 96 h treatment, ALPL activity was quantified following the method described by Lowry and
modified by Tsai [32]. Briefly, cells were washed with PBS and cells were lysed with 100μL of 0.1%
SDS. A total of 100μL of the lysate was incubated with 250μL p-nitrophenyl phosphate in glycine
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buffer at 37 ◦C for 30 min. The enzymatic reaction was stopped by adding 100μL of ice-cold 3 M
NaOH, and the amount of p-nitrophenol liberated was measured spectrophotometrically (405 nm).
Each experiment was performed in triplicate and results were normalized to cell protein content.

4.7. Quantitative Detection of RANKL and OPG

OPG and RANKL release into the culture medium were measured after 96 h of treatment using
their respective ELISA kit (Abcam, Cambridge, UK) following the manufacturer’s instructions. Optical
density was read at 450 nm wavelength.

4.8. Nodules Formation and Mineralization Assay

Mineralized nodules formation and degree of mineralization were determined in HOb cells treated
with EPP at 1 μg/mL, 10 μg/mL, and 20 μg/mL and using DMSO as control, for 3 or 4 weeks, fresh
medium (containing EPP or DMSO) was replaced twice a week. After 3 or 4 weeks treatment, cells
were submitted to ARS staining as described [33]. Briefly, cells were fixed with 70% v/v cold ethanol for
1 h and stained with 40 mM ARS stain in dH2O (pH 4.1) at RT for 20 min. Cells were washed five times
with dH2O and two times with cold PBS. Mineralized ARS-positive nodules present in each well were
visualized using inverted microscope. For the quantification of mineralization, ARS was extracted with
10% cetylpyridinium chloride (CPC) in PBS for 1 h, followed by absorbance measurement at 550 nm.

4.9. Statistical Analysis

Experiments were performed in triplicate. Data were expressed as mean ± SD. Statistical
significance of differences was determined by ANOVA analysis, with a Bonferroni post hoc test.
Statistically significant differences from untreated control are denoted by * p < 0.05 or § p < 0.01.
Differences were considered significant at p < 0.05 (Graphpad; San Diego, CA, USA).
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Abstract: Recently, seaweeds and their extracts have attracted great interest in the pharmaceutical
industry as a source of bioactive compounds. Studies have demonstrated the cytotoxic activity of
macroalgae towards different types of cancer cell models, and their consumption has been suggested
as a chemo-preventive agent against several cancers such as breast, cervix and colon cancers.
Reports relevant to the chemical properties of brown algae Padina sp. are limited and those
accompanied to a comprehensive evaluation of the biological activity on osteosarcoma (OS)
are non existent. In this report, we explored the chemical composition of French Polynesian
Padina pavonica extract (EPP) by spectrophotometric assays (total phenolic, flavonoid and tannin
content, and antioxidant activity) and by gas chromatography-mass spectrometry (GC-MS) analysis,
and provided EPP lipid and sterols profiles. Several compounds with relevant biological
activity were also identified that suggest interesting pharmacological and health-protecting effects
for EPP. Moreover, we demonstrated that EPP presents good anti-proliferative and pro-apoptotic
activities against two OS cell lines, SaOS-2 and MNNG, with different cancer-related phenotypes.
Finally, our data suggest that EPP might target different properties associated with cancer
development and aggressiveness.

Keywords: Padina pavonica; osteosarcoma; apoptosis; algae; chemo-preventive agent; phytol;
fucosterol; fatty acid

1. Introduction

Recently, seaweeds and their extracts have attracted great interest in the pharmaceutical industry
as a source of bioactive compounds [1].

A number of studies have demonstrated the cytotoxic activity of macroalgae towards different
types of cancer cell models and certain authors have suggested the consumption of algae as a
chemo-preventive agent against several cancers. In particular, brown algae have demonstrated
to be rich in unsaturated fatty acids, which block growth and systemic spread of human breast
cancer, polysaccharides and terpenoids which are considered as promising bioactive molecules
with anticancer activity [2,3]. Padina pavonica is representative of brown algae which can be found
throughout the world from warm temperate to tropical locations, including: North Carolina to Florida
in the United States, the Gulf of Mexico, throughout the Caribbean and tropical Atlantic and the
Eastern Atlantic, Mediterranean and Adriatic Seas [4]. There are several species of algae belonging to
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the genus padina. The main chemical classes of compounds found in padina species are represented by:
sterols, lipids, polysaccharides, carotenoids, polyphenols and fibers [5]. However, in addition to the
name and the geographical spread, changes can be noted also in its biochemical composition.

Although Osteosarcoma (OS) is a rare disease comprising less than 1% of cancers diagnosed in the
United States, it is the most common primary malignant bone tumor in adolescents and young adults.
OS accounts for 8.9% of cancer-related deaths and carry an overall 5-year survival rate of 60–70%
despite modern treatment protocols that combine chemotherapy and surgery [6,7]. Chemotherapy has
been established as a critical component of OS therapy, but its adverse side effects associated with the
drug resistance developed by tumors, lead to the urgent need for new and specific anticancer agents.

In this study, we aimed to demonstrate the antitumoral activity of the extract of Padina pavonica
(EPP) on human OS cells in order to provide the molecular evidences supporting the development of
EPP-based products usable as a potential chemo-preventive agent against OS.

2. Results

2.1. Chemical Composition and Antioxidant Capacity of Padina pavonica Extract

The extract of Padina pavonica (EPP) under investigation was produced by Soxhlet extraction using
acetone as solvent, starting fronds of mature from algae collected in French Polynesia in June 2014.

EPP was first chemically characterized for its total phenolic, flavonoid and tannin content through
spectrophotometric assays. The total phenolic, flavonoid and tannin contents of the seaweed were 27.0,
54.8, and 54.3 mg per g of extract, respectively, corresponding to 0.81, 1.64 and 1.63 mg per g of dry
material, respectively. The antioxidant activity was evaluated by ferric reducing antioxidant power
(FRAP) assay and resulted as 25.6 ± 0.2 μmol of Fe2+/100 mg of extract.

EPP was also examined for its lipid content by GC-MS. Hydrocarbons represented the 79.88%
of the total extract, among which 68.83% corresponded to fatty acids (FAs), 0.19% corresponded to
squalene and 10.86% to other hydrocarbon species (Table 1).

Table 1. Chemical composition (%) of EPP.

EPP (%)

Hydrocarbons

Fatty acids 68.83
Squalene 0.19

Other hydrocarbons 10.86
Total hydrocarbons 79.88

Sterols

Cholesterol 0.97
Fucosterol 7.40

Total sterols 8.37

Other compounds

α-Tocopherol 0.17
δ-Tocopherol 0.19

Phytol 5.27
Neophytadiene 5.56

2,4-di-tert-butylphenol (DTBP) 0.18
2(4H)-Benzofuranone, 5,6,7,7a-tetrahydro-4,4,7a-trimethyl-,

(R)-(Dihydroactinidiolide) 0.37

Sterols represented the 8.37% of the extract and included fucosterol and cholesterol in a percentage
of 7.40% and 0.97%, respectively (Table 1). We also calculated the ratio between fucosterol and
cholesterol (F:C) which corresponded to 7.6:1. Other noteworthy compounds identified were: α- and
δ-tocopherol, which corresponded to 0.17 and 0.19% respectively, phytol (5.27%), neophytadiene,
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a terpene compound that amounted to 5.56%, 2,4-di-tert-butylphenol (0.18%) and dihydroactinidiolide
(0.37%) (Table 1).

GC-MS analysis was also performed with a different sample preparation approach consisting in
saponification and subsequent extraction by dispersive liquid-liquid microextraction (DLLME) of EPP,
in order to analyse the most lipophilic compounds. This analysis mostly confirmed the presence of
several already identified compounds (Table 2), such as: phytol (53.85%), fucosterol (17.57%), palmitic
acid (12.00%), cholesterol (4.57%), 2,4-di-tert-butylphenol (2.99%), stearic acid (3.40%), oleic acid (0.59%),
dihydroactinidiolide (0.62%), squalene (0.19%) and δ-tocopherol (0.27%), and n-nonadecanol-1 (0.20%).

Table 2. EPP composition (%) following saponification and DLLME.

EPP (%)

Hydrocarbons

Fatty acids 17.11
Squalene 0.19

Other hydrocarbons 1.65
Total hydrocarbons 18.95

Sterols

Cholesterol 4.57
Fucosterol 17.57

Total sterols 22.14

Other compounds

δ-Tocopherol 0.27
Phytol 53.85

2,4-di-tert-butylphenol (DTBP) 2.99
6-Hydroxy-4,4,7a-trimethyl-5,6,7,7a-tetrahydrobenzofuran-2(4H)-one 0.99

2(4H)-Benzofuranone, 5,6,7,7a-tetrahydro-4,4,7a-trimethyl-,
(R)-(Dihydroactinidiolide) 0.62

n-Nonadecanol-1 0.20

EPPs FAs profile showed the presence of FAs with aliphatic chains ranging from 12 up to 22
carbon atoms (Table 3). Saturated FAs (SFAs) corresponded to 43.45% of total EPP (63.13% of total FAs).
Among these, the most abundant FA was palmitic acid with a total percentage of 34.15%, followed by
stearic (3.25%), pentadecanoic (1.95%), arachidic (0.74%), myristic (0.43%), lauric (0.47%) and behenic
(0.04%). Monounsaturated FAs (MUFAs) were 23.67% of total EPP (34.40% of total FAs). The most
abundant MUFA was palmitelaidic acid (16:1 n-7 E, 7.82%) followed by oleic acid (18:1 n-9, 7.79%)
and palmitoleic acid (16:1 n-7 Z, 6.29%). Polyunsaturated FAs (PUFAs) corresponded to 1.70% of EPP
(2.47% of total FAs). The main PUFAs found in EPP was arachidonic acid (20:4 n-6, 0.64%) followed by
linoleic (18:2 n-6, 0.53) and eicosapentanoic acid (20:5 n-3 0.24%). We also calculated the ratio between
n-6 and n-3 PUFAs which corresponded to 5.61.

Table 3. Fatty acids (%) of EPP.

Fatty Acids (FAs) EPP (%)

Saturated fatty acids (SFAs)

Lauric acid 12:0 0.47
Myristic acid 14:0 0.43

Pentadecanoic acid 15:0 1.95
Palmitic acid 16:0 34.15
Stearic acid 18:0 3.25

Arachidic acid 20:0 0.74
Behenic acid 22:0 0.04

Other SFAs 2.42
Total SFAs 43.45
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Table 3. Cont.

Fatty Acids (FAs) EPP (%)

Monounsaturated fatty acids (MUFAs)

Oleic acid (18:1 n-9) 7.79
Palmitelaidic acid (16:1 n-7 (E)) 7.82
Palmitoleic acid (16:1 n-7 (Z)) 6.29

Other MUFAs 1.76
Total MUFAs 23.67

Polyunsaturated fatty acids (PUFAs)

Linoleic acid (18:2 n-6) 0.53
Eicosapentanoic acid (20:5 n-3) 0.24

Arachidonic acid (20:4 n-6) 0.64
Other PUFAs 0.29
Total PUFAs 1.70

Total n-6 PUFAs 1.36
Total n-3 PUFAs 0.24

Ratio n-6/n-3 5.61

2.2. EPP Effects on OS Cell Viability and Proliferation

EPP inhibited SaOS-2 cell viability in a dose and time dependent trend with an IC50 after 24 h
treatment of 152.2 ± 7.7 μg/mL (Figure 1). These results were confirmed also after 48 h treatment.

On MNNG cells EPP showed a more pronounced effect on cell viability in respect of SaOS-2 cells,
with a IC50 of 87.75 ± 18.57 μg/mL after 24 h treatment and a more remarkable effect was detected
after 48 h treatment.

Figure 1. IC50 of EPP after 24 and 48 h treatment on SaOS-2 and MNNG. IC50 was calculated using
Graphpad. Cell viability was expressed as percentage in respect to control and EPP concentrations (3.1,
6.25, 12.5, 25, 50, 100 and 200 μg/mL) were reported in a logarithmic scale.

EPP induced a decrease of proliferation in SaOS-2 and MNNG cells in a dose-dependent manner
(Figure 2). A reduction of cells proliferation of about 51%, 70% and 82% was observed for SaOS-2 when
treated for 24 h with EPP at IC50/2, IC50 and 2*IC50 (as calculated by cell viability assay for SaOS-2)
respectively. Analogously, in MNNG cells we observed a reduction in cells count of about 30%, 77%
and 89% when treated for 24 h with EPP at IC50/2, IC50 and 2*IC50 (as calculated by cell viability assay
for MNNG) respectively.
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Figure 2. SaOS-2 and MNNG cell proliferation after 24 h treatment with EPP at IC50/2, IC50 and 2*IC50

in starved conditions determined by the Scepter 2.0 cell counter. Data are expressed as percentage in
respect to control and presented as mean ± SD, **** p < 0.0001.

2.3. EPP Effects on OS Cell and Nuclear Morphology

Bright-field images showed noticeable morphological changes in both OS cell lines, moving from
control to the highest concentration of EPP (Figure 3A). After 24 h treatment with EPP at IC50 and
2*IC50, cells lost their original elongated shape and become rounding and blebbing. A reduction in cell
number and dimension, as well as cytoplasm condensation were also observed in both SaOS-2 and
MNNG cells, representing a clear sign of the activity of the treatment.

To evaluate whether EPP exhibited cytotoxicity through apoptosis in both OS cell lines, a DAPI
staining analysis was performed to observe nuclear morphological changes (Figure 3B). Such analysis
demonstrated that the exposure of OS cells to EPP induced apoptosis in a dose dependent manner; indeed,
both SaOS-2 and MNNG cells showed loss of regular shape and well-defined boundaries. Moreover, at the
highest concentration tested (2*IC50), EPP exhibited a more remarkable apoptotic effect against MNNG
than SaOS-2 with greater nuclear fragmentation, chromatin condensation and nuclear blebbing.

These evidences were confirmed by the high percentage of late apoptotic MNNG cells rather than
SaOS-2 cells (par. 2.4).

 

Figure 3. (A) Bright-field images of SaOS-2 and MNNG OS cells line after 24 h treatment with EPP
at IC50/2, IC50 and 2*IC50 or DMSO 0.3% as negative control. Cells are shown at ×10 magnification.
(B) Nuclear morphological changes and DNA damage assessment in SaOS-2 and MNNG cells OS cells
line after 24 h treatment with EPP at IC50/2, IC50 and 2*IC50 using DMSO 0.3% as negative control.
Arrows indicate nuclear fragmentation, which can be considered a biochemical hallmark of apoptosis.
Cells are shown at ×63 magnification.
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2.4. EPP Induces Apoptosis in OS Cells

The exposure of SaOS-2 and MNNG cells to EPP resulted in dose-dependent increase of the
percentage of small diameter cells (6–9 μm), compared to control (Figure 4). The gradual increase in
the percentage of cells in the small particle fraction after treatment with different concentrations of
EPP can be regarded as an index of late cell apoptosis.

To confirm the pro-apoptotic effect of EPP, we performed the Annexin V-FITC/propidium iodide
(PI) assay on SaOS-2 and MNNG cells treated with EPP (at their relative IC50/2, IC50 and 2*IC50) for
6 h (Figure 5A,B and Table 4). SaOS-2 apoptotic cells were, roughly, completely absent in the untreated
culture, as expected for cancer cells: 88.04 ± 3.33% of non-apoptotic (AnV−/PI−), 11.17 ± 2.94 of early
apoptotic (AnV+/PI−) and 0.79 ± 0.47% of late apoptotic (AnV+/PI+). When cells were treated with
progressively higher concentrations of EPP, the number of early apoptotic and late apoptotic cells increased
in a dose-dependent manner (IC50/2: 21.80 ± 8.31% of AnV+/PI− and 31.83 ± 8.20% of AnV+/PI+;
IC50: 10.46 ± 1.07% of AnV+/PI and 83.43 ± 2.76% AnV+/PI+; 2*IC50: 9.60 ± 3.53% of AnV+/PI and
90.40 ± 3.53% of AnV+/PI+). MNNG cells (Figure 5A,B) had a quite similar trend, finding a very low
percentage of apoptotic cells (6.08 ± 2.84%) in the untreated culture and an increasing percentage of
early and late apoptotic cells with progressively higher concentrations of EPP (IC50/2: 2.05 ± 1.26% of
AnV+/PI− and 72.46 ± 9.12% of AnV+/PI+; IC50: 2.99 ± 2.12% of AnV+/PI and 90.34 ± 4.27 AnV+/PI+;
2*IC50: 5.63 ± 5.63 of AnV+/PI and 93.67 ± 5.32% of AnV+/PI+). On MNNG cells, EPP demonstrated a
greater pro-apoptotic effect. In fact, in MNNG cells treated with IC50/2, we detected a greater percentage
of late apoptotic cells in respect of SaOS-2 challenged with the same EPP concentration (AnV+/PI+:
72.46 ± 9.12% and 31.83 ± 8.20%, respectively).

Figure 4. Diameter distributions of SaOS-2 and MNNG cells after 24 h treatment with EPP at IC50/2,
IC50 and 2*IC50 as measured by Scepter 2.0 cell counter. The cells were classified into small (diameter:
6–9 μm) or large (diameter 9–24 μm) fractions depending on the gating range.
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Figure 5. (A) Apoptosis assessment using Annexin V-FITC/PI staining and fluorescent microscopy of
SaOS-2 and MNNG OS cells line treated with EPP/Acetone (IC50/2, IC50, 2*IC50) for 6 h. Viable cells
did not show any kind of coloration (Anv−/PI−). Cells stained in green (AnV+/PI−) were considered
as early apoptotic cells, while cells stained both in green and red (Anv+/PI−) were considered as late
apoptotic cells. Cells are shown at ×40 magnification. Arrows indicate co-localization. (B) Histograms
show the percentage of non-apoptotic(AnV−/PI−), early apoptotic (AnV+/PI−) and late apoptotic
(AnV+/PI+) cells in respect to control. The quantitative assessment of apoptosis was obtained observing
merged images. Results were obtained from three different experiments in triplicate, **** p < 0.0001.

Table 4. Apoptosis in SaOS-2 and MNNG OS cells treated with EPP at IC50/2, IC50 and 2*IC50

after 6 h treatment. Percentage (±SD) of non-apoptotic (AnV−/PI−), early apoptotic (AnV+/PI−)
and late apoptotic (AnV+/PI+) cells are reported. Results were obtained from three different
experiments in triplicate. Results were obtained from three different experiments in triplicate. p-values
were calculated, by one-way ANOVA with post hoc Dunnett test, comparing the percentages of
non-apoptotic cells (AnV−/PI−) in control and treated conditions, **** p < 0.0001.

SaOS-2 OS Cells
Non-Apoptotic

AnV−/PI− (%) ± SD
Early Apoptotis

AnV+/PI− (%) ± SD
Late Apoptotis

AnV+/PI+ (%) ± SD
p-Value

CTR 88.04 ± 3.33 11.17 ± 2.94 0.79 ± 0.47
IC50/2 46.36 ± 16.31 21.80 ± 8.31 31.83 ± 8.20 ****
IC50 6.11 ± 1.72 10.46 ± 1.07 83.43 ± 2.76 ****

2*IC50 0.00 9.60 ± 3.53 90.40 ± 3.53 ****

MMNG OS Cells
Non-apoptotic

AnV−/PI− (%) ± SD
Early Apoptotis

AnV+/PI− (%) ± SD
Late Apoptotis

AnV+/PI+ (%) ± SD
p-Value

CTR 93.90 ± 1.54 4.30 ± 1.06 1.78 ± 1.78
IC50/2 25.48 ± 8.11 2.05 ± 1.26 72.46 ± 9.12 ****
IC50 6.67 ± 2.89 2.99 ± 2.12 90.34 ± 4.27 ****

2*IC50 0.69 ± 0.69 5.63 ± 5.63 93.67 ± 5.32 ****

To study if caspases activation was involved in EPP-induced apoptosis, we finally evaluated
the activation of caspase-3 by western blot analysis. The immunoreactive band of cleaved caspase-3
increased in a dose-dependent manner after 6 h treatment with EPP (Figure 6). In SaOS-2 cell lines
we detected a 2.6 and 7.1-fold increase in the activation of caspase-3 when treated with EPP at IC50

and 2*IC50 respectively. On the contrary in MNNG cells, we observed a dose-dependent increase in
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the activation of caspase-3. The immunoreactive band was significantly higher than SaOS-2 already
after treatment with the lowest concentration of EPP (2.4-fold at IC50/2) and increased over the other
two concentrations (3.2-fold at IC50 and 3.7-fold at 2*IC50).

Lower panel: Graph reports the decrease of procaspase-3 and the increase of cleaved caspase-3 in
a dose dependent manner after 6 h of treatment with IC50/2, IC50 and 2*IC50 EPP. Values are calculated
as a ratio of band volume of procaspase-3 or caspase-3 over band volume of GAPDH.

Figure 6. EPP treated SaOS-2 and MNNG OS cells line western blotting images of procaspase-3,
cleaved caspase-3 and GAPDH. Data are expressed as fold-change in respect to control and presented
as mean ± SD. Results were obtained from three different experiments in triplicate, **** p < 0.0001.

3. Discussion

Recently, natural bioactive compounds derived from marine organisms, especially those obtained
from seaweeds, have received greater attention. Their high level of biodiversity makes them a
considerable reservoir for active compounds as they are able to produce a great variety of secondary
metabolites characterized by a wide range of biological activities. Many previous studies demonstrated
the remarkable benefits of seaweeds on human health and protection against chronic disease [8] due to
their content in proteins, lipids and fatty acids, polysaccharides and antioxidant compounds. It has
been demonstrated that fatty acids extracted from marine algae block growth and spread of human
breast cancer [9]. In addition, polysaccharides and terpenoids from brown algae have demonstrated to
be promising bioactive molecules with anticancer activity [3].

In this work, for the first time the acetonic extract of Padina pavonica (EPP), a brown seaweed
collected from French Polynesia, was chemically characterized and demonstrated to have a strong
pro-apoptotic effect on human OS cells.
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Reports relevant to the chemical properties of brown algae Padina sp. are limited and those
providing a detailed description of the chemical profile accompanied to a comprehensive evaluation of
the biological activity for Padina pavonica from French Polynesia are nonexistent.

We first characterized EPP for its total phenolic, flavonoid and tannin content, providing the first
chemical report on French Polynesian Padina pavonica.

In our extract, total phenolic compounds amounted to 27 mg per g of extracts (0.81 mg per g
of dry material). Considering the acetone as the solvent used for the extraction, our is a remarkable
quantity if compared to total phenolic compounds found by Khaled et al. in Lebanese Padina pavonica
(10.76 mg per g of the methanolic extract) [10] and by CAF et al. in Turkish Mediterranean
Padina pavonica (0.96 mg per g of the aqueous extract and 1.76 mg per g of the methanolic extract) [11].
Pinteus et al. in Padina pavonica from Portugal, found values of 44.61 and 10.48 mg per g of extract when
using methanol and dichloromethane respectively as extraction solvents [12]. In their work Hlila et al.
determined the total phenolic content of aqueous and acetonic extract of Tunisian Padina pavonica,
with values corresponding to 57.34 and 90.61 mg per g of extract, respectively [13].

Phenolic compounds, one of the most important class of natural compounds, are commonly
found in brown algae where they exert a protective effect toward adverse environmental conditions.
They have been reported to possess several biological activities including anti-oxidant, anti-bacterial
and anti-allergic and anti-diabetes, and to be involved in the protection against several human diseases
such as cancer, coronary heart disease, inflammatory and neurodegenerative diseases and aging [14,15].

With regard to flavonoid content, Padina pavonica from French Polynesia appeared to be rich
in flavonoids, showing a value of 54.8 mg per g of extract. This is a relevant data if compared to
previous report for Australian Padina sp., which reported a total flavonoid content of 20.74 mg per g of
ethanol extract [16]. Flavonoids are an important class of phenolic compounds, that contribute to the
antioxidant activity of algae extracts.

About tannin content, their concentrations vary greatly among different species of brown
seaweeds, as well as among different geographical areas [12]. The tannin content of our extract
(54.3 mg per g) appeared similar to that showed by Dang et al., who founded a tannin content of
56.17 ± 0.22 mg per g of the Australian Padina sp. extract [16].

Previous studies reported the antioxidant activity of some brown algae measured with the
FRAP method. Agregán et al. measured the in vitro antioxidant activity of aqueous extracts of
three brown seaweed from the Atlantic Ocean, in the area of Camariñas, Spain. They found FRAP
values of 7.52, 51.66 and 26.93 μmol/g of extract for Ascophyllum nodosum, Fucus vesiculosus and
Bifurcaria bifurcata, respectively [14]. Kelman et al. quantified the antioxidant activity of methanol
extracts from 37 samples of algae, comprising 30 species of Hawaiian algae from 27 different genera.
They showed that the brown algae as a group had the highest mean antioxidant activity among
Hawaiian algae with a mean FRAP value of 3.55 ± 3.16 μM/μg extract [15]. The antioxidant activity of
our extract from French Polynesia Padina pavonica appeared in line with the previous works on brown
algae, given that acetone is not the chosen solvent for the extraction of antioxidant compounds.

Different Padina species possess different sterol compositions. In French Polynesian Padina pavonica
we tested, fucosterol appeared to be exceptionally high (7.40% of EPP) in respect of cholesterol
(0.97% of EPP), leading to a ratio between fucosterol and cholesterol (F:C) of 7.6:1. Comparing our
sterols pattern with literature data, we can see that F:C for Padina pavonica from French Polynesia
is higher than what previously found in the Aegean Sea Padina pavonica, 0.7:1 [17], Adriatic Sea
Padina pavonica, 0.3:1 [2] and in Turkish Mediterranean Sea Padina pavonica [11]. The differences
found in the sterol composition could be attributed to differences in the ecological conditions, life
cycle of the algae and seasonal variations. [2,18,19]. Fucosterol is the main phytosterol in brown
algae [20]. Many studies have described the biological and pharmacological effects of fucosterol
including antidiabetic, antioxidant, anti-inflammatory, ability to reduce blood cholesterol levels in in
hyper- and normocholesterolemic subjects. Fucosterol has been demonstrated to possess pro-apoptotic
activity toward several cancer cell lines (colon carcinoma [21], breast carcinoma [22], promyelocytic
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leukemia [21]) by promoting activation of caspase-3 [20]. These data strongly suggest the potential
anti-cancer activity of EPP, analogously with what reported for Turbinaria ornata sterols [21] or fucosterol
from Turbinaria conoides [23]. Furthermore, fucosterol has bone regenerative effects as demonstrated
by in vivo and vitro studies [24]. In an estrogen-deficient ovariectomized (OVX) animal model, oral
administration of fucosterol ameliorated several bone-quality parameters (bone mineral density, bone
microarchitecture and BV/TV ratio, osteocalcin and CTx serum biomarkers [24]. At cell level, fucosterol
increased MG63 osteblast-like cells proliferation, alkaline phosphatase activity and mineralization
capacity, while preventing osteoclasts differentiation and RANK expression [24–26].

Several terpenes and terpenoid compounds were identified in P. pavonica. Terpenoids are
considered as promising bioactive molecules in the search for anticancer drugs, due to their effect
in inhibiting mitotic cell division [27]. Various diterpenes have been identified in several species
of the genus Cystoseira with antitumoral and antioxidant activities [9]. Among these, squalene
appears to influence several biochemical and physiological activities which are interesting for the
treatment of cancer [28], it can suppress the growth of tumor cells, partially prevent the development of
chemically-induced cancer and cause regression of some already existing tumors [29]. A rich squalene
diet enhances chemoterapeutic activity by increasing immune system efficiency and by lowering
blood cholesterol content [28,29]. Squalene supplementation stimulates the reticuloendothelial system,
resulting in a marked increase in cellular and non-specific immune function [28]. Evidence suggests that
squalene might assist in maintaining white cell counts during radiation treatment [28], and, in animal
models, supplementation is associated with prolonged survival time subsequent to exposure to lethal
doses of radiation [28]. Squalene’s ability to inhibit ornithine decarboxylase (ODC) is also of significant
interest in cancer prevention and treatment [29]. Cancer cells are known to utilize polyamines as growth
substrates, and since ODC is a rate-limiting enzyme in the generation of many of the polyamines,
ongoing cancer research has been, and is currently, investigating agents with the ability to interfere
with this enzyme’s activity [28].

In EPP, phytol—an acyclic monounsaturated diterpene alcohol and constituent of
chlorophyll—was found in a remarkable amount. The anticancer activity of phytol against several
tumor cell lines in vitro has been assessed [30–32], as well as its capacity to induce the apoptosis in
hepatocellular carcinoma cells [33] and in human gastric adenocarcinoma AGS [34].

Other identified compounds with relevant biological activity are: neophytadiene,
dihydroactinidiolide, 2,4-di-tert-butylphenol (DTBP) and n-Nonadecanol-1. Neophytadiene, is a
terpene compound that possess a strong bactericidal, antifungal, antipyretic, analgesic, antioxidant
and anti-inflammatory properties [35]; dihydroactinidiolide has cytotoxic effects against five human
carcinoma cell lines and one melanoma cell line [36,37]; DTBP was found to possess potent antioxidant
effect [38,39] in addition to fungicidal and cytotoxic activity against HeLa cancer cell line [40].
Finally, n-Nonadecanol-1, one of the major detected component in Ceratonia siliqua pods essential oil,
demonstrated a strong cytotoxic effect against two cancer human cell lines, HeLa and MCF-7 [41].

As far as the FAs composition, palmitic acid appears to be the predominant FA in our extract,
as in Dictyotales order brown algae [2,11,17,42,43]. Palmitic acid has been reported to have to have
antioxidant, hypocholesterolmic nematicide, pesticide, antiandrogenic flavor, hemolytic and 5-alpha
reductase inhibitor activity. In French Polynesian Padina pavonica, a significant percentage of oleic
and palmitoleic acid was also detected. Oleic acid attracted attention as the Mediterranean diet,
characterized by high olive oil (rich in oleic acid) consumption, has been linked to a protective effect
against cancer [44]. A wide range of studies have been conducted on breast cancer, where a potential
protective effect of oleic acid has been described [45,46]. In addition, epidemiological studies suggest
that olive oil may have a protective effect on colorectal cancer development [47]. In this regard, animal
studies have also shown that dietary olive oil prevented the development of colon carcinomas in rats,
confirming that olive oil may have chemopreventive properties against colon carcinogenesis [48,49].
Oleic acid has been reported to act synergistically with cytotoxic drugs, enhancing their antitumor
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effect [50,51]. Eventually, palmitoleic has been demonstrated to possess antitumor effect on Ehrlich
ascites tumor [52].

Although C18 and C20 PUFAs are reported to be characteristic of brown algae [2,53],
the concentrations of PUFAs in our Padina pavonica appeared unusually low compared to PUFAs
composition of Turkish Mediterranean Sea Padina pavonica [11], Padina boryana from the Saudi
Arabian coast [2], or Padina pavonica from Jordan [53] and other characterized brown algae from
the Bohai Sea [54]. By contrast, in our material, SFAs represented the prevalent percentage of total FAs
(63.85% of total FAs and 41. 03% of total EPP).

The differences in EPP chemical profiles observed between present and literature data can be
explained on the basis of environmental and experimental conditions. Several parameters are known
to influence the composition of phenolic compounds or FAs produced by the same species of algae:
stage of algal growth, harvest season, geographic location, genetic diversity etc. [11,13]. As an example,
higher amount of high-quality phenolic compounds is generated during the hot climate and during
the early stage of the growth in order to prevent the photooxidative damage and sea grazers [13].
In addition, also the extraction methodology (techniques, solvent, temperature, raw material) notably
affect the yield of extracted compounds from a quantitative and a qualitative point of view [55].

As far as it regards the anti-OS activity of EPP, anti-OS effects of Padina pavonica from French
Polynesia has not been clearly studied yet. Therefore, this is the first work that tests and demonstrates
the anti-OS properties of Padina pavonica from French Polynesia.

According to our results, EPP presents good anti-proliferative and pro-apoptotic activities against
two osteosarcoma cell lines, namely MNNG and SaOS-2. These two cell lines were chosen based on
their intrinsic properties, as they have opposite cancer-related phenotypes. According to Lauvrak [56],
MNNG cells have been defined as very aggressive in terms of tumorigenicity, colony forming ability,
migration/invasion and proliferation capacity; on the contrary, SaOS-2 cells have been classified as
poorly aggressive. Moreover, these two cell lines possess a different p53 mutation status, being MNNG
p53 mutant and SaOS-2 p53-null [57]. This approach let us speculate on a possible mechanism of action
of EPP. In the present study EPP was found to be much more active against MNNG that SaOS-2 cells
suggesting that EPP may upregulate p53 expression [58] and thus induce p53-dependent apoptosis in
human OS cells by the activation of extrinsic pathways. Finally, we evaluated EPP toxicity in human
primary osteoblasts and found that these cells were significantly less affected by the antiproliferative
and pro-apoptotic activities of EPP (data not shown)

In literature there are several works that confirm the antitumoral activities for Padina pavonica.
The dichloromethane extract of Padina pavonica was found to be cytotoxic towards the KB tumor
cell line. An oxysterol, (hydroperoxy-24 vinyl-24 cholesterol), was identified as being responsible for
this activity [59]. Likewise, the cytotoxic and apoptotic effects of Padina pavonica methanol extract
against human cervix (HeLa) and breast cancer (MDA-MB-453) cell lines have been reported [60].
The observed anticancer activity could be connected to the rich content of phenolics, in particular the
antiproliferative effects of polyphenols were reported to be due to the regulation of apoptosis, decreased
Bcl-2 levels and increased Bax, Caspase-8 and Caspase-10 levels, and Fas death receptor signalling [61].
Moreover, glycosides, sulfated polysaccharides and carotenoids of the brown seaweed were found to
act as potential chemoterapeutic or chemopreventive agents through the induction of caspases or cell
cycle arrest [60,62–65]. In agreement with the works above mentioned and considering the present
characterization of EPP (Tables 1–3), we might assume that the main constituents responsible for the
antitumoral effect—that we observed in our work—may be identified in fucosterol, in two terpenoid
compounds, such as dihydroactinidiolide and phytol, of which EPP was found to be rich, and in
oleic acid. Notwithstanding, it should be also considered that macroalgae extracts are complex matrices
and that biological activities of such extracts might not be closely related to a specific compound but
rather to the mixture of components that can act synergistically. Therefore, any biological activity can
be hardly explained with the analysis of a specific algae component.
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4. Materials and Methods

4.1. Collection of Padina pavonica and Preparation of the Algae Extract (EPP)

The algae (Padina pavonica (Linnaeus) Thivy) were collected from the coastal area of Moorea,
French Polynesia, in June 2014. Fronds of mature plants (20 mm) were harvested and then rinsed with
water to remove salt and the associated debris. The cleaned material was air-dried and stored in a
dehumidified chamber to remove the residual moisture. Once completely dried, the algae material was
ground into a fine powder and extracted with acetone in a Soxhlet extractor. After that, the mixture was
filtered through filter paper and the filtrate was collected. The solution was dried by rotary evaporator
and the resulting material was kept in the refrigerator until the analyses.

4.2. Total Phenolic Content

The quantitative assay of the total phenolic compounds was determined by the Folin-Ciocalteu
method [66]. A stock standard solution of 0.5 mg/mL gallic acid was prepared in 95% methanol,
and then working standard solutions were prepared in the range 0.05–0.45 mg/mL. 100 μL of
standard/sample (5 mg/mL in DMSO) were mixed to 200 μL of 10% Folin-Ciocalteu reagent in
DI water and 700 μL of 0.7 M Na2CO3. Each solution was prepared in triplicate. The samples and the
standards were incubated for 30 min in the dark. The absorbance was red at 765 nm using a Tecan
Spark 20M multimode microplate reader. The total phenolic content was expressed as mg gallic acid
per gram of extract.

4.3. Total Flavonoid Content

The determination of the content of flavonoid compounds was carried out according to the
aluminum chloride colorimetric method [67]. A stock standard solution of 1 mg/mL of quercetin
was prepared in methanol, and then working standard solutions were prepared in the range of
0.05–0.30 mg/mL. 500 μL of standard/sample (1 mg/mL in DMSO) were mixed to 100 μL of 10% AlCl3
in 1 M potassium acetate and 3.3 mL of methanol. Each solution was prepared in triplicate. After 30 min
of incubation, the absorbance was measured at 430 nm using a Tecan Spark 20M multimode microplate
reader. The results were expressed as mg of quercetin per gram of extract.

4.4. Total Condensed Tannins Content

The determination of the content of condensed tannins was performed according to the Broadhurst
vanillin-HCl method [68]. A stock standard solution of 1 mg/mL of catechin was prepared in methanol,
and then working standard solutions were prepared in the range of 0.05–0.30 mg/mL. 500 μL of
standard/sample (2 mg/mL in DMSO) were mixed to 3 mL of 4% vanillin solution in methanol and
1.5 mL of concentrated HCl. Each solution was prepared in triplicate. The samples and the standard
were incubated for 15 min in the dark. The absorbance was red at 765 nm using a Tecan Spark 20M
multimode microplate reader. The results were expressed as mg of catechin per gram of extract.

4.5. FRAP Scavenging Ability for the Antioxidant Activity

The determination of the antioxidant activity of the extract was performed on the method
of FRAP assay [69], based on the redox reaction of the reduced oxidant Fe(III) complexed by
TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine). The FRAP reagent for the calibration curve was prepared
mixing 0.3 M acetate buffer (pH 3.6), 0.01 M TPTZ and DI water in proportion 10:1:1, respectively.
A 0.001 M FeSO4·7H2O solution in DI water was used as standard for the calibration levels. The sample
was analyzed mixing 100 μL of the extract solution at 5 mg/mL in DMSO with 900 μL of DI water and
2 mL of FRAP reagent, obtained mixing 0.3 M acetate buffer, 0.01 M TPTZ and a 0.02 M FeCl3·6H2O
solution in proportion 10:1:1, respectively. All the reagents were prepared fresh. Each solution was
prepared in triplicate. All the solutions were incubated for 30 min in the dark. Then the absorbance
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was measured at 593 nm using a Tecan Spark 20M multimode microplate reader. The scavenging
ability was expressed as μmol of Fe2+ per 100 mg of extract.

4.6. GC-MS Analysis

5 mg of EPP were dissolved in 50 μL of pyridine and 75 μL of
bis(trimethylsilyl)trifluoroacetamide (BSTFA). The mixture was heated at 80 ◦C for 30 min and
analysed by GC/MS and finally 3 μL were injected manually in the GC-MS.

For the analysis of the most lipophilic compounds, EPP was submitted to saponification and
dispersive liquid-liquid microextraction (DLLME) [70] before the derivatization step. Briefly, 30 mg of
EPP were dispersed in 2 mL of methanol; 1 mL of 2 M methanolic KOH was added and the mixture
was heated in a water bath for 1 h at 80 ◦C shaking vigorously every 15 min. Then 1.2 mL of 1 M
HCl was added and the mixture was vortex-mixed. An aliquot of 400 μL was transferred to a glass
centrifuge tube and 1.6 mL of DI water was added. The DLLME was performed injecting rapidly 1 mL
of a mixture of acetone (900 μL) and chloroform (100 μL) into the glass tube. The tube was closed and
gently shaken by hand for 1 min. After that the tube was centrifuged at 3000 rpm for 5 min and the
lower phase was collected with a microsyringe. An aliquot of 50 μL of the collected phase was mixed
with 30 μL of pyridine and 30 μL of BSTFA and heated in a water bath for 30 min at 80 ◦C. An aliquot
of 3 μL was injected manually in the GC-MS.

Analysis was performed with an Agilent 6890 Series gas chromatograph (Santa Clara, CA, USA)
coupled with an Agilent 5973 quadrupole mass analyser (Santa Clara, CA, USA) equipped
with the MSD ChemStation software (software version D.03.00). A Phenomenex ZB-5MS plus
(30 m × 0.25 mm × 0.25 μm) column (Torrance, CA, USA) was used. The oven temperature was
programmed as follow: the initial column temperature of 90 ◦C (1 min) was increased to 110 ◦C at a
rate of 5 ◦C/min; then it was increased to 233 ◦C at a rate of 10 ◦C/min and held for 5 min; then it was
increased to 300 ◦C at a rate of 20 ◦C/min and held for 5 min and then it was increased to 325 ◦C at a
rate of 10 ◦C/min and held for 10 min. The total run time was 40.65 min. Helium was used as a carrier
gas at a flow rate of 1.4 mL/min. The split ratio was 50:1 and the injector temperature was 285 ◦C.
For electron ionization (EI) we used the ionization voltage 70 eV. The temperatures used were 150 ◦C
for the MS Quad and 230◦C for the MS Source. Full scan mass spectra were acquired at the mass range
of 35–550 Da.

The identification of the compounds in the GC-MS chromatograms was based on a comparison of
the electron ionization (EI) spectra with the NIST MS library database and, in addition, the study of the
mass spectrum of each peak was carried out to further elucidate the identification of the compounds
with a higher probability. Standards of fucosterol and cholesterol were also analysed to obtain the exact
retention time for the identification. Considering the instrumental technique used, the discrimination
between isomers was not possible in certain cases.

4.7. Cell Cultures

Human OS SaOS-2 (ATCC-HTB-85) and MNNG (ATCC-CRL-1547) cells were obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured as described [71–73] in
DMEM containing 10% v/v FBS, 100 mg/mL penicillin and 100 mg/mL streptomycin. Cultures were
mainteined at 37 ◦C in a humidified atmosphere of 5% CO2. Comparative analysis was performed
with cell populations at the same generation.

4.8. Cell Viability and Proliferation

SaOS-2 and MNNG cells were seeded in a 96-well plate at a density of 8 × 103 or 3 × 103

cells/well, respectively, and cultured until sub-confluence (70–75% confluence). Cells were serum
starved (FBS 0.1%) for 24 h and then treated with different concentrations of EPP (3.1, 6.25; 12.5, 25,
50 100 and 200 μg/mL) in starvation medium. Controls were performed treating cells with DMSO
0.2% v/v, corresponding to the higher concentration of the compound. After 24 h of treatment, cells
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were washed with sterile PBS and MTT was added to a final concentration of 1 mg/mL. After a
3.5 h incubation, cells were lysed with 100 μL DMSO. The absorbance was measured at 550 nm
and percentage of cell viability was calculated relative to control and EPP half-maximal inhibitory
concentration (IC50) was calculated by GraphPad Prism software. The experiment was repeated
three times.

Cell proliferation was evaluated by cell counting with Scepter™ 2.0 Cell Counter (Merck Millipore,
Burlington, MA, USA). SaOS-2 and MNNG cells were seeded in 24-well plate at a density of 4 × 104

and 3 × 104 cells/well, respectively, and cultured until sub-confluence (70–75% confluence). Cells were
serum starved (FCS 0.1%) for 24 h and then treated with different concentrations of EPP corresponding
to IC50/2, IC50 and 2*IC50 in starvation medium. After 24 h of treatment, cells were washed with
sterile PBS and detached by trypsin. Cells were collected in clean tubes and counted, percentage of cell
proliferation was calculated relative to control.

4.9. Cell Morphology

Cell morphology of SaOS-2 and MNNG cells was recorded with bright field microscopy
(Zeiss AxioLabA1, Oberkochen, Germany). Cell morphology images were collected after 24 h treatment
with EPPat different concentrations (IC50/2, IC50 and 2*IC50) in starved conditions (FCS 0.1%).

4.10. Nuclear Staining with 4′, 6-Diamidine Phenylindole (DAPI)

SaOS-2 and MNNG cells were seeded in 8-well chambered slide at a density of 8 × 103 and 6 × 103

cells/well respectively. After treatment with EPP for 24 h, the slides were washed with PBS and fixed
in 70% ethanol for 30 min. Finally, the slides were washed twice with PBS and mounted with
fluoroshield mounting medium containing DAPI. Images were captured by fluorescence microscopy
(Zeiss AxioLabA1, Oberkochen, Germany).

4.11. Cell Diameter Analysis

As proved by Tahara et al. [74] the Scepter 2.0 cell counter could be used to evaluate apoptosis in
an accurate and reproducible way by measuring cell diameter. Cell size distributions were shown as
histograms on the monitor of the Scepter™ 2.0 Cell Counter, and these data were analyzed with the
Scepter™ 2.0 Software Pro computer software. Before the cell diameter were analyzed, the upper and
lower gates of the counter were adjusted manually to eliminate small particles. Data regarding cell
diameter are presented as the mean ± standard deviation (SD) values of triplicated experiments.

4.12. Annexin V/Propidium Iodide Assay

Apoptosis was detected in SaOS-2 and MNNG cells treated with EPP for 6 h, by FITC Annexin
V/Dead Cell Apoptosis Kit (Molecular Probes; Invitrogen Corp., Eugene, OR, USA) following
manufactures protocol. A total of 300 cells from each sample were scored by using a fluorescence
microscope (Zeiss AXIO LAB AI, Oberkochen, Germany) and were assessed as viable cells (AnV−/PI−),
early apoptotic cells (AnV+/PI−), late apoptosis (AnV+/PI+) and necrotic cells (AnV−/PI+).

4.13. Western Blot Analysis

After treatment with EPP, cells were washed with sterile PBS, lysed with RIPA buffer, added
with phosphate and protease inhibitors, and then disrupted by sonication for 5 min in an ice bath.
Protein concentration was assessed by BCA protein assay. 20 μg of protein were resolved by
12% SDS–PAGE and transferred onto nitrocellulose membrane. The membrane was blocked in
TBS, 0.1% Tween 20, 5% w/v nonfat dry milk at 4 ◦C with gentle shaking, ON. The membrane
was incubated with anti-caspase 3 (rabbit polyclonal IgG, 1:1000 Cell Signaling) and anti-GAPDH
HRP-conjugated (1:50,000) primary antibodies, in the same buffer, ON at 4 ◦C. The blot was
washed three times with PBS and incubated with anti-rabbit HRP-conjugated secondary antibody
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(Sigma-Aldrich, Saint Louis, MO, USA) 1:80,000 for 1 h at room temperature. The membrane was
washed three times with PBS and immunoreactive bands were detected using ECL (Luminata
Crescendo, Merck Millipore, Burlington, MA, USA) and images acquired by LAS4000 (GE Healthcare,
Chicago, IL, USA). The optical densities of immunoreactive bands were analysed by ImageQuant
TL software (GE Healthcare, Chicago, IL, USA, V 7.0) using GAPDH as a loading normalizing factor.
The experiment was performed in triplicate.

4.14. Statistical Analysis

Experiments were performed in triplicate. Data were expressed as mean ± SD. Differences between
the values were tested for statistical analysis of variance (ANOVA) using two-tailed Student’s t-test.
The values of p < 0.05 were considered to be statistically different to control.

5. Conclusions

The extract of brown algae Padina pavonica under investigation exhibited an interesting
pharmacological potential with relevant health-protecting effects. Our findings confirmed this
macroalgae as a promising and unlimited source of new functional food ingredients and
bioactive compounds. Moreover, this study provides convincing and integrated evidences that EPP
possesses anti-cancer properties towards osteosarcoma cell lines and can be used as a nutraceutical
tool to prevent bone-related diseases or to support the current treatment protocols for osteosarcoma.
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Abstract: The hypoxia/reoxygenation (H/R) injury causes serious complications after the blood
supply to the kidney is stopped during surgery. The main mechanism of I/R injury is the release of
high-mobility group protein B1 (HMGB1) from injured tubular epithelial cells (TEC, TCMK-1 cell),
which triggers TLR4 or RAGE signaling, leading to cell death. We evaluated whether the extracts of
Ecklonia cava (E. cava) would attenuate TEC death induced by H/R injury. We also evaluated which
phlorotannin—dieckol (DK), phlorofucofuroeckol A (PFFA), pyrogallol phloroglucinol-6,6-bieckol
(PPB), or 2,7-phloroglucinol-6,6-bieckol (PHB)—would have the most potent effect in the context of
H/R injury. We used for pre-hypoxia treatment, in which the phlorotannins from E. cava extracts
were added before the onset of hypoxia, and a post- hypoxia treatment, in which the phlorotannins
were added before the start of reperfusion. PPB most effectively reduced HMGB1 release and the
expression of TLR4 and RAGE induced by H/R injury in both pre- and post-hypoxia treatment.
PPB also most effectively inhibited the expression of NF-kB and release of the inflammatory cytokines
TNF-α and IL-6 in both models. PPB most effectively inhibited cell death and expression of cell death
signaling molecules such as Erk/pErk, JNK/pJNK, and p38/pp38. These results suggest that PPB
blocks the HGMB1–TLR4/RAGE signaling pathway and decreases TEC death induced by H/R and
that PPB can be a novel target for renal H/R injury therapy.

Keywords: kidney; ischemia-reperfusion injury; Ecklonia cava; phlorotannins

1. Introduction

Ischemia/reperfusion (I/R) injury, which occurs when blood supply to tissues or organs is restored
after ischemia, leads to more tissue damage than ischemia itself by enhancing the inflammatory reaction
in the reperfused tissue [1].

Renal I/R injury is a major pathophysiology of acute kidney injury (AKI) and can induce AKI after
kidney transplantation, partial nephrectomy, renal artery angioplasty, aortic aneurysm surgery, and
elective urological surgery when blood supply to the kidney is stopped or decreased during surgery [2].
In addition to AKI, I/R injury leads to the loss of tubular epithelial cell (TEC) function, resulting in
delayed graft function and acute or chronic rejection of the transplanted kidney [3]. To decrease the
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incidence of AKI after surgeries accompanied by I/R injury, treatments to decrease I/R injury should
be developed.

High-mobility group protein B1 (HMGB1) is released from injured renal cells and activates Toll-like
receptors (TLR), which trigger production of pro-inflammatory cytokines such as tumor necrosis
factor-α (TNF-α) and transcription of nuclear factor kappa B (NF-κB) [4–6], finally leading to tissue
injury after I/R injury in the kidney [7,8]. In I/R injury, TECs play a dual role as both injury initiators
(by releasing HMGB1) and targets [9]. Receptor for advanced glycation end products (RAGE) also
initiates pro-inflammatory signaling in I/R injury by binding HMGB1 in the liver and heart [10,11].

Ecklonia cava is a brown alga that contains phlorotannins, polyphenolic compounds that have
multiple biological activities including anti-inflammatory [12,13] and antioxidant activities [14].
One study has shown that polyphenol extract from E. cava attenuated renal inflammation induced by a
high-fat diet by decreasing pro-inflammatory signaling via TNF-α and NF-κB [15]. However, the effect
of E. cava on I/R injury has not been studied.

Here, we evaluated whether phlorotannins from E. cava extract would attenuate TEC death
induced by I/R injury. Commonly, renal hypoxia/reoxygenation (H/R) was established to simulate
renal I/R injury in vitro [16,17] and we also used the H/R model. We used two treatment models:
a pre-hypoxia model, in which the phlorotannins were added before the onset of hypoxia, and a
post- hypoxia model, in which the phlorotannins were added before the start of reoxygenation. In
addition, we evaluated which phlorotannin—dieckol (DK), phlorofucofuroeckol A (PFFA), pyrogallol
phloroglucinol-6,6-bieckol (PPB), or 2,7-phloroglucinol-6,6-bieckol (PHB)—would have the most potent
effect in the context of H/R injury.

2. Results and Discussion

2.1. Attenuation of HMGB1 Release from TECs after H/R Injury by the Phlorotannins from E. cava Extracts

In this study, we used mouse kidney tubular cells (TCMK-1) as TECs. In the pre-hypoxia model,
the HMGB1 level was increased by H/R injury in both TEC lysate and supernatant (Figure 1A,B),
suggesting that TECs injured by H/R increased the synthesis and release of HMGB1. HMGB1 levels
in both the TEC lysate and supernatant were decreased by individual phlorotannins added before
TECs were exposed to hypoxia. Among individual phlorotannins, PPB and DK showed the strongest
attenuation effects.

In the post-hypoxia treatment model, the HMGB1 level increased by H/R injury was also decreased
by adding E. cava extracts before reperfusion in both TEC lysate and supernatant. Among the 4
phlorotannins, the effect of DK and PPB was the most significant (Figure 1C,D).

HMGB1 is passively released in response to inflammatory stress or necrosis [18]. Our results
showed that the HMGB1 release from TECs was increased after H/R injury and that this increase was
attenuated by PPB most significantly among the 4 phlorotannins from E. cava.

2.2. TLR4 and RAGE Expression Induced by H/R Injury Is Attenuated Most Efficiently by PPB

TLR4 and RAGE expression in TECs induced by H/R injury were attenuated by the 4 phlorotannins
in the pre-hypoxia treatment model, among them, PPB had the strongest effect on TLR4 and RAGE
expression (Figure 2A–C,E). The patterns were the same in the post-hypoxia treatment (Figure 2A,B,D,F).
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Figure 1. Inhibitory effects of phlorotannins from E. cava extract on HMGB1 synthesis and secretion in
pre-hypoxia and post-hypoxia treatment (A,B) To examine the preventive effects of 4 phlorotannins
from E. cava extract (DK, PHB, PPB, PFFA), they were added to mouse kidney tubular cells (TCMK-1)
before hypoxia (pre-hypoxia treatment). (C,D) To examine the therapeutic effects of the 4 phlorotannins,
they were added to TCMK-1 after hypoxia (post-hypoxia treatment). In each treatment model, (A,C)
HMGB1 synthesis in cell lysate and (B,D) secretion levels in cell culture medium were measured by
ELISA. All levels are normalized to those in cells treated with PBS under normoxic control conditions.
Significance represented as: * p < 0.05 versus PBS, $ p < 0.05 versus Hx/PBS, # p < 0.05 versus Hx/PPB.
DK, dieckol, PHB, 2,7-phloroglucinol-6,6-bieckol, PPB, pyrogallol-phloroglucinol-6,6-bieckol, PFFA,
phlorofucofuroeckol A, HMGB1, high mobility group box 1.

Figure 2. Inhibitory effects of phlorotannins from E. cava extract on TLR4 and RAGE expression in
pre-hypoxia and post-hypoxia treatment using Mouse kidney tubular cells (TCMK-1) were treated
with 4 phlorotannins (DK, PFFA, PPB, PHB) before hypoxia (pre-hypoxia model) or after hypoxia
(post-hypoxia model). (A,B) Microscopic fluorescence images showing (A) TLR4 and (B) RAGE protein
expression (green) in the pre-hypoxia treatment (upper rows) and post-hypoxia treatment (bottom
rows). Nuclei were stained with DAPI (blue). Scale bar = 50 μm. (C–F) Quantification of (C,D) TLR4
and (E,F) RAGE expression using representative images from (A) and (B) in the pre-hypoxia treatment
model and post-hypoxia treatment. Significance represented as: ** p < 0.01 versus PBS, $$ p < 0.01
versus Hx/PBS, # p < 0.05, ## p < 0.01 versus Hx/PPB. DK, dieckol, PHB, 2,7-phloroglucinol-6,6-bieckol,
PFFA, phlorofucofuroeckol A, PPB, pyrogallol-phloroglucinol-6,6-bieckol, TLR4, Toll-like receptor 4,
RAGE, receptor for advanced glycation end-products.
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TLR4 [19] and RAGE [20] are the primary cell membrane receptors that bind HMGB1. In H/R
injury, this binding leads to pro-inflammatory signaling pathway activation by TLR and RAGE.

2.3. Expression of NF-kB and Pro-Inflammatory Cytokines after H/R Injury Is Attenuated Efficiently by PPB

The level of NF-κB was increased in both the pre-hypoxia and post-hypoxia treatment models
and was decreased by the 4 phlorotannins, with PPB showing the strong effect (Figure 3). The levels of
TNF-α and IL-6 were also increased by H/R injury and were attenuated by adding the 4 phlorotannins,
among which PPB showed a strong effect.

Figure 3. Inhibitory effects of phlorotannins from E. cava extract on NF-kB expression and
pro-inflammatory cytokine expression in pre-hypoxia and post-hypoxia treatment Mouse kidney
tubular cells (TCMK-1) were treated with 4 phlorotannins (DK, PFFA, PPB, PHB) before hypoxia
(pre-hypoxia treatment) or after hypoxia (post-hypoxia treatment). NF-κB and the pro-inflammatory
cytokines TNF-α and IL-6 were detected by immunoblotting in (A) pre-hypoxia and (B) post-hypoxia
treatment and immunoblotting results are quantified and normalized to those in cells treated with
PBS in (C) pre-hypoxia and (D) post-hypoxia treatment. Significance represented as: * p < 0.05,
** p < 0.01 versus PBS, $ p < 0.05, $$ p < 0.01 versus Hx/PBS, # p < 0.05, ## p < 0.01 versus Hx/PPB.
DK, dieckol, Hx, Hypoxia, PHB, 2,7-phloroglucinol-6,6-bieckol, PFFA, phlorofucofuroeckol A, PPB,
pyrogallol-phloroglucinol-6,6-bieckol, NF-kB, nuclear factor kappa light chain enhancer of activated B
cells, TNF-α, tumor necrosis factor-alpha, IL-6, Interleukin-6.

During H/R injury, TLR4 initiates the inflammatory response by increasing the production of
NF-κB-dependent cytokines such as TNF-α [5,6]. In addition, IL-6 is released upon TLR4 activation
during H/R injury and amplifies inflammation [11,21]. The RAGE pathway also induces NF-κB
activation and leads to an increase in TNF-α and IL-6 levels [22]. TNF-α and IL-6 induce tubular cell
death during renal H/R injury [23].

2.4. TEC Apoptosis Induced by H/R Injury Is Attenuated Efficiently by PPB

TEC apoptosis induced by H/R injury was attenuated by adding the phlorotannin from E. cava
extracts in both the pre-hypoxia and post-hypoxia treatments (Figure 4A–C).
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Figure 4. Inhibitory effects of phlorotannins from E. cava extract on apoptosis and apoptotic
cell death–related MAPK pathway molecules in pre-hypoxia and post-hypoxia treatment Mouse
kidney tubular cells (TCMK-1) were treated with the 4 phlorotannins (DK, PHB, PPB, PFFA) before
hypoxia (pre-hypoxia treatment) or after hypoxia (post-hypoxia treatment). (A,B) Microscopic
fluorescence images showing TUNEL-positive apoptotic cells (pink dot) and nuclei (blue, DAPI)
in (A) the pre-hypoxia treatment and (B) post-hypoxia treatment. Scale bar = 50 μm. Quantification
of TUNEL-positive apoptotic cells using representative images is shown in (C) the pre-hypoxia
treatment and in (D) the post-hypoxia treatment. Apoptosis-related MAPK pathway molecules
were detected by immunoblotting in (E) pre-hypoxia treatment and (F) post-hypoxia treatment.
Apoptosis-related phosphorylated MAPKs expression are quantified using non-phosphorylated
protein expression in (G) pre-hypoxia and (H) post-hypoxia treatment model. All levels are
normalized to those in cells treated with PBS. Significance represented as: * p < 0.05, ** p < 0.01 versus
PBS, $ p < 0.05, $$ p < 0.01 versus Hx/PBS, # p < 0.05, ## p < 0.01 versus Hx/PPB. DK,
dieckol, Hx, Hypoxia, PHB, 2,7-phloroglucinol-6,6-bieckol, PFFA, phlorofucofuroeckol A, PPB,
pyrogallol-phloroglucinol-6,6-bieckol, TUNEL, terminal deoxynucleotidyl transferase dUTP nick
end labeling.
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2.5. PPB Attenuated Cell Death Signals Induced by H/R Injury

The level of SAPK/JNK was increased in both the pre-hypoxia and post-hypoxia treatment
models and was decreased by the 4 phlorotannins, with PPB showing the effect (Figure 4D–G).
The extracellular signal-regulated kinases-1 and -2 (Erk1/2), the c-Jun N-terminal kinases (SAPK/JNK),
and p38 mitogen-activated protein kinases (MAPKs) are involved in cell death induced by H/R
injury [24]. ERK signaling is involved in injury and apoptosis of kidney cells during H/R injury [25–27].
Both p38 and JNK pathways induce tubular cell death and their inhibition reduces apoptosis and
inflammation induced by H/R injury [28,29].

In our study, these cell death signals were increased by H/R injury in TEC and were attenuated
most significantly by PPB in both the pre-hypoxia and post-hypoxia treatment models.

Previous one study shows that intraperitoneally administration of E. cava polyphenols at
10 mg/kg and 50 mg/kg decreased rat brain infarct size and neuronal cell apoptosis [30] and the
other studies shows that 10 μg/mL or 1–50 μM only DK from E. cava have protective effects on oxidative
stress-induced apoptosis in endothelial progenitor cells (EPCs) [31], primary cortical neurons and
HT22 neurons [32]. However, this study tried to mimic renal ischemia reperfusion injury in vitro and
validated effects on 4 phlorotannins including dieckol (DK), phlorofucofuroeckol A (PFFA), pyrogallol
phloroglucinol-6,6-bieckol (PPB), or 2,7-phloroglucinol-6,6-bieckol (PHB) from E. cava.

3. Materials and Methods

3.1. Cell Culture

Mouse renal tubular epithelial cells, TCMK-1, were purchased from Korean Cell Line Bank (Seoul,
Korea) and cultured in Dulbecco’s Modified Eagle’s medium (DMEM; Gibco, Waltham, MA, USA)
containing 10% fetal bovine serum (FBS; Gibco) and 1% penicillin/streptomycin (Gibco) in a 5% CO2

incubator (Thermo Fisher Scientific; Waltham, MA, USA) at 37 ◦C. Growth medium was changed every
2 days.

3.2. Hypoxia/Reoxygenation (H/R) Injury Cell Models

To examine the inhibitory effects of 4 phlorotannins DK, PHB, PFFA, and PPB from E. cava extract,
we designed two types of H/R cell models using TCMK-1 cells, the experimental method and image
scheme is shown in Figure S1.

3.2.1. Pre-Hypoxia Treatment Model

Four prepared phlorotannins (2.5 μg/mL) were added to the growth medium, which was used
to treat TCMK-1 cells for 6 h before hypoxia. After treatment, the medium was completely removed,
and the cells were washed thoroughly with PBS. Hypoxia medium contained 0.5% FBS and 1%
penicillin/streptomycin in DMEM. The TCMK-1 cells were cultured in hypoxia medium with the 4
phlorotannins and exposed to gas mixture of 1% O2, 5% CO2, 94% N2 for 14 h within hypoxia incubator
chamber (Stemcell technologies, Cambridge, MA, USA). After flushing the hypoxia chamber with the
desired gas mixture, the chamber seals tightly with clamp. After incubation, the hypoxia chamber was
dismantled and the hypoxia medium was removed, and the cells were washed with PBS. The cells were
cultured with fresh oxygenated medium containing FBS, 1% penicillin/streptomycin, 4 phlorotannins
in a mixture of 20% O2, 5% CO2, 75% N2 for 9 h, and then used for experiments. The experimental
method and image scheme is shown in Figure S1.

3.2.2. Post-Hypoxia Treatment Model

TCMK-1 cells were cultured in growth medium for 6 h before hypoxia, growth medium was
completely removed, and the cells were washed with PBS. Hypoxia exposure was performed following
in Section 3.2.1 ‘Pre-hypoxia treatment model’ of material and methods section. After the hypoxia
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treatment, the hypoxia chamber was dismantled and the hypoxia medium was removed, and the cells
were washed with PBS. The cells were cultured with fresh oxygenated medium containing FBS, 1%
penicillin/streptomycin, 4 phlorotannins in a mixture of 20% O2, 5% CO2, 75% N2 for 9 h, and then
used for experiments. The experimental method and image scheme is shown in Figure S1.

3.3. Immunostaining

TCMK-1 cells were seeded in an 8-well chamber slide (1 × 104 per chamber well) and incubated
for 24 h. Growth medium was completely removed, the cells were rinsed with PBS and fixed with
4% paraformaldehyde for 15 min. To suppress non-specific binding, animal serum was used and the
cells were incubated with anti-TLR4 (Abcam; Cambridge, UK, dilution rate 1:200) and anti-RAGE
(Santa-cruz biotechnology; Starr County, TX, USA, dilution rate 1:100) antibodies for 24 h at 4◦C.
After incubation, the cells were rinsed with PBS and incubated with Alexa 488–conjugated secondary
antibody (dilution, 1:500) in the dark for 1 h and rinsed with PBS again. To stain the nuclei, the
cells were incubated with DAPI (Sigma-Aldrich) for 1 min. Fluorescence was detected by confocal
microscopy (LSM 710; Carl Zeiss, Oberkochen, Germany).

3.4. Immunoblotting

For protein extraction, TCMK-1 cells were lysed using an EzRIPA lysis kit (ATTO, Tokyo, Japan)
and centrifuged at 13,000× g for 20 min at 4 ◦C. The clear supernatants were collected, and protein
concentration was determined by using a bicinchoninic acid assay kit (Thermo Fisher Scientific).
Proteins (15 μg/lane) were separated by sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) in a 10% to 12% gradient gels and transferred to polyvinylidene fluoride membranes
in a Semi-Dry transfer system (ATTO) at 25 V for 10 min. The membranes were blocked with 5%
skimmed milk for 1 h, washed twice with Tris-buffered saline containing 0.1% Tween 20 (TBST), and
incubated with primary antibodies at 4 ◦C for 24 h. The membranes were then washed with TBST
twice, incubated with appropriate secondary antibodies for 1 h at room temperature, and washed with
TBST again. Proteins of interest were detected using ECL Western Blotting Substrate (Thermo Scientific;
Waltham, MA, USA) on a LAS-4000 imager (GE Healthcare, Uppsala, Sweden). Protein expression
levels were quantified using Image J software (NIH; Bethesda, MD, USA) and the antibodies used are
listed in Table S1.

3.5. Detection of Apoptotic Cells by TUNEL Staining

TUNEL staining was used to determine the effects of the 4 phlorotannins on apoptosis in both
hypoxia treatment models. TCMK-1 cells were cultured in an 8-well chamber (3 × 105 well) and
treated with 4 phlorotannins before and after hypoxia for 24 h each., Cells were fixed with freshly
prepared 4% paraformaldehyde for 5 min at room temperature, permeabilized with 0.1% Triton X-100
and 0.1% sodium citrate in PBS at 4 ◦C for 2 min and stained with the TUNEL assay kit (Roche;
Indianapolis, IN, USA) following the manufacturer’s instructions. DAPI (Sigma-Aldrich) staining
at room temperature for 5 min was used to visualize nuclei. Then, cover slips were mounted onto
glass slides with Vectashield mounting medium (Vector Laboratories; San Francisco, CA, USA, H-1500)
and examined under a confocal microscope (LSM 710). Apoptotic cells were analyzed with Zen 2009
software (Zeiss).

3.6. Enzyme-Linked Immunosorbent Assay (ELISA)

HMGB1 protein levels in cell lysates and culture supernatants of TCMK-1 cells exposed to hypoxia
were measured by an indirect ELISA. A 96-well plate was coated with 0.6% sodium bicarbonate and
0.3% sodium carbonate in distilled water (pH 9.6) overnight at 4 ◦C. Each well was washed with 0.1%
Triton X-100 in phosphate-buffered saline (TPBS), and remaining protein-binding sites were blocked
with 5% skim milk at 4 ◦C overnight. The wells were washed with TPBS, and cell lysate and supernatant
were added and incubated overnight at 4 ◦C. Unbound proteins were removed by washing with TPBS,
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and bound proteins were incubated with anti-HMGB1 antibody (Abcam, dilution rate 1:1000) for 24 h
at 4 ◦C. After rinsing the plate with TPBS, the samples were incubated for 2 h at room temperature
with horseradish peroxidase–conjugated anti-rabbit antibody (Vector, dilution rate 1:1000). After
washing with TPBS, color was developed by incubating samples with 3,3′,5,5′-tetramethylbenzidine
(Sigma-Aldrich) for 20 min. The reaction was stopped by adding 50 μL of 2 M H2SO4 to each well, and
absorbance was measured at 450 nm using an ELISA plate reader (VERSA Max; Molecular Devices,
San Jose, CA, USA).

3.7. Isolation of 4 Phlorotannins from E. cava

E. cava used this study were obtained from Aqua Green Technology Co., Ltd (Jeju, Korea). In briefly,
E. cava were thoroughly washed with pure water and air-dried at room temperature for 48 h, the
clean E. cava was ground and 50% ethyl alcohol was added followed by incubation at 85 ◦C for 12 h.
The extracts of E. cava were filtered, concentrated, sterilized by heating at high temperatures above 85 ◦C
for 40–60 min and then spray-dried. Phlorotannins were isolated following a published procedure [33].
In briefly, centrifugal partition chromatography (CPC) was performed using a two phase solvent system
full of water/ethyl acetate/methyl alcohol/n-hexane (7:7:3:2, ratio v/v/v/v). The organic stationary phase
was filled in the centrifugal partition chromatography column followed by pumping of the mobile
phase into the column in descending mode at the same flow rate (2 mL per min) used for separation.

3.8. Statistical Analysis

The statistical analysis was conducted using SPSS version 22 software (IBM Co.; Armonk, NY, USA).
In this study, statistical differences were compared among 6 groups (PBS, Hx/PBS, Hx/DK, Hx/PHB,
Hx/PPB, Hx/PFFA) in pre-hypoxia and post-hypoxia treatment using the non-parametric Kruskal-Wallis
test. For post-test, the difference between 2 groups was compared using the Mann-Whitney U test.
All experiments were performed in triplicate, and results are presented as means ± standard deviation.
* (asterisk) means comparing with PBS, $ comparing with Hx/PBS and # comparing with Hx/PPB.
All the experiments were repeated three times.

4. Conclusions

In conclusion, PPB showed a protective effect against H/R injury of TECs. The PPB reduced
HMGB1 release, which initiates TLR4 and RAGE activation. The decrease in TRL4 and RAGE signaling
by PPB inhibited NF-κB activation, which leads to TNF-α and IL-6 release. Those cytokines are
well-known inducers of TEC apoptosis after H/R injury. PPB reduced TNF-α and IL-6 release, and
reduced cell death and cell death signaling molecules such as pErk1/2, pSAPK/JNK, and pP38, which
suggested that PPB has a potential to prevent kidney H/R injury by inhibiting the HMGB1-TLR4 or
RAGE pathway. Among the 4 phlorotannins, PPB had the strongest protective effect from H/R injury,
in both the pre- and post-hypoxia models. Our data suggested that PPB treatment could be used to
protect against I/R injury during kidney surgery before the blood supply to the kidney is stopped and
even after ischemia, before the blood supply to the kidney is restored, the latter treatment might be as
effective as when treatment with PPB is performed before the onset of ischemia.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/11/602/s1,
Table S1: List of antibodies for immunoblotting, Figure S1: Experimental scheme image of pre- and post-hypoxia
treatment model in vitro.
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Abstract: Both amyloid-β (Aβ) and insulin are amyloidogenic peptides, and they play a critical
role in Alzheimer’s disease (AD) and type-2 diabetes (T2D). Misfolded or aggregated Aβ and
glycated insulin are commonly found in AD and T2D patients, respectively, and exhibit neurotoxicity
and oxidative stress. The present study examined the anti-Aβ25-35 aggregation and anti-insulin
glycation activities of five phlorotannins isolated from Ecklonia stolonifera. Thioflavin-T assay results
suggest that eckol, dioxinodehydroeckol, dieckol, and phlorofucofuroeckol-A (PFFA) significantly
inhibit Aβ25-35 self-assembly. Molecular docking and dynamic simulation analyses confirmed that
these phlorotannins have a strong potential to interact with Aβ25-35 peptides and interrupt their
self-assembly and conformational transformation, thereby inhibiting Aβ25-35 aggregation. In addition,
PFFA dose-dependently inhibited d-ribose and d-glucose induced non-enzymatic insulin glycation.
To understand the molecular mechanism for insulin glycation and its inhibition, we predicted the
binding site of PFFA in insulin via computational analysis. Interestingly, PFFA strongly interacted
with the Phe1 in insulin chain-B, and this interaction could block d-glucose access to the glycation
site of insulin. Taken together, our novel findings suggest that phlorofucofuroeckol-A could be a
new scaffold for AD treatment by inhibiting the formation of β-sheet rich structures in Aβ25-35 and
advanced glycation end-products (AGEs) in insulin.

Keywords: phlorotannin; amyloid-β aggregation; insulin glycation; dynamic simulation

1. Introduction

The aberrant aggregation of misfolded proteins within a biological system is responsible for
various pathological conditions. Protein aggregates commonly form and accumulate during normal
aging, and it remains unclear whether misfolded proteins are a cause or consequence of aging [1].
In any case, protein aggregates are the major hallmarks of numerous neurodegenerative and metabolic
disorders, and many central nervous system pathologies are associated with protein aggregation,
such as amyloid-β peptide (Aβ) and tau protein aggregates in Alzheimer’s disease (AD), α-synuclein
in Parkinson’s disease (PD), and the huntingtin protein in Huntington’s disease [2].

The Aβ peptide is a byproduct of proteolytic processing of the amyloid precursor protein,
a transmembrane protein, byβ- and γ-secretases. The initial cleavage of Aβ forms soluble and non-toxic
monomers of varying lengths, the most common of which are the Aβ1–40 and Aβ1–42 peptides.

However, when the monomers combine into clusters, they form Aβ oligomers which go on
to form insoluble fibrils known as β-sheets [3]. That process is known as amyloid aggregation,
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and it eventually produces insoluble plaques. Aβ self-assembly is a complicated multi-phase process
governed by noncovalent interactions with a delicate balance of entropic and enthalpic contributions [4].
Many physical factors can contribute to the development of strains and in how the β-sheets pack and
the strands H-bond to each other: temperature, pH, concentration, ionic strength, agitation conditions
such as sonication, and the presence of seeds [5]. Conventionally, Aβ fibrils have been considered the
neurotoxic species primarily responsible for AD, but recent correlational research with the symptoms
of dementia has found that soluble oligomers are the most cytotoxic Aβ forms [6]. A healthy body
produces Aβ proteins at physiological concentrations that are essential for normal memory function and
synaptic plasticity [7]. However, those same proteins at the high levels seen in AD are associated with
synaptic dysfunction and memory loss [8]. Therefore, inhibiting amyloid aggregation or disaggregating
pre-aggregated amyloid peptide is one therapeutic approach to treating AD.

Insulin is a major hormone for regulating glucose homeostasis, and it can be non-enzymatically
glycated by glucose and other reactive carbonyls under hyperglycemic conditions. Glycated insulin is
less effective in controlling glucose homeostasis and stimulating glucose uptake than non-glycated
insulin, and thus glycation might contribute to the insulin resistance and glucose intolerance of type
2 diabetes (T2D) [9]. Non-enzymatic protein glycation is an irreversible modification that begins
with a chemical reaction between reducing sugars and primary amino groups, produces additional
rearrangements to form a stable Amadori product, and eventually leads to the production of advanced
glycation end-products (AGEs) [10]. An accumulation of AGEs is a feature of diabetic complications
such as nephropathy [11], retinopathy [12], and atherosclerosis [13] and of neurodegenerative diseases
such as AD. A receptor for advanced glycation end products (RAGE) is a multi-ligand transmembrane
receptor expressed in several cell types that recognizes various ligands, including AGEs and Aβ.
Cellular effects induced by protein glycation have been reported to be mediated by RAGE [10].
Previously, ribosylated insulin decreased cell viability and triggered death pathway through the
activation of caspases-3 and -7, intracellular reactive oxygen species (ROS) production, and nuclear
factor-κB (NF-κB) activation in NIH-3T3 mouse embryonic fibroblasts [10]. In addition, an AGEs–RAGE
pathway triggers the pathogenesis of Aβ and tau hyperphosphorylation via activation of glycogen
synthase kinase 3β and induces oxidative stress and neuro-inflammation via NF-κB activation [14].
Therefore, the inhibition of insulin glycation could be an important strategy for preventing AD, T2D,
and diabetic complications.

Phlorotannins, which are polymers of phloroglucinol elements, are abundant in Ecklonia species
of brown algae and have recently attracted much interest among neurodegeneration researchers.
Due to the profound biological activities of marine-derived phlorotannins, including antioxidant and
anti-inflammatory [15], antiviral [16], anti-cancer [17], anti-melanogenic [18], anti-adipogenic [19],
and anti-diabetic [20] properties, research on their neuroprotective effects is emerging. Recently,
we demonstrated that the molecular mechanism of the neuroprotective effects of eckol depended
on monoamine oxidase-A inhibition and dopamine D3/D4 receptor agonism [21,22]. Similarly,
dieckol and phlorofucofuroeckol-A (PFFA) showed MAOs-A/B inhibition, D3R/D4R receptor agonism,
and D1/5HT1A/NK1 receptor antagonism [23]. In addition, we discovered that the anti-AD activity of
phlorotannins, including eckol, dioxinodehydroeckol, dieckol, and PFFA, occurred via inhibition of
β-secretase and acetylcholinesterase [24,25].

Previously, Kang et al. reported that n-butanol fraction obtained from Ecklonia cava significantly
inhibited the oligomerization and fibrillation of Aβ1-42 [26]. Cho and coworkers reported that eckol and
dieckol are abundant in the n-butanol fraction of E. cava ethanolic extract, with respective quantities
of 37.55 and 115.0 mg/g [27]. However, no one has reported the effect of phlorotannins against
Aβ self-aggregation.

It is both nutritionally and pharmaceutically important if phlorotannins derived from edible
brown seaweeds can inhibit Aβ aggregation and insulin glycation because those processes are closely
related to the pathogenesis of AD. Therefore, our main aim in this study was to characterize the
inhibitory effects of various phlorotannins (Figure 1) against self-induced Aβ25-35 aggregation and
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non-enzymatic insulin glycation and to provide molecular insights via molecular dynamics (MD)
simulations of the inhibition of Aβ self-aggregation and insulin glycation. To the best of our knowledge,
this study is the first to identify phlorotannins as dual inhibitors of both Aβ25-35 self-aggregation and
insulin glycation.

Figure 1. Structures of phlorotannins.

2. Results

2.1. Inhibition of Aβ25-35 Self-Aggregation by Phlorotannins

We screened the inhibitory effects of five phlorotannins on Aβ25-35 self-aggregation at a
concentration of 10 μM using thioflavin-T fluorescence. To verify our experiments, we used curcumin as
a standard compound. As shown in Figure 2A, thioflavin-T fluorescence decreased significantly in the
presence of eckol (p < 0.05), dioxinodehydroeckol (p < 0.001), dieckol (p < 0.001), and PFFA (p < 0.001)
at 10 μM. Among them, PFFA showed the strongest inhibitory effect with 80.00% ± 5.5% inhibition,
followed by dieckol, dioxinodehydroeckol, and eckol with inhibitions of 66.98% ± 1.5%, 66.07% ± 2.5%,
and 34.45% ± 1.5%, respectively. However, phloroglucinol showed no inhibitory effect on Aβ25-35

self-aggregation even at 50 μM. As shown in Figure 2B, eckol, dioxinodehydroeckol, dieckol, and PFFA
had dose-dependent inhibitory effects on Aβ25-35 self-aggregation. We obtained the 50% inhibitory
concentration (IC50) of phlorotannins for Aβ25-35 self-aggregation from the dose-activity graph and
found it to be in the range of 6.18 to 34.36μM (Table 1). Notably, PFFA, dieckol, and dioxinodehydroeckol
exhibited lower IC50 values (6.18 ± 0.18, 7.93 ± 0.16, and 8.31 ± 0.23 μM, respectively) than the standard
compound, curcumin (10.73 ± 1.40 μM).

2.2. Inhibition of Insulin Glycation by Phlorotannins

Glycated bovine insulin was observed by fluorescence spectroscopy because AGEs are marked by
a typical fluorescence emission at 410 nm (excitation at 320 nm). To verify our experimental condition,
we used vanillin as a negative control for d-ribose-induced protein glycation [28] and rutin as a positive
control for d-glucose-induced protein glycation [29].

As shown in Figure 2C, fluorescence intensity after a 1-week incubation of bovine insulin and
d-ribose increased significantly compared to the blank group (p < 0.001). However, in the presence of
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100 μM eckol, PFFA, or dieckol, a significant reduction of insulin glycation was detected, as indicated
by a decline in fluorescence intensity. Those inhibitory activities of eckol, PFFA, and dieckol were
dose-dependent, with IC50 values of 258.54 ± 10.81, 29.50 ± 0.53, and 63.67 ± 3.83 μM, respectively
(Figure 2D). Phloroglucinol and dioxinodehydroeckol showed weak or no inhibitory activity on
d-ribose-induced insulin glycation at 100 μM, and the negative control (vanillin) showed no activity at
500 μM.

Similarly, fluorescence intensity after a 2-weeks incubation of insulin and d-glucose increased
remarkably compared to the blank group (Figure 2E). In the presence of PFFA, fluorescence intensity was
dose-dependently reduced with an IC50 value of 43.55 ± 2.38 μM. In addition, phloroglucinol showed
40.02% inhibition at 100 μM. However, other phlorotannins showed no inhibitory activity on
d-glucose-induced insulin glycation under the tested concentration.

Figure 2. Effects of phloroglucinol (1), eckol (2), dioxinodehydroeckol (3), dieckol (4), and PFFA (5) on
Aβ25-35 self-aggregation (A) and insulin glycation (C and E). Dose-dependent inhibitory activity of
phlorotannins on Aβ25-35 self-aggregation (B) and insulin glycation (D and F). Values are expressed as
mean ± SD (n = 3). # p < 0.01 indicates a significant difference from the blank group (Blk). * p < 0.05
and ** p < 0.001 indicate significant differences from the control group (Con). (Con: aggregated Aβ25-35

(100 μM) for A; glycated insulin group for C and E, 1–5: Aβ25-35 + tested phlorotannins for A; insulin +
d-ribose or d-glucose + tested phlorotannins for C and E, PC: curcumin for A; rutin for E, NC: vanillin).

2.3. Prevention of Lipid Peroxidation in Whole Rat Brain Homogenates by Phlorotannins

A combination of H2O2 and Fe2+ was used to initiate lipid peroxidation in the brain via
Fenton’s reaction [30]. We evaluated the inhibitory activity of phlorotannins on lipid peroxidation
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using Fe2+-treated rat brain homogenates. In the control group, the malondialdehyde (MDA) level
was significantly elevated compared with the blank group (not treated with Fe2+ or TBA; p < 0.001),
as shown in Figure 3. However, the MDA level was significantly decreased in the presence of eckol,
dioxinodehydroeckol, dieckol, PFFA, or Trolox (positive control). Among the tested phlorotannins,
PFFA best prevented lipid peroxidation, with an EC50 value of 10.96 ± 0.16 μM, followed by
dioxinodehydroeckol, dieckol, and eckol with respective EC50 values of 12.43 ± 1.50, 13.51 ± 0.38,
and 38.64 ± 1.16 μM (Table 1). Interestingly, PFFA, dioxinodehydroeckol, and dieckol exhibited lower
EC50 values than the positive control, Trolox (EC50 = 49.01 ± 3.50 μM).

Figure 3. Effects of phloroglucinol (1), eckol (2), dioxinodehydroeckol (3), dieckol (4), and PFFA (5)
on lipid peroxidation in whole rat brain homogenates. Values are expressed as mean ± SD (n = 3).
* p < 0.01 and ** p < 0.001 indicate significant differences from the Con group (Blk: without Fe2+ or
TBA, Con: with Fe2+ and TBA, 1–5: with Fe2+, TBA, and the tested phlorotannins, PC: Trolox).

Table 1. Effect of phlorotannins on Aβ25-35 self-aggregation, bovine insulin glycation, and lipid
peroxidation in rat brain homogenates.

Compounds
IC50 (μM) a EC50 (μM) a

Aβ25-35

Aggregation
d-Ribose-Induced
Insulin Glycation

d-Glucose-Induced
Insulin Glycation

Lipid
Peroxidation

Phloroglucinol >100 >100 >100 >75

Eckol 34.36 ± 1.11 258.54 ± 10.81 >100 38.64 ± 1.16

Dioxinodehydroeckol 8.31 ± 0.23 >100 >100 12.43 ± 1.50

Dieckol 7.93 ± 0.16 63.67 ± 3.83 >100 15.48 ± 2.14

Phlorofucofuroeckol-A 6.18 ± 0.18 29.50 ± 0.53 43.55 ± 2.38 10.96 ± 0.16

Curcumin b 10.73 ± 1.40 - - -

Vanillin c - >500 - -

Rutin b - 5.19 ± 1.35

Trolox b - - - 49.01 ± 3.50
a The 50% inhibition concentration (IC50) and 50% effective concentrations (EC50) are expressed as mean ± SD,
n = 3. b Curcumin, rutin, and Trolox were used as a positive control for the Aβ25-35 aggregation, d-glucose-induced
insulin glycation and lipid peroxidation assays, respectively. c Negative control for the d-ribose-induced insulin
glycation assay.
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2.4. Docking Simulation for Phlorotannins on Aβ25-35

We conducted an in silico docking analysis to find the most stable binding site of the phlorotannins
on Aβ25-35 (sequence GSNKGAIIGLM). The predicted binding site residues and maximum binding
affinities for the phlorotannins are presented in Table 2. The five phlorotannins showed a negative
binding energy to Aβ25-35 and docked near it. As shown in Figure 4e,f, dieckol and PFFA formed 5-
and 7-hydrogen bonding interactions with Aβ25-35, respectively, along with pi-interactions between the
aromatic rings of these compounds and hydrophobic residues such as Ala30–Ile31–Ile32. The aromatic
ring of dioxinodehydroeckol (Figure 4D) formed many pi-interactions with Ala30 and Ile32. As shown
in Figure 4C, the OH group of eckol formed three hydrogen bonds with the Gly25-Asn27 residues,
and the aromatic ring of eckol interacted with Ile31 and Ala30 via pi-interactions. These results indicate
that bulky compounds of more than three repeating phloroglucinol units interacted evenly with most
Aβ25-35 residues. However, the phloroglucinol monomer is not expected to cause structural changes to
Aβ25-35 because of its very small structure, although it did form hydrogen bonds with the Gly25, Asn27,
and Ile32 residues of the peptide, as shown in Figure 4B. On the other hand, dioxinodehydroeckol and
PFFA, which have two dibenzo-1,4-dioxin or dibenzofuran linkages, retain fewer rotatable bonds than
the other phlorotannins, so they showed low torsion energies and stably interacted with the Aβ25-35

with a high binding affinity.

Figure 4. The best docked poses of phloroglucinol (cyan stick), eckol (black stick), dioxinodehydroeckol
(purple stick), dieckol (orange stick), and PFFA (green stick) bound to the Aβ25-35 peptide (A) and a
detailed 2D view of the phlorotannin–peptide interactions (B–F).
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Table 2. Binding affinity and interacting residues of phlorotannins with human Aβ25-35 and bovine
insulin peptides from docking analysis.

Ligands
Binding Energy

(kcal/mol)
Hydrogen Bonding Interactions Other Interactions

Target protein: human Aβ25-35

Phloroglucinol −3.19 Gly25, Asn27, Ile32 Ala30 (Pi-Alkyl), Ser26 (Pi-Lone
pair)

Eckol −4.73 Gly25, Ser26, Asn27 Ile31 (Pi-Alkyl), Ala30 (Pi-sigma)

Dioxinodehydroeckol −4.94 Ser26, Leu34 Ala30 (Pi-sigma, Pi-Alkyl), Ala30
(Pi-Alkyl), Ile32 (Pi-Alkyl)

Dieckol −3.51 Gly25, Ile32, Ala30, Ser26, Gly29 Ile31 (Pi-sigma), Ile31 (Pi-Alkyl),
Ile32 (Pi-Alkyl)

PFFA −5.33 Gly29, Lys28, Asn27, Ile31, Leu34,
Gly33 Ala30 (Pi-Alkyl)

Target protein: bovine insulin

PFFA −5.03 Ser12 (A), Gln15 (A), Glu17 (A),
Asn18 (A), Asn3 (B), Phe1 (B) Tyr14 (Pi-Amide stacked)

2.5. Dynamic Simulation of Phlorotannins Inhibiting Aβ25-35 Self-Aggregation

In the absence of inhibitors, the amorphous form of Aβ25-35 changed into the β-sheet form with
many internal hydrogen bonds between strands in a 150 mM NaCl aqueous solution during a 20 ns MD
simulation (Figure 5A–C). We analyzed and visualized the evolution of the secondary structure during
that 20 ns MD simulation using VMD. As shown in Figure 6A, the β-sheet began being generated at
5.9 ns and continued forming until 20 ns.

To understand the binding modes between Aβ and phlorotannins, we subjected the most stable
phlorotannin–Aβ25-35 complexes from the docking study to MD simulation.

As shown in Figure 7A, the MD simulation results suggest that eckol interacts favorably with
the Asn27–Lys28–Gly29 residues of the peptide. After 20 ns, the hydroxyl moiety of the eckol formed
strong hydrogen bonds with the Asn27 and Gly29 residues, and the aromatic ring of this compound
interacted with Lys28 via an amide-pi stacked bond. Those interactions between the peptide and eckol
increased the β-bridge content during the 20 ns MD simulation. However, unlike Aβ25-35 alone,
no β-sheet was observed in the presence of eckol (Figure 6A).

Figure 5. Molecular dynamics (MD) simulation trajectories of Aβ25-35 peptide at times t = 0 (A), 10 (B),
and 20 ns (C).
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Figure 6. MD simulation trajectories of eckol (A), dioxinodehydroeckol (DHE, B), dieckol (C),
and phlorofucofuroeckol-A (PFFA, D) bound to Aβ25-35 peptide at times t = 0, 10, 15, and 20 ns.

Dioxinodehydroeckol formed many interactions with most of the peptide residues, which eliminated
all β-structures, including β-sheet and β-bridge formations (Figure 6A). Although it did not interact
with Met35 and Ile31, which are assumed to play a key role in the assembly and neurotoxicity of
Aβ [31], in the best docked pose (Figure 4D), dioxinodehydroeckol continuously interacted with
those residues via hydrophobic and hydrophilic bonds during the MD simulations. After 20 ns of
simulation, dioxinodehydroeckol formed seven hydrogen bonds with the Ser26, Ile32, Gly25, and Met35
residues. In addition, the aromatic ring of this compound interacted with Ala30 and Met35 via several
pi-interactions: pi-sigma, pi-sulfur, and pi-alkyl bonds (Figure 7B).
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As shown in Figure 7C, dieckol strongly interacted with Met35 and Lys28 via hydrogen bonds
during the simulations. In addition to Met35, dieckol continuously reacted with the Ser26, Lys28, Ile31,
and Leu34 residues. After the 20 ns MD simulation, hetero oxygen atoms and the hydroxyl moiety of
dieckol formed hydrogen bonds with Met35 and Lys28. Pi-interactions were also detected between the
aromatic rings of dieckol and the Met35, Ile31, Leu34, Ser26, and Lys28 residues.

PFFA (Figure 7D) interacted favorably with the Ile31, Ala30, Gly29, and Gly33 residues during
the simulations and effectively interrupted the self-assembly of Aβ25-35. After the 20 ns simulation,
this compound formed a hydrogen bond with Asn27 and a strong electrostatic interaction (pi-cation)
with Lys28. In addition, hydrophobic interactions were observed between PFFA and the Gly29 and
Lys28 residues. Furthermore, a secondary structure analysis revealed that the formation of a β-sheet
decreased significantly in the presence of dieckol and PFFA, as shown in Figure 8A.

Figure 7. Evolution of secondary structures with time (ns) for Aβ25-35 peptide with and without
phlorotannins (A). Minimum distances (ns) between the residues in the Aβ25-35 peptide and the
phlorotannins (B for eckol, C for dioxinodehydroeckol, D for dieckol, and E for PFFA) during 20 ns
MD simulations.

We also analyzed the minimum distances between each residue in the peptide and the phlorotannins
during the 20 ns simulations. As shown in Figure 6B, dieckol, PFFA, and dioxinodehydroeckol moved
to within 0.5 nm of the Aβ25-35 during the simulations, whereas eckol moved to within 1.0 nm of the
peptide. In addition, these four phlorotannins continuously interacted with Asn27 and Ile31 at a close
distance during the 20 ns MD simulations. Dioxinodehydroeckol and dieckol interacted closely with
Gly33, Leu34, and Met35. PFFA did not interact closely with Met, but it did compactly interact with
other hydrophobic residues, including Ile31-Ile32-Gly33-Leu34. However, phloroglucinol could not
access the Aβ25-35 peptide until 3 ns into the 20 ns MD simulation even though the simulation began
with a docked phloroglucinol–Aβ25-35 complex (data not shown).

2.6. Docking Simulation for PFFA on Bovine Insulin

The most stable binding site of PFFA on the bovine insulin was analyzed using an in silico
automated docking study. PFFA showed a negative binding energy (−5.03 kcal/mol) to the bovine
insulin. As shown in Figure 8A and Table 2, the hydroxyl moieties of the PFFA interacted with Phe1
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and Asn3 in chain B and Ser12, Gln15, Glu17, and Asn18 in chain A of the insulin via hydrogen
bonds. In addition, the dibenzofuran ring of the PFFA interacted with Tyr14 in chain A via a pi-amide
stacked interaction.

Figure 8. The best predicted pose from the molecular docking simulation for PFFA (green stick)
binding to bovine insulin (A). The MD trajectories for PFFA bound to bovine insulin at 15 ns of the MD
simulation (B). Water molecules are not shown in the 3D view for clarity. Hydrogen bonds, pi-donor
hydrogen bonds, and pi-amide stacked interactions are shown as green, pale green, and pink dashed
lines, respectively. Water molecules are labeled “SOL” in the 2D view. Minimum distances (nm)
between the glycation site residues in the bovine insulin and PFFA during 15 ns MD simulations (C).

2.7. Dynamic Simulation of PFFA on Bovine Insulin

To understand the binding modes between insulin and PFFA, we subjected the most stable
PFFA–insulin complex (Figure 8A) obtained from the docking study to MD simulation.
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As shown in Figure 8B, the MD results reveal that PFFA moved slightly closer to Phe25 (chain B)
over time, and the PFFA-insulin complex was finally stabilized by intra-interactions between PFFA
and insulin residues, including Ser12 and Tyr19 in chain A and Phe1 and Phe25 in chain B.

Furthermore, minimum distances (nm) between PFFA and major glycation site residues including
Phe1, Arg22, and Lys29 in chain B and Gly1 in chain A of insulin over MD run times are described in
Figure 8C. PFFA formed stable interaction with Phe1 in chain B over the entire runs, whereas PFFA
interacted with Gly1 in chain A via H-bond from 5 ns until 10 ns runs (data not shown). In addition,
PFFA weakly interacted with Arg22 and could not reach near Lys29 residue during 15 ns MD runs.

3. Discussion

Phlorotannins, a natural polyphenol found abundantly in brown seaweeds (especially in the
Ecklonia species), are known to have a diverse range of pharmacological activity. As neuroscience
research progresses, the many neuroprotective effects of various phlorotannins are being reported,
including inhibitory activity against enzymes linked to the pathogenesis of AD and PD [22,24,25,32],
modulatory activity against G-protein coupled receptors related to neuronal diseases such as PD and
psychological diseases [22,23], and free-radical scavenging activity [15]. Although some reports have
indicated that phlorotannins have protective effects against the neurotoxicity of the Aβ1-42 oligomer [32]
or Aβ25-35 peptides [33,34] in neuronal cell-lines, phlorotannins have not previously been studied as
an inhibitor of Aβ self-aggregation.

Soluble Aβ oligomers and insoluble fibrils are known to bind several receptors at the cell surface,
including the insulin receptor (IR), RAGE, α-7-nicotinic acetylcholine receptor, β2 adrenergic receptor,
N-methyl-d-aspartic acid receptor, and toll-like receptor 2 [35]. Many of the signaling pathways
initiated by those receptors converge into common downstream targets that are ultimately responsible
for synaptic impairment, neurotoxicity, and cell death. The predominant forms of the Aβ present in
aggregates are Aβ1–40 and Aβ1–42. Aggregates of shorter fragments such as Aβ25–35 result from the
cleavage of soluble racemized Aβ1-40 peptides and are observed in the brain tissue of AD patients [36].
The Aβ25–35 fragment is the smallest that retains both the toxicity and aggregation properties of the
full-length molecule [37]. In a previous study, Aβ25–35 showed outstanding speed of aggregation
and immediate cytotoxicity in vitro compared with other forms [38]. The Aβ25–35 treated animals
exhibit a statistically relevant cognitive impairment as well as alteration of the key markers of cell
death and neurodegeneration [39]. Therefore, to evaluate whether phlorotannins could prevent the
self-aggregation of Aβ, we tested their potency using Aβ25–35 as the target.

As with previous reports [38], the thioflavin T fluorescence of Aβ25–35 increased after
24 h’ incubation compared with freshly prepared Aβ25–35. However, the thioflavin T intensity
decreased significantly when Aβ25–35 was co-incubated with eckol, dioxinodehydroeckol, dieckol,
or PFFA, though phloroglucinol showed no effect at the tested concentrations. Among them,
PFFA (a pentamer of a phloroglucinol unit with both dibenzo-1,4-dioxin and dibenzofuran linkages),
dieckol, and dioxinodehydroeckol (a trimer of phloroglucinol with two dibenzo-1,4-dioxin linkages)
showed strong potency, with an IC50 range of 6.18 to 9.06 μM. Eckol, a trimer of phloroglucinol
with a dibenzo-1,4-dioxin linkage, showed less activity than the others. These outcomes imply that
having both dibenzo-1,4-dioxin and dibenzofuran linkages (or two dibenzo-1,4-dioxin linkages) in the
phlorotannin scaffolds are essential to effectively prevent the self-assembly of Aβ25–35.

Our molecular docking and MD simulation studies have clearly demonstrated the binding modes
between the peptide and phlorotannins. After a 20 ns MD simulation, Aβ25–35 alone showed β-sheet
content and had β-turn content at Gly29-Ala30, in accord with the results of a previous study [40].
However, when bound to eckol, dioxinodehydroeckol, dieckol, or PFFA, the peptide had significantly
less β-sheet content and existed in an amorphous state. The MD analysis revealed that these four
phlorotannins commonly interacted with the Asn27 and Ile31 residues, though their interactions
differed. Eckol and dioxinodehydroeckol favorably interacted with hydrophilic residues, including
Asn27-Lys28-Gly29, whereas dieckol and PFFA mainly interacted with the C-terminus hydrophobic
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residues, including Ile31-Ile32-Gly33-Leu34-Met35. It was previously reported that Aβ25–35 assemblies
are mediated by side-chain to side-chain hydrogen interactions in the Asn27-Ile32 region. In addition,
an experimental analysis conducted by Pike and coworkers confirmed that the Leu34-Met35 region
is essential to Aβ aggregation, and Met35 is important for the neurotoxicity of Aβ25–35/1-40 [31,38].
Therefore, the different binding aspects of the phlorotannins could explain their different potency
against Aβ25–35 aggregations in vitro. However, it was reported that GROMOS force fields showed
strongly biased results toward β-sheet structures [41] and the drug-binding sites of Aβ monomers and
small oligomers are very transient [42], thus further extensive MD simulation using other CHARMM,
AMBER99-ILDN, or AMBER14SB force fields, which showed good balanced results in structures as
well as kinetics, should be conducted to confirm our MD results [42,43].

For many years, it was commonly believed that the brain was insensitive to insulin. However,
it is now acknowledged that insulin has vital neuro-modulatory functions, such as the regulation of
glucose homeostasis and roles in cognition, learning, and memory, which are impaired in AD [44].
In addition, insulin can prevent the formation of the Aβ1-42 oligomer and ameliorate the Aβ1-42-induced
impairment of long-term potentiation in hippocampal slices [45]. But once insulin is glycated under
hyperglycemic or diabetic conditions, it cannot bind IR or block Aβ aggregation, which produces
a decline in IR-mediated signaling pathways and can facilitate Aβ-mediated brain damage [9,45].
Glucose is the most abundant reducing sugar in vivo with its plasma concentrations ranging from 70 to
140 mg/dL in healthy individuals, while two times higher in T2D patients [46]. In addition, abnormally
high doses of d-ribose have been found in the urine of T2D patients [47], and ribosylated insulin was
found to exhibit significant cytotoxicity in NIH-3T3 cells [10].

Although some reports have suggested that natural products, such as vanillin, rutin, quercetin,
and pinocembrin, can act as insulin glycation inhibitors [28], studies about insulin glycation remain
inadequate. Therefore, in this study, we evaluated the inhibitory effects of phlorotannins on d-glucose
or d-ribose-induced non-enzymatic and irreversible glycation of bovine insulin, and we elucidated the
molecular mechanism of action for insulin glycation and its inhibition by phlorotannins.

PFFA and dieckol showed remarkably potent inhibition of d-ribose induced insulin glycation at
less than 100 μM. However, other phlorotannins showed weak or no activity at the tested concentrations.
In the case of d-glucose induced insulin glycation assay, only PFFA showed significant inhibitory
activity at 100 μM. Our results suggest that PFFA might be promising lead compounds against
non-enzymatically glycated insulin–mediated pathogenesis.

Glucose-binding sites (Phe1, Val2, Leu17, Arg22, and Lys29 in chain B; Glu1 in chain A) on
insulin had already been elucidated via in silico prediction and mass spectrometry studies [48,49].
Our docking and MD simulation analyses clearly show the binding modes between bovine insulin and
PFFA. Phe1 in chain B of insulin, which is the major glycation site of insulin, connected strongly with
PFFA via H-bond and pi-pi bonds during MD runs. Our computational prediction also indicated that
PFFA could interact with Ser12, Tyr19, and Phe25 residues, which could inhibit insulin glycation by
disturbing the interaction between glycation site of insulin and d-glucose (or d-ribose).

In the brain, Aβplaques and AGEs can be major sources of oxidative stress [14,37]. Brains are highly
susceptible to oxidative damage because their membranes contain high amounts of polyunsaturated
and peroxidable fatty acids and have a high rate of oxygen consumption [50]. In our study, eckol,
dioxinodehydroeckol, dieckol, and PFFA dose-dependently reduced MDA levels in whole rat brain
tissue homogenate. Dioxinodehydroeckol, dieckol, and PFFA showed strong activity, and eckol had
moderate potency. Thus, phlorotannins with more than three repeating phloroglucinol units are
required to prevent lipid peroxidation. However, in the homogenates, destroying the structures and
cells via a myriad of processes that is started cannot occur in the living organism and almost all unspecific
antioxidants could inhibit this nonspecific peroxidation [51,52]. Therefore, further mechanism studies
are required to confirm this activity.

AD drugs are required to enter the blood-brain barrier (BBB) to achieve therapeutic levels in
the central nervous system (CNS). Pharmacokinetic parameter prediction study indicated that eckol
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penetrates the CNS moderately [22]. In addition, Kwak et al. reported that dieckol, with a number
of hydroxyl groups and high molecular weight, effectively passed the BBB in rats upon intravenous
injection [53]. Studies of PFFA in BBB permeability has not been implemented, but properties similar
to dieckol may be anticipated. To strengthen the penetration property of BBB, several methods
were developed using nanoparticles, aromatic substances (e.g., borneol), and chemical drug delivery
systems [54]. Recently, Venkatesan et al. successfully biosynthesized the silver nanoparticles using
E. cava [55]. Therefore, we are able to overcome the limitation of phlorotannins over BBB penetration.

We are the first to identify the inhibitory activity of phlorotannins as dual Aβ aggregation and
insulin glycation inhibitors, and our computational study clearly shows the mechanism by which PFFA
inhibits Aβ self-aggregation and bovine insulin glycation. However, further in vivo experiments are
needed to verify this in vitro and in silico prediction.

In conclusion, our results show that dieckol and PFFA derived from marine brown algae strongly
reduce Aβ25–35 self-aggregation and non-enzymatic insulin glycation. In addition, we used docking
and MD simulation studies to demonstrate the molecular mechanism by which the active phlorotannins
inhibit Aβ aggregation and insulin glycation. Therefore, those phlorotannins can prevent neuronal
damage by inhibiting the formation of β-sheet rich amyloid peptide structures and insulin glycation
as well as by preventing lipid peroxidation, producing normal insulin and Aβ processing pathways.
Taken together, our findings suggest that phlorotannins could be a promising therapeutic lead
compound for the treatment of AD and T2D.

4. Materials and Methods

4.1. Chemicals and Reagents

Amyloid β-protein fragment 25–35 (Aβ25-35), 1,1,1,3,3,3-hexafluoro-2-propanol, 1,1,3,3-
tetramethoxypropane, Trolox, curcumin, d-ribose, d-glucose, vanillin, and insulin from bovine
pancreas were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium dodecyl sulfate (SDS)
and thiobarbituric acid (TBA) were purchased from Biosesang (Seoul, Republic of Korea) and Tokyo
Chemical Industry (Tokyo, Japan), respectively. All chemicals and solvents for column chromatography
were of reagent grade from commercial sources and were used as received.

4.2. Preparation of Phlorotannins

Five phlorotannins—phloroglucinol, eckol, dioxinodehydroeckol, dieckol, and PFFA—were
isolated from the ethyl acetate fraction of E. stolonifera ethanolic extract as described by Yoon et al. [23].
The cemical structures of the isolaed phlorotannins are shown in Figure 1.

4.3. Assay for Aβ25-35 Self-Aggregation

A monomeric Aβ25-35 solution was prepared using the method of Naldi and coworkers [56].
A 2.5 μL aliquot of various concentrations of the tested phlorotannins in 50 mM phosphate buffer
(pH 7.4) with 100 mM NaCl was added to 72.5 μL of Aβ25-35 sample (100 μM), and the mixture was
incubated at 4 ◦C for 1 day. After incubation, 25 μM thioflavin T in 50 mM glycine-NaOH buffer
(pH 8.5) was added to the reaction mixture. Fluorescence emission intensity was monitored at 490 nm
(λexc = 446 nm) using a fluorescence microplate reader (Gemini XPS, Molecular Devices, Sunnyvale,
CA, USA). Curcumin was used as a standard compound.

4.4. Assay for Non-Enzymatic Insulin Glycation

The insulin from bovine pancreas was dissolved in third grade distilled water to a concentration
of 6 mg/mL and acidified to pH 2.4 using phosphoric acid to produce monomeric insulin. Then the
insulin solution was neutralized to pH 7.0 using 10 M NaOH. Non-enzymatic glycation of insulin was
initiated by mixing the insulin solution, 0.5 M d-ribose (or 1.5 M d-glucose) in 50 mM NaH2PO4 buffer
(pH 7.0), and 10% dimethyl sulfoxide (DMSO) or the test phlorotannins in a 1:8:1 ratio and incubating
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the mixture at 37 ◦C for 6 days (2 weeks for d-glucose induced insulin glycation). Vanillin was used as a
negative control for d-ribose induced insulin glycation [27], whereas rutin was used as a positive control
for d-glucose induced insulin glycation [28]. After incubation, the reaction mixture was measured at an
excitation wavelength of 320 nm and emission wavelength of 410 nm using a fluorescence microplate
reader (Gemini XPS).

4.5. Preparation of Rat Brain Homogenates

Whole rat brain homogenates were prepared from freshly killed Sprague Dawley rats (male,
6-months old) and provided by the Aging Tissue Bank of Pusan National University. One g of whole
rat brain was homogenized in 10 mL of cold 20 mM sodium phosphate buffer containing 140 mM KCl
(pH 7.4) and centrifuged at 1300× g for 15 min.

4.6. Lipid Peroxidation Assay

A TBA reactive species (TBARS) assay was used to evaluate the antioxidant activity of the
phlorotannins in the rat brain homogenates [57]. An aliquot of the supernatant fraction of the
homogenates was mixed with phlorotannins dissolved in 10% DMSO, freshly prepared ferric sulfate
(250 μM), and distilled water in a 10:5:3:12 ratio, and then the reaction mixture was incubated at
37 ◦C for 1 h. The reaction was completed by adding a color reagent containing 0.8% TBA, 8.1% SDS,
and a 7.5% (final concentration) acetic acid-NaOH solution (pH 3.4) in a 2:1:2 ratios. The mixture was
boiled in a water bath for 1 h. After cooling, the reaction mixture was mixed with an equal volume of
n-butanol and centrifuged at 1300× g for 10 min. The absorbance of the upper layer was measured
at 532 nm using a spectrophotometer (Molecular Devices). The formation of TBARS was expressed
as MDA nmol/mg protein using 1,1,3,3-tetramethoxypropane as a standard. Trolox was used as a
positive control.

4.7. Molecular Docking Simulation

Docking simulations were carried out with AutoDock 4.2 [58]. The X-ray crystallographic
structures of Aβ25-35 and bovine insulin were obtained from the RCSB Protein Data Bank using
codes 1QXC (model 1) [59] and 2ZP6, respectively. The chemical structures of the phlorotannins
(phloroglucinol, eckol, eckstolonol, dieckol, and PFFA) were obtained from the PubChem database
using codes 359, 145937, 10429214, 3008868, and 130976, respectively. The rotatable bonds were set
by the Autodock tools, and all torsions were allowed to rotate during ligand preparation. Grid map
files were generated using the Autogrid. For each phlorotannin-Aβ25-35 or PFFA-insulin complex,
10 docking poses were generated using the default genetic algorithm (GA) parameters. Further,
Lamarckian GA was used to compute ligand conformations. The pose with the lowest binding energy
was selected as the final docking result. Docking results were visualized using Discovery Studio (v17.2,
Accelrys, San Diego, CA, USA).

4.8. Molecular Dynamic simulation

All simulations in this study were done using the open source GROMACS 2018.1 package [60]
with a force field of GROMOS96 43A1 [61]. The most stable phlorotannin-Aβ25-35 and PFFA-insulin
complexes obtained from the automated docking simulation were subjected to MD simulation. The type
of N- (Gly25 for Aβ25-35; Gly1 and Phe1 for insulin) and C-terminals (Met35 for Aβ25-35; Asn21 and
Ala30 for insulin) of the peptides were set as NH3+ and COO–, respectively. Each phlorotannin-peptide
complex was placed in a single cubic box and solvated using the spc216 water model. The system was
neutralized with appropriate numbers of Na+ and Cl– ions using a 0.15 mM ion concentration (without
an ion concentration for the PFFA-insulin complex). After that, the system was subjected to energy
minimization by the steepest descent method with a maximum of 5000 steps and was optimized with the
LINCS algorithm using 100 ps under constant volume and pressure [62]. Electrostatic interactions were
calculated by the particle mesh Ewald process [63]. The pressure (1 bar) and temperature (300 K) of the
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system were controlled by the Parrinello–Rahman and V-rescale methods, respectively. The simulation
results were scrutinized and visualized using Discovery Studio (v17.2, Accelrys, San Diego, CA, USA).
The timeline for the secondary structure of Aβ25-35 peptide was investigated using visual molecular
dynamics (VMD) [64].

4.9. Statistical Analysis

The 50% inhibitory concentration (IC50) values (μM) obtained from the dose-inhibition curves
are expressed as the mean ± SD (n = 3). The Student’s t-test (two-tailed) was used to determine the
significant differences between the blank and control or the phlorotannin-treated groups and control in
Figures 2 and 3.
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Abstract: A marine red alga, Symphyocladia latiuscula (Harvey) Yamada (Rhodomelaceae), is a
rich source of bromophenols with a wide array of biological activities. This study investigates
the anti-tyrosinase activity of the alga. Moderate activity was demonstrated by the methanol
extract of S. latiuscula, and subsequent column chromatography identified three bromophenols:
2,3,6-tribromo-4,5-dihydroxybenzyl methyl alcohol (1), 2,3,6-tribromo-4,5-dihydroxybenzyl methyl
ether (2), and bis-(2,3,6-tribromo-4,5-dihydroxybenzyl methyl ether) (3). Bromophenols 1 and 3

exhibited potent competitive tyrosinase inhibitory activity against l-tyrosine substrates, with IC50

values of 10.78± 0.19 and 2.92± 0.04μM, respectively. Against substrate l-3,4-dihydroxyphenylalanine
(l-DOPA), compounds 1 and 3 demonstrated moderate activity, while 2 showed no observable
effect. The experimental data were verified by a molecular docking study that found catalytic
hydrogen and halogen interactions were responsible for the activity. In addition, compounds 1

and 3 exhibited dose-dependent inhibitory effects in melanin and intracellular tyrosinase levels in
α-melanocyte-stimulating hormone (α-MSH)-induced B16F10 melanoma cells. Compounds 3 and
1 were the most effective tyrosinase inhibitors. In addition, increasing the bromine group number
increased the mushroom tyrosinase inhibitory activity.

Keywords: Symphyocladia latiuscula; bromophenols; mushroom tyrosinase; B16F10; melanin

1. Introduction

Marine algae are widely used in a variety of cuisines [1] and are preferred by a growing number
of consumers for their functional and nutraceutical properties [2,3]. The pharmaceutical industry has
also developed a strong interest in algae [4,5], as have cosmetologists [6]. A major concern among the
latter is hyperpigmentation, which is an abnormal darkening of the skin associated with excessive
melanin production [7,8]. Although melanin is a pigment responsible for the photo-protective effect
of skin, overproduction may lead to skin disorders [9]. Because tyrosinase is a rate-limiting step in
melanin formation, identification of a strong tyrosinase inhibitor would be of significant value to
hyperpigmentation research.

Melanogenesis describes the production of distinct melanin pigments by specialized cells called
melanocytes, which are found within membrane-bound organelles known as melanosomes [10].
The embryonic precursors of melanocytes, i.e., melanoblasts, originate in neural crest cells [11].
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Mature melanocytes are connected with keratinocytes through dendritic cells, which facilitate
the transfer of melanin in neighboring keratinocytes cells, are responsible for skin pigmentation,
and protect the skin from harmful ultraviolet radiation [12]. Melanocyte-specific markers, which are
used to identify the expression of melanocyte cells in the melanogenesis process, include tyrosinase,
tyrosinase-related protein 1 (TRP1), tyrosinase-related protein 2 (TRP2)/dopachrome tautomerase
(DCT), pre-melanosome protein 17 (Pmel17/gp100), melan-A/melanoma antigen recognized by
T-cells 1 (MART-1), and microphthalmia-associated transcription factor (MITF). In melanin synthesis,
the rate-limiting step is catalyzed by tyrosinase, while TRP1 is responsible for the oxidation of
5,6-dihydroxyindole-2-carboxylic acid to a carboxylated indole quinone [13]. Moreover, TRP2/DCT
enzymes catalyze the tautomerization of dopachrome into 5,6-dihydroxyindole-2-carboxylic acid,
which can be detected in both melanocytes and melanoblasts [14,15]. Pmel17/gp100 is necessary
for the formation of the structural matrix of stage II melanosomes [16]. MART-1, meanwhile, is
specifically targeted to tumor-directed T-lymphocytes and is a probable target for immunotherapy of
melanoma [17]. MITF is a major transcriptional factor in the regulation of melanocyte-specific genes
encoding tyrosinase, TRP2/DCT, and MART-1 [18–20].

Melanin pigments common in humans include eumelanin (a brown-black pigment) and
pheomelanin (a yellow/orange-red pigment). Melanin is produced from its precursor, l-tyrosine,
through a series of enzymatic and chemical reactions. The first step of melanin biosynthesis, the oxidation
of an l-tyrosine substrate, is catalyzed by the rate-limiting enzyme tyrosinase. This is followed by
dopaquinone formation [21,22]. Autoxidation of dopaquinone leads to the formation of l-DOPA and
dopachrome. l-DOPA acts as a co-factor in the reaction [23] and also as a substrate for tyrosinase.
Eumelanin is subsequently formed through a series of oxidation reactions with dihydroxyindole and
dihydroxyindole-2-carboxylic acid. Dopaquinone is condensed into cysteinyldopa or glutathionyldopa
in the presence of cysteine or gluthathione, producing pheomelanin pigments. A heterogeneous
pool of mixed-type melanins can also be formed through interactions between eumelanin and
pheomelanin [22,24].

Recently, marine algae have gained considerable interest in the discovery of tyrosinase inhibitors.
In a study conducted to find new anti-browning and whitening agents from marine sources,
Cha et al. [25] screened 43 indigenous marine algae for tyrosinase inhibitory activity and found potent
tyrosinase inhibitory activity of extracts from Endarachne binghamiae, Schizymenia dubyi, Ecklonia cava,
and Sargassum silquastrum. However, Symphyocladia latiuscula (Harvey) Yamada was not in the list of
the 43 studied algae. Of the total microalgae in marine source, brown algae account for approximately
59%, followed by red algae at 40% and green algae at less than 1% [26], and phlorotannins and
halogenated compounds are predominant secondary metabolites with prominent biological activities.
Lately, tyrosinase inhibitory potentials of phlorotannins from marine algae have emerged with great
interest [27–29]. Similarly, due to various advantages of halogens in drug pharmacokinetics such as
lipophilicity, cell membrane solubility, membrane binding, permeation, diffusion, and half-life, chemists
are focusing on the synthesis of novel tyrosinase inhibitors, taking halogenation as a basic tool [30–32].
However, reports on natural halogenated compounds from marine sources are limited. Therefore, this
study focuses on a red alga, Symphyocladia latiuscula, and its constituent, bromophenols (Figure 1), for
anti-tyrosinase activity.

Symphyocladia latiuscula (Harvey) Yamada is a member of the Rhodomelaceae family predominantly
distributed along the coasts of Korea, Japan, and northern China. It is a red alga rich in bromophenols
with a wide range of bioactive properties [33]. Among the compounds found in S. latiuscula are
antioxidants [34,35], free radicals scavengers [36–38], peroxynitrite scavengers [39], anti-inflammatory
and antibacterial [40], antifungal [41,42], antiviral [43], cytoprotective [39], and anti-diabetes [44], along
with aldose reductase inhibitors [45], Taq DNA polymerase inhibitors [46], and anti-proliferators [47].
However, anti-tyrosinase activity has not yet been investigated in detail.
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Figure 1. Structure of the compounds isolated from the ethyl acetate fraction of S. latiuscula.

2. Results

2.1. Effect of Bromophenols on Tyrosinase Activity

Mushroom tyrosinase inhibitory activity of MeOH extract of S. latiuscula demonstrated inhibition
percentages of 39.58% and 86.47% at a concentration of 1000 and 250 μg/mL for l-tyrosine and l-DOPA,
respectively. This result helped determine the compounds (Figure 1) responsible for the activity in the
MeOH extract of S. latiuscula.

In l-tyrosine substrate, compound 3 demonstrated a potent mushroom tyrosinase inhibitory
activity, with a half-maximal inhibitory concentration (IC50) of 2.92 ± 0.04 μM, followed by compound
1 with 10.78 ± 0.04 μM. However, compound 2 exhibited weaker inhibition, with an IC50 value of
113.94 ± 0.75 μM (Table 1). Weak inhibition was also exhibited by compounds in l-DOPA substrate.

Table 1. Mushroom tyrosinase inhibitory potential of bromo-compounds from S. latiuscula.

Compounds
IC50 (μM) a (n = 3) l-Tyrosine

l-Tyrosine l-DOPA Ki Value (μM) b Inhibition Type c

1 10.78 ± 0.19 h 270.53 ± 2.04 f 10.59 Competitive
2 113.94 ± 0.75 g >300 - d - d

3 2.92 ± 0.04 i 110.91 ± 4.95 g 1.98 Competitive
Kojic acid e 3.17 ± 0.07 i 3.07 ± 0.04 h - d - d

Arbutin e 172.82 ± 4.71 f >300 - d - d

a The 50% inhibitory concentration (μM) expressed as mean ± SD of triplicate experiments; b The inhibition
constant (Ki) was determined from secondary plots; c Inhibition type determined from Lineweaver-Burk plots;
d Not determined; e Used as reference drug; f–i Means with different letters are significantly different with Duncan’s
test at p < 0.05.

2.2. Effect of Bromophenols on Enzyme Kinetic Inhibition

Changes in Km values were observed on a double-reciprocal Lineweaver–Burk plot, which showed
that compounds 1 and 3 induced competitive-type inhibition (Table 1, Figure 2). Furthermore,
the secondary replot of Kmapp/Vmaxapp and 1/Vmaxapp versus compounds 1 and 3 was used to determine
the binding constant of the inhibitor for free enzymes (Kic). The Kic (≈Ki) values for compounds 1 and
3 were 10.59 and 1.98 μM.
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Figure 2. Lineweaver–Burk plots and the secondary plots of Kmapp/Vmaxapp and 1/Vmaxapp for the
inhibition of tyrosinase by compounds 1 (A,B) and 3 (C,D) in the presence of different concentrations
of substrate (l-tyrosine).

2.3. Molecular Docking Simulation on Tyrosinase Inhibition

To predict the binding site of the active compounds, a molecular docking simulation was performed.
The binding energy, the number of hydrogen bonds, and the hydrogen-bond interaction, along with
other interaction residues of the compounds and the reference compounds l-tyrosine (competitive
inhibitor) and luteolin (allosteric inhibitor) are summarized in Table 2 and Figures 3 and 4. The most
potent bromophenol, compound 3, formed two hydrogen-bond interactions with Arg268 and peroxide
ions (Per404) between the two copper ions. Furthermore, the complex was stabilized by His259, Asn260,
Glu256, Met280, Val283, His263, Phe264, Ser282, Ala286, Val248, Met257, Val283, His85, His244, His259,
His263, and Phe264 interacting residues (Figure 4C). Similarly, together with the three-hydrogen-bond
interaction with Per404, Asn260, and His61, the compound 1-tyrosinase complex was stabilized by
Glu256, Met280, Val283, His263, Ala286, Val283, His85, Phe90, His244, His259, His263, and Phe264, as
shown in Figure 4A. Likewise, only one hydrogen bond with peroxide ions was found with compound 2

(Figure 4B). The binding energies of −6.19, −6.29, and −7.81 kcal/mol were consumed by compounds 1,
2, and 3, respectively.

Figure 3. Molecular docking results of bromophenol compounds from S. latiuscula in the active site of
oxy-form Agaricus bisporus tyrosinase (2Y9X) along with reference ligands. The chemical structure of
compounds 1, 2, 3, l-tyrosine, and luteolin are shown in green, purple, yellow, black, and cyan sticks,
respectively. Bromine, oxygen, and nitrogen atoms are shown in brown, red, and blue, respectively.
Copper and peroxide ions are shown in orange and red spheres, respectively.
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Table 2. Binding energy and interacting residues of bromo-compounds from S. latiuscula against
oxy-form Agaricus bisporus tyrosinase (2Y9X).

Compounds
Binding Energy

(kcal/mol)
No. of

H-Bonds
H-Bond Interactions Other Interacting Residues

1 -6.19 3
Asn260, His61,

and Per404
(O–H bond)

Glu256 and Met280 (O-Br bond),
Val283 (Pi-Sigma), His263 (Pi-Pi
Stacked), Ser282 (Amide-Pi
Stacked), Ala286 and Val283
(Alkyl-Br), His85, Phe90, His244,
His259, His263, and Phe264
(Pi-Br), Cu401, and 400
(van der Waals)

2 -6.29 1 Per404 (O–H bond)

Met280 (O-Br bond), Val283
(Pi-Sigma), His263 (Pi-Pi Stacked),
Ala286 and Val283 (Alkyl-Br),
His85, Phe90, His259, His263,
and Phe264 (Pi-Br), Cu401,
and 400 (van der Waals)

3 -7.81 2 Arg268 and Per404
(O–H bond)

His259 and Asn260 (C-O bond),
Glu256 and Met280 (O-Br bond),
Val283 (Pi-Sigma), His263 (Pi-Pi
Stacked), Phe264 (Pi-Pi T-shaped),
Ser282 (Amide-Pi Stacked),
Ala286, Val248, Met257,
and Val283 (Alkyl-Br), His85,
His244, His259, His263,
and Phe264 (Pi-Br), Cu401,
and 400 (van der Waals)

l-Tyrosine a -6.31 5

His244, Asn260,
and Met280 (O–H

bond), Glu256
(Salt-bridge)

Ala286 (Pi-Alkyl),
Val283(Pi-Sigma), His263 (Pi-Pi
Stacked), Cu401, and 400, Per402
(van der Waals)

Luteolin a -5.77 4
Cys83, Gly245, Ala246,

and Val248
(O–H bond)

Val248 (Pi-Alkyl), His85
(Pi-Sigma), Glu322 (Pi-Anion)

a l-tyrosine and luteolin were used as reference catalytic and allosteric inhibitor, respectively.

 
Figure 4. Molecular docking results of bromo-compounds 1 (A), 2 (B), and 3 (C) in the catalytic site of
oxy-form Agaricus bisporus tyrosinase (2Y9X).

2.4. Effect of Bromophenols on Cell Viability of B16F10 Cells

To evaluate the toxicity of the bromophenols in B16F10 melanoma cells, cell viability upon
bromophenol treatment only (Figure 5A) and/or co-treatment with 5 μM α-MSH for 48 h (Figure 5B)
was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
The B16F10 melanoma cells were treated at a concentration of 25–100 μM of isolated bromophenols
for 48 h. Bromophenol 2 showed no toxicity up to a concentration of 100 μM (approximately 100%
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viable cells). However, compounds 1 and 3 displayed significant toxicity (74.6% and 86.9% viable cells,
respectively). No toxicity was observed up to 50 μM concentration for all compounds. Consequently,
a 25 μM sample concentration was used for further experiments.

Figure 5. Effect of bromophenols 1–3 on cell viability in B16F10 cells (A) and co-treatment with
5 μM α-MSH (B). Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) method. Cells were pretreated with the indicated concentrations (25, 50,
and 100 μM) of test compounds for 48 h. Data shown represent mean ± SD of triplicate experiments.
a p < 0.05 and b p < 0.01 indicates significant differences from the control group.

2.5. Effect of Bromophenols on Melanin Content and Intracellular Tyrosinase Activity in B16F10 Cells

Melanin and intracellular tyrosinase (TYR) contents were measured after pretreatment of B16F10
melanoma cells with different concentrations (6.25, 12.5, and 25 μM) of the three bromophenols for
1 h, followed by 48 h of α-MSH treatment. After stimulating B16F10 cells with 5 μM α-MSH for 48 h,
the melanin content rose to 151.72% (Figure 6A). However, treatment of bromophenols 1 and 3 reduced
the melanin content in a dose-dependent manner. At a 25 μM concentration, compounds 1 and 3

reduced the melanin content to 115.94% and 98.68%, respectively. Arbutin at a 500 μM concentration
reduced the content to 124.06%. In parallel with the enzyme assay, compound 2 showed no significant
reduction in the melanin content. Because cellular tyrosinase enhances melanin overproduction,
reduction of tyrosinase activity is an efficient strategy for the development of anti-melanogenic agents.
A l-DOPA oxidation protocol was designed to examine the inhibitory activity of isolated bromophenols
against tyrosinase in α-MSH-induced B16F10 melanoma cells, because l-tyrosine and l-DOPA are
sequentially generated substrates that regulate melanogenesis and modulate melanocyte function
through overlapping substrates. After 48 h of sample treatment, intracellular tyrosinase activity
was measured. As shown in Figure 6B, with treatments 1 and 3, intracellular tyrosinase activity
decreased in a dose-dependent manner compared with controls. The level of intracellular tyrosinase
after α-MSH treatment was 215.73%, which was reduced to 122.64% and 94.81% after treatment with
25 μM concentration of 1 and 3, respectively. The activities of 1 and 3 were better than that of 500 μM
arbutin, which reduced intracellular tyrosinase levels to 130.75%. As with melanin content, compound
2 did not show a significant reduction in intracellular tyrosinase level at tested concentrations.
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Figure 6. Effect of bromophenols 1–3 on extracellular melanin content (A) and cellular tyrosinase
activity (B) in α-MSH-stimulated B16F10 cells. Cells were pretreated with the indicated concentrations
(6.25, 12.5, and 25 μM) of bromophenols 1–3 for 1 h followed by exposure to α-MSH (5.0 μM) for 48 h
in the presence or the absence of test bromophenols. Arbutin (500 μM) was used as a positive control.
Values represent the mean ± SD of triplicate experiments. a p < 0.01 indicates significant differences
from the control group; b p < 0.05, c p < 0.01 and d p < 0.001 indicate significant differences from the
α-MSH treated group.

2.6. Effect of Bromophenols on Tyrosinase Expression

Increased tyrosinase activity enhances melanogenesis and hyperpigmentation, implying that
downregulation of tyrosinase activity would theoretically represent an anti-pigmenting property.
To evaluate the effect of bromophenols 1-3 on tyrosinase expression, the B16F10 cells were pre-treated
with the bromophenols before stimulation withα-MSH, and the tyrosinase protein levels were examined
using western blot analysis. As shown in Figure 7, treatment with compounds 1 and 3 at concentrations
of 6.25, 12.5, and 25 μM for 48 h inhibited α-MSH-induced accumulation of tyrosinase proteins in a
concentration-dependent manner.

Figure 7. Effects of bromophenol 1 (A), 2 (B), and 3 (C) on cellular tyrosinase protein expression levels
in α-MSH-stimulated B16F10 cells. Western blotting was performed, and protein band intensities were
quantified by densitometric analysis. Upper panels display representative blots. Graphs under each
bands represent the relative band density for tyrosinase (TYR) normalized to β-actin. Values represent
the mean ± SD of three independent experiments; a p < 0.001 indicates significant differences from the
control group; b p < 0.05, c p < 0.01 and d p < 0.001 indicate significant differences from the α-MSH
treated group.
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Compared with the normal control group, which had low levels of tyrosinase expression,
the α-MSH-treated group demonstrated intensified tyrosinase expression levels. However,
pre-treatment with arbutin and/or bromophenols 1 and 3 significantly reduced the expression levels.
Compound 1 at 25 μM and compound 3 at 6.25 μM were more effective at downregulating tyrosinase
expression than arbutin. Compound 2 did not reduce expression up to 25 μM.

3. Discussion

Use of cosmetics can lead to a variety of adverse effects and allergies in users sensitive to certain
chemicals and other ingredients. To avoid unnecessary interactions and to reduce adverse effects of
synthetic and semi-synthetic cosmetics, consumer preferences are shifting toward natural products.
Marine species are an abundant source of chemical and bioactive compounds due to the variety of
biological activities associated with marine organisms [48]. Many compounds derived from marine
species with possible applications in the nutraceutical and cosmetics fields remain unexamined [49,50].

To meet the demand for new compounds that exhibit potent anti-tyrosinase activity, a preliminary
screening of the methanolic extract of S. latiuscula was performed. The study revealed that a MeOH
extract was associated with inhibition rates of 39.58% and 86.47% at concentrations of 1000 and
250 μg/mL for l-tyrosine and l-DOPA, respectively. A study performed by Seo and Yoo [51] reported
inhibition rates of 84% and 60% against MeOH extract and a mixture of acetone and methylene chloride,
respectively, using l-tyrosine as a substrate. In contrast, no inhibition was observed at a concentration
of 500 μg/mL [27]. The possible reasons for the discrepancies among these experiments include the
difference in concentrations of enzyme and substrate, incubation time, and environmental conditions.
Based on the results, S. latiuscula extract was subjected to bio-assay guided fractionation, which yielded
2,3,6-tribromo-4,5-dihydroxybenzyl methyl alcohol (1), 2,3,6-tribromo-4,5-dihydroxybenzyl methyl
ether (2), and bis-(2,3,6-tribromo-4,5-dihydroxybenzyl methyl ether) (3). For the first time, a mushroom
tyrosinase inhibitory assay with an l-tyrosine substrate for the isolated compounds revealed compound
3 to be approximately twice and 23 times more potent than compounds 1 and 2, respectively
(Table 1). A similar tendency was observed for the l-DOPA substrate but with only moderate
potency. This result highlights the dimeric form of compound 2, specifically how the O-linkage of
the 2,3,6-tribromo-4,5-dihydroxyl methyl ether element enhances mushroom tyrosinase inhibition.
Moreover, an increased number for bromophenol moiety contributes to increased inhibition toward
tyrosinase. The results were further verified by the observations of B16F10 melanoma cells, which had
concentration-dependent inhibitory effects on melanin content and tyrosinase activity for compounds
1 and 3. A similar tendency for reduction of tyrosinase expression levels by 1 and 3 was observed in a
western blot analysis.

To shed light on the inhibition mode against tyrosinase, kinetic analysis for active compounds
1 and 3 using an l-tyrosine substrate was performed, supplemented by a molecular docking study.
A double-reciprocal Lineweaver-Burk plot of compounds 1 and 3 for the oxidation of different
concentrations of l-tyrosine demonstrated competitive inhibition of both compounds, as Km changed
while Vmax was constant. Graphing 1/V versus 1/[S] produced a family of straight lines with diverse
slopes, although the lines intersected on the Y-axis. The results showed that compounds 1 and 3 could
only bind with free enzymes. An inhibition constant for the inhibitor binding with the free enzyme
(Kic) was obtained from the secondary plot as 10.59 and 1.98 μM.

To predict binding affinity, activity of the small molecules, and the interaction of the molecules,
and to determine the optimal orientation of the protein–ligand complex with minimum energy,
molecular docking tools can be applied. This helps reveal the underlying mechanism of the compound
responsible for a particular bioactivity. A simulated docking study of the binding of the compounds
to the catalytic site of tyrosinase (Figures 3 and 4) provided evidence of the competitive inhibition,
as shown by a kinetic analysis (Figure 3). An H-bond interaction was formed by compound 1 as the
fourth and fifth hydroxyl group interacted with the peroxide ion located between the two copper
ions and His61, respectively, and the seventh hydroxyl group interacted with an Asn260 amino-acid
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residue. Moreover, the O-atom at the carboxylic moiety of Glu256 and Met280 interacted with the third-
and the sixth-position bromine atoms. The complex was stabilized by hydrophobic interactions with
Val283, His263, and Ser282 and halogen interactions with Ala286, Val283, His85, Phe90, His244, His259,
His263, and Phe264 residues (Figure 4A). Although similar interactions were observed for compound
3, the strong H-bond interaction between Arg268 residue and the 4′-OH group of active compound 3

helped stabilize the compound 3-tyrosinase complex [52]. Because of the increase in the bromine moiety
number, there was an increase in halogen interactions assisting the potent anti-tyrosinase activity
(Figure 4C). A similar result was seen in tyrosine phosphatase 1B and α-glucosidase inhibition [44].
Although compound 2 lacked the H-bond interaction with the other amino-acid residues, a peroxide
ion between the two copper atoms can explain its weak tyrosinase inhibitory activity (Figure 4B).
The lower the value of binding energy shown by the compounds was, the more stable the complex
formed between the ligand and targeted protein was. Binding energies of compounds 1–3 to tyrosinase
was comparable. However, compound 2 showed ineffective anti-melanogenic activity. The probable
reason for this discrepancy might be that, despite the fact that compound 2 was involved in van der
Waals interactions with copper ions (Cu401 and 400) and H-bond interactions with a peroxide ion
(Per404) at the active site, the complex was not stable. For 1 and 3, H-bond interactions with Asn260
and Arg268 and hydrophobic interaction with Ser282 most probably stabilized the complex, and these
interactions were not observed for 2. However, this should be confirmed through molecular dynamic
simulation. Moreover, as the present study reports just three compounds, the structural-activity
relationship study might be incomplete. Therefore, in depth study of the structural-activity relationship
with a larger number of bromophenols is warranted. The results confirm the strong activity exhibited
by the compounds isolated from S. latiuscula, making the alga a possible source for depigmenting
agents in cosmetology.

4. Materials and Methods

4.1. Chemicals and Reagents

l-Tyrosine, l-3,4-dihydroxyphenylalanine (l-DOPA), arbutin, mushroom tyrosinase enzyme
(EC 1.14.18.1), and α-melanocyte-stimulating hormone (α-MSH) were obtained from Sigma Aldrich
(St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
and penicillin-streptomycin were purchased from Gibco-BRL Life Technologies (Grand Island, NY,
USA). Primary tyrosinase (TYR) antibodies, β-actin, and horseradish peroxidase-conjugated secondary
antibodies were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Dipotassium
phosphate and monopotassium phosphate were obtained from Junsei Chemical Co. Ltd. (Tokyo,
Japan) and Yakuri Pure Chemicals Co. Ltd. (Osaka, Japan), respectively. All other reagents and
solvents were purchased from E. Merck, Fluka, and Sigma-Aldrich unless otherwise stated.

4.2. Algal Material

Leafy thalli of S. latiuscula (Harvey) Yamada collected from Cheongsapo, Busan, Korea, in
January 2016 were authenticated by an algologist, Doctor K. W. Nam, at the Department of Marine
Biology, Pukyong National University. A voucher specimen (No. 20160140) was deposited in the
laboratory of professor J. S. Choi, Pukyong National University.

4.3. Extraction, Fractionation, and Isolation

Clean and dried leafy thalli of S. latiuscula (Harvey) Yamada (700 g) was extracted in methanol
(MeOH) three times successively for 3 h at a time (5 L × 3 times) under reflux, followed by concentration
until dry in vacuo at 40 ◦C to obtain 207.38 g of MeOH extract. The resulting MeOH extract
was successively partitioned with different solvent soluble fractions. Details on partition, isolation,
and identification of compounds are reported in Paudel et al. [44].
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4.4. Mushroom Tyrosinase Inhibitory Assay

The inhibitory activity of mushroom tyrosinase was carried out using a spectrophotometric
method described in [27] with slight modifications. In brief, 10 μL of samples/positive control (kojic
acid) together with 50 mM of phosphate buffer (pH 6.5), 1 mM of substrate (l-tyrosine/l-DOPA)
solution, and distilled water were mixed at a ratio of 10:10:9 in a 96-well plate. Then, 20 μL of tyrosinase
was added and incubated at room temperature for between 10 and 30 minutes. Absorbance was
measured at 490 nm after incubation.

4.5. Kinetic Study Against Mushroom Tyrosinase

The inhibition type was determined using a Lineweaver–Burk plot [53]. The apparent slope
(Kmapp/Vmaxapp) and intercept (1/Vmaxapp) versus different inhibitor concentrations was used to
determine the inhibition constant (Ki) [54]. Different kinetic parameters were obtained for different
concentrations of the substrate (0.5, 0.75, and 1 mM) and inhibitors (compound 1—0.0, 4.0, 6.6,
and 9.3 μM; compound 3—0, 2.5, 2.6, and 2.7 μM). Sigmaplot version 12.0 (SPSS Inc., Chicago, IL, USA)
was employed to generate the plots.

4.6. Molecular Docking Simulation of Mushroom Tyrosinase

Molecular docking analysis was carried out using the procedure described [55] in AutoDock 4.2.
Structures for l-tyrosine (6057) and luteolin (5280445) were obtained from the PubChem compound
database. The three-dimensional (3D) structures of the bromophenol compounds were generated
by Marvin Sketch (v17.1.30, ChemAxon, Budapest, Hungary). Docking results were visualized and
analyzed using PyMOL (v1.7.4, Schrödinger, LLC, Cambridge, MA) and Discovery Studio (v16.1,
Accelrys, San Diego, CA, USA).

4.7. Cell Culture and Viability Assay

B16F10 mouse melanoma cells obtained from American Type Culture Collection (Manassas,
VA, USA) were maintained in 10% FBS in high-glucose DMEM containing 100 U/mL penicillin and
100 μg/mL streptomycin at 37 ◦C in a humidified atmosphere with 5% CO2. Cytotoxicity was evaluated
using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. After 95% of
confluence, B16F10 cells were seeded in a 96-well plate at 10,000 cells/well and incubated for 24 h
in DMEM supplemented with 10% FBS. The cells were then fed fresh serum-free DMEM containing
different concentrations (25 to 100 μM) of the test compounds and incubated for 48 h. After that,
the cells were incubated with 100 μL of MTT at a concentration of 0.5 μg/mL in phosphate-buffered
saline (PBS) for 2 h. Absorbance was measured at 490 nm by a microplate reader (Promega Corporation
Instrument, USA) after 2 h of incubation. The viability of cells at 48 h upon co-treatment with α-MSH
was evaluated by treating cells with 5 μM α-MSH 1 h after the treatment with test compounds.

4.8. Melanin Content Assay

Intracellular melanin content was determined according to a previously reported procedure [56]
with minor modifications. Briefly, B16F10 cells were seeded in a 24-well plate at 2 × 10,000 cells/well
and incubated for 24 h in DMEM containing 10% FBS. Cells were pretreated with 6.25, 12.5, and 25 μM
test compounds for 1 h and stimulated with 5 μM α-MSH for 48 h. Arbutin (500 μM) was used as a
positive control. The cells were washed with PBS and dissolved in 1 N NaOH containing 10% DMSO by
boiling at 80 ◦C for 30 min. The cell lysates were centrifuged at 14,000 rpm for 20 min, and absorbance
of the supernatant was measured at 405 nm. Melanin content was determined by normalizing the
absorbance with total protein content.
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4.9. Cellular Tyrosinase Assay

Intracellular tyrosinase inhibitory activity was evaluated by measuring the rate of oxidation of
l-DOPA [57]. Briefly, 2 × 10,000 cells/well were seeded and incubated for 24 h in a 6-well plate and
treated with various concentrations of bromophenols (6.25, 12.5, and 25 μM) or arbutin (500 μM) for
1 h, then stimulated with α-MSH (5 μM) for 48 h. The cells were washed with PBS and lysed with
a radio immunoprecipitation assay buffer. The cell lysates were kept in a deep freezer (−80 ◦C) for
1 h. After defrosting the cell lysates, the cellular extracts were purified by centrifugation at 14,000 rpm
for 20 min at 4 ◦C, and the supernatant was used as cellular tyrosinase solution. A total of 80 μL of
supernatant and 20 μL of l-DOPA (2 mg/mL) were added to a 96-well plate and incubated at 37 ◦C
for 45 min. Dopachrome formation was then measured spectrophotometrically at 450 nm using a
microplate spectrophotometer (Molecular Devices). Intracellular tyrosinase activity was calculated as
the percentage of control.

4.10. Determination of Tyrosinase Protein Levels via Western Blotting

After stimulating B16F10 cells with α-MSH in the presence or the absence of test bromophenols
and arbutin for the indicated times, the cells were washed with ice-cold PBS and harvested using a
cell scraper. The cell suspensions were centrifuged at 16,000 × g for 5 min, and the cell pellets were
lysed in a lysis buffer and incubated on ice for 10 min. The cell lysates were centrifuged at 16,000 × g
for 10 min, and the supernatant (total protein) was normalized using a Bradford protein assay kit.
Aliquots of protein were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto a nitrocellulose membrane. The membrane was blocked with 10% nonfat milk (w/v) in
tris-buffered saline with tween (TBST) (0.1 M Tris-HCl, pH 7.5, 1.5 M NaCl, 1% Tween20) for 2 h and
incubated for approximately 24 h with TYR primary antibody. The immunoblots were then incubated
with appropriate secondary antibodies for 2 h and detected using an enhanced chemiluminescence
detection kit.

4.11. Statistical Analysis

One-way ANOVA and a Student’s t-test (Systat Inc., Evanston, IL, USA) were used to determine
statistical significance. Values of p < 0.05, 0.01, 0.001, and 0.0001 were considered significant. All results
are presented as the mean ± SD of triplicate experiments.

5. Conclusions

The present study revealed that, among three bromophenols isolated from the marine alga
S. latiuscula, compound 3 followed by 1 exhibited potent competitive tyrosinase inhibition against
l-tyrosine substrate. A molecular docking simulation of the catalytic residue revealed the underlying
inhibitory mechanism. In addition, compounds 1 and 3 inhibited cellular tyrosinase activity, decreased
tyrosinase protein expression levels, and reduced the melanin content in α-MSH-treated B16F10
melanoma cells in a concentration-dependent manner. These results suggest that the increased number
of bromine groups in the compound is associated with significant mushroom tyrosinase inhibitory
activity. Overall, the strong tyrosinase inhibitory activity exhibited by the bromophenols isolated from
S. latiuscula makes the alga a possible source for depigmenting agents in cosmetology.
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Abstract: Background: Fucoidans are interesting for potential usage in ophthalmology, and especially
age-related macular degeneration. However, fucoidans from different species may vary in their
effects. Here, we compare fucoidans from five algal species in terms of oxidative stress protection
and vascular endothelial growth factor (VEGF) interference in ocular cells. Methods: Brown algae
(Fucus vesiculosus, Fucus distichus subsp. evanescens, Fucus serratus, Laminaria digitata, Saccharina
latissima) were harvested and fucoidans isolated by hot-water extraction. Fucoidans were tested
in several concentrations (1, 10, 50, and 100 μg/mL). Effects were measured on a uveal melanoma
cell line (OMM-1) (oxidative stress), retinal pigment epithelium (RPE) cell line ARPE19 (oxidative
stress and VEGF), and primary RPE cells (VEGF). Oxidative stress was induced by H2O2 or tert-Butyl
hydroperoxide (TBHP). Cell viability was investigated with methyl thiazolyl tetrazolium (MTT or
MTS) assay, and VEGF secretion with ELISA. Affinity to VEGF was determined by a competitive
binding assay. Results: All fucoidans protected OMM-1 from oxidative stress. However, in ARPE19,
only fucoidan from Saccharina latissima was protective. The affinity to VEGF of all fucoidans was
stronger than that of heparin, and all reduced VEGF secretion in ARPE19. In primary RPE, only
the fucoidan from Saccharina latissima was effective. Conclusion: Among the fucoidans from five
different species, Saccharina latissima displayed the most promising results concerning oxidative stress
protection and reduction of VEGF secretion.

Keywords: fucoidan; age-related macular degeneration; VEGF; oxidative stress; Saccharina latissima;
Fucus vesiculosus; Fucus distichus subsp. evanescens; Fucus serratus; Laminaria digitata

1. Introduction

Fucoidans are sulfated polysaccharides found in the cell walls of brown algae. Common to all
fucoidans is a high amount of L-fucose, yet their structures are complex and variable among different
species [1]. Fucoidans have been described as exerting interesting pharmacological activities including,
e.g., anti-inflammatory, antitumorigenic, and anti-angiogenic effects [1,2]. In particular, a fucoidan
has been found to be potentially beneficial in age-related macular degeneration (AMD), the most
common cause of blindness and severe vision loss in the Western world [3,4]. AMD is a disease of the
elderly in which photoreceptors and retinal pigment epithelial cells of the macula, the area of high
acuity vision, degenerate, and, in the more severe exudative subtype of the disease (wet AMD), vessels
grow from the choroid under and into the retina. These immature vessels are leaky and lead to fluid
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accumulation and tissue destruction. The pathogenesis of AMD is complex and not fully elucidated.
It is a multifactorial disease and several factors are involved in its pathogenesis. The most important
ones are oxidative stress and, in wet AMD, the secretion of vascular endothelial growth factor (VEGF)
by cells of the retinal pigment epithelium (RPE) [5–7]. Other factors such as impaired complement
regulation, lipid dysregulation, and inflammation are also of importance for AMD development [8–10].
Currently, there is no cure for AMD, and the only treatment options are VEGF inhibitors, which need
to be regularly injected in the eye [11]. Although these inhibitors have been a great progress in AMD
therapy, long-term treatment usually cannot keep up the initial beneficial effects, and may lead to
macular atrophy [12,13]. New treatment options would, therefore, be of great benefit.

Fucoidan could be of interest for the development of new AMD therapeutics, since it has been
described to be anti-inflammatory, blood lipid-reducing and, most importantly, protective against
oxidative stress and VEGF-inhibiting [4].

Our group has previously shown that commercially available fucoidan (from Fucus vesiculosus) exhibits
interesting effects on RPE cells including reduction of VEGF secretion and reduction of angiogenesis [3].
However, the commercially available fucoidan is poorly defined, with pronounced variability in structural
composition and degree of purity between batches [14,15]. Furthermore, fucoidans from different species
differ in their composition and may thus exert different biological effects. This renders the search for the
most suitable fucoidan for specific applications such as AMD an important quest [4,16].

In the current study, we compared the fucoidans of five species of brown algae (Saccharina latissima
(SL), Laminaria digitata (LD), Fucus serratus (FS), Fucus vesiculosus (FV), and Fucus distichus subsp.
evanescens (FE) in terms of two important factors for AMD development, i.e., oxidative stress and VEGF
secretion in ocular cells, as well as their binding affinity to VEGF. For this comparison, the algal material
of all five species were harvested in summer, identically prepared, and then extracted according to the
same standardized protocol, leading to the fucoidans SL, LD, FS, FV, and FE.

2. Results

2.1. Oxidative Stress Protection

2.1.1. OMM-1 Cells

The potency of oxidative stress protection of the fucoidan from five different algae species was
compared in two different systems. We have previously shown that commercial fucoidan from Fucus
vesiculosus protected several uveal melanoma cells, including OMM-1, from oxidative stress induced
by H2O2 [17]. In this study, we used the uveal melanoma cell line OMM-1.

Prior to the experiments with fucoidans, the concentration of H2O2 causing about 50% cell death
had to be evaluated. While the concentrations of 100 μM (78.67 ± 13.22%), 200 μM (85.67 ± 17.02%) and
400 μM (81.00 ± 15.51%) showed no effect on cell survival, 1000 μM displayed a significant reduction
of cell viability compared to the control (1000 μM 58.33 ± 17.98%, p < 0.05) (Figure 1a). A concentration
of 1000 μM H2O2 was therefore chosen for the following experiments.

Figure 1. Characterization of the susceptibility of cell lines to oxidative stress. Cell viability was
tested in OMM-1 (a) and ARPE19 (b) exposed to H2O2 (a,b) and tert-Butyl hydroperoxide (TBHP) (c).
Significance was evaluated with Friedman’s ANOVA and Student’s t-test, + p < 0.05, ++ p < 0.01, +++
p < 0.001 compared to control (n > 3).
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In the experiments concerning the fucoidan from Saccharina latissima, incubation of OMM-1 treated
with 1 mM H2O2 and SL fucoidan induced significant changes according to ANOVA testing. Incubation
with 1 mM H2O2 resulted in a reduction of cell viability to 68.75% (±5.07). Incubation with 1 μg/mL
induced no significant protection (72.00 ± 3.04%), while 10 μg/mL, 50 μg/mL, as well as 100 μg/mL all
significantly increased cell viability (92.13 ± 3.41%; 93.00 ± 3.57%, and 85.88 ± 7.03%, respectively; all
p < 0.001) (Figure 2a). In the experiments testing fucoidan from Laminaria digitata, incubation with
1 mM H2O2 reduced cell viability to 57.50% (±2.29). The differences between the groups treated with
LD fucoidan were significant in ANOVA testing. Incubations with any concentration of LD fucoidan
tested resulted in a highly significant protection of cell viability (all p < 0.001) (1 μg/mL 83.25 ± 3.60%;
10 μg/mL 101.75 ± 4.71%; 50 μg/mL 100.88 ± 5.51%; 100 μg/mL 92.75 ± 7.03%) (Figure 2b). Testing
fucoidan from Fucus serratus, incubation with 1 mM H2O2 resulted in a reduction of cell viability
to 39.00% (±3.67). In ANOVA testing, significant differences between the groups could be detected.
FS fucoidan increased cell viability significantly, but viability remained considerably low (1 μg/mL
45.25 ± 3.35%, p < 0.01; 10 μg/mL 59.88 ± 3.02%, p < 0.001; 50 μg/mL 58.63 ± 5.10%, p < 0.001; 100 μg/mL
52.38 ± 5.87% p < 0.001) (Figure 2c). When testing the fucoidan from Fucus vesiculosus, incubation with
1 mM H2O2 resulted in a reduction of cell viability to 63.50% (±2.60). In ANOVA testing, significant
differences between the groups could be detected. All concentrations of FV fucoidan resulted in a
significantly increased viability of cells (1 μg/mL 75.75 ± 10.50%, p < 0.01; 10 μg/mL 97.88 ± 14.93%,
p < 0.001; 50 μg/mL 96.36 ± 13.30%, p < 0.001; 100 μg/mL 87.88 ± 11.13%, p < 0.001) (Figure 2d). Finally,
when testing the fucoidan from Fucus distichus subsp. evanescens, incubation with 1 mM H2O2 resulted
in a reduction of cell viability to 36.50% (±8.44). In ANOVA testing, significant differences between
the groups could be detected. FE fucoidan significantly increased viability when used at 1–50 μg/mL
(1 μg/mL 54.38 ± 18.00%, p < 0.05: 10 μg/mL 69.5 ± 17.43%, p < 0.001; 50 μg/mL 62.00 ± 18.10%, p < 0.01)
but not at 100 μg/mL (55.00 ± 22.63%) (Figure 2e).

Taken together, all fucoidans were protective against oxidative stress-induced reduction of viability,
and all showed a similar pattern, with the highest viability rates at 10 and 50 μg/mL. However, the
fucoidans displayed significant differences when their effects were compared. LD fucoidan clearly
showed the strongest protective effect, which was significantly higher than that of SL (for 1 and
10 μg/mL p < 0.001; 50 μg/mL p < 0.001), significantly higher than that of FE (1 μg/mL p < 0.01;
10–100 μg/mL p < 0.001), and significantly higher than FS (all p < 0.001). FV was significantly more
effective than FE (1 μg/mL p < 0.05; 10–100 μg/mL p < 0.01) and significantly more effective than FS
(all p < 0.001). Finally, SL was significantly more protective than FE (1 μg/mL p < 0.05; 10 μg/mL
p < 0.01; 50 μg/mL p < 0.001; 100 μg/mL p < 0.01) and more protective than FS (all p < 0.001). FE and
FS, however, displayed no statistically significant differences (Table 1). Ranging the protective effect,
LD > FV > SL > FE > FS.

Table 1. Comparison of the protective effects of the different fucoidans at different concentrations
against oxidative stress cell death in OMM-1 cells induced with 1 mM H2O2.

Compared Fucoidans 1 μg/mL 10 μg/mL 50 μg/mL 100 μg/mL

LD vs. FV not significant (ns) ns ns ns
LD vs. SL p < 0.001 p < 0.001 p < 0.01 ns
LD vs. FE p < 0.05 p < 0.001 p < 0.001 p < 0.001
LD vs. FS p < 0.001 p < 0.001 p < 0.001 p < 0.001
FV vs. SL ns ns ns ns
FV vs. FE p < 0.05 p < 0.01 p < 0.01 p < 0.01
FV vs. FS p < 0.001 p < 0.001 p < 0.001 p < 0.001
SL vs. FE p < 0.05 p < 0.01 p < 0.001 p < 0.01
SL vs. FS p < 0.001 p < 0.001 p < 0.001 p < 0.001
FE vs. FS ns ns ns ns
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Figure 2. Cell viability of OMM-1 cells challenged with 1 mM H2O2 after incubation with fucoidan from
(a) Saccharina latissima (SL), (b) Laminaria digitata (LD), (c) Fucus serratus (FS), (d) Fucus vesiculosus (FV),
(e) Fucus distichus subsp. evanescens (FE). Cell viability was measured by MTS assay and is depicted as
mean and standard deviation, with the control set as 100%. All fucoidans tested displayed protective
effects, with the efficacy of LD > FV > SL > FE > FS. Significance was evaluated with Friedman’s ANOVA
and subsequent Student’s t-test, + p < 0.05, ++ p < 0.01, +++ p < 0.001, all versus 1 mM H2O2 (n = 8).

2.1.2. ARPE19 Cells

ARPE19 cells are an immortal RPE cell line. One important role of RPE cells is protection against
oxidative stress [18]. We tested the appropriate concentration of H2O2 for the following experiments,
but ARPE19 cells turned out to be rather resistant to oxidative stress induced by hydrogen peroxide,
which is consistent with the literature [19]. Treatment with H2O2 induced a significant reduction in cell
viability, detected in ANOVA. While incubation with 100 and 200 μM H2O2 did not induce any significant
reduction in cell viability compared to the control (100 μM 11.45 ± 9.65%; 200 μM 96.07 ± 14.75%), 400 and
1000 μM H2O2 significantly reduced cell survival (400 μM 86.75 ± 18.62%, p < 0.01; 1000 μM 76.2 ± 22.74%,
p < 0.001). However, none of these concentrations reduced cell survival to approximately 50% (Figure 1b).
We then tested tert-Butyl hydroperoxide (TBHP) on ARPE19 cells, which induced a significant reduction
in cell viability (detected in ANOVA) and showed a concentration-dependent effect with a significant
reduction of cell viability at 500 μM (100 μM 97.24 ± 11.56%, 250 μM ± 22.66%; 500 μM 55.33 ± 15.3%)
(Figure 1c). Therefore, for the following experiments, a concentration of 500 μM TBHP was chosen.

In the experiments concerning the fucoidan of Saccharina latissima, incubation with 500μg/mL TBHP
induced a reduction in cell viability to 48.50 ± 8.44%. ANOVA testing showed significant differences
between the groups. Incubation with 1 μg/mL induced no significant protection (55.63 ± 14.48%),
while 10 μg/mL, 50 μg/mL, and 100 μg/mL significantly increased cell viability (71.50 ± 13.37%,
p < 0.01; 73.25 ± 12.59%, p < 0.001; 64.00 ±9.46%, p < 0.01) (Figure 3a). In the experiments testing
fucoidan from Laminaria digitata, incubation with 500 μg/mL TBHP induced a reduction in cell viability
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to 75.50 ± 8.20%. ANOVA testing showed statistically significant differences between the groups.
However, none of the administered concentrations of fucoidan protected the cells against loss of cell
viability (1 μg/mL 77.88 ± 10.40%; 10 μg/mL 79.38 ± 11.33%; 50 μg/mL 77.75 ± 12.94%; 100 μg/mL
72.50 ± 16.55%) (Figure 3b). Testing fucoidan from Fucus serratus, incubation with 500 μM TBHP
resulted in a reduction of cell viability to 58.00% (±3.24). ANOVA testing showed statistically significant
differences between the groups. Again, none of the tested concentrations of FS fucoidan conferred any
protection. On the contrary, 10–100 μg/mL FS fucoidan significantly reduced the viability of the cells
(1 μg/mL 54.50 ± 4.21%; 10 μg/mL 53.13 ± 3.18%, p < 0.05; 50 μg/mL 51.75 ± 3.56%, p < 0.01; 100 μg/mL
44.88 ± 6.27%. p < 0.001) (Figure 3c). When testing for fucoidan from Fucus vesiculosus, incubation with
500 mM TBHP resulted in a reduction of cell viability to 62.00% (±15.86). ANOVA testing showed
statistically significant differences between groups. However, none of the tested concentrations of
FV fucoidan induced a significant change in cell viability (1 μg/mL 70.88 ± 16.80%; 10 μg/mL 75.38
± 16.43%; 50 μg/mL 77.50 ± 18.4%; 69.75 ± 17.69%) (Figure 3d). Finally, when testing fucoidan from
Fucus distichus subsp. evanescens, incubation with 500 mM TBHP resulted in a reduction of cell viability
to 63.50% (±4.33). ANOVA testing showed statistically significant differences between groups. While
FE fucoidan in concentrations of 1 μg/mL (61.00 ± 3.08%) and 10 μg/mL (61.50 ± 4.06%) displayed
no influence on cell viability, both 50 μg/mL and 100 μg/mL FE fucoidan significantly reduced cell
viability (50 μg/mL 49.38 ± 4.99%; 100 μg/mL 45.00 ± 5.15%; both p < 0.001) (Figure 3e).

Figure 3. Cell viability of ARPE19 cells challenged with 500 μM TBHP after incubation with fucoidan
from (a) Saccharina latissima (SL), (b) Laminaria digitata (LD), (c) Fucus serratus (FS), (d) Fucus vesiculosus
(FV), (e) Fucus distichus subsp. evanescens (FE). Cell viability was measured by MTS assay and is
depicted as mean and standard deviation, with the control set as 100%. Only SL fucoidan displayed a
protective effect, while FS and FE fucoidans reduced cell viability. Significance was evaluated with
Friedman’s ANOVA and subsequent Student’s t-test, ++ p < 0.01, +++ p < 0.001, for protective effects
against 500 μM TBHP, * p < 0.05, ** p < 0.01 and *** p < 0.001 for exacerbating effects against 500 μM
TBHP (n = 8).
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Taken together, the results differ profoundly from those found with OMM-1 cells, with only
Saccharina latissima showing protection, Laminaria digitata and Fucus vesiculosus displaying no influence,
and Fucus serratus and Fucus distichus subsp. evanescens showing an additional toxic effect on the cells.

In direct comparison, SL fucoidan is significantly different from LD fucoidan (1 μg/mL; p < 0.01),
from FS fucoidan (10 μg/mL (p < 0.01)–100 μg/mL (p < 0.001), and from FE fucoidan (50 μg/mL and
100 μg/mL, both p < 0.001). The differences between SD fucoidan and FV fucoidan are not significant.
Similar results are obtained with LD fucoidan, which does not significantly differ from FV fucoidan,
but does differ from FE fucoidan and FS fucoidan in all concentrations tested (FE: 1–10 μg/mL p < 0.01,
50–100 μg/mL p < 0.001; FS 1–50 μg/mL p < 0.001, 100 μg/mL p < 0.01). FV fucoidan differs from FE
fucoidan at 10–100 μg/mL (10 μg/mL p < 0.05; 50–100 μg/mL p < 0.01) and from FS fucoidan at all
concentrations (1 μg/mL p < 0.05, 10–100 μg/mL p < 0.01). FE fucoidan differs from FS fucoidan in the
lower concentrations (1 μg/mL p < 0.01, 10 μg/mL p < 0.001) (Table 2).

Table 2. Comparison of the protective effects of the different fucoidans at different concentrations after
oxidative stress cell death in ARPE19 cells induced by 500 μM TBHP.

Compared Fucoidans 1 μg/mL 10 μg/mL 50 μg/mL 100 μg/mL

LD vs. FV ns ns ns ns
LD vs. SL p < 0.01 ns ns ns
LD vs. FE p < 0.01 p < 0.01 p < 0.001 p < 0.001
LD vs. FS p < 0.001 p < 0.001 p < 0.001 p < 0.01
FV vs. SL ns ns ns ns
FV vs. FE ns p < 0.05 p < 0.01 p < 0.01
FV vs. FS p < 0.05 p < 0.01 p < 0.01 p < 0.01
SL vs. FE ns ns p < 0.001 p < 0.001
SL vs. FS ns p < 0.01 p < 0.001 p < 0.001
FE vs. FS p < 0.01 p < 0.001 ns ns

2.2. VEGF Secretion

The effect of the five different fucoidans on the secretion of VEGF was compared in two different
RPE cell types, the human cell line ARPE19 and primary RPE cells derived from porcine eyes.
Untreated ARPE19 cells secreted considerably and significantly less VEGF, with a mean of 416.33 pg/mL
(±415.27), in a collection time of 24 h compared to primary porcine RPE cells, which secreted a mean of
2386.88 pg/mL (±824.81) (p < 0.001) in a collection time of 4 h, as tested in ANOVA and subsequent t-test.

2.2.1. ARPE19

Before testing the five fucoidan extracts, we established the parameters for this test with
commercially available fucoidan from Fucus vesiculosus (Sigma) with both ARPE19 cells and primary
RPE cells (see below). Sigma fucoidan was applied to the cells and supernatant was harvested after
1 day, 3 days, and 7 days. After 7 days, the experiment was terminated and cell viability was measured.
Using Sigma fucoidan on ARPE19 cells for one day, no statistical difference could be found in ANOVA
(1 μg/mL 82.13 ± 33.16%; 10 μg/mL 79.13 ± 27.21%; 50 μg/mL 72.25 ± 43.1%; 100 μg/mL 89.13 ± 45.02%).
After 3 days of incubation, a strong VEGF reduction could be seen, which was significant in ANOVA
and was significant at concentrations of 50 μg/mL and 100 μg/mL in further testing (1 μg/mL 110.83
± 35.94%; 10 μg/mL 71.83 ± 52.07%; 50 μg/mL 63.83 ± 34.62%, p < 0.05; 100 μg/mL 50.33 ± 37.33%,
p < 0.05; day 7: 1 μg/mL 120 ± 79.39%; 10 μg/mL 105.00 ± 83.01%; 50 μg/mL 93.83 ± 69.61%; 100 μg/mL
56.83 ± 50.33%) (Figure 4 a). In addition, we tested the effect of heparin as a known VEGF-binding
control compound. At all days, a significant reduction could be detected in ANOVA testing. At the
first day, a significant reduction was found for a concentration of 100 μg/mL heparin (1 μg/mL 84.25
± 37.56%; 10 μg/mL 96.50 ± 40.33%; 50 μg/mL 67.50 ± 58.41%; 100 μg/mL 44.13 ± 20.18%, p < 0.001).
For day 3 and day 7, both 50 μg/mL and 100 μg/mL displayed a significant reduction of VEGF (day 3:
1 μg/mL 94.17 ± 61.81%; 10 g/ml 59.50 ± 40.01%; 50 μg/mL 43.50 ± 28.39%, p < 0.01; 100 μg/mL 24.50 ±
26.30%, p < 0.001; day 7: 1 μg/mL 112.33 ± 79.45%; 10 μg/mL 77.67 ± 70.13%; 50 μg/mL 36.83 ± 40.01%,
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p < 0.01; 100 μg/mL 17.17 ± 34.40%, p < 0.001) (Figure 4b). No significant reduction in cell viability
could be detected after 7 days (1 μg/mL 148.17 ± 37.12%; 10 μg/mL 127.00 ± 20.98%; 50 μg/mL 101.00 ±
21.93%; 100 μg/mL 78.83 ± 28.11%) (Figure 4c).

Figure 4. Effect of incubation time for vascular endothelial growth factor (VEGF) experiments.
Commercially available fucoidan from Fucus vesiculosus was applied for 1 day (d1), 3 days (d3), and
7 days (d7), respectively, at indicated concentrations, to ARPE19 (a) or primary porcine retinal pigment
epithelium (RPE) (d). In addition, heparin was tested on ARPE19 (b) and RPE cells (e). Cell viability was
tested after 7 days (c, f). VEGF reduction was primarily seen after 3 days of incubation. Heparin showed
a dose-dependent effect with similar significant reductions at all tested time points for concentrations
of 10–100 μg/mL. No toxic effect was seen after 7 days in either cell type. Significance was evaluated
with Friedman’s ANOVA and subsequent Student’s t-test, + p < 0.05 ++ p < 0.01, +++ p < 0.001 against
the control (n = 4–6).

Based on these results, we investigated VEGF content after 3 days of incubation with fucoidan for
all following experiments. VEGF content was normalized to cell viability and displayed in relation to
an untreated control.

After 3 days, fucoidan from all algae tested showed a significant reduction in ANOVA. Fucoidan
from Saccharina latissima showed a reduction of VEGF when applied in concentrations of 10–100 μg/mL
(1 μg/mL 1.07 ± 0.15; 10 μg/mL 0.76 ± 0.11, p < 0.01; 50 μg/mL 0.69 ± 0.13, p < 0.01; 100 μg/mL 0.46 ±
0.21, p < 0.001) (Figure 5a). Fucoidan from Laminaria digitata significantly reduced VEGF content in
all concentrations tested (1 μg/mL 0.35 ± 0.24; 10 μg/mL 0.18 ± 0.17; 50 μg/mL 0.38 ± 0.28; 100 μg/mL
0.14 ± 0.11; all p < 0.001) (Figure 5b). Similarly, all concentrations of fucoidan from Fucus serratus
showed significant inhibition of VEGF (1 μg/mL 0.45 ± 0.11; 10 μg/mL 0.54 ± 0.28; 50 μg/mL 0.38 ±
0.39; 100 μg/mL 0.05 ± 0.11; all p < 0.001) (Figure 5c). Fucoidan from Fucus vesiculosus reduced VEGF at
concentrations 1 μg/mL (0.50 ± 0.22, p < 0.001) and 50–100 μg/mL (50 μg/mL 0.33 ± 0.29; 100 μg/mL
0.16 ± 0.15, both p < 0.001), but not 10 μg/mL (0.77 ± 0.60) (Figure 5d). Fucoidan from Fucus distichus
subsp. evanescens reduced VEGF at all concentrations tested (1 μg/mL 0.41 ± 0.22; 10 μg/mL 0.48 ± 0.28;
50 μg/mL 0.50 ± 0.30; 100 μg/mL 0.04 ± 0.05; all p < 0.001) (Figure 5e).

In ARPE19 cells, all tested fucoidans reduced the amount of secreted VEGF, with the highest
concentration (100 μg/mL) generally displaying the strongest effect. The differences between the
different fucoidans are not as profound as those found in protective effects and are generally limited to
effects seen at certain concentrations. LD fucoidan differs only slightly from FV or FS fucoidan (both
10 μg/mL, p < 0.05) or from FE fucoidan (10 μg/mL and 100 μg/mL both p < 0.05), while there were
significant differences compared to SL fucoidan in all concentrations tested (1–10 μg/mL p < 0.001;
50 μg/mL p < 0.05; 100 μg/mL p < 0.01). SL fucoidan significantly differed from FV fucoidan in all
concentrations but 10 μg/mL (1 μg/mL p< 0.001; 50 μg/mL p< 0.05; 100 μg/mL p< 0.01), while it differed
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from FE and FS fucoidan at concentrations of 1 μg/mL and 100 μg/mL (both p < 0.001). FV fucoidan
did not display any significant differences from FS fucoidan, and only at 100 μg/mL when compared to
FE fucoidan (p < 0.05). Finally, FE and FS fucoidan did not display any significant differences (Table 3).
Ranging the effect on VEGF secretion results in LD > FS > FE > FV > SL.

Table 3. Comparison of the effect of the different fucoidans at different concentrations on VEGF
secretion in ARPE19 cells.

Compared Fucoidans 1 μg/mL 10 μg/mL 50 μg/mL 100 μg/mL

LD vs. FV ns p < 0.05 ns ns
LD vs. SL p < 0.001 p < 0.001 p < 0.05 p < 0.01
LD vs. FE ns p < 0.05 ns p < 0.05
LD vs. FS ns p < 0.05 ns ns
FV vs. SL p < 0.001 ns p < 0.05 p < 0.01
FV vs. FE ns ns ns p < 0.05
FV vs. FS ns ns ns ns
SL vs. FE p < 0.001 ns ns p < 0.001
SL vs. FS p < 0.001 ns ns p < 0.001
FE vs. FS ns ns ns ns

Figure 5. VEGF secretion in ARPE19 cells after incubation with different concentrations of fucoidan.
(a) Saccharina latissima (SL), (b) Laminaria digitata (LD), (c) Fucus serratus (FS), (d) Fucus vesiculosus (FV),
(e) Fucus distichus subsp. evanescens (FE). VEGF content was evaluated by ELISA and normalized to cell
viability. Control = 1. In ARPE19 cells, all fucoidans reduced VEGF content with the efficacy of LD >
FS > FE > FV > SL. Significance was evaluated with Friedman’s ANOVA and subsequent Student’s
t-test, ++ p < 0.01, +++ p < 0.001 compared to the control (n = 6–8).
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2.2.2. Primary RPE

The pretesting of Sigma fucoidan on cells for 1 day, 3 days, and 7 days led to the following.
In primary porcine RPE cells, we found no significant reduction of VEGF content in the supernatant
after 1 day (1 μg/mL 79.25 ± 15.04%; 10 μg/mL 88.00 ± 4.69%; 50 μg/mL 84.25 ± 11.87%; 100 μg/mL
74.25 ± 11.18%). After 3 days, however, a significant reduction could be detected in ANOVA and
was found in all concentrations assessed (1 μg/mL 75.50 ± 6.46%, p < 0.001; 10 μg/mL 78.75 ± 13.33%,
p < 0.05; 50 μg/mL 84.00 ± 6.83%; p < 0.01; 100 μg/mL 65.5 ± 13.92%, p < 0.01). This effect was no
longer seen after 7 days (1 μg/mL 119.00 ± 64.18%; 10 μg/mL 71.75 ± 44.70%; 50 μg/mL 95.75 ±
9.07%); 100 μg/mL 73.75 ± 27.21%) (Figure 4d). In addition, we have tested the effect of heparin as a
known VEGF binding control compound. At all three tested days, a significant reduction could be
detected in ANOVA and concentrations of 10, 50, and 100 μg/mL heparin significantly reduced VEGF
in a dose-dependent manner (day 1: 1 μg/mL 72.167 ± 35.32%; 10 μg/mL 62.17 ± 33.44%, p < 0.05;
50 μg/mL 50.83 ± 44.91%, p < 0.05: 100 μg/mL 36.00 ± 37.70%, p < 0.01; day 3: 1 μg/mL 73.17 ± 34.11%;
10 μg/mL 59.60 ± 28.78%, p < 0.05; 50 μg/mL 44.50 ± 25.11%, p < 0.001; 100 μg/m. 26.33 ± 31.40%, p <
0.001; day 7: 1 μg/mL 106.00 ± 34.58%; 10 μg/mL 76.60 ± 16.88%, p < 0.05; 50 μg/mL 55.80 ± 22.00%,
p < 0.01; 100 μg/mL 36.00 ± 31.98%, p < 0.01) (Figure 4e). No significant reduction of cell viability
could be seen after 7 days (1 μg/mL 139.17 ± 45.20%; 10 μg/mL 103.16 ± 15.38%; 118.00 ± 51.54%;
100 μg/mL 95.50 ± 68.63%) (Figure 4f). Based on these results, we investigated VEGF content after
3 days for all following experiments. VEGF content was normalized to cell viability and displayed in
relation to untreated controls.

After 3 days, fucoidan from Saccharina latissima reduced the VEGF content of RPE cells at a
concentration of 10 μg/mL (0.77 ± 0.17, p < 0.01), while the other concentrations showed no significant
effect (1 μg/mL 0.97 ± 0.07; 50 μg/mL 1.33 ± 0.66; 100 μg/mL 0.92 ± 0.27) (Figure 6a). None of the other
fucoidans reduced VEGF content in RPE cells. Fucoidan from Laminaria digitata did not reduce VEGF
secretion in primary porcine RPE cells in any concentration tested; however, a significant increase
was detected in ANOVA, significantly increasing the VEGF signal at concentrations of 50 μg/mL and
100 μg/mL (1 μg/mL 1.27 ± 0.57; 10 μg/mL 1.44 ± 0.63; 50 μg/mL 1.59 ± 0.43, p < 0.01; 1.58 ± 0.24,
p < 0.001) (Figure 5b). Fucoidan from Fucus serratus displayed no significant influence on VEGF
secretion in primary porcine RPE at any concentration tested (1 μg/mL 0.96 ± 0.08; 10 μg/mL 1.05 ±
0.28; 50 μg/mL 1.14 ± 0.38; 100 μg/mL 1.40 ± 0.64) (Figure 6c). Fucoidan from Fucus vesiculosus did not
reduce VEGF in any tested concentration but, similar to LD fucoidan, displayed a significant increase
in ANOVA testing, increasing the VEGF signal at concentrations of 50 and 100 μg/mL (1 μg/mL 1.28 ±
0.62; 10 μg/mL 1.97 ± 1.46; 50 μg/mL 1.78 ± 0.44, p < 0.001; 100 μg/mL 1.74 ± 0.52, p < 0.01) (Figure 6d).
Fucoidan from Fucus distichus subsp. evanescens displayed similar results. While no reduction of
VEGF content could be seen at any tested concentration, significant differences could be detected in
ANOVA, with 50 μg/mL and 100 μg/mL displaying an increase in VEGF content (1 μg/mL 1.31 ± 0.59;
10 μg/mL 1.81 ± 1.18; 50 μg/mL 2.02 ± 0.98, p < 0.05; 100 μg/mL 1.67 ± 0.43, p < 0.01) (Figure 6e).

In primary RPE cells, only Saccharina latissima showed a reductive effect on VEGF content in
the supernatant. When comparing the different fucoidans, significant differences were only found
between SL and LD fucoidan (at a concentration of 10 μg/mL) and between FV and FS fucoidan (at a
concentration of 50 μg/mL) (Table 4).
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Figure 6. VEGF secretion of primary porcine RPE cells after incubation with different concentrations of
fucoidan from (a) Saccharina latissima (SL), (b) Laminaria digitata (LD), (c) Fucus serratus (FS), (d) Fucus
vesiculosus (FV), (e) Fucus distichus subsp. evanescens (FE). VEGF content was evaluated in ELISA and
normalized to cell viability. Control = 1. In RPE cells, only SL fucoidan reduced the VEGF content
of RPE cells (10 μg/mL), while LD, FV, and FE induced a higher signal at concentrations of 50 and
100 μg/mL. Significance was evaluated with Friedman’s ANOVA and subsequent Student’s t-test,
+ p < 0.05 reduction compared to the control, * p < 0.05, ** p < 0.01 and *** p < 0.001 (n = 7).

Table 4. Comparison of the effect of different fucoidans at different concentrations on VEGF secretion
in primary porcine RPE cells.

Compared Fucoidans 1 μg/mL 10 μg/mL 50 μg/mL 100 μg/mL

LD vs. FV ns ns ns ns
LD vs. SL ns p < 0.05 ns ns
LD vs. FE ns ns ns ns
LD vs. FS ns ns ns ns
FV vs. SL ns ns ns ns
FV vs. FE ns ns ns ns
FV vs. FS ns ns p < 0.05 ns
SL vs. FE ns ns ns ns
SL vs. FS ns ns ns ns
FE vs. FS ns ns ns ns
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2.3. Binding Affinity to VEGF

In the pathogenesis of the exudative form of AMD, VEGF is an important factor [5,6]. VEGF
inhibitors are currently used as a therapy standard [11]. As has been known for a long time that
heparin and other sulfated polysaccharides have a high affinity for VEGF [20], fucoidans may not only
reduce the secretion of VEGF but also directly antagonize its actions. Therefore, we investigated the
binding affinity of fucoidans to VEGF in comparison to heparin, and aimed to identify those fucoidans
with the strongest binding affinity to VEGF.

In the competitive VEGF binding assay used, the replacement of biotinylated heparin by the
test compound was measured. At a concentration of 0.5 μg/mL, maximum binding of biotinylated
heparin was achieved (data not shown). By adding increasing concentrations of unlabeled heparin,
the detection of biotinylated heparin decreased (data not shown). As expected, incubation with a
mixture of 0.5 μg/mL heparin and 0.5 μg/mL biotinylated heparin reduced the signal to 49.96% (±7.28)
and thus the binding of biotinylated heparin to VEGF. All five fucoidans showed a significant affinity
to VEGF compared to the control, tested in ANOVA and subsequent testing (SL 26.13 ± 13.46%; LD
28.57 ± 13.20%; FS 10.63 ± 6.43%; FV 21.27 ± 4.69% and FE 16.97 ± 9.91%) (Figure 7). Moreover,
the three Fucus fucoidans bound significantly more strongly to VEGF than heparin (p < 0.01) (Table 5).
Although FS and FE showed a slightly higher affinity, there were no significant differences between the
five fucoidans (Table 5).

Figure 7. VEGF binding affinity of fucoidans from Saccharina latissima (SL), Laminaria digitata (LD), Fucus
serratus (FS), Fucus vesiculosus (FV), Fucus distichus subsp. evanescens (FE), and of heparin. Significance
was evaluated with Friedman’s ANOVA and subsequent Student’s t-test, +++ p < 0.001 compared to
control (biotinylated heparin).

Table 5. Comparison of the VEGF binding affinity of fucoidans and heparin.

Compared Substances Significance

Heparin vs. FV p < 0.01
Heparin vs. FS p < 0.01
Heparin vs. FE p < 0.01
Heparin vs. LD ns
Heparin vs. SL ns

LD vs. FV ns
LD vs. SL ns
LD vs. FE ns
LD vs. FS ns
FV vs. SL ns
FV vs. FE ns
FV vs. FS ns
SL vs. FE ns
SL vs. FS ns
FE vs. FS ns
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3. Discussion

Fucoidans are of great interest to biomedical research, especially considering their possible
application in age-related macular degeneration [4]. However, the effects of fucoidans can profoundly
vary depending on their origin and method of extraction. Therefore, generalized statements about
their activities should be avoided.

In this study, we have compared fucoidans from five different brown algae species harvested
in summer and obtained from the same supplier (Coastal Research & Management, Kiel, Germany).
The preparation of the algal material as well as the extraction and purification of the fucoidans were
performed in parallel according to a standardized procedure. Therefore, this study is well equipped
to reliably examine the effects of fucoidans from different algal species. The aim was to compare the
beneficial properties of fucoidans with regard to age-related macular degeneration.

In our study, we focused on two major factors important for the development of age-related
macular degeneration, i.e., oxidative stress and VEGF. While interference with these is without doubt
of great interest, we are aware that other activities, e.g., anticomplementary, anti-inflammatory effects,
or influence on lipid metabolism, are also potentially beneficial for impairing AMD pathogenesis and
are of high interest for further testing.

We have previously shown that OMM-1 cells are protected by commercially available fucoidan [17].
In contrast to uveal melanoma cells, RPE cells are intrinsically strongly protected against oxidative
stress [18], so we tested oxidative stress protection both in OMM-1 cell lines, which we know could be
protected by fucoidans, having demonstrated this for commercial fucoidan from Fucus vesiculosus [17],
as well as the RPE cell line ARPE19. All five fucoidans protected OMM-1 cells from oxidative stress,
confirming our previous results. However, fucoidans can differ in their properties depending on the
test system or the cell types due to distinct cellular and molecular pathways. A major task of RPE
cells is oxidative stress protection [18] and, as mentioned above, they are naturally highly resistant to
oxidative stress. ARPE19 cells, as an RPE cell line, consequently behaved differently from OMM-1 cells,
not only concerning their susceptibility to oxidative stress itself, but also their reaction to fucoidans.
In contrast to OMM-1 cells, only SL fucoidan displayed a protection of cell viability, while FE and FS
fucoidan even exacerbated the effect.

Little is known about oxidative stress pathways in uveal melanoma cells, but an increased
susceptibility due to the reduction of superoxide dismutase activity in uveal melanoma cells has been
described [21]. There is a debate about the direct reactive oxygen species (ROS) scavenging effect of
fucoidans. The ROS scavenging potency of fucoidan has been described in several publications [22–25],
but it has recently been demonstrated in cell-free systems that these measured effects are mainly due to
co-extracted phenolic and terpenoid compounds in the fucoidan preparations [15,26]. Generally, the
scavenging effect of fucoidan against hydrogen peroxide has been described to be rather weak [24,25].
Our results even suggest that the in vitro ROS scavenging activity may be irrelevant as, in contrast to
SL and LD, the three Fucus fucoidans showed an ROS scavenging effect (manuscript in preparation)
but did not protect ARPE19 cells from oxidative stress.

However, independent of all of the results from simple cell-free assays, fucoidans may exhibit
antioxidative activity by cellular effects. Accordingly, fucoidan has been shown to increase the
expression of superoxide dismutase (SOD) in several experimental models and activate the transcription
factor nuclear factor erythroid 2-like 2 (Nrf2), the “master regulator” of the antioxidative stress
response [27–32]. Both the overall protective effect of our fucoidans on OMM-1 and the limited
protective effect on ARPE19 cells (only found for Saccharina latissima fucoidan) could be explained via
these pathways. As mentioned above, uveal melanoma cells have been described to have a reduced
SOD activity [21]. Hence, the SOD-inducing effect of fucoidans could protect these cells against an
oxidative stress insult. In contrast, RPE cells have a high intrinsic stress response level mediated by
Nrf2 [18]. Indeed, knock-out of Nrf2 renders RPE cells highly susceptible to oxidative stress insults [33]
and Nrf2 knock-out mice develop AMD-like features at an older age [34]. It is feasible that these
protective pathways are already at maximum efficacy, so that any further enhancement by fucoidans
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may be impossible. Therefore, the different effects of fucoidans on the two cell lines are assumed to be
due to distinct impacts on the respective cellular pathways. Further research needs to be conducted to
elucidate these pathways. It should be noted, however, that oxidative stress protection in AMD is not
only needed for (the rather resistant) RPE cells, but also for the rather fragile photoreceptor cells [35].
Therefore, the effect of fucoidans on oxidative stress-induced photoreceptor cell death should also be
evaluated in further studies.

A major contributor to the pathology of wet AMD is the growth factor VEGF, and its inhibition is
the only current treatment option for AMD patients. We have previously shown that commercially
obtained fucoidan from Fucus vesiculosus additively reduced VEGF expression when co-applied with
the VEGF inhibitor bevacizumab [3]. On the molecular level, the interaction of fucoidan with VEGF
differs profoundly from that of the current therapeutic anti-VEGF molecules. VEGF antibody-derived
compounds bevacizumab and ranibizumab, as well as the fusion protein aflibecept, interact with
specific amino acids in the receptor-binding domain of VEGF, causing a steric inhibition of the binding
of VEGF to its receptor [36], with differences in affinities between the compounds [37]. The interaction
of fucoidan and other heparin-related compounds is complex, however, depending on features such as
sulfation and molecular weight [38,39]. Furthermore, fucoidan has been shown to also have a binding
affinity to VEGF receptors and to facilitate the internalization of VEGF receptors, blocking the binding
and in-vitro functions of VEGF [38,40,41].

In our current study, we were able to demonstrate antagonization as well as a reduction of VEGF
secretion in ARPE19 cells, in which all five fucoidans were effective. In primary porcine RPE cells,
however, only SL displayed a significant effect.

Fucoidan was found to influence Stat3-regulated promoters, which includes the promoter of
VEGF [42]. But it should be noted that we have previously shown that in unchallenged primary
RPE cells, Stat3 is not involved in constitutive VEGF expression [43]. Therefore, this mechanism
of fucoidan-mediated VEGF reduction is not feasible. We have also previously shown that VEGF
is positively regulated in an autocrine way via the VEGFR-2 [43,44], whereby fucoidan has been
shown to bind to VEGF165 and to competitively inhibit the interaction of VEGF with VEGFR2 [39,40].
This pathway has been suggested to be involved in VEGF reduction mediated by fucoidan [3,40]. Such
an extracellular mode of action for fucoidans is now supported by the binding of the five fucoidans to
VEGF. Their affinity was significantly higher than that of heparin, whereas heparan sulfate was not
able to reduce the binding of biotinylated heparin to VEGF. Interaction of VEGF with heparin sulfate
on the cell surface was found to be involved in effective VEGFR2 activation [45]. Thus, the fucoidans
may competitively prevent this interaction and thus attenuate signaling through VEGFR2, resulting in
reduced VEGF expression and secretion. In line with this assumed mode of action are the findings
that the intraocular injection of heparan sulfate or heparin in mice eyes with aberrant angiogenesis
results in reduced neovascularization [46]. Given the even higher affinity to VEGF of fucoidans, this
seems promising.

The amount of VEGF secreted by primary RPE cells in this study was much higher than that of
ARPE19 cells (596.72 pg/h for primary RPE vs. 17.35 pg/h for ARPE19; factor 34.4). In the presence of
such high VEGF concentrations, the VEGF antagonizing mode of action obviously became ineffective,
explaining the discrepant results in ARPE19 cells and RPE cells. Therefore, the effect of SL on VEGF
secretion in primary RPE cells is even more remarkable.

Our data clearly show a positive effect of the tested fucoidans in terms of oxidative stress protection
and VEGF inhibition, with the most promising fucoidan extracted from Saccharina latissima. Among
the tested fucoidans, SL had the highest degree of sulfation, the highest molecular weight, and the
highest degree of purity (under submission). But these parameters cannot explain its superiority or the
ranking of the other fucoidans. Fucoidans from Saccharina latissima have been previously shown to
be highly biologically active compared to those from other brown algae species [15,16]. Furthermore,
in line with our finding concerning VEGF inhibition, fucoidans from Saccharina latissima have been
shown to inhibit angiogenesis in tumor models [47]. However, it seems too early to decide that the
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other fucoidans are not worth further investigation. Other activities beneficial for AMD therapy should
be regarded as well. Further preclinical and clinical research is warranted, but fucoidans may be a
potential treatment option for age-related macular degeneration. To develop potential therapeutics
from fucoidan, in addition to finding the most suitable source and a sustainable and reliable harvest
and extraction method, bioavailability and application forms need to be tested.

In addition, VEGF secretion and oxidative stress are also involved in the pathomechanisms
of diabetic retinopathy [48,49]. Therefore, fucoidans may also be of great interest for diabetic
patients, especially considering that fucoidan may also reduce blood glucose levels and ameliorate
hypertension [4].

In conclusion, we compared fucoidan from five brown algae species in terms of three activities that
are considered promising for the treatment of AMD, i.e., their capacity for oxidative stress protection,
inhibition of VEGF secretion, and binding affinity to VEGF. Based on these three basic parameters,
the fucoidan from Saccharina latissima turned out to be most suitable for further investigations.

4. Material and Methods

4.1. Cell Culture

The uveal melanoma cell line OMM-1 [50] was a kind gift from Dr. Sarah Coupland and was
cultivated in an appropriate medium (RPMI, Merck, Darmstadt, Germany, supplemented with 10%
fetal calf serum and 1% penicillin/streptomycin). The immortal human RPE cell line ARPE19 was
obtained from American Type Culture Collection (ATCC) and cultivated in an appropriate medium
(Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with penicillin/streptomycin (1%),
non-essential amino acids (1%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (25%),
and 10% fetal calf serum).

Primary RPE cells were prepared as previously described [51,52]. In brief, RPE cells were harvested
from cleaned porcine eyes by trypsin incubation and cultivated in an appropriate medium (DMEM,
HyClone, Thermo Fisher Sc., Bremen, Germany, supplemented with penicillin/streptomysin (1%),
HEPES (25%), non-essential amino acids (1%), all Merck, Darmstadt, Germany, and 10% fetal calf
serum, Linaris GmbH, Wertheim-Bettingen, Germany). RPE and ARPE19 cells were used at confluence
and OMM-1 at 80% confluence for further experimentation.

4.2. Fucoidans

Fucoidans were extracted from dried stocks of the species Saccharina latissima (SL; Atlantic,
Funningsfjord, Faroe Island), Fucus vesiculosus (FV; Baltic, Kiel Bay, Germany), Laminaria digitata (LD;
Atlantic; Churchbay, Island ), Fucus distichus subsp. evanescens (FE; Baltic, Kiel Cana, Germany),
and Fucus serratus (FS; Baltic, Kiel Bay, Germany), all harvested in summer and provided by Coastal
Research & Management, Kiel, Germany. The fucoidans were extracted as previously described [53].
Briefly, the pulverized algal material was defatted by Soxhlet extraction with 99% (v/v) ethanol,
and was then extracted with aqueous 2% calcium chloride for 2 h at 85 ◦C under reflux conditions.
The supernatants of the raw extracts were concentrated and precipitated with ice-cold ethanol in a final
concentration of 60% (w/w). After centrifugation, the sediments were dissolved in demineralized water,
dialyzed, and lyophilized. In addition, commercially available fucoidan from Sigma (Sigma-Aldrich,
Deisenhofen, Germany, F8190) was used. Fucoidan was solved in Ampuwa bidest (Fresenius,
Schweinfurt, Germany), and then further diluted with appropriate cell medium for the cell experiments
and phosphate buffered saline (PBS) for the VEGF binding assay, filtered through a 0.2 μm filter
(Sarstedt, Nümbrecht, Germany), and applied to the cells in final concentrations of 1, 10, 50, and
100 μg/mL.
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4.3. Oxidative Stress

4.3.1. OMM-1

OMM-1 cells were treated with hydrogen peroxide (H2O2) to induce oxidative stress-related cell
death, as previously shown [17]. As OMM-1 is a cancer cell line that may change its characteristics
during subculture, we evaluated the appropriate concentrations of H2O2 resulting in approximately
50% cell viability. In order to assess this, OMM-1 cells were treated with different concentrations (100,
200, 400, 1000 mM) of H2O2 for 24 h and cell viability was investigated by MTS assay (see below).
To investigate the potential protective effects of the different fucoidans, a concentration of 1 mM H2O2

was chosen. Cells were treated with fucoidan (1, 10, 50, and 100 μg/mL) 30 min prior to the application
of H2O2.

4.3.2. ARPE19

Corresponding experiments to find the appropriate H2O2 concentration for ARPE19 cells revealed
that none of the tested concentrations of H2O2 (100 μM, 200 μM, 400 μM, 1000 μM) induced a cell death
of about 50% after 24 h, as detected by MTS assay. In addition, the cell death rate was highly variable
after H2O2 incubation (see results). Therefore, we tested tert-Butyl hydroperoxide (TBHP), a more
stable inducer of oxidative stress in RPE cells [33], at concentrations of 100 μM, 250 μM, and 500 μM,
for 24 h and investigated cell viability by MTS assay, as described below. In order to investigate the
potential protective effect of the different fucoidans, a concentration of 500 μM TBHP was chosen. Cells
were treated with fucoidan 30 min prior to the insult.

4.4. Methyl Thiazolyl Tetrazolium (MTT) Assay

MTT assay is a common method in cell research [54] and was conducted as previously described [3].
In brief, after treatment with the fucoidans, the cells were washed and incubated with 0.5 mg/mL
MTT (dissolved in DMEM without phenol red). After removal and further washing of the cells, cells
were lysed with dimethyl sulfoxide (DMSO) and the absorbance was measured at 550 nm with a
spectrometer (Elx800, BioTek, Bad Friedrichshall, Germany).

4.5. MTS Assay

The MTS assay is a commercially available viability assay and was used according to the
manufacturers’ instructions (CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega,
Mannheim, Germany)). The cell viability assay was performed in 96 well plates in phenol red-free
medium with the same supplements described above. In each well, 20 μL of MTS solution was added
for 1 h.

4.6. VEGF ELISA

VEGF was detected in the supernatants of ARPE19 and primary RPE cells using commercially
available ELISA kits (R&D Systems, Wiesbaden, Germany) according to the manufacturer’s instructions.
To establish the parameters of VEGF ELISA, we investigated time-dependent VEGF secretion in ARPE19
and primary RPE cells in the presence and absence of commercially available fucoidan from Fucus
vesiculosus (Sigma-Aldrich, F8190) for 1 day, 3 days, and 7 days. A cell viability assay (MTT) was
conducted after 7 days. According to these results, an incubation time of 3 days was chosen for
experiments with the five different fucoidans. The medium was changed 24 h prior in ARPE19 cells and
4 h prior in primary RPE cells and the supernatant collected. Measured VEGF content was normalized
for cell survival and is depicted in relation to that of untreated control cells.
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4.7. Competitive VEGF Binding Assay

The affinity to VEGF of the test compounds was investigated with a competitive VEGF-binding
assay using biotinylated heparin. In addition to the fucoidans, heparin (EDQM, no. Y0001282,
Strasbourg, France) was tested.

The wells of a 96-well Nunc-Immuno MaxiSorp microplate (Sigma-Aldrich, Deisenhofen, Germany)
were coated with 0.1 μg recombinant human VEGF 165 (R&D Systems Cat. 293-VE/CF) dissolved
in 100 μL PBS overnight at 4 ◦C. After washing with PBS, the coated wells were blocked for 90 min
at 37 ◦C with 100 μL of 5 mg/mL bovine serum albumin (BSA, dissolved in PBS) and subsequently
washed three times with PBS. During the blocking, 65 μL of 1 μg/mL heparin, biotin conjugate (Merck,
Darmstadt, Germany) in PBS, and 65 μL of 1 μg/mL test compounds in PBS were preincubated at 4 ◦C.
For the blank and the 100% binding value, 100 μL PBS and 100 μL of 0.5 μg/mL biotinylated heparin in
PBS, respectively, were preincubated at 4 ◦C. Aliquots of 100 μL of these solutions were pipetted into
the coated microplate wells and incubated for 2 h at 37 ◦C with gentle agitation. After three washing
steps, 100 μL of streptavidin alkaline phosphate conjugate (Southern Biotech/, Birmingham, AL, USA,
stock solution diluted 1:3000 with PBS) was incubated for 1 h at 37 ◦C with gentle agitation. The next
steps involved three washings with PBS and incubation with 100 μL p-nitrophenyl phosphate substrate
system (Sigma-Aldrich, Deisenhofen, Germany) for 30 min in the dark. The reaction was stopped by
addition of 25 μL 3 N NaOH, and the absorbance was measured at 405 nm. Blank values in the absence
of biotinylated heparin were subtracted from the measured values. The reduction of the binding of
biotinylated heparin by the test compounds is indicated as a percentage in relation to the binding of
the biotinylated heparin alone.

4.8. Statistics

All experiments testing fucoidans were independently repeated at least six times, experiments
for establishing oxidative stress response were repeated at least three times, and the VEGF binding
experiments were performed in duplicates on three different days. Statistics were calculated using
Statistica 7 (Statsoft, Tulsa, OK, USA) and Microsoft Excel (Excel 2010, Microsoft, Redmond, WA, USA).
A Friedman’s ANOVA was performed, and, if a significant difference between groups was detected,
a subsequent Student’s t-test was conducted. A p value of <0.05 was considered significant. All bars
represent mean and standard deviation.
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Abstract: Phlorotannins are polyphenolic metabolites of marine brown algae that have been shown
to possess health-beneficial biological activities. An efficient approach using a combination of
high-speed counter-current chromatography (HSCCC) and size exclusion chromatography with a
Sephadex LH-20 has been successfully developed for the isolation and purification of a neuroprotective
phlorotannin, eckmaxol, from leaves of the marine brown algae, Ecklonia maxima. The phlorotannin
of interest, eckmaxol, was isolated with purity >95% by HSCCC using an optimized solvent system
composed of n-hexane–ethyl acetate–methanol–water (2:8:3:7, v/v/v/v) after Sephadex LH-20 size
exclusion chromatography. This compound was successfully purified in the quantity of 5.2 mg from
0.3 kg of the E. maxima crude organic extract. The structure of eckmaxol was identified and assigned
by NMR spectroscopic and mass spectrometric analyses. The purification method developed for
eckmaxol will facilitate the further investigation and development of this neuroprotective agent as a
drug lead or pharmacological probe. Furthermore, it is suggested that the combination of HSCCC
and size exclusion chromatography could be more widely applied for the isolation and purification
of phlorotannins from marine algae.

Keywords: phlorotannin; eckmaxol; high-speed counter-current chromatography; NMR spectroscopy;
mass spectrometry; isolation and purification; Ecklonia maxima

1. Introduction

Phlorotannins are the major phloroglucinol-derived polyphenols of wide occurrence among
marine brown algae, and these have been extensively investigated for various biological activities
such as antioxidant, anticancer, anti-inflammatory, anti-allergic, antidiabetic, antihypertensive, and
neuroprotective effects [1–4]. Ecklonia maxima is a brown seaweed that is distributed along the west
coast of South Africa [5]. The leaves of E. maxima are frequently used as source materials for producing
alginate, animal feed, nutritional supplements, fertilizers, and for preparation of different medications,
including alpha-glucosidase inhibitors applied for the treatment of diabetes mellitus [5,6]. Eckmaxol
(1; Figure 1) is a recently reported phlorotannin obtained from the ethyl acetate extract of E. maxima as
described in our previous study. This phlorotannin possesses many beneficial properties, including
protection against Aβ oligomer induced neurotoxicity in SH-SY5Y cells in vitro [7]. Additional material
is required to further investigate the functions of 1 in mammalian systems for the development of this
compound as a new pharmacological probe or potential drug lead for treating Alzheimer’s disease.
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Unfortunately, the reported purification of phlorotannins has typically included repeated column
chromatography steps and preparative HPLC, which is time-consuming, leads to the loss of target
phlorotannins due to oxidization during the long process, and is not industrially viable due to the
cost of solid supports (e.g., resin or gel) for separation. Accordingly, these techniques are not typically
suitable for purification of large quantities of material unless no other methods can complete the
task [8,9]. Alternatively, high-speed counter-current chromatography (HSCCC) is a liquid-liquid
separation chromatography that can reduce the separation time and cost, and offers effectively total
sample recovery due to the lack of a solid support matrix that can degrade or permanently retain
target molecules [10]. HSCCC has recently been applied to the isolation of various natural products,
most typically coming from plants [11–13]. However, no previous report has disclosed the use
of HSCCC for the isolation and purification of phlorotannins. The purpose of this study was to
develop an efficient method for the preparative isolation and purification of eckmaxol (1) using the
combined methods HSCCC and Sephadex LH-20, which are both nondestructive and nonabsorptive
(e.g., lossless) techniques.

Figure 1. Chemical structure of eckmaxol (1).

2. Results and Discussion

2.1. Enrichment of Eckmaxol by Sephadex LH-20 Size Exclusion Chromatography

Due to the large amounts of pigments and other unknown polyphenols contained in the crude
ethanolic extract of E. maxima, it is difficult to separate and isolate 1 with high purity by HSCCC in
one step. In order to effectively enrich the targeted compound, the crude extract was first subjected
to size exclusion chromatography on a Sephadex LH-20 gravity column. The LH-20 column was
eluted with an isocratic solvent system of dichloromethane–methanol (1:1). A total of six fractions
(250 mL each) were successively collected, named Fractions A–F. Fr. C was determined to contain 1 in
high quantity, and this sample was concentrated to dryness and stored in a refrigerator (4 ◦C) for later
HSCCC separation.

2.2. Optimization of UPLC Analysis for Eckmaxol

A ultra-performance liquid chromatography (UPLC) method was developed to ensure the baseline
separation of the target compound and impurities, and evaluate the size exclusion chromatography
fraction C. Different flow rates, elution modes, detection wavelengths and column temperatures were
screened. The result indicated that the target compound was baseline separated with methanol-water
(methanol: 0–10 min, 10%–90%) as the solvent system, when the flow rate, column temperature and
detection wavelength were set at 0.4 mL/min, 25 ◦C and 254 nm. Preliminary assignment of 1 in the
chromatogram was made by comparison of peak retention time and UV spectrum against a previously
derived authentic standard. The UPLC chromatogram of fraction C showed the major, but not only
peak, as being 1 (Figure 2A).
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Figure 2. Representative ultra-performance liquid chromatography (UPLC) chromatograms (254 nm) of
samples prepared from E. maxima (A). Fraction C from the size exclusion chromatography of the crude
ethyl acetate extract; (B) Subfraction of C that contains 1 after preparative separation by high-speed
counter-current chromatography (HSCCC).

2.3. Selection of the HSCCC Two-Phase Solvent System

Since HSCCC relies on two immiscible liquids to function as stationary and mobile phases, the
selection of a suitable biphasic solvent system plays a vital role in successful separations. It has been
suggested that the partition coefficient (K) is the most important parameter in solvent system selection,
which should be 0.5 ≤ K ≤ 2 (close to 1, best) to get a good separation for HSCCC in a suitable run
time [13,14]. As previously reported in the literature [15,16], the two-phase solvent system “HEMWat”,
comprising n-hexane–ethyl acetate–methanol–water, has been widely applied in the separation of
natural products by HSCCC. Five sets of different proportional two-phase HEMWat solvent systems
were carried out to determine the partition value, K, of the target compound at various volume ratios of
n-hexane/ethyl acetate/methanol/water (3:10:3:10, 1:3:1:3, 2:7:3:7, 2:8:3:7, all v/v/v/v) by UPLC analysis
of each partition. The results, shown in Table 1, indicated that the two-phase solvent system of 2:8:3:7
n-hexane/ethyl acetate/methanol/water, v/v/v/v, provided a suitable partition value for eckmaxol of
K = 1.15 with good resolution and short elution time.

Table 1. K values of target compound 1 in different ratios of the HEMWat solvent system.

Solvent System Ratio (v/v/v/v) K

n-hexane/ethyl acetate/methanol/water 3:10:3:10 0.32
n-hexane/ethyl acetate/methanol/water 1:3:1:3 0.75
n-hexane/ethyl acetate/methanol/water 2:7:3:7 1.78
n-hexane/ethyl acetate/methanol/water 2:8:3:7 1.15

2.4. HSCCC Separation

The selected fraction C from the size exclusion chromatography of the ethanol extract from
E. maxima (300 mg) was applied for HSCCC separation with the chosen two-phase solvent system,
n-hexane-ethyl acetate–methanol–water (2:8:3:7). In order to optimize the resolution and reduce the
separation time, different flow rates and rotation speeds were evaluated. It was found that when the
flow rate was 2 mL/min and rotation speed was 850 rpm, a good separation was achieved for elution
of 1 with a good stationary phase retention of 65.7%. The HSCCC peak fraction corresponding to 1
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(5.2 mg) was collected and determined to have purity of 95.83% by UPLC analysis (Figure 2B). The
resulting HSCC chromatogram is shown in Figure 3, demonstrating the good resolution and peak
shape of compound 1 at tR = 140 min.

Figure 3. HSCCC chromatogram of the fraction C of the ethanol extract from E. maxima using the
two-phase solvent system composed of n-hexane–EtOAc–MeOH–water (2:8:3:7, v/v/v/v); stationary
phase: upper phase of solvent system; mobile phase: lower aqueous phase of solvent system; column
capacity 320 mL; rotation speed 850 rpm; column temperature 25 ◦C; flow rate 2.0 mL/min; detection,
254 nm; sample injected, 300 mg in 6 mL biphasic solution; retention of the stationary phase, 65.7%;
peak identification: eckmaxol (1).

2.5. Identification of Chemical Structure

Compound 1 was identified by HR-ESI-MS, 1H-NMR, and 13C-NMR after purification by HSCCC,
and its detailed data are shown in Table 2. Its molecular formula C36H24O18 was deduced by HR-ESI-MS
data at m/z 743.0896 [M – H]–. Compound 1 was identified as a phlorotannin, eckmaxol, with the
chemical structure as shown in Figure 1. The structure of eckmaxol was first disclosed in a Japanese
patent application (JP 2013-49639), but the assignment of its spectroscopic data was never reported.

Table 2. 1H (500 MHz) and 13C-NMR (125 MHz) spectroscopic data of eckmaxol (1) in CDOD3.

Pos. δH δC Pos. δH δC

1 124.8 19 157.1
2 151.3 20 5.93 (1H, d, J = 2.4 Hz, H-20) 94.2
3 6.11 (1H, d, J = 2.4 Hz, H-3) 97.6 21 159.2
4 156.4 22 6.32 (1H, d, J = 2.4 Hz, H-22) 98.7
5 5.86 (1H, d, J = 2.4 Hz, H-5) 94.7 23 143.3
6 154.4 24 102.0
7 123.5 25 101.8
8 137.7 26 156.1
9 143.5 27 6.20 (1H, d, J = 2.0 Hz, H-27) 95.2

10 6.20 (1H, s, H-10) 98.9 28 159.3
11 146.3 29 6.28 (1H, d, J = 2.0 Hz, H-29) 98.3
12 124.7 30 158.5
13 153.4 31 124.0
14 6.01 (1H, d, J = 2.4 Hz, H-14) 99.3 32 151.6
15 158.7 33 6.03 (1H, s, H-33) 96.1
16 5.94 (1H, d, J = 2.4 Hz, H-16) 95.2 34 156.1
17 146.7 35 6.03 (1H, s, H-35) 96.1
18 123.8 36 151.6
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3. Materials and Methods

3.1. Reagents and Materials

All solvents used for HSCCC were of analytical grade (Huadong Chemicals, Hangzhou, China).
Reverse osmosis Milli-Q water (18 M) (Millipore, Bedford, MA, USA) was used for all solutions and
dilutions. Methanol used for UPLC analyses was of chromatographic grade and purchased from Anpel
Laboratory Technologies (Shanghai, China). The CD3OD used for NMR analyses was purchased from
Tenglong Weibo Technology (Qingdao, China). The sample of E. maxima (no. 801) was kindly provided
by Shandong Jiejing Group Co., Ltd. in China, collected from the seashore of South Africa.

3.2. Apparatus

HSCCC was carried out using a model TBE-300C high-speed countercurrent chromatograph
(Tauto Biotech Co. Ltd., Shanghai, China), containing a self-balancing three-coil centrifuge rotor
equipped with three preparative multilayer coils and a total capacity of 320 mL. The internal diameter
of PTFE (Polytetrafluoroethylene) tubing was 1.9 mm. The apparatus maximum rotational speed is
1000 rpm and has a 20 mL manual sample loop. The revolution radius was 5 cm and the value of the
multilayer coil varied from 0.5 at the internal terminal to 0.8 at the external terminal. An integrated
TBP 5002 (Tauto Biotech Co. Ltd.) was used to pump the two-phase HSCCC solvent system, and
the UV absorbance of the effluent was measured at 254 nm by a UV 1001 detector (Shanghai Sanotac
Scientific Instruments Co. Ltd., Shanghai, China). A DC-0506 constant temperature regulator (Tauto
Biotech Co. Ltd.) was used to control the temperature during HSCCC. An N2000 data analysis
system (Institute of Automation Engineering, Zhejiang University, Hangzhou, China) was employed
for HSCCC data collection and analysis. The UPLC equipment was using a Waters Acquity a UPLC
BEH C18 column (100 mm × 2.1 mm, 1.7 μm particle size) equipped with a model 2998 diode array
detector and Empower System (Waters Co., Milford, MA, USA). NMR experiments including 1H, 13C,
DEPT, 1H-1H COSY, HSQC, and HMBC were carried out using a Varian 500 MHz NMR spectrometer
(Palo Alto, CA, USA) spectrometer. HR-ESI-MS data was measured using a Waters Q-TOF Premier
LC/MS spectrometer (Waters Co., Milford, MA, USA). Column chromatography (CC) was carried out
with Sephadex LH-20 (Amersham Biosciences, Piscataway, NJ, USA).

3.3. Preparation of Crude Sample from E. maxima for HSCCC

The leaves of E. maxima were cut into pieces. The fresh pieces (~0.3 kg, wet) were extracted
three times with 1 L of 80% ethanol (EtOH/H2O) for 1.5 h by sonication at room temperature (25 ◦C).
The crude extract was concentrated in a rotary vacuum evaporator and partitioned. Then the dried
EtOAc extract (1 g) was subjected to column chromatography with Sephadex LH-20 gel for fractionation
to furnish fractions A–F, each eluted with a mixed solvent system of dichloromethane–methanol (1:1).
Fr. C was concentrated to dryness and stored in a refrigerator (4 ◦C) for later HSCCC separation.

3.4. Preparation of Two-Phase Solvent System and Sample Solution

The HSCCC experiments were performed using a two-phase solvent system comprising
n-hexane/ethyl acetate/methanol/water (2:8:3:7, v/v/v/v) solvent. The two phases were separated
after thoroughly equilibrating the mixture in a separating funnel at 25 ◦C. The upper organic phase
was used as the stationary phase, and the lower aqueous phase was employed as the mobile phase.

3.5. HSCCC Separation

The HSCCC column was initially filled with the organic stationary phase and rotated at 850 rpm;
the mobile phase was pumped into the column in the descending mode at the same flow rate used
for separation (2 mL/min). When the mobile phase emerged from the column, it indicated that
hydrodynamic equilibrium had been achieved. The concentrated fraction C (300 mg) obtained from
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the 80% EtOH extract of E. maxima was dissolved in 6 mL of a 1:1 (v/v) mixture of the two HSCCC
solvent system phases and injected to the sample port. The effluent from the HSCCC was monitored
by UV at 254 nm, and 6 mL fractions were collected in 8 mL tubes by a fraction collector.

3.6. Analysis and Identification of the Target Compound

The fraction generated by preparative HSCCC was evaluated by UPLC. The sample was separated
with a CH3OH/H2O gradient (flow 0.4 mL/min, 10%–90% CH3OH from 0–10 min). The effluent was
continuously monitored by a UV detector at 254 nm. The fraction that showed only one peak in the
chromatogram was respectively pooled together to yield the compound (5.2 mg, tR 3.3 min).

4. Conclusions

In conclusion, an efficient method relying on HSCCC after size exclusion chromatography on
Sephadex LH-20 was used to preparative separation of eckmaxol (1) from the leaves of E. maxima in a
lossless two chromatic step procedure. It was important to preliminarily fractionate the crude extract
for HSCCC separation to improve the resolution and efficiency. The solvent system of n-hexane/ethyl
acetate/methanol/water (2:8:3:7, v/v/v/v) was used to isolate eckmaxol (1). The separation condition was
selected as follow: flow rate 2.0 mL/min, rotary speed 850 rpm, column temperature 25 ◦C. Under
the optimized HSCCC condition, 5.2 mg eckmaxol with the high purity of 95.83% was isolated from
300 mg of fraction C of E. maxima. This is the first report of the isolation of eckmaxol (1) by integrating
HSCCC and size exclusion chromatography, and this method could be used for the effective isolation
of different phlorotannins. This convenient and economical approach will be applicable for scale-up
production of eckmaxol to increase the yield. The purification method developed for eckmaxol will
also facilitate the further investigation and development of this neuroprotective agent as a drug lead or
pharmacological probe, ideally through future in vivo studies.
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Abstract: Macroalgae represent an important source of bioactive compounds with a wide range
of biotechnological applications. Overall, the discovery of effective cytotoxic compounds with
pharmaceutical potential is a significant challenge, mostly because they are scarce in nature or their
total synthesis is not efficient, while the bioprospecting models currently used do not predict clinical
responses. Given this context, we used three-dimensional (3D) cultures of human breast cancer
explants to evaluate the antitumoral effect of laurinterol, the major compound of an ethanolic extract
of Laurencia johnstonii. To this end, we evaluated the metabolic and histopathological effects of the
crude extract of L. johnstonii and laurinterol on Vero and MCF-7 cells, in addition to breast cancer
explants. We observed a dose-dependent inhibition of the metabolic activity, as well as morphologic
and nuclear changes characteristic of apoptosis. On the other hand, a reduced metabolic viability
and marked necrosis areas were observed in breast cancer explants incubated with the crude extract,
while explants treated with laurinterol exhibited a heterogeneous response which was associated
with the individual response of each human tumor sample. This study supports the cytotoxic and
antitumoral effects of laurinterol in in vitro cell cultures and in ex vivo organotypic cultures of human
breast cancer explants.

Keywords: laurinterol; Laurencia; antitumoral; breast cancer explants; organotypic culture; ex vivo
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1. Introduction

Marine environments are an interesting source of compounds holding a variety of therapeutic
properties as a result of the vast diversity of lifeforms inhabiting the oceans. Among them, algae are
one of the most prolific sources of bioactive compounds. Unfortunately, over the last two decades,
only nine marine-derived drugs were approved for clinical therapy in spite of more than 18,000 new
marine compounds described in that time frame. Additionally, it is interesting to see that six out of
these nine approved drugs are currently used in cancer therapies [1].

The genus Laurencia is one of the richest sources of novel compounds among red algae. It is
widely distributed throughout tropical and temperate zones. In particular, L. johnstonii is an endemic
species of the Gulf of California in Mexico [2], present throughout the year in regions compatible with
its temperate biogeographic affinity [3].

As a consequence of its wide distribution, the biological activity of metabolites isolated from
Laurencia species were tested. Laurinterol (L1) is a brominated sesquiterpene frequently found in
Laurencia species and mollusks of genus Aplysia [4]. Its antibacterial [5–7], cytotoxic [7,8], antifouling [9],
Na/K ATPase inhibition [10], and insecticidal and repellent [11] properties were reported. Recently,
our group reported L1 anti-Acanthamoeba activity [12].

Breast cancer is the most common cancer worldwide, impacting 2.1 million women each year,
and it is the second highest cause of cancer death in women with 627,000 deaths in 2018 [13].
The most common drugs used for breast cancer therapy include anthracyclines, such as doxorubicin
and epirubicin, taxanes, such as paclitaxel and docetaxel, 5-fluorouracil (5-FU), cyclophosphamide,
and carboplatin. In most cases, combinations of two or three of these drugs are used [14]. However,
there is a need for new anti-cancer agents with fewer and/or less significant side effects, and the
effectiveness of available option treatments is still limited. In addition, resistance to chemotherapy is
an important problem in breast cancer management, and multidrug resistance (MDR) was observed
as a result of cross-resistance to other cytotoxic agents to which patients were never exposed [15].
Drug resistance in cancer can be mediated via different mechanisms, such as alterations affecting
cell-cycle dynamics, susceptibility of cells undergoing apoptosis, uptake and efflux of drugs, cellular
drug metabolism, intracellular compartmentalization of drugs, or repair of drug-induced damage [15].

As a result of the numerous research group efforts to find new targets and novel anticancer
compounds, recently, a number of medical advances improved the treatment options against breast
cancer, many of which are geared toward the individual characteristics of the patient and the tumoral
tissue. The goal of these kinds of treatments is to be as effective as possible, while keeping minimal
side effects and treating only the patients who will benefit from a specific therapy [16,17].

After decades of research, experimental models that are able to correlate the compounds’ activity
with their clinical efficacy in humans, as well as to predict an individual response to treatment, are still
needed. In this regard, an organotypic culture of tumor-derived slices is a robust model that retains
the tumor microenvironment and allows extrapolating the effect of antineoplastic agents in terms of
physiology, metabolism, and pharmacokinetics [18]; it is a promising option between two-dimensional
(2D) cell culture and pre-clinical trials, while decreasing the high risk of failure in the drug development
pipeline and improving the therapeutic response prediction.

Taking into consideration the cytotoxic activity of Laurencia-derived metabolites [4,8,12,19–22],
the rapid breast cancer increment, and the need for more effective drugs, we analyzed the antineoplastic
effect of L1, the major compound isolated from L. johnstonii, using ex vivo organotypic cultures of
human breast cancer explants.

2. Results and Discussion

2.1. Extraction and Isolation

The marine environment is an interesting source of bioactive compounds with uncommon
chemical features. Among marine organisms, algae are one of the major sources of new compounds
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after sponges, microorganisms, and phytoplankton [1]. Red algae of the genus Laurencia are considered
as one of the richest sources of new secondary metabolites with a huge chemical variation influenced
by environmental and genetic factors [4]. The study of endemic organisms, such as L. johnstonii,
adapted to live under particular environmental conditions, is a significant aspect to consider in the
search of potential bioactive secondary metabolites. In a previous work, we observed better bioactivity
profiles in extracts of Laurencia species collected in the Gulf of California compared to those of species
inhabiting the Pacific coast from the Baja California peninsula [23].

L1 (Figure 1) was isolated from the ethanolic extract of L. johnstonii [24] and represented 70% of
the whole crude extract (CE), a relevant fact if we consider that one of the major challenges in the
biodiscovery process is the supply problem [1]. L1 is a brominated sesquiterpene with a cyclolaurane
skeleton, widely obtained from Laurencia species [4] and recently isolated from L. johnstonii [12].
L1 belongs to the significant group of marine haloaryl secondary metabolites, molecules of relevance
for their interesting biological activity [25].

 
Figure 1. Laurinterol (L1).

2.2. Cytotoxicity Assays

CE and L1 cytotoxic activity were evaluated against Vero and MCF-7 cell lines. Vero cells are
used worldwide as a normal cell line control to assess in vitro cytotoxic effects [26,27], due to its
susceptibility to various types of microbes, toxins, and chemical compounds. This cell line is often
used in natural product screening assays [28–30] and in cancer studies as a normal cell line control
group [31]. Cell viability was measured by addition of WST-1 after 24 h of incubation, and it was
estimated from the cell population of the control and cell populations after treatments. CE and L1
were assayed at various concentrations and they displayed a dose-dependent inhibition; controls
were dimethyl sulfoxide (DMSO), paclitaxel (TX), and cisplatin (CIS). CE showed half maximal
inhibitory concentration (IC50) values of 26.18 μg/mL and 28.05 μg/mL for Vero and MCF-7 cell
lines, respectively, whereas L1 IC50 values were 15.68 μg/mL for Vero and 16.07 μg/mL for MCF-7
cells. Figure 2 shows the percentage of cell viability at two different concentrations of CE and L1,
one lower (10 μg/mL) and one higher (30 μg/mL) concentration than the IC50 values obtained for
both cell lines. Both CE and L1 showed similar viability percentage, due to the great amount of L1 in
the CE. The cytotoxic effects of Laurencia extracts against different cell lines were reported [23,32,33],
showing a wide spectrum of toxicity according to the species, geography, and solvent used for the
extraction. L1 was also evaluated in cell lines including MCF-7, with similar results to our findings [8].
Additionally, CE induced a notable or discrete hormetic effect at 10 μg/mL in Vero cells or MCF-7
cells; hormesis is a biphasic dose-dependent response that induces an adaptive effect on the cells
characterized by low-dose stimulation and high-dose inhibition [34] (Figure 2).

After a period of 24 h, morphological alterations were observed under the microscope in cells
incubated with the treatments. Control subject cells in plain growth medium and cells incubated with
1% DMSO appeared to be healthy, displaying well-defined cell–cell junctions and a normal confluent
monolayer, while cells treated with antineoplastics (TX and CIS), CE, and L1 became rounder and
shrunken, with cell–cell junctions disrupted and detachment from the surface of the plate, denoting
cell death (data not shown).

The cytological effects of L1 in MCF-7 breast cancer cell monolayers were studied using an in situ
hematoxylin and eosin (H&E) staining assay (Figure 3). The untreated control cells (Figure 3A) showed
the characteristic cell monolayers irregularly shaped, with well-defined junctions and preserved
nucleus–cytoplasm ratio, with a prominent nucleus and more than one nucleolus in each cell. Cells

121



Mar. Drugs 2019, 17, 201

incubated with 1% DMSO (Figure 3B) showed a similar morphology to the untreated cells. In the cells
treated with CE (Figure 3C), the cytotoxic effect was characterized by the presence of cytoplasmic
vacuoles of different sizes in all cells (asterisks), and by the monolayers’ partial rupture where
cytoplasmic junctions can be observed in empty spaces (ES) instead of cells, while their nucleoli
became less prominent. In contrast, the cytotoxic effect of L1 (Figure 3D) is notably different than
the CE; in this case, it is possible to observe the cell monolayer’s complete rupture, loss of cell
morphology, and loss of the nucleus–cytoplasm ratio, as well as cell shrinkage and nuclear pyknosis
(arrow). The morphologic and nuclear changes observed in the present study are apoptotic cell death
characteristics [35], and they were described in breast cancer cell lines treated with antiproliferative
agents [36], extracts [37], and pure compounds, such as curcumin [38]; this also agrees with Kim et al.,
who reported that a crude extract of L. okamurai containing laurinterol can induce apoptosis through a
p53-dependent pathway in melanoma cells [22].

 
Figure 2. Viability of treated cells. TX: paclitaxel, CIS: cisplatin, CE: crude extract, L1: laurinterol. n = 3
± standard deviation (SD); * p < 0.01 compared to the control, # p < 0.05 compared to CE.

The CE cytological effects are similar to those induced by TX (Figure 3E), while L1 induces damage
similar to CIS (Figure 3F), suggesting different molecular damage mechanisms. At this level, both
chemotherapeutic drugs exhibit a greater antiproliferative effect, as they showed a marked inhibition
of monolayer formation. Considering that L1 is the major compound in the CE, it could be expected
that the observed cytological effect would also be similar. In order to establish the possible relationship
between the CE and L1 mechanism of action with the antineoplastics TX and CIS, additional studies
are required. On the other hand, it is also possible that the cytological differences induced by the CE
and L1 can be attributed to other minor metabolites present in the CE, such as the bromo-sesquiterpene
aplysin, which was also found in the CE of L. johnstonii [12] and which was reported as a powerful
apoptosis inductor [4,39–41]. Other minor compounds isolated from L. johnstonii (isolaurinterol,
α-bromocuparane, α-isobromocuparane [12], johnstonol [42], and prepacifenol epoxide [43]) also
showed cytotoxicity in cell lines [19–21,44,45] and murine macrophages [12], with isolaurinterol
showing the highest toxicity. With regard to the apoptosis in MCF-7 cells described in this work,
further studies are needed to identify the underlying mechanism.
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Figure 3. Cytological effects of CE and L1 on MCF-7 cells. Monolayers of MCF-7 human breast cancer
cells were incubated with (A) cell culture medium, (B) 1% dimethyl sulfoxide (DMSO), (C) 30 μg/mL
CE, (D) 30 μg/mL L1, (E) 20 μg/mL TX, and (F) 50 μg/mL CIS. Inserts in all images show better
morphologic details. (Arrows indicate nuclear pyknosis; n, nucleolus; ES, empty space). Hematoxylin
and eosin (H&E) in situ staining. Scale bar: 100 μm. Total magnification: 200×.

2.3. Antitumoral Effect on Breast Cancer Explants

In the last few decades, seaweed chemical profiles revealed a significant number of promising
cytotoxic compounds against a wide variety of cancer cell lines. However, in vivo studies with these
compounds are limited most likely because they are either scarce in nature or they are too structurally
complex for their total synthesis. Furthermore, the majority of these in vivo studies were performed in
mice with induced carcinogenesis, and human cancer cell line xenografts in immunocompromised
mice, guinea-pigs, and zebrafish, which do not reflect the in vivo situation [45]. Despite these models’
improvements, it is still not possible to predict clinical results [46].

Considering the results described above, and the necessity for more predictive models to
identify cytotoxic compounds with high success rates to proceed toward the clinical trial phase,
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we decided to evaluate the effect of the CE and L1 in a more robust three-dimensional (3D) model
that is able to maintain the tumor environment ex vivo. Precision-cut tissue slices represent an
intermediate experimental approach between in vivo and in vitro models, which retain histological
and three-dimensional structure, with inter- and extracellular interactions, cell matrix components,
and metabolic capacity [47]. There are several studies that report ex vivo tumor responses to anticancer
drugs in tissue slices in breast [48–52], liver [53], head and neck [54,55], colorectal [56], gastric,
esophagogastric [57], lung [58], pancreatic [59,60], prostate, and bladder [61] cancers. Since different
types of tumors display different growth and culture characteristics, the aforementioned studies served
to standardize a number of differing tumor-slice culture systems; for example, recently, we used breast
tumor explants prepared from precision-cut breast slices to study the antitumoral effect of a number of
natural compounds [62].

In order to evaluate the effect of CE and L1, ex vivo cultures of breast cancer explants were
obtained after surgery from nine breast cancer patients with histopathological diagnosis of infiltrating
ductal/lobular adenocarcinoma. Clinical and histopathological data of the subjects are summarized in
Table 1. Four tumor samples were used in four independent assays to evaluate the effect of the CE
(Figure 4; Figure 5), while the other five samples were used to test L1 (Figures 6 and 7).

Table 1. Clinical and histopathological subject data.

Patient Age 1 CS (grading) 2 HT 3 TS 4 ER 5 PR 6 HER2 7 MC

1 38 T2N1MO (IIIA) ID 3 (+) (+) (-) LA
2 54 T4dN1M0 (IIIB) ID 5 (+) (+) (-) LA
3 46 T3N1M0 (IIIA) ID 4 (-) (-) (+) HER2
4 63 T2N0M0 (IIA) ID 3 (-) (-) (+) HER2
5 61 T2N0M0 (IIA) ID 4 (-) (-) (+) HER2
6 42 T4bN0M0 (IIIB) ID 4 (-) (-) (-) BL
7 74 T4bN0M0 (IIIB) IL 4 (+) (+) (-) LA
8 39 T2N2M0 (IIIB) ID 5 (-) (-) (-) BL
9 57 T3N1M0 (IIIA) IL 5.5 (+) (+) (-) LA

1 Clinical stage; 2 histologic type; 3 tumor size (cm); 4 estrogen receptor; 5 progesterone receptor; 6 HER2 status;
7 molecular classification. Patient age in years; ID: infiltrating ductal; IL: infiltrating lobular; LA: luminal A;
BL: basal-like.

Figure 4. Effect of CE on the metabolic viability of human breast tissue explants. Different
concentrations of CE (5–100 μg/mL) were tested in tissue samples from four different patients with
breast cancer. CIS (50 μg/mL) was used as a pharmacologic control. Data are expressed as means ±
standard deviation (SD). * p < 0.01, † p < 0.05 compared to the control; # p < 0.01 compared to CIS.
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Figure 5. Histopathological analysis of breast tissue explants treated with crude extract (CE).
Representative images of CE’s effect on human breast tumor tissue explants. (A) Tumor explants
not subjected to treatment were incubated in culture medium, or incubated in the presence of (B)
20 μg/mL TX, (C) 50 μg/mL CIS, and different concentrations of CE: (D) 30 μg/mL, (E) 40 μg/mL, (F)
50 μg/mL, and (G) 60 μg/mL. H&E staining. Dotted areas indicate necrosis of the tissue. Scale bar:
100 μm. Total magnification: 100×.

Figure 6. Effect of L1 on the metabolic viability of human breast tissue explants. Tissue explants of
human breast tumor from five patients were incubated with DMEM/F12 supplemented medium and
treated with L1 at 10 and 30 μg/mL. TX (20 μg/mL) and CIS (50 μg/mL) were used as pharmacological
controls. Data are expressed as means ± standard deviation (SD). * p < 0.05 compared to the control; #
p < 0.05 compared to TX (20 μg/mL).
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Figure 7. Human breast tumors with different responses to laurinterol (L1). Representative images of
human breast tumors that were sensitive (upper panel) and resistant (lower panel) to L1. (A) Control
tissue explants were grown in culture medium; treated explants were incubated in the presence of
(B) TX, (C) CIS, (D) 10 μg/mL L1, and (E) 30 μg/mL L1. Dotted areas indicate necrotic tissue. H&E
staining. Scale bar: 100 μm. Total magnification: 100×.

A range from 40 to 64 breast cancer explants with a 4-mm diameter and 250–300-μm thickness
were obtained from each tumor, and they were incubated for 48 h at 37 ◦C with different treatments (as
referred to in the tumor explant treatment section). Since human tumor tissue is not always available
in same quantity/quality to prepare tissue explants, we decided to use a CE dose range from small to
higher concentrations (5–100 μg/mL) in explants from Patient 1. On the other hand, because the crude
extract did not show activity at small concentrations, we re-adjusted the concentration (20–60 μg/mL)
for the next three patients’ explants.

The explants’ metabolic activity was measured with the Alamar Blue™ assay. CE-treated breast
tumor samples showed a considerable reduction in tumor metabolic viability at concentrations greater
than 30 μg/mL, similar to the effect of the antineoplastic drug CIS (Figure 4). Patients 2 to 4 showed
partial resistance to the metabolic activity reduction with TX. According to the histopathological
analysis (Figure 5), untreated tumor tissue was preserved (Figure 5A) and both antineoplastics, TX
(Figure 5B) and CIS (Figure 5C), induced marked necrosis areas in the neoplastic cells (dotted areas),
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although CIS exhibited a more marked necrotic effect. CE also induces necrosis, which increased
gradually depending on its concentration (Figure 5D–G).

The metabolic activity of breast tumor explants treated with L1 at 30 μg/mL concentration
provoked a marked viability reduction in patients 5 and 8, with a higher effect on the metabolic
viability of the tumor tissue compared to TX. Samples from patients 7 and 9 were resistant to the L1
antineoplastic effect, and patient 6 was resistant to TX and L1. All five samples were sensitive to the
antineoplastic CIS (Figure 6). The resistance to the antineoplastic drugs used as pharmacologic controls
in the present study is possibly due to a reduced intracellular drug concentration of taxol [16], and a
reduction of cellular drug uptake of cisplatin by the cancerous cells [17].

As a complement for the in vitro and the metabolic viability assays, histopathological analyses
were performed. Histomorphologic findings from the untreated breast tumor explants (control) showed
that the tissue typical architecture was preserved under culture conditions (Figure 7A). As expected,
the antineoplastic drugs induced necrosis in the neoplastic cell groups to both the sensitive samples
and the resistant ones (Figure 7B,C). No tissue damage was observed in the sensitive tumor sample
incubated with L1 at 10 μg/mL; however, marked necrotic cell death was induced with the 30 μg/mL
concentration. On the other hand, no toxic effects were observed on the resistant tumor samples
incubated with 10 μg/mL and 30 μg/mL L1 (Figure 7D,E). Additionally, we evaluated the possible
synergistic effect between L1 and TX; however, no effect was detected in either the metabolic activity
or the histopathological analysis (data not shown).

The tumor samples used in the present work were classified according to the main breast cancer
molecular subtypes as luminal A, luminal B, HER2 non-luminal, and basal-like. As it is known in breast
cancer, the overexpression of the estrogen receptor (ER), the progesterone receptor (PR), and oncogenes
such as HER2, among other biomarkers, are routinely checked with immunohistochemistry, and they
are associated with prognosis and prediction of treatment response. The best-characterized breast
cancer subtypes are designated as luminal A, luminal B, HER2, and basal-like [63,64].

Our results suggest that there is no predictive relationship between the molecular subtype and
the treatment response; the existence of different breast cancer subtypes within a single tumor [65]
may account for these results. Despite the samples included in this study belonging to the same
histological type, the differential response to the treatments may be due to each patient’s complex
inherent response, and the heterogeneity inside each tumor sample. Similar results were reported
by van der Kuip et al., who found a wide treatment response gamma ranging from strong resistance
to intermediate response, sensible to the antineoplastic, when exposing breast cancer slices from
10 patients diagnosed with invasive ductal type to different taxol doses [48].

In addition to intratumoral heterogeneity, our results exhibit how patient response to treatment
varies on a case-by-case basis. Therefore, assays aimed toward predicting whether or not an individual
tumor responds to cancer treatments are needed, and we believe that tumor-derived organotypic
cultures provide a suitable approach to deal with said requirement [50,54,56,57,60,62], since they
comprise various cells that are collectively important for tissue homeostasis, as well as tumor
response [66]. As it was proven in the present study, cell cultures are a helpful approach as a first
screening option due to their simplicity. Nevertheless, overcoming the unrealistic monolayer culture’s
growth conditions remains a necessity and an interesting opportunity for future studies.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured in CH2Cl2 on a PerkinElmer 241 polarimeter (Waltham, MA,
USA) using an Na lamp. NMR spectra were recorded on a Bruker AVANCE 500 MHz (Bruker Biospin,
Fällanden, Switzerland). NMR spectra were obtained dissolving samples in CDCl3 (99.9%) and
chemical shifts are reported relative to solvent (δH 7.26 and δC 77.0 ppm) and TMS as an internal
pattern. HR-ESI-MS data were obtained on an LCT Premier XE Micromass spectrometer (Waters,
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Milford, CT, USA). Thin-layer chromatography (TLC; Merck, Darmstadt, Germany) was visualized by
spraying with cobalt chloride reagent 2% (10% sulfuric acid) and heating.

Paclitaxel, cisplatin, DMEM/F12 medium, fetal bovine serum, gentamicin,
penicillin–streptomycin, and Alamar Blue™ were obtained from Invitrogen (Gran Island, NY,
USA). The reagents for general use were purchased from Sigma-Aldrich (St. Louis, MO, USA).

3.2. Biological Material

L. johnstonii was collected by hand during the summer off the coast of Baja California Sur, Mexico
(24◦21’10.8” north (N), 110◦16’58.8” west (W)). A voucher specimen (code 13-003) was deposited at
the Herbarium of the Laboratory of Marine Algae of the Interdisciplinary Center of Marine Science
(CICIMAR) and it was identified by Dr. Rafael Riosmena Rodríguez from the Autonomous University
of Baja California Sur (UABCS, La Paz, B.C.S., México).

3.3. Extraction and Isolation

Washed and dried specimens of L. johnstonii were crushed and extracted with EtOH for three
days at 25 ◦C under gentle agitation. The dissolvent was replaced three times and the ethanol was
combined and filtered through a Whatman no. 4 filter paper. Solvent was removed using a rotatory
vacuum evaporator. Then, 10 g of the resulting extract was chromatographed in Sephadex LH-20
(500 × 70 mm, CH3OH 100%) to obtain five fractions. Fraction 4 (1 g) was separated in a Silicagel open
column (25 × 5 cm) using a stepwise gradient of n-hexane–ethyl acetate to yield pure L1 (n-hexane
100%, 707.9 mg).

Laurinterol (L1): C15H19BrO, HR-ESI-MS m/z 293.0531 [M − H]− (calculated C15H18O79Br, 293.0541),
295.0518 [M − H]− (calculated C15H18O81Br, 295.0521) [α]25

D + 17 (c 0.15, CH2Cl2) 1H NMR (CDCl3) δ
0.55 (1H, dd, J = 7.9, 4.8 Hz, H-12), 0.58 (1H, t, J = 4.6 Hz, H-12), 1.15 (1H, dt, J = 8.1, 4.3 Hz, H-3), 1.28
(1H, m, H-5), 1.32 (3H, s, H-13), 1.41 (3H, s, H-14), 1.66 (1H, dd, J = 12.3, 8.0 Hz, H-4), 1.95 (1H, tdd,
J = 12.3, 8.1, 4.4, H-4), 2.09 (1H, dd, J = 13.2, 8.1 Hz, H-5), 2.29 (3H, s, H-15), 5.26 (1H, br, s, 7-OH),
6,61 (1H, s, H-8), 7.61 (1H, s, H-11); 13C NMR (CDCl3) δ 16.2 (C-12), 18.6 (C-13), 22.2 (C-14), 23.5 (C-15),
24.4 (C-3), 25.3 (C-4), 29.6 (C-2), 35.9 (C-5), 114.9 (C-10), 118.8 (C-8), 132.3 (C-11), 134.0 (C-6), 135.9
(C-9), 153.3 (C-7).

3.4. Cell Culture

Vero (kidney normal epithelial cell line, ATTC® number CCL-81™, Manassas, VA, USA) and
MCF-7 (mammary adenocarcinoma cell line, ATCC® number CCL-2™) cells were grown in MEM and
DMEM/F12 medium (1:1 mixture containing 2.5 mM L-glutamine, 15 mM HEPES, 0.5 mM sodium
pyruvate, 17.5 mM D-Glucose, and 1.2 g/L sodium bicarbonate) supplemented with 10% (v/v) FBS and
penicillin–streptomycin, respectively. Cultures were routinely maintained at 37◦C in a humidified 5%
CO2 atmosphere.

3.5. Cytotoxicity Activity

The assays were performed in 96-well microplates, containing 15,625 cells/cm2 (5 × 103 cells/well)
and exposed to different concentrations of the extract and the pure compound for 24 h. Cell viability
was measured by WST-1 addition and 90 min of incubation. The absorbance was measured at 450 nm,
and the concentration of the samples that inhibited 50% of the cell growth (IC50) was calculated.
Three experiments were performed in triplicate. DMSO (1%), CIS (50 μg/mL), and TX (20 μg/mL)
were used as controls. TX concentration was chosen on basis of our previous work [62]. Cisplatin
concentration was selected by testing several doses in MCF-7 cells and breast cancer explants.
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3.6. In Situ H&E Staining of MCF-7 Cells

To elucidate partially the damage mechanism induced by both CE and L1, we performed an in
situ staining that allowed observing, at a cellular level and in greater detail, the toxic effects induced
by different compounds. The MCF-7 breast cancer cell line (52,632 cells/cm2 = 5 × 105 cells/well)
was cultured on sterile glass coverslips contained in six-well microplates and incubated at 37 ◦C
with 5% CO2 for 24 h. Afterward, the cultures were incubated for additional 24 h in the presence of
culture medium (untreated control), 1% DMSO (solvent control), 30 μg/mL CE, and 30 μg/mL L1.
The antineoplastic drugs TX and CIS (20 and 50 μg/mL, respectively) were used as pharmacological
control references. After the incubation time with the treatments, the cells were fixed and stained in
situ by H&E staining, and permanent preparations were made, and they were observed with a Zeiss
Axiostar Plus brightfield microscope (Jena, Germany). Representative photographs of all treatments
were obtained with a 5.0 MP Moticam camera (Richmond, BC, Canada).

3.7. Tumor Samples

The approval to work with human tissues was obtained from the Institutional Review Board
(Instituto Mexicano del Seguro Social, Coordinación de Investigación en Salud. R-2014-785-022,). With
previous informed consent, infiltrating ductal/lobular adenocarcinoma samples were obtained from
nine patients undergoing mastectomy or excisional biopsy for the carcinoma remaining removed as
surgical waste once sufficient tissue was assured for clinical diagnosis at the Hospital de Ginecología
y Obstetricia (UMAE # 23, Monterrey, Nuevo León, México) from the Instituto Mexicano del Seguro
Social (clinical and histopathological data are described in Table 1). Tissues were collected in cold
serum-free DMEM/F12 medium and transported at 4 ◦C to the laboratory for immediate processing.

3.8. Preparation of Slices and Explants from Breast Cancer

Breast cancer human tissue slices of 4 mm diameter and 250–300 μm thickness were obtained
using the Krumdieck tissue slicer (Alabama Research & Development, Munford, AL, USA) with
constant flow of KB buffer at 4 ◦C gassed with carbogen gas as described previously [62]. In total, 40
to 64 breast tumor explants were prepared and placed in 24-well microplates containing DMEM/F12
supplemented medium with 10% (v/v) FBS, 25 mM D-glucose, 1% ITS (insulin-transferrin-selenium),
1 mM sodium pyruvate, plus penicillin–streptomycin, and incubated for 1 h at 37 ◦C, 5% CO2, with
agitation at 30 rpm. The interval between the tumor resection and the explant incubation was no more
than 2 h.

3.9. Treatment of Tumor Explants

After pre-incubation, in order to confirm the tumor samples’ viability, control explants (0 h) were
placed in 24-well microplates containing 1 mL of DMEM/F12 supplemented medium and incubated
for 4 h at 37 ◦C, 5% CO2/95% air, with agitation at 30 rpm. Depending on the explants’ availability,
40 to 64 explants were cultured per assay, with four to six explants per treatment or experimental
condition. Treated explants were incubated for 48 h at 37◦C, 5% CO2, with agitation at 30 rpm with
the following compounds: 20 μg/mL TX, 50 μg/mL CIS, 5–100 μg/mL CE, 10 and 30 μg/mL L1,
and 10 μg/mL L1 + 10 μg/mL TX. Controls were medium and 1% DMSO.

3.10. Alamar Blue™ Viability Assay

After 48 h of incubation with the compounds, as well as the culture medium (control), the explants
were incubated for an additional 4 h with 10% Alamar Blue™ in 500 μL of DMEM/F12 supplemented
medium at 37 ◦C in the conditions described earlier. Afterward, 100 μL was collected from each sample
and transferred to a 96-well microplate to read fluorescence at 530-nm excitation/590-nm emission
wavelengths. The percentage of viability relative to control was obtained by calculating the percentage
of Alamar Blue™ reduction per explant [62].
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3.11. Histopatological Analysis

After incubation with the treatments, the breast cancer explants were fixed in 10% neutral
formalin and embedded in paraffin using conventional histological techniques. Tissue sections of
4 μm were prepared on a microtome and mounted on glass slides. Afterward, the slides were
deparaffinized and stained with hematoxylin and eosin (H&E). The stained preparations were
observed by a pathologist using a Zeiss Axiostar Plus Brightfield microscope, and photographs were
obtained with a 5.0 Moticam camera. Histopathological analysis was performed by two independent
pathologists, and the morphological parameters analyzed included necrosis, viable/damaged tumor
cells, and inflammation.

3.12. Statistical Analysis

Statistical analysis was performed with SPSS version 20.0 software. Quantitative data
were expressed as means and standard deviation. Differences in continuous variables with
normal distribution were analyzed with Student’s t-test or the Mann–Whitney U test for
non-normal distributions.

4. Conclusions

To our knowledge, this is the first study of a marine natural product in human breast
tumor-derived organotypic culture, which supports the known in vitro cytotoxic activity of laurinterol
in a more complex system. Our results show a dose-dependent inhibition of the metabolic activity
and morphological changes characteristic of apoptotic cell death in cells treated with the crude extract
and laurinterol. Meanwhile, breast cancer explants treated with the extract showed reduced metabolic
viability and necrosis areas, while explants treated with laurinterol exhibited a heterogeneous response
associated with the individual response of each tumor sample. This study emphasizes the importance
of the 3D culture of human cancer tissue slices or tissue explants to improve the selection of new
therapeutic options from different sources before preclinical studies, as well as a functional drug
testing in personalized oncology, enabling the prediction of the interpersonal tumor response.
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Abstract: Macroalgae are increasingly viewed as a source of secondary metabolites with great
potential for the development of new drugs. In this development, in vitro studies are only the first
step in a long process, while in vivo studies and clinical trials are the most revealing stages of the true
potential and limitations that a given metabolite may have as a new drug. This literature review aims
to give a critical overview of the secondary metabolites that reveal the most interesting results in
these two steps. Phlorotannins show great pharmaceutical potential in in vivo models and, among
the several examples, the anti-dyslipidemia activity of dieckol must be highlighted because it was
more effective than lovastatin in an in vivo model. The IRLIIVLMPILMA tridecapeptide that exhibits
an in vivo level of activity similar to the hypotensive clinical drug captopril should still be stressed, as
well as griffithsin which showed such stunning results over a variety of animal models and which will
probably move onto clinical trials soon. Regarding clinical trials, studies with pure algal metabolites
are scarce, limited to those carried out with kahalalide F and fucoxanthin. The majority of clinical
trials currently aim to ascertain the effect of algae consumption, as extracts or fractions, on obesity
and diabetes.

Keywords: seaweeds; secondary metabolites; in vivo studies; clinical trials; health effects; dieckol;
eckol; fucoxanthin; kahalalide F

1. Introduction

In the last few years, macroalgae attracted increasing attention from many industries of diverse
branches such as fuel, plastics, cosmetics, pharmaceuticals, and food [1,2]. In fact, the chemical
diversity within red (Rhodophyta), green (Chlorophyta), and brown (Phaeophyta) macroalgae offers
the possibility of finding a wide variety of primary and secondary metabolites, with interesting
properties and applications [1,3–7]. Primary metabolites are directly involved in physiological
functions, under normal growth conditions, such as reproduction, while secondary metabolites are
mainly excretory products produced under different stress conditions, such as exposure to ultraviolet
(UV) radiation, changes in temperature and salinity, or environmental pollutants. Primary algal
metabolites are the normal ones, such as proteins, polysaccharides, and lipids, whereas the main
secondary metabolites produced in algae tissues are phenolic compounds, halogenated compounds,
sterols, terpenes, and small peptides, among other bioactive compounds [8–11].
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Studies focusing on the preparation of macroalgae extracts and their chemical characterization
revealed a large range of seaweed compounds with very interesting biological activities including
antitumor, anti-inflammatory, antimicrobial, antidiabetic, antivirus, antihypertensive, fat-lowering,
and neuroprotective activities [12–15].

The large volume of studies proving the seaweed compound activities in in vitro systems [16–19]
hints the need for further advancements in the knowledge about macroalgae compound efficiency in
living systems (in vivo) and their use in the development of pharmaceuticals. In vitro studies are very
relevant and yield very important information, but they only represent the first step of a long process,
and the results obtained rarely reveal anything about the effects of a compound in vivo, because the
responses observed in vitro can be magnified, diminished, or totally different in a more complex and
integrated system. In fact, in vivo studies and clinical trials are those which contribute most to truly
understanding the real potential of compounds as future pharmaceuticals.

In this regard, the present work intends to present insight into the results obtained in the last few
years regarding secondary metabolites, such as phlorotannins, halogenated compounds, fucoxanthin,
and fucosterol isolated from macroalgae, involved in in vivo studies and clinical trials, identifying the
research opportunities and knowledge gaps, to valorize these compounds and their natural resources.
The intention is not to present an exhaustive survey of all published works, but rather a selection of
authors based on the following criteria: in-depth studies involving pure compounds most characteristic
from seaweeds, and studies in which the applied dose was less than 100 mg/kg, with a few exceptions
justified in the discussion of these studies.

2. In Vivo Studies

Several compounds isolated from macroalgae reached the in vivo stage of investigation into their
biological effects, which means that researchers recognize their potential and are willing to prove
their full pharmacological value. In this regard, the paragraphs below review and discuss the most
significant results obtained in these in vivo studies.

2.1. Phlorotannins

Phlorotannins are a class of inimitable complex polyphenol compounds produced by brown
seaweed as secondary metabolites and biosynthesized via the acetate malonate pathway [20,21].
They are basically constituted by phloroglucinol (1,3,5-trihydroxybenzene) base units with different
degrees of polymerization. Phlorotannin classification is based on the types of linkages between the
phloroglucinol units, and there are four subclasses, namely, phlorotannins with ether linkages (fuhalols
and phlorethols), those with phenyl linkages (fucols), those with both ether and phenyl linkages
(fucophlorethols), and those with a dibenzodioxin linkage (eckols) [22] (Figure 1).

 

Figure 1. Examples of different subclasses of phlorotannins.
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Phlorotannin presence, either in free form or forming complexes with different components of the
cell walls, like alginic acid [23], is essential to the physiological integrity of algae and to numerous
important other roles such as chemical defense against bacteria, epiphytes, and hydroids, protection
against oxidative damage that occurs in response to interactions with other organisms or the abiotic
environment such as UV radiation, and changes in nutrient availability [24,25].

Due to their important roles in the physiology of brown algae, these compounds attracted a lot
of research interest, with many studies addressing their isolation [26–29]. Moreover, as reviewed by
Imbs and Zvyagintseva [30], there were a high number of studies describing the important in vitro
activities of phlorotannins including anti-inflammatory, antitumor, and antibacterial activities, among
others, which led researchers to advance the study of these compounds, trying to prove their biological
activities in vivo. The main results of those studies are summarized in Table 1, and the most relevant
aspects are discussed below, while the compounds’ chemical structures are presented in Figure 2.

Table 1. Summary of in vivo activity of phlorotannins.

Compound Source Model Dose Activity

Phloroglucinol 1

Eisenia bicyclis
(Kjellman) Setchell
[31], Ecklonia cava
Kjellman [32–34]

ICR mice 20 μM

Suppression of acetic
acid-induced vessel

hyperpermeability (20%) and
CMC-induced leucocyte
migration (36.4%) [31].

Balb/c mice 50 and 100 mg/kg
(b.w.)

Protects against γ-radiation
damage increasing survival rate
(70% and 90% against 40% in the
control group, observed 30 days
after exposure to lethal doses of

ionizing radiation) [32].

Balb/c mice 25 mg/kg (b.w.)
Reduction of breast tumor growth

by 82% compared to untreated
group [35].

NOD scid
gamma mice 25 mg/kg (b.w.)

33.3% less metastasis of breast
cancer cells and extended survival
rate (40% after 10 weeks against

0% untreated group) [36].

C57BL/6J mice 100 mg/kg (b.w.)

13% improvement in glucose
tolerance compared to untreated
group. 60% inhibition of glucose

synthesis in primary mouse
hepatocytes [37].

ICR mice 20 mg/kg (b.w.)

Enhanced jejunal crypt survival
(26.4%) and reduction of apoptotic
cells (32.5%) in jejunal crypts after

γ-ray exposure [33].

HR-1 hairless
mice 100 mg/kg (b.w.)

High reduction of UV-B-induced
wrinkle formation (25%),

epidermal thickness (62%), and
elastic fiber degeneration (75%)
when compared with control

group [38].

Balb/c mice
10 mg/mouse *

(topical
application)

Protection against UV-B-induced
DNA damage by induction of

NER pathway: Increase of 50% in
XPC expression and of 66% in

ERCC1 expression [39].

Zebrafish
embryos 50 μM

Reduction of H2O2 induced
oxidative stress damage, with

survival rate of 90% against 60%
in untreated group [34].
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Table 1. Cont.

Compound Source Model Dose Activity

Octaphlorethol A 2

Ishige sinicola
(Setchell and N.L.
Gardner) Chihara
[40], Ishige foliacea
Okamura [41–43]

SHR rats 10 mg/kg (b.w.)

Reduction of 21.9 mmHg in
systolic blood pressure against

26.3 mmHg obtained with
captopril [40].

Zebrafish
embryos 50 μM

Decrease glucose-induced ROS
generation (10%) and lipid

peroxidation (20%). Increase
survival rate (50%) [41].

Zebrafish
embryos 12.6 μM *

Decrease of AAPH-induced ROS
formation (30%) and lipid
peroxidation (25%) when

compared with the untreated
group. Toxic at concentration

higher than 50.4 μM [42].

Zebrafish
embryos 25 μM

Inhibition of melanin synthesis
(27.8%) and tyrosinase activity

(32.8%) Inhibitory activity higher
than arbutin at 500 μM [43].

Diphlorethohydroxycarmalol
3

Ishige okamurae
Yendo [44,45]

HR-1 hairless
mice 2 mM

Inhibition of PM2.5
exposure-induced lipid

peroxidation (25%), protein
carbonylation (37.5), and

epidermal height (12%) [44].

Balb/c mice 100 mg/kg (b.w.)

Protection against
radiation-induced cell damage

and increase by 30% in number of
crypt cells compared with

untreated group. Maintained villi
height. Reduction of 50% of lipid

peroxidation in liver. Bone
marrow cell viability increased

(40%) [46].

Zebrafish
embryos 48.8 μM *

Decrease of fine-dust
particle-induced NO (50%) and

ROS production (32%). Decrease
inflammation-induced cell death

(40%) [47].

Zebrafish
embryos 2 μM

Suppression of high
glucose-induced dilation in the
retinal vessel diameter (64.9%)

and vessel formation (35.6%) [48].

Eckol 4
Ecklonia sp. and

Eisenia sp. [49,50]

ICR mice 75 nmol/mouse
Inhibition of ear edema induced
by AA (12.7%), by TPA (40.0%),

and by OXA (19.3%) [51].

Kunming mice 0.5 mg/kg (b.w.)

Hepatoprotection by reduction of
ALT (41.6%) and AST (26%) on

CCl4-induced liver injury;
decrease in expression of

caspase-3 (77%), TNF-α (23%),
IL-1β (%), IL-6 (26%), and lipid
peroxidation (21%); increase in
expression of Bcl-2 (33.3%) and
IL-10 (33%). Increase in GSH
(31%) and SOD (19.5%) [52].

ICR mice 50 mg/kg (b.w.)

Anticoagulant action by
increasing tail bleeding time

(135%). Less active than
heparin [53].

ICR mice 20 mg/kg (b.w.)

Enhanced jejunal crypt survival
(17.7%) and reduction of apoptotic
cells (37.5%) in jejunal crypts after

γ-ray exposure [33].
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Table 1. Cont.

Compound Source Model Dose Activity

Eckol 4
Ecklonia sp. and

Eisenia sp. [49,50]

C57BL/6 mice 10 mg/kg (b.w.)

Radioprotection increasing
survival rate (58%), hematopoietic
recovery (50%), reduction of DNA
damage in lymphocytes (27.8%),

and increase in CD3+ T cell
(44.3%) and CD45R/B220+ pan B

cell (27.6%) populations after
γ-ray exposure [54].

C57BL/6 mice 10 mg/kg (b.w.)

Inhibition of γ-radiation-induced
lymphocyte apoptosis (33.33%),

and intestinal cell apoptosis
(16.63%) [55].

Sprague-Dawley
rats 20 mg/kg (b.w.)

Anti-hyperlipidemic effect by
reduction of TG (27.2%), TC
(38.6%), AI (49%), and LDL

(56.5%) level and increased level
of HDL (10.5%). Activity level

similar to lovastatin [56].

ICR mice 20 μM

Suppression of acetic
acid-induced vessel

hyperpermeability (50%) and
leucocyte migration (50%) [31].

Zebrafish 50 μM

Photoprotection by reduction of
UV-B induced ROS formation

(43%), NO levels (33%), cell death
(78%), and hyperpigmentation

(50%) [57].

Dieckol 5
Ecklonia sp. and

Eisenia sp. [49,58]

IgE/antigen-
sensitized mice 20 mg/kg (b.w.) *

Administration prior to IgE
sensitization, reduced mast cell

degranulation, and edema
formation (80%) [59].

Sprague-Dawley
rats 20 mg/kg (b.w.)

Reduction of TG (31%), TC
(43.4%), AI (72.6%), and LDL

(75.5%) level and increased level
of HDL (35.4%). More active than

lovastatin [56].

ICR mice 20 μM

Suppression of acetic
acid-induced vessel

hyperpermeability (70%) and
CMC-induced leucocyte

migration (55%) [31].

C57BL/KsJ-db/db
mice 20 mg/kg (b.w.)

Antidiabetic effect by reduction of
lipid peroxidation (87%) body

weight (7%), blood glucose (40%),
and blood insulin (50%).

Increased the activity of SOD
(8.5%), CAT (0.5%), and GSH-px
(0.1%), and over-expression of

AMPK (60%) and Akt (100%) [58].

ICR mice 50 mg/kg (b.w.)
Anticoagulant effect by increasing
tail bleeding time (173.8%). Less

active than heparin [53].

Zebrafish
embryos 20 μM

Reduction of heart rate (13%),
ROS formation (35%), NO level
(18%), lipid peroxidation (10%),

and cell death (10%) in high
glucose-induced oxidative stress.
Reduction of over-expression of

iNOS (20%) and COX-2 (15%) [60].

Zebrafish
embryos 20 μM

Reduction of ROS formation
(80%), lipid peroxidation (5%),

and cell death (15%) on
ethanol-induced damage [61].
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Table 1. Cont.

Compound Source Model Dose Activity

Phlorofucofuroeckol A 6

Eisenia arborea
Areschouga a

[51,62]; Ecklonia
stolonifera Okamura

[63]

Zebrafish
embryos 41.5 μM

Decreased AAPH-induced ROS
levels (40%), lipid peroxidation
(48%), and cell death (70%) [64].

ICR mice 75 nmol/mouse

Inhibition of ear edema induced
by AA (30.5%), by TPA (31.7%),

and by OXA (23.4%). EGCG
inhibits 12.9%, 13.8%, and 5.7% of
ear edema induced by AA, TPA,

and OXA, respectively [51].

Phlorofucofuroeckol B 7

Eisenia arborea
Areschoug a

[51,62]; Ecklonia
stolonifera Okamura

[63]

ICR mice 75 nmol/mouse

Inhibition of ear edema induced
by AA (42.2%), by TPA (38.4%),

and by OXA (41.0%). EGCG
inhibits 12.9%, 13.8%, and 5.7% of
ear edema induced by AA, TPA,

and OXA, respectively [51].

6,6′-Bieckol 8

Eisenia arborea
Areschoug a

[51,65]; Ecklonia
stolonifera Okamura

[63]

SHR rats 20 mg/kg (b.w.)

Reduction of 28.6 mmHg in
systolic blood pressure, against

31.3 mmHg obtained with
captopril [66].

ICR mice 75 nmol/mouse

Inhibition of ear edema induced
by AA (41.9%), by TPA (34.2%),

and by OXA (17.8%). EGCG
inhibits 12.9%, 13.8%, and 5.7% of
ear edema induced by AA, TPA,

and OXA, respectively [51].

6,8′-Bieckol 9
Eisenia arborea

Areschoug a [51,62] ICR mice 75 nmol/mouse

Inhibition of ear edema induced
by AA (39.8%), by TPA (49.4%),

and by OXA (77.8%). EGCG
inhibits 12.9%, 13.8%, and 5.7% of
ear edema induced by AA, TPA,

and OXA, respectively [51].

8,8′-Bieckol 10
Eisenia arborea

Areschoug a [51] ICR mice 75 nmol/mouse

Inhibition of ear edema induced
by AA (21.0%), by TPA (31.7%),

and by OXA (32.3%). EGCG
inhibits 12.9%, 13.8%, and 5.7% of
ear edema induced by AA, TPA,

and OXA, respectively [51].

Eckstolonol 11

Ecklonia cava
Kjellman [67],

Ecklonia stolonifera
Okamura [68]

C57BL/6N mice 50 mg/kg (b.w.)
Decrease in sleep latency and

increase (1.4×) in the amount of
NREMS [67].

* Unit converted for comparison purposes. a The current accepted name is Ecklonia arborea (Areschoug) M. D.
Rothman, Mattio and J. J. Bolton.
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Figure 2. Chemical structures of phlorotannins referred to in Table 1 with relevant in vivo activities.

2.1.1. Phloroglucinol

Phloroglucinol 1 (Figure 2), the basic unit of phlorotannins, was found to reduce H2O2-induced
toxicity in zebrafish, with the treated group (50 μM of 1) presenting a survival rate of 90% against
only 60% in the control group [34]. The augmented survival rate was correlated with a reduction of
H2O2-induced cell death, lipid peroxidation, and ROS formation. Moreover, this compound accelerates
liver regeneration after metronidazole (MNZ)-induced apoptosis at a concentration of 400 μM [34].

The effects of 1 on the blood glucose level and the regulation of glucose synthesis in the liver
were also investigated. As shown in Table 1, phloroglucinol 1 (100 mg/kg b.w.) significantly improved
glucose tolerance in C57BL/6J male mice whose diet was high in fat and inhibited glucose synthesis
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in primary mouse hepatocytes [37]. This phlorotannin also exerts efficient cell protection against
ionizing radiation and extends the survival of mice exposed to a lethal dose of γ-radiation. Thirty
days after exposure, there was a survival rate of 90% in the group treated with 100 mg/kg (b.w) of 1

and 70% in the group treated with 50 mg/kg (b.w.), while, in the control group, only 40% of the mice
survived [32]. It was proposed that the protection against γ-radiation is mainly due to the antioxidant
effects of 1, namely, the inhibition of ROS formation, leading to the inhibition of mitogen-activated
protein kinase kinase-4 (MKK4/SEK1), c-Jun NH2-terminal kinase (JNK), and activator protein-1 (AP-1)
cascades [32,69]. Moon et al. [33] found that administration of 1 (20 mg/kg b.w.) could enhance the
jejunal crypt survival by 26.4% and decreased the number of apoptotic cells in the jejunal crypts by
32.5% when compared with the untreated irradiated group (Table 1).

Phloroglucinol 1 (100 mg/kg b.w.) protects hairless mice against UV-B-induced photodamage
in the skin, by significantly reducing (25%–75%) wrinkle formation, epidermal thickness, and elastic
fiber degeneration [38]. The levels of UV-B-induced DNA damage are also decreased by 1 since
the topical application of 10 mg/mouse was found to increase the expression levels of xeroderma
pigmentosum complementation group C (XPC) and excision repair cross-complementation 1 (ERCC1).
These components are essential for the activation of the nucleotide excision repair (NER) pathway,
which is the mechanism responsible for DNA repairing [39]. Phloroglucinol 1 also exhibits breast
anticancer activity at 25 mg/kg (b.w.), either by decreasing tumor growth or by suppressing the
metastatic ability of breast cancer cells that spread to the lungs, contributing in both cases to an increase
of survival time in mice (Table 1) [35,36]. Since there is still no suitable therapeutic agent that blocks the
progression of breast cancer, these results can be of clinical importance for the treatment of metastatic
breast cancer.

2.1.2. Octaphlorethol A

Octaphlorethol A 2, a rare phlorotannin, decreased oxidative stress induced either by 2,2′-azobis
(2-amidinopropane) (AAPH) [42] or by high levels of glucose [41] in zebrafish embryos (Table 1). This
phlorotannin is toxic for the embryos at concentrations above 50.4 μM; however, at concentrations
lower than 25.2 μM, a strong antioxidant effect was noted without traces of toxicity [42]. These toxicity
values against zebrafish are supported by the data obtained by Kim et al. [43], which found that more
than 90% of subject embryos survived upon exposure to 2 at concentrations below 25 μM, which was
not significantly different from the findings in the control group. Moreover, the same authors reported
that this compound significantly inhibited melanin synthesis (27.8%) and tyrosinase activity (32.8%)
at a concentration of 25 μM, which is higher than the 15% and 17.3% of inhibition obtained with the
reference compound, arbutin, at 500 μM, for melanin synthesis and tyrosinase activity, respectively.
These results indicate that 2 has a potential for application in skin-whitening formulations [43].

A dose of 10 mg/kg (b.w.) of 2 led to a reduction of 21.9 mmHg in the systolic blood pressure (SBP)
in spontaneously hypertensive rats (SHR), against the 26.3 mmHg reduction obtained using the same
dosage of the reference drug captopril. The anti-hypertensive effect was maintained for 6 h, and the
authors suggested this effect was due to the induction of NO production, which is a vasodilator [40].

2.1.3. Diphlorethohydroxycarmalol

Diphlorethohydroxycarmalol 3, which was only isolated from Ishige okamurae Yendo, has a
protective effect against radiation exposure. Ahn et al. [46] reported that treatment with 3 (100 mg/kg
b.w.) in mice before γ-ray irradiation significantly protected the intestinal crypt cells in the jejunum and
maintained villi height, compared with those of the control-treated irradiated group. Mice pretreated
with 3 also exhibited dose-dependent increases in the bone marrow cell viability up to a maximum of
40% at 100 mg/kg (b.w.) [46].

Diphlorethohydroxycarmalol 3 decreased the oxidative stress caused to the skin tissue of HR-1
hairless mice by fine particulate matter with a diameter ≤2.5 μm (PM2.5), a major pollutant present in
the atmosphere [44] (Table 1). Exposure to PM2.5 caused lipid peroxidation and protein carbonylation,
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and increased epidermal height, which were inhibited by 3. Moreover, PM2.5 induced apoptosis and
mitogen-activated protein kinase (MAPK) protein expression; however, these changes were attenuated
by 3 [44].

Fernando et al. [47] reported for the first time the use of a zebrafish embryo model for evaluating
the inflammatory effects of fine dust (FD) particles, which are a major aggressive agent in air pollution.
The authors determined that a concentration of 48.8 μM of 3 significantly decreased NO and ROS
production and prevented fine dust inflammation-induced cell death [47]. The effect of 3 against
high glucose-induced angiogenesis in zebrafish embryos was studied, and it was found that the
treatment of embryos with a concentration of 2 μM of 3 suppressed high glucose-induced dilation in
the retinal vessel diameter and vessel formation (Table 1). Moreover, 3 exhibits the ability to inhibit
high glucose-induced vascular endothelial growth factor receptor 2 (VEGFR-2) expression and its
downstream signaling cascade [48]. Hence, 3 seems to be a potential agent for the development of
drugs against angiogenesis induced by diabetes.

2.1.4. Eckol

Eckol 4 presented anti-inflammatory activity in various in vivo studies. Kim et al. [31] found that
a concentration of 20 μM of 4 significantly suppressed acetic acid-induced hyperpermeability and
carboxy-methylcellulose-induced leucocyte migration in mice at a much higher level than 1 (Table 1).
A dosage of 75 nmol of 4 per mouse decreased mouse ear edema induced by different sensitizers,
such as arachidonic acid (AA), 12-O-tetradecanoylphorbol-13-acetate (TPA), and oxazolone (OXA), by
12.7%, 40.0%, and 19.3%, respectively (Table 1) [51]. This shows that 4 can modulate various targets of
the inflammatory cascade.

On the other hand, 4 at a very low dosage (0.5 mg/kg b.w.) has an hepatoprotective effect on
mice by modulating anti-apoptotic and antioxidant mechanisms and suppressing the expression of
pro-inflammatory cytokines, like tumor necrosis factor (TNF), interleukin (IL)-1, and IL-6, and by
upregulating the expression of IL-10, an anti-inflammatory interleukin [52].

Kim et al. [53] reported that 4 presented anticoagulant activity in a mouse model. A dosage of
50 mg/kg (b.w.) increased the in vivo tail bleeding time from 51.5 to 121 s, which is an increase of
more than 100%. However, this result was lower than that obtained with heparin, the commercial
anticoagulant (165 s).

Eckol 4 (20 mg/kg b.w.) also significantly reduced the level of triglycerides (TG), total cholesterol
(TC), atherogenic index (AI), and low-density lipoprotein cholesterol (LDL) and increased level of
the high-density lipoprotein cholesterol (HDL), in SD rats, by similar values to those presented by
lovastatin (Table 1), a therapeutic agent used in the treatment of hypercholesterolemia [56].

Park et al. [54] found that the administration of 10 mg/kg (b.w.) of 4 to γ-ray irradiated C57BL/6
mice led to an improvement in hematopoietic recovery and in the repair of damaged DNA in immune
cells and an enhancement of their proliferation, which was severely suppressed by ionizing radiation
(Table 1). It was also found that the same dose decreased lymphocyte apoptosis by 33.33% and intestinal
cell apoptosis by 16.63%, which was correlated with a decrease in the amount of pro-apoptotic p53
and Bax proteins and an increase in the level of Bcl-2, an anti-apoptotic protein, indicating that its
over-expression, which leads to resistance to DNA damage, is involved in protection of gastrointestinal
cells after irradiation [55]. Furthermore, Moon et al. [33] found that 4 at a higher dose (20 mg/kg b.w.)
enhanced jejunal crypt survival and protected against apoptosis induced by radiation in ICR mice
jejunal crypts, albeit to a lesser extent than the values obtained for 1 (Table 1). These findings indicate
that 4 should be a candidate for adjuvant therapy to alleviate radiation-induced injuries to cancer
patients; however, as far as we were able to assess, there were no further advancements in this regard.

Pre-treatment with 4 (50 μM) reduced ROS and NO formation by about 43% and 33%, respectively,
in zebrafish embryos following UV-B irradiation. It also reduced UV-B-induced cell death by 78%
and hyperpigmentation by about 50%, when compared to the untreated control group, showing the
photoprotection effectiveness of 4. The compound presented low toxicity at the tested concentration [57].
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2.1.5. Dieckol

Dieckol 5 was able to impair the oxidative stress effects induced by ethanol in zebrafish embryos [61].
A concentration of 20 μM decreased ROS formation by 80% and lipid peroxidation by 5%. The
attenuation of oxidative stress led to a 15% decrease in ethanol-induced liver cell death, showing that
dieckol possesses a hepatoprotective effect [61]. Dieckol at the same dose also decreased the oxidative
effects caused by high glucose, by significantly reducing heart rate, ROS, lipid peroxidation, and cell
death in zebrafish (Table 1) [60]. Furthermore, high glucose levels induced the over-expression of
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), whereas 5 treatment reduced
it [60].

Additionally, the antioxidant effects of 5 also play an important role in the attenuation of type
II diabetes. C57BL/KsJ-db/db diabetic mice, when injected with 20 mg/kg (b.w.) of 5, showed a
significant reduction of blood glucose level, serum insulin level, and body weight, when compared
to the untreated group [58]. Nonetheless, 5 also promoted the increase of the activity of antioxidant
enzymes, including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-px)
in liver tissues, and it increased levels of the phosphorylation of AMPK and Akt in muscle tissues
(Table 1), suggesting that 5 can be developed as a therapeutic agent for type II diabetes [58].

Like phlorotannin 4, 5 also suppressed acetic acid-induced hyperpermeability and
carboxy-methylcellulose-induced leucocyte migration in mice [31], albeit to a higher level than 4,
leading to the conclusion that the number of OH groups in the 5 structure increases its anti-inflammatory
activity. The authors proved the influence of the OH groups of 5 on its activity by protecting those
groups with a methyl substituent, and the activity obtained for methyl-dieckol was reduced by about
35% [31].

The comparison between 5 and 4 was also verified for anticoagulant activity. Kim et al. [53] found
that 5 increased the in vivo tail bleeding time by 173.8%, from 51.5 to 141 s, whereas 4 only increased
this time to 121 s, and heparin increased tail bleeding time to 165 s.

Dieckol also presented a better potential for treating dyslipidemia than 4 since it reduced all the
parameters measured by Yoon et al. [56] at a higher level than that obtained with 4 and even lovastatin
(Table 1). As an example of the efficiency of 5 in the treatment of dyslipidemia, a dose of 20 mg/kg
(b.w.) of 5 decreased total cholesterol by 43.4% when compared with the untreated group, whereas
lovastatin (25 mg/kg (b.w.)) only decreased this parameter by 15.3% [56].

Dieckol 5 also presents anti-allergy effects since oral administration of 5 and 20 mg/kg (b.w.), before
IgE sensitization, markedly abrogated mast cell degranulation and edematous changes in vivo [59].
However, the authors also suggested that the inhibition of the passive cutaneous anaphylaxis could be
mainly attributed to the anti-inflammatory effects of 5.

2.1.6. Other Phlorotannins

In the literature revision performed for the present work, phlorotannins other than those already
known were found with in vitro activities reported, while they only had one or two studies addressing
their in vivo activities, unlike the compounds discussed above. However, some of these activities are
interesting; thus, the studies addressing the less studied phlorotannins are discussed to demonstrate
the interest of future studies on these phlorotannins.

Phlorofucofuroeckol B 7 suppressed 42.2%, 38.4%, and 41.0% of ear swelling in mice induced by
AA, TPA, and OXA, respectively (Table 1), whereas the suppression of ear edema induced by those
three sensitizers showed was significantly lower for isomer 6 (23.4%–31.7%) [51]. This indicates that
the change of the 3”,5”-dihydroxybenzyl group from C-8 in 6 to C-11 in 7 increases the compound’s
anti-inflammatory capacity. The results presented by 7 were also better than those obtained for 4

(Table 1). The interesting activities shown in vivo by this phlorotannin 7 justify the realization of
further studies, including more deep SAR studies to establish its action mechanism.

Administration of 6,6′-bieckol 8 (Figure 2) to mouse (75 nmol per mouse) caused the reduction
of ear swelling after sensitization with AA and TPA by 41.9% and 34.2%, respectively, which is
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an anti-inflammatory effect similar to phlorofucofuroeckol B 7, although 8 had a much smaller
anti-inflammatory effect on the OXA-induced mouse model (17.8%) [51]. On the other hand, the
administration of 6,8′-bieckol 9 was able to inhibit 77.8% of mouse ear swelling when the sensitizer
was OXA, which was the highest value obtained by Sugiura et al. [51], while the administration of
10 yielded an inhibition of 32.3%. These results show clearly that the position of the linkage has a
great influence on the anti-inflammatory activity of phlorotannins. Compounds 4 and 6–10 exhibited
anti-inflammatory effects identical to or higher than epigallocatechin gallate (EGCG), the compound
used as a positive control.

Ko et al. [66] found that a dose of 20 mg/kg (b.w.) of 8 led to a reduction of 28.6 mmHg in the SBP
in SHR, whereas the same dosage of the reference drug captopril decreased SBP by 31.3 mmHg. This
phlorotannin 8 is less active than octaphlorethol 2 [40] since the dose of 8 used was two times higher than
the dose of 2 (Table 1). Thus, the latter seems to be more promising for anti-hypertensive applications.

The phlorotannin eckstolonol 11 significantly decreased sleep latency in a concentration-dependent
manner and increased the amount of non-rapid eye movements (NREMS) in C57BL/6N mice by 1.4-fold
at 50 mg/kg (b.w.) [67]. At this dose, 11 administered in conjunction with pentobarbital was also
capable of increasing sleep duration when compared to the control (only pentobarbital), showing that
this phlorotannin can also potentiate the effects of other hypnotic drugs. It was found that 11 acts as
a partial agonist to the GABAA–BZD receptors [67], similar to the action mode of benzodiazepines,
showing its potential as a hypnotic drug.

In addition to the good results presented by phlorotannins in in vivo studies, which showed their
high pharmaceutical potential, there were some studies [31,44] where there was no information about
the actual amount of compound administered, which hindered their comparison with other studies, as
well as the reproducibility of the results. Also, the majority of the referenced studies, particularly those
using a murine model, had a small group of individuals per study group (4–6), which may not be very
representative of the real effect of the compounds. Future studies should increase the number of test
subjects to increase the statistical power of the findings.

2.2. Peptides

2.2.1. Griffithsin

One of the most biologically interesting families of peptides extracted from macroalgae is the
lectins. They are a structurally diverse group of highly specific and reversibly carbohydrate-binding
proteins [70]. The three groups of macroalgae (Rhodophyta, Phaeophyta, and Chlorophyta) can
produce lectins [71], and these lectins present great potential for the development of new drugs [72–76].
In fact, because of the highly specific way lectins bind to sugars outside cell surfaces inhibiting cell
proliferation [77,78], lectins primarily show antiviral, antibacterial, and antifungal activities [73,79–81].
The most interesting lectin and also the one with the most in vivo studies is griffithsin 12 (Figure 3)
(Table 2).
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Table 2. Summary of in vivo activity of seaweed peptides.

Compound Algae Model Activity Dose

Griffithsin 12 Griffithsia sp. [82]

Balb/c mice
100% of mice survival from a high

dose of SARS-CoV (compared to 30%
survival in control group) [83].

10 mg/kg (b.w.)/day

Balb/c mice
Protected 100% of mice from a lethal
JEV dose (compared to 0% survival in

control) [84].
5 mg/kg (b.w.)/day

Chimeric
uPA+/+-SCID mice

Protected mice from hepatitis C
infection (viral load below detection

limit in treated mice) [85].
5 mg/kg (b.w.)/day

Balb/c mice

Significantly protected mice from
HSV-2 vaginal infection (0/5 treated
mice were infected compared to 3/5

infected in control group, after
7 days) [86].

20μL of 0.1%
griffithsin gel

New Zealand
rabbits

Caused no mucosal damage or
inflammatory responses with

intravaginal administration [87].
0.1% griffithsin gel

Balb/c mice
Significantly protected mice from

HSV-2 vaginal infection and HPV16
pseudovirus challenge [88].

20 μL gel of
griffithsin–carragenan
combination (0.1%

12 and 3% CG)

Rhesus macaques
Did not negatively impact the

mucosal proteome or
microbiome [89].

0.1% griffithsin gel

Tridecapeptide 13
Palmaria palmata

(Linnaeus) F. Weber
and D. Mohr [90]

SHR mice
After 2 h, significant 33 mmHg SBP
reduction; captopril at same dose

caused 29 mmHg SBP reduction [90].
3 mg/kg (b.w.)

Dipeptide 14
Undaria pinnatifida

(Harvey)
Suringar [91]

SHR mice
16 mmHg SBP reduction after 3 h;
captopril at same dose caused 17

mmHg SBP reduction [91].
1 mg/kg (b.w.)

Phycoerythrin 15

Porphyra haitanensis
T.J. Chang and B.F.

Zheng a,
Grateloupia turuturu
Yamada, Gracilaria
lemaneiformis (Bory)
Greville b [92–94]

S180 tumor-bearing
mice

Reduced tumor growth by 41.3%.
Increase TNF-α level, lymphocyte

proliferation, and SOD activity [92].
300 mg/kg (b.w.)

N2 Caenorhabditis
elegans

Increased Caenorhabitis elegans
lifespan (15 ± 0.1 to 19.9 ± 0.3 days),
increased thermal stress resistance

(22.2% ± 2.5% to 41.6% ± 2.5% mean
survival) and oxidative stress

resistance (30.1% ± 3.2% to 63.1% ±
6.4% mean survival) [95].

100 μg/mL

CL4176
Caenorhabitis elegans

Significant reduction of senile plaque
formation (2-fold reduction in

grayscale values [96].
100 μg/mL

Kahalalide F 16 Bryopsis sp. [97] Athymic mice with
xenografted tumors

Reduced prostate tumor growth by
50% and 35% [98].

0.245 and 0.123
mg/kg (b.w.)

a The current accepted name is Pyropia haitanensis (T. J. Chang and B. F. Zheng) N. Kikuchi and M. Miyata). b The
current accepted name is Gracilariopsis lemaneiformis (Bory de Saint-Vincent) E. Y. Dawson, Acleto and Foldvik.

Griffithsin was first isolated from aqueous extracts of Griffithsia sp., and it exhibits antiviral
activity [82]. This 121-amino-acid peptide 12 showed no significant homology (>30%) with other
known proteins and exhibited potent in vitro antiviral activity (EC50 values ranging from 0.043 to
0.63 nM) [82], which enticed researchers to perform several subsequent in vivo studies.
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Figure 3. Amino-acid sequence of seaweed peptides with relevant in vivo activities.

O’Keefe et al. [83] reported the antiviral effect of griffithsin 12 (Figure 3, Table 2) on mouse models
infected with an adapted SARS-CoV virus. After injection with a viral dose known to cause at least
75% mouse mortality, mice treated with griffithsin 12 (5 mg/kg b.w. dose intranasally delivered 4 h
before infection) showed 100% survival rates, no weight loss, and decreased pulmonary pathology
during infection. The compound reduced mice pulmonary viral load and inhibited the deleterious
inflammatory response to the virus. In 2013, Ishag et al. [84] once again proved griffithsin’s life-saving
in vivo efficacy with mice models infected with lethal doses of Japanese encephalitis virus (JEV).
Similar to the results obtained by O’Keefe et al. [83], treated mice showed 100% survival rates, as
well as reduced viral antigen load in brain tissue. The griffithsin 12 treatment of mice consisted of
5 mg/kg b.w. intraperitoneal injection of the encephalitis virus. The fact that the same 5 mg/kg b.w.
dose was so effective against both the SARS-CoV and JEV virus highlights griffithsin’s potential as
an antiviral agent. Subsequently, Meuleman et al. [85] also used a 5 mg/kg b.w. griffithsin treatment
(subcutaneously injected in chimeric uPA-SCID mice) to mitigate hepatitis C liver infection. After one
week of virus injection, the results showed significantly lower viral loads (below the limit of detection,
<750 IU/mL) in four of the six treated mice, as opposed to easily detectable loads in the control mice.
In the following two weeks of the study, while the treated mice started slowly exhibiting signs of
infection, the control mice experienced full-blown viremia. Surprisingly, one of the treated mice
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managed to stay completely below the detection limit throughout the entire study period. These results
once again point to the extent and versatility of griffithsin’s antiviral activity against taxonomically
distinct viruses. Although very interesting, these results feel particularly limited in scope due to the
small sample size (n = 6 treated and n = 5 control mice), a fact that was acknowledged by the authors.
Nevertheless, griffithsin’s broad-spectrum antiviral action was still very “alluring” to researchers and
begged further study. Nixon et al. [86] used murine models to see if a 0.1% griffithsin gel would protect
mice from intravaginally applied genital herpes. Results showed that the gel significantly prevented
herpes simplex virus 2 infection and proliferation after mucosal surface challenge and subsequent viral
introduction in seminal plasma. These results complemented those obtained by O’Keefe et al. [87],
which used the rabbit vaginal irritation model to prove griffithsin’s safety as a topical microbicide
component. Results showed that griffithsin caused no mucosal damage or inflammatory responses.
Another study, by Levendosky et al. [88], used a very similar intravaginal challenge methodology
to assess topically applied antiviral activity of a griffithsin–carragenan (12-CG) combination against
herpes simplex (HSV-2) and human papillomavirus (HPV16). A 20-μL dose of the combination (0.1%
12 and 3% CG) was shown to scientifically reduce HSV-2 vaginal infection (when applied before
challenge) and HPV16 (when dosed during and after challenge). The discrepancy between HSV-2 and
HPV16 efficacy timeframes is believed to be due to a several-hour “lag” period in HPV’s replication
cycle. Notwithstanding, these results are in line with previous works and prove griffithsin’s action as a
broad-spectrum antiviral. To conclude, we present a more recent study by Girard et al. in 2018 [89],
who produced and rectally applied griffithsin gels in rhesus monkeys. The study confirmed the
safety of griffithsin as an anti-HIV agent, with minimum disturbance of the monkey’s rectal proteome
and microbiota.

In summary, griffithsin 12 shows tremendous promise as a topical antiviral agent, with great
potential concerning the prevention of sexually transmitted infections. The compound’s repeatedly
proven efficacy, along with the safety studies of O’Keefe et al. [87] and Girard et al. [89], appears to be
leading up to a pre-clinical stage of testing, which should happen soon and eventually pave the way
for future clinical trials.

2.2.2. ACE and Renin Inhibitory Peptides IRLIIVLMPILMA Tridecapeptide and Phe–Tyr Dipeptide

The search for angiotensin-converting enzyme (ACE) inhibitors is of great biological value due
to their inherent hypotensive effects and subsequent applications. Macroalgae were proven to be an
especially rich source of compounds with ACE inhibition activity [18,99–104]. Regarding seaweed
ACE or renin inhibitors, this review chooses to focus on the IRLIIVLMPILMA tridecapeptide 13 and
the Phe–Tyr dipeptide 14 (Figure 3) shown in Table 2, mainly due to their potent hypotensive activity
compared to a current pharmaceutical option (captopril), as well as being of more recent relevance
and interest.

Fitzgerald et al. [90] studied the hypotensive effect of the renin inhibitor tridecapeptide
IRLIIVLMPILMA 13 (Figure 3), previously extracted and purified from Palmaria palmata (Linnaeus)
F. Weber and D. Mohr hydrolysate [105], using the SHR model. The research group reported that a
dose of 3 mg/kg b.w. of tridecapeptide 13 resulted in a decrease in SBP by 33 mmHg after 2 h. This is
especially interesting when compared to the positive control (the clinical hypotensive drug captopril),
which showed an SBP decrease by 29 mmHg with the same dose. Also noteworthy is that a 34-mmHg
SBP decrease was achieved with Palmaria palmata (Linnaeus) F. Weber and D. Mohr protein hydrolysate
but with a dose of 50 mg/kg b.w.

The SHR model was also used in a somewhat similar study by Sato et al. [91] to test ACE inhibitory
peptides purified from Undaria pinnatifida (Harvey) Suringar hydrolysate. Seven dipeptides were
identified and tested in vivo, of which the Phe–Tyr dipeptide 14 stood out, revealing a statistically
significant 16-mmHg SBP decrease after 3 h with a 1 mg/kg b.w. dose and a 26-mmHg SBP decrease
after 9 h with only a 0.1 mg/kg b.w. dose. These results were compared to captopril, which showed
17-mmHg and 14-mmHg SBP decreases after 3 and 9 h, respectively, with a 1 mg/kg b.w. dose. In more
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recent work, Kecel-Gündüz et al. [106] studied poly(lactic-co-glycolic acid) nanoparticles as a delivery
system for the Phe–Tyr dipeptide 14, which highlights the continued interest and relevance of this
seaweed peptide with great antihypertensive potential.

As previously mentioned, of all the analyzed literature, the IRLIIVLMPILMA tridecapeptide 13

and Phe–Tyr dipeptide 14 (Figure 3, Table 2) are the most promising in vivo hypotensive seaweed
compounds identified so far, with a similar effect to clinical drugs.

2.2.3. Phycoerythrin

Phycoerythrin 15 (Figure 3), a red protein pigment complex abundant in Rhodophyta (although
many studies use cyanobacteria as a more readily available natural source for this compound), is
another polypeptide very interesting, not as a hypotensive agent but rather as an antitumor and
anti-aging agent.

After extensive in vitro studies which demonstrated the cytotoxic activity of phycoerythrin 15

(Figure 3) [94,107], Pan et al. [92] demonstrated its activity in vivo using the S180 tumor-bearing mice
model (Table 2). Results showed that phycoerythrin injection, at a dose of 300 mg/kg b.w., reduced S180
tumor growth by up to 41.3% in treated mice. These mice also revealed a significant serum increase in
the TNF-α level, NK cell kill activity, and lymphocyte proliferation. The antitumor activity obtained is
believed to be related to phycoerythrin’s antioxidant activity, as shown by the significant increase in
superoxide dismutase activity in the serum of treated mice, as well as the significant decrease in mouse
liver malondialdehyde level.

Shortly after, Sonani et al. [95] used the Caenorhabitis elegans model to test the in vivo antioxidant
and anti-aging effects of phycoerythrin. Doses of 100μg/mL of the compound were found to significantly
increase Caenorhabitis elegans lifespan both in normal and in oxidative stress conditions. This is indicative
of phycoerythrin having a strong anti-aging effect, possibly related to its antioxidant properties.

In more recent work, Chaubey et al. [96] tested the effect of phycoerythrin in a mutant Caenorhabitis
elegans Alzheimer’s disease model. Results showed that a dose of 100 μg/mL of phycoerythrin led
to a significant reduction in senile plaque formation when compared to untreated nematodes. This
indicates that phycoerythrin might have great potential as a therapeutic agent in neurodegenerative
diseases, but more tests are required to confirm this.

2.2.4. Kahalalide F

Kahalalide F 16 (Figure 3) is a cyclic depsipeptide that belongs to the kahalalide protein family.
It was first described by Hamann and Scheuer [97], isolated from Bryopsis sp. green alga, as well
as from the Elysia rufescens mollusk, which feeds on Bryopsis and bio-accumulates 16 (which is why
most studies used the mollusk as a source of this compound). In vitro studies [108] revealed the great
cytotoxic potential of 16 against several tumor cell lines, particularly prostate and breast cancer lines,
with IC50 values ranging from 0.07 to 0.28 μM [109]. In vivo studies carried out by Faircloth and
Cuevas [98] showed the tumor response to injected 16 (Figure 3, Table 2) in human breast, prostate,
colon, and lung tumor cells xenografted into athymic mice. Treatment with a 0.245 mg/kg (b.w.) dose
led to ~50% smaller chemotherapy-resistant DU-145 prostate tumor, while the PC-3 human prostate
tumor was reduced by nearly 35% with a 0.123 mg/kg (b.w.) dose. These highly promising results led
kahalalide F 16 to the clinical trial phase, which is discussed later.

2.3. Halogenated Secondary Metabolites

Halogenated compounds are also an interesting set of bioactive macroalgae secondary
metabolites [17,110–113]. Among these, halogenated terpenes and bromophenols are those whose
in vivo studies revealed the greatest potential for new drug development, as discussed below.

Pentahalogenated monoterpene 6R-bromo-3S-(bromomethyl)-7-methyl-2,3,7-trichloro-1-octene,
known by trivial name halomon 17 (Figure 4, Table 3), showed the most promise in in vitro cytotoxic
studies (sub-micromolar IC50 values) [17], going so far as to be selected by the National Cancer Institute
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within the NCI60 human tumor cell line anticancer drug screen program, for preclinical studies for
drug development. Although this testing never went beyond a preliminary phase, the first results were
very promising, showing 40% of “apparent cures” of a very aggressive U251 brain tumor in mouse
ip/ip xenograft models [114].

 

Figure 4. Chemical structure of some halogenated compounds.

Table 3. Summary of in vivo activity of halogenated terpenoids and bromophenols seaweed compounds.

Compound Source Model Activity Dose

Halomon 17
Portieria hornemanii
(Lyngbye) P.C. Silva

[114]

U251 brain tumor
ip/ip xenograft
mouse model

40% “apparent cures” of
mouse brain cancer [114]. 5 × 50 mg/kg (b.w.)

Neorogioltriol 18
Laurencia glandulifera

(Kützing) Kützing
[115]

Swiss mice and rats

Reduce writhing response by
88.9% and reduced pain

response behavior by
48% [115].

1 mg/kg (b.w.)

Rats

Reduced paw swelling by 58%
after 3 h. 300 mg/kg (b.w.) of

acetylsalicylic acid was
required to obtain the same

effect [116].

1 mg/kg (b.w.)

Neorogioldiol 19

Laurencia glandulifera
(Kützing) Kützing,

Laurencia microcladia
Kützing [117,118]

C57BL/6 mice

Reduced inflammatory colon
damage and cytokine

expression (reduced IL-1β by
6-fold and IL-6 by

40-fold) [117].

0.25 mg/kg (b.w.)

O11,15-cyclo-14-bromo-
14,15-dihydrorogiol-

3,11-diol 20

Laurencia glandulífera
(Kützing) Kützing

[117]
C57BL/6 mice

Reduced inflammatory colon
damage and cytokine

expression (reduced IL-1β by
7-fold and IL-6 by 40-fold)

[117].

0.25 mg/kg (b.w.)

BDDE 21

Odonthalia corymbifera
(S.G. Gmelin) Greville

[119], Leathesia nana
Setchell and N.L.
Gardner a [120],

Rhodomela confervoides
(Hudson) P.C. Silva

[121].

Zebrafish embryos Reduced SIV growth by 17.7%,
40.4%, and 49.5% [121].

6.25, 12.5, and 25
mM

Db/db mice

Reduction of blood glucose
levels (12.3%) (metformin
caused a 10.1% decrease).

Decreased glycated
hemoglobin, triglycerides and

body weight [122].

40 mg/kg (b.w.)

a The current accepted name is Leathesia marina (Lyngbye) Decaisne.

The latest published results regarding this preclinical trial process were related to halomon 17 tested
in CD2F1 mice regarding bioavailability, pharmacokinetics, and tissue distribution [123]. The results
showed that halomon bioavailability is higher after intraperitoneal injection and subcutaneous injection
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(45% and 47%, respectively), while its urinary excretion is minimal. Halomon 17 is distributed in all
tissues but with a higher concentration in adipose tissue. The concentration of halomon measured in
the brain is comparable to that detected in plasma and most other tissues. Even though preclinical
testing never progressed beyond preliminary stages, this never deterred the scientific community’s
interest in 17 over time, and a more recent study about the action mechanism of 17 proposed that it
acts as a DNA methyl transferase-1 inhibitor [124]. However, more deep mechanism studies should
be performed.

In addition to these studies, a real obstacle to overcome with halomon 17 is always to obtain enough
quantity of the compound. Fuller et al. [114] described this struggle by stating that “slight geographic
and/or temporal change” would dramatically affect the terpene content of Portieria hornemanii, and
that alternative approaches should be considered. Naturally, this problem led to chemists trying to
synthesize halomon, with the first success occurring in 1998 by Schlama et al. [125], who reported
a 13% overall yield. A result was obtained by Sotokawa et al. [126], reducing the previous 13-step
process into three steps, reporting a 25% overall yield but with poor selectivity. Only in 2015 was
the first efficient and high-selectivity method described by Bucher et al. [127], a process which was
since further optimized by Landry and Burns [128]. Having finally overcome this obstacle after over
25 years, halomon 17 in vivo studies should be restarted as to finally confirm its potential.

Another highly interesting compound is neorogioltriol 18 (Figure 4, Table 3), a tricyclic brominated
diterpenoid first isolated from Laurencia glandulifera by Chatter et al. [115]. This research group
showed that neorogioltriol had analgesic properties. In the writhing test, neorogiotriol produced
a dose-dependent response, and a dose of 1 mg/kg (b.w.) was enough to reduce the mouse acetic
acid-induced writhing response by 88.9% (Table 3). With the rat model, the formalin test was used
to determine if the compound affected neurogenic and/or inflammatory pain. Results showed that
neorogiotriol 18 reduced licking time by 48%, but only in the second phase of the formalin test,
indicating that the compound has a peripheral analgesic effect, acting on inflammatory pain in a way
typical of cyclooxygenase inhibitors. Chatter et al. [115] supplemented their previous work with
neorogioltriol 18 by testing its in vivo anti-inflammatory effect on induced rat paw swelling. Results
showed that an injected dose of 1 mg/kg (b.w.) of the compound reduced paw swelling by 28% after
the first hour and 58% after three hours. To achieve the same anti-inflammatory result with a reference
compound, acetylsalicylic acid would require a dose of 300 mg/kg (b.w.) [115].

A more recent paper published by Daskalaki et al. [117] studied two diterpenes, neorogioldiol
19 and O11,15-cyclo-14-bromo-14,15-dihydrorogiol-3,11-diol 20 (Figure 4 Table 3). These compounds
were used to treat C57BL/6 mice with DSS-induced inflammatory bowel disease (colitis).
A 0.25 mg/mouse dose of each compound was intraperitoneally injected every 48 h, in two
different groups. The results showed that treated mice demonstrated reduced inflammatory colonic
tissue damage, as well as a very significant decreased of pro-inflammatory cytokine messenger
RNA (mRNA) (more than 40-fold decrease in the case of interleukin-6). Neorogioldiol 19 and
O11,15-cyclo-14-bromo-14,15-dihydrorogiol-3,11-diol 20 showed similar activity levels and revealed
their great potential for bowel disease inflammatory treatment. More studies should be pursued,
particularly to assess the neorogiotriol 18 activity in the previously mentioned colitis model once it is
structurally related to compounds 19 and 20.

Bromophenols are another class of very interesting macroalgae metabolites. Although most
studies of this family of compounds only showed in vitro effects so far, a few of them reached the level
of being evaluated in an in vivo model. One of the most biologically relevant of such compounds is
BDDE 21 (Figure 4, Table 3).

First isolated by Kurihara et al. in 1999 from Rhodophyta Odonthalia corymbifera, these researchers
showed BDDE 21 as an α-glucosidase inhibitor [119]. After this, some very promising in vitro studies
confirmed 21’s α-glucosidase interaction [129] and showed 21’s anticancer [120,130] and antifungal
activities [131]. A recently published study [122] showed that 21 had in vivo antidiabetic activity.
The research group showed that a dose of 40 mg/kg (b.w.), orally administered, was more effective at
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lowering blood glucose levels in db/db mice than metformin (a clinical antidiabetic drug). The study
also showed that 21 significantly reduced glycated hemoglobin, triglyceride levels, and body weight
without influencing the mice’s food or water intake. This shows that 21 might constitute a powerful
antidiabetic drug in the future, but more testing is required to ascertain this possibility. Another
interesting in vivo study, using a different animal model, was also published in 2015 by Qi et al. [121],
revealing a different effect. In this work, BDDE 21 exhibited potent angiogenesis inhibition activity
in zebrafish embryo models [121]. In this work, researchers monitored the embryonic development
of the zebrafish sub-intestinal vessel (SIV) when incubated in the presence of 21. Results showed a
statistically significant and dose-dependent response, with 6.25, 12.5, and 25 mM reducing SIV growth
by 17.7%, 40.4%, and 49.5%, respectively. This unequivocally proves 21’s effect as an anti-angiogenesis
agent and points to its great potential for cancer therapeutic applications; however, more in vivo
antitumor studies are necessary. In summary, there is a considerable diversity of algae halogenated
secondary metabolites with very interesting and promising bioactivities, which might lead to future
drug developments; however, more testing is required.

2.4. Fucoxanthin

Concerning algal lipids, fucoxanthin 22 (Figure 5), a xanthophyll-like carotenoid, is one of the
most studied metabolites because of its beneficial health effects [18,103,132]. Indeed, there are many
published reviews and research articles demonstrating and extolling, among others, the nutraceutical,
antioxidant, anticancer, anti-obesity, antidiabetic, antimicrobial, and cardiovascular protective effects
of fucoxanthin 22 [103,132–139].

 
Figure 5. Chemical structure of fucoxanthin.

It is intended here to review the most relevant in vivo studies with pure fucoxanthin, highlighting
the impact that each one had on the process of development of fucoxanthin as a drug with many
potential therapeutic uses.

Fucoxanthin 22 (Figure 5) seems to have a neuroprotective effect, as evidenced by Hu et al. [140]
using the middle cerebral artery occlusion rat model (MCAO) [141]. To assess a neuroprotective effect,
the rats were intragastrical administered different doses (30, 60, and 90 mg/kg b.w.) of pure fucoxanthin
1 h before cerebral ischemia was induced. Results showed significant and dose-dependent reductions
of neurological deficit scores and percentages of infarcted area in the brain, as well as an attenuation of
brain edema. One criticism that could be made of the researchers’ work pertains to how they presented
the objective results of their essays; the results were presented only in graph form with no supporting
table listing the values. This makes it hard to properly and objectively assess the degree to which the
neurological parameters tested showed an improvement or not. Nonetheless, the published work did
serve to firmly support fucoxanthin as a potential neuroprotective supplement of interest.

Another highly interesting potential pharmaceutical application for fucoxanthin was illustrated
in the recently published work by Wang et al. [142], which reports fucoxanthin antitumor activity
in a novel lymphangiogenesis inhibition perspective. In this work, the MDA-MB-231 breast cancer
xenograft model was used on Balb/c nude mice treated with 6.58 and 32.9 μg doses of 22. Fucoxanthin
was injected daily on the tumor periphery, and tumors were excised after 26 days. Results revealed
significant decreases in micro-lymphatic vascular density, from an average of 14.0 ± 2.94 lymphatic
vessels to 6.0 ± 0.81 (with 6.58 μg fucoxanthin treatment) and 3.66 ± 1.25 (with 32.9 μg treatment) per
tumor. Tumor weight and volume also decreased by more than half in a dose-dependent manner,
although, once again, it is difficult to assess this reduction precisely due to the lack of a values table
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accompanying the results graph. However, these results adequately highlight 22’s potential in cancer
treatment. In another 2019 study by Terasaki et al. [143], this anti-tumor activity was again tested, this
time with a colorectal cancer mouse model. In this work, AOM/DSS mice were injected with a 30 mg/kg
(b.w.) daily dose of fucoxanthin oil for seven weeks, with subsequent bowel excision and analysis post
sacrifice. Results showed that 22 significantly reduced the number of colonic polyps by close to half
compared to non-treated mice, with polyp size also significantly reduced to about one-third of the
control mice. Objective histological examination showed a reduction in the prevalence of tumors, ulcers,
and crypt dysplasia. The authors suggested that this may be linked to 22 promoting anoikis-like cell
death, and they supported this hypothesis by showing increased expression (2–5-fold) of key molecular
hallmarks for anoikis in treated mice colon cells. These results reinforce 22 as a good candidate for
possible anti-cancer drugs. In addition to this bioactivity, a 2019 paper by Jiang et al. [144] highlighted
22’s potential as an antidepressant. In this work, a lipopolysaccharide-induced depressive-like behavior
mouse model was used, to evaluate if 22 treatments would reduce depressive or anxiety associated
behaviors. Results showed that treated mice had significantly higher body weight and food intake
than control mice, as well as significantly reduced depressive-like behavior and anxiety-like behavior.
These behaviors were assessed by presenting the mice with stressful conditions/obstacles and then
evaluating their activity. It is important to note that the lower doses of 22 used in this work showed a
very marginal depressive behavioral reduction, but the highest dose tested (200 mg/kg b.w.) managed
to reduce depressive and anxiety-like behaviors to almost baseline values of non-depressed mice. In
other words, a 200 mg/kg (b.w.) dose of 22 significantly reduced depressive behavioral traits to the
point where the induced depression was practically “cured”. While this dosage is considerably higher
than that used in previously mentioned studies, we chose to highlight this neuroprotective bioactivity
here due to its novelty and relative relevance.

To finalize, another 2019 study by Su et al. [145] revealed that 22 has great potential as an
anti-inflammatory in a mouse sepsis model. In this work, lipopolysaccharides were once again used
(albeit at a much higher dose than in the previous study) to induce sepsis, eventually leading to death
in the mouse models. The results showed that, while a 10 mg/kg (b.w.) dose of LPS caused a 20%
survival rate in the mice, the same dose in mice treated with 1 mg/kg (b.w.) of 22 had a 40% survival
rate. A single very small dose of 22 injected 30 min prior to challenge effectively doubled the survival
rate of the sepsis mouse model. In addition, treated mice also showed significantly reduced levels of
pro-inflammatory cytokines TNF-α (~30% reduction) and IL-6 (~90% reduction) when compared to
non-treated mice, as well as significantly inhibiting the NF-κB inflammatory pathway (as shown by
the ~50% reduction in p-IκBα, and p-NF-κB). This shows that 22 exhibits a potent anti-inflammatory
effect and can effectively have a strong protective effect in an acute inflammatory disease model. In
summary, 22 exhibits a multitude of very interesting and diverse potent bioactivities, with studies very
recently published. The scientific community appears to have a great interest in this compound, and
we hope to see more high-quality in vivo publications in the near future.

2.5. Fucosterol

Fucosterol 23 (Figure 6) is a phytosterol, mostly isolated from brown algae, and it is relatively
abundant in this particular algal class. It was widely studied regarding its in vitro health effects [146];
however, in vivo evaluations of fucosterol’s health effects are very scarce. In this regard, the present
work reviews the existing in vivo studies, and the main observations and conclusions are discussed in
the paragraphs below.
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Figure 6. Chemical structure of fucosterol.

One of the first evaluations of the in vivo effects of fucosterol 23 was regarding its anti-diabetic
effects, and it was found that, when administered orally at 30 mg/kg in streptozotocin-induced diabetic
rats, fucosterol caused a significant decrease of 14.8% in serum glucose concentrations, and exhibited an
inhibition of sorbitol accumulations in the lenses of 22.4% when compared to the untreated group [147].

This phytosterol presents antitumor activity in vivo, with a dosage of 40 mg/kg (b.w.), reducing
about 75% of tumor weight and 50% of tumor volume after six weeks in lung cancer xenografted
C57 BL/6 mice model [148]. In addition, fucosterol 23 (40 mg/kg b.w.) reduced Ki-67 expression, an
indicator of cell proliferation, by 60%, and increased cleaved caspase-3 levels by more than 100%,
which indicates that 23 acts in the tumor cells by simultaneously decreasing their proliferation and
enhancing their apoptosis [148].

Fucosterol 23 also exhibits a protective effect on LPS-induced acute lung injury (ALI), by modulating
the expression of pro-inflammatory factors [149]. A dosage of 30 mg/kg (b.w.) of 23 attenuated lung
histopathologic changes and the wet-to-dry ratio of lungs in LPS-induced ALI in mice. Furthermore,
fucosterol significantly inhibited TNF-a, IL-1ß, and IL-6 levels in both the broncho-alveolar lavage
fluid (BALF) and the LPS-stimulated alveolar macrophages, reducing their expression by about 50%,
when compared to the untreated group [149]. The fact that 23 is able to inhibit the production of
pro-inflammatory molecules suggests that it could be used for the treatment of other inflammatory
diseases. This suggestion was confirmed by the findings of Mo et al. [150], where it was observed
that fucosterol 23 attenuated serum liver enzyme levels, hepatic necrosis, and apoptosis induced by
TNF-α, IL-6, and IL-1β. In fact, a dosage of 50 mg/kg (b.w.) of fucosterol reduced the serum levels of
these three pro-inflammatory molecules by 37.5%, 31.3%, and 33.3%, respectively, after 8 h of exposure
to concanavalin-A, the inducer of acute liver injury. The authors also found that 23 (50 mg/kg b.w.)
also inhibited apoptosis and autophagy by upregulating Bcl-2 (12-fold increase), which decreased
levels of functional Bax (50%) and Beclin-1 (46%). Furthermore, reduced P38 MAPK and NF-κB
signaling were accompanied by PPARγ activation, showing that fucosterol acts by inhibiting P38
MAPK/PPARγ/NF-κB signaling [150].

Fucosterol 23 is able to reduce the effects of postmenopausal osteoporosis. A study performed
with ovariectomized rats found that the bone mineral density of femoral bones was significantly higher
in 23 (50 mg/kg b.w.) treated groups than in the untreated group [151]. Additionally, body weight
after six weeks of treatment was 6% lower in the fucosterol 23 treated groups, when compared to the
untreated group. In terms of serum biomarkers of bone formation and resorption, 23 (100 mg/kg b.w.)
tripled the level of serum osteocalcin relative to the untreated group and reduced the serum level of
CTx by 60%, which suggests that fucosterol 23 has the potential to activate osteoblasts, stimulate bone
formation, suppress differentiation of osteoclasts, and reduce bone resorption [151].

In terms of neurological effects of fucosterol 23, this compound was found to attenuate
sAβ1-42-induced cognitive impairment in aging rats [152]. In fact, aged rats treated with only
sAβ1-42 performed poorly in acquisition training and memory tests, whereas co-infusion of 10 μmol/h
of 23 for the four weeks of assay restored the rats’ performance to the level of the healthy control.
Fucosterol 23 action was via downregulation of GRP78 expression and upregulation of mature
brain-derived neurotrophic factor (BDNF) expression in the dentate gyrus, which means it is able to
suppress aging-induced endoplasmic reticulum (ER) stress [152].
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Fucosterol-induced upregulation of BDNF levels is also linked to other neurological actions, like
antidepressant activity. In fact, 23 (20 mg/kg b.w.) administration to Balb/e mice reduced immobility
time in the forced swim test, which is a measure of depression, by 82.2 s, a value very similar to
that obtained with the positive control, fluoxetine, at the same concentration (85.1 s) [153]. The same
effect was observed in the tail suspension test, where both fucosterol 23 and fluoxetine (20 mg/kg
b.w.) significantly shortened immobility time in the forced tail suspension test by approximately
80 s, when compared with the untreated group. Fucosterol 23 (20 mg/kg b.w.) significantly increased
serotonin, norepinephrine, and the metabolite 5-hydroxyindole acetic acid in the mouse brain, with
levels very close to that observed in the brain of mice not subjected to the stress of the tail suspension
and forced swimming tests. This suggests that the effects of fucosterol 23 may be mediated through
these neurotransmitters [153]. Also, a significant increase in hippocampal brain-derived neurotrophic
factor (BDNF) levels was found in the fucosterol 20 mg/kg (b.w.) group, which suggests that the
antidepressant effect may be mediated by increasing central BDNF levels [153].

The findings presented show that 23 could be an efficient therapeutic agent for a wide array of
health conditions. Regardless, the number of in vivo tests existing with this algal metabolite is still
very scarce; thus, we suggest that future works should invest in assessing the full in vivo potential of
fucosterol 23.

3. Clinical Trials

The above-mentioned information regarding the performance of seaweed compounds and
derivatives in the in vivo assays shows that these types of compounds have great pharmaceutical
potential with some of them already being in clinical trial phases.

Fucoxanthin 22 (Figure 4) is one of them, with two studies scheduled to begin at the end of 2019,
one a phase II study that aims at fucoxanthin’s effects on metabolic syndrome (ClinicalTrials.gov
identifier: NCT03613740) and the other that will test an oral dietary supplement rich with fucoxanthin
for improving liver health (ClinicalTrials.gov identifier: NCT03625284).

Additionally, some trials already reached the end and presented their results. Hitoe and
Shimoda [154] reported that a month of treatment with 3 mg of 22 per day had weight loss effects
in mildly obese Japanese adults (BMI > 25 kg/m2) since it reduced abdominal fat, body weight, and
overall BMI compared to the placebo group. These results are in accordance with those described by
Abidov et al. [155] who performed a 16-week clinical trial in 151 women using a dietary supplement
named Xanthigen composed of pomegranate seed oil and brown seaweed extract containing 2.4 mg of
22, which increased resting energy expenditure, and induced body fat reduction and weight loss in
obese women (BMI > 30 kg/m2).

Kahalalide F 16 (Figure 3), as already mentioned in Section 2.2.4, is a promising peptide that is being
tested in clinical trials, particularly for its antitumor properties. Martín-Algarra and colleagues [156]
investigated the response of patients with advanced malignant melanoma to 16, through weekly
intravenous administration of 650 μg/m2 until patient refusal, unacceptable toxicity, or disease
progression was observed. The results indicated that, contrary to the majority of other chemotherapeutic
agents, 16 did not induce severe cardiac, renal, or bone marrow toxicity, alopecia, diarrhea, or mucositis,
and it was able to stabilize the disease for more than three months in five of 21 patients (23.8%) who
completed the study.

A more recent study [157] evaluated the 16 weekly intravenous administration maximum tolerated
dose and infusion times to recommend appropriate doses and treatment times for further phase II
clinical studies in patients with advanced solid tumors. Based on the results, the authors recommended
a dose of 1000 μg/m2 of 16 with three hours of treatment per week; however, prolonged infusion times
(i.e., 24-h treatment) are also feasible.

Unfortunately, only these two compounds from all those mentioned in Section 2 reached clinical
trials, which could be due to diverse complications like obtaining the necessary approvals required to
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start the study, obtaining volunteers, or isolating the compound of interest in sufficient quantities to
allow the studies to unfold.

On the other hand, since seaweeds represent a good source of compounds with pharmaceutical
potential and since seaweeds are attaining more interest in Western countries’ diets, the majority of
clinical trials are currently carried out to ascertain to what extent the consumption of algae improves
human health. Thus, the clinical trials discussed below focused on testing the effects of consuming one
type of seaweed (or a mixture of them) or its various rich fractions/extracts.

With a quick search on ClinicalTrials.gov, it is possible to find 25 clinical trials that were
seaweed-relevant. From those 25 clinical trials, two are active and ongoing, and six are scheduled to
start shortly, which shows the current interest and relevance of this topic. Unfortunately, from the 17
already completed clinical trials, only eight had their results published. Additionally, it was possible
to find other clinical trials that were not listed on this database, and which contributed also to an
overview of this topic with growing interest.

Several clinical studies aimed at evaluating the effect of polysaccharide fractions, extracts, and
even whole seaweed on the treatment and prevention of diabetes and obesity. These important aspects
that are beyond the scope of this review topic, but we refer our readers to interesting publications
about this subject [158–163].

A recent study conducted by Murray et al. [164] found that a single dose up to 2000 mg of a
polyphenol-rich Fucus vesiculosus Linnaeus extract had no additional lowering effect compared to
placebo on postprandial blood glucose or plasma insulin in healthy adults. The authors suggested
that future studies with polyphenol-rich marine algal extracts should aim to investigate the glycemic
modulating effects in at-risk populations, such as pre-diabetics, since the results may be different.

Another clinical trial from the same year [165] examined, in 60 healthy adults, the effect of
brown seaweed extract InSea2® consumption on their postprandial cognitive function. A dose of
brown seaweed extract (500 mg), containing 20% phlorotannins, was consumed 30 min before lunch.
Attention, episodic memory, and subjective state were the parameters analyzed five times over a
3-h period following lunch with 40-min intervals between measures. The results demonstrated an
improvement in cognitive performance following the ingestion of the seaweed extract when compared
to the placebo group since accuracy was increased in the choice reaction time and on the digit vigilance
tasks. The authors [165] pointed out that, since the brown seaweed extract was a supplement equivalent
of 10 g of dried seaweed, the cognitive benefits presented in this work could be obtained from dietary
intake of seaweed consumption.

Regarding seaweed consumption, another study [166] investigated the acceptability of Ascophyllum
nodosum (Linnaeus) Le Jolis-enriched bread as part of a meal by overweight healthy males, to see if it
could modulate cholesterolemic and glycemic responses and reduce energy intake. Four hours after
the enriched bread consumption at breakfast (using a test meal), the energy intake suffered a significant
reduction (16.4%). According to the study results, it is acceptable to incorporate this seaweed into
a basic food such as bread, at least at concentrations of up to 4% wholemeal loaf. Considering the
interesting results of this acute feeding trial, the authors accentuated that a long-term study regarding
the addition of seaweed-enriched bread to diets of participants would help to clarify its potential for
the reduction of energy intake, potentially positively affecting their body mass index (BMI).

Higher oxidant status increases the oxidative damage of macromolecules, which, associated with
obesity, increases the probability of chronic disease development [167], with obese individuals as a
risk group. Baldrick et al. [168] investigated the bioavailability and effect of an Ascophyllum nodosum
(Linnaeus) Le Jolis polyphenol-rich extract on DNA damage, oxidative stress, and inflammation level.
Eighty participants, of which 36 were obese, consumed daily, for eight weeks, a capsule containing
100 mg of Ascophyllum nodosum (Linnaeus) Le Jolis polyphenol-rich extract. After the trial period,
only the obese individuals presented results significantly distinct from placebo, with a 23% decrease
in lymphocyte DNA damage. Thus, this work suggests that long-term consumption of Ascophyllum
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nodosum (Linnaeus) Le Jolis polyphenols rich extract could be beneficial since it could potentially
decrease the risk of chronic disease development in obese individuals.

In other lines of research, Allaert et al. [169] found that, when compared with a placebo, a daily
intake of a water-soluble extract of Ulva lactuca Linnaeus (6.45 mg per kg body weight) for three months
significantly improved the depression state of subjects presenting anhedonia (a loss of sensitivity when
it comes to feeling pleasure). In the placebo group, 72.5% of participants said they felt an improvement
in mood versus 90.1% of the participants in the Ulva lactuca Linnaeus extract group (a statistically
significant difference). Similarly, 70.8% of doctors judged the subjects in the placebo group to have
improved versus 90.9% of the participants in the Ulva lactuca Linnaeus extract group. As the authors
pointed out, identifying the compound in the seaweed extract responsible for the witnessed effect in
this work opens up perspectives for its potential use in depression therapy.

Teas and Irhimeh [170] showed a synergistic effect between the daily consumption of brown
seaweed (Undaria pinnatifida (Harvey) Suringar) (2.5 g) and spirulina (Arthrospira platensis Gomont)
(3 g), since it was able to increase immune response and decrease HIV viral fusion/entry and replication
in a three-month period. Furthermore, one subject continued in the trial for 13 months and reported
decreased HIV viral load (from 3.3 to 2.8 log10) and clinically significant improvement in CD4
(>100 cells/mL). Despite the promising results, it should be noted that the sample size in this work was
too small (n = 11) to make any generalizations about the efficacy, and further research is imperative.

Since higher levels of serum estradiol (E2) are associated with an increased risk of breast cancer
development [171], Teas et al. [172] reported that a daily dose of 5 g of Alaria esculenta (Linnaeus)
Greville for seven weeks had the ability to modulate serum hormone levels and urinary excretion
of estrogen metabolites and phytoestrogens, diminishing breast cancer risk in women. Again, the
conclusion of this study was limited by the small number of participants (n = 15), which limited the
statistical power of the results.

The results of the various clinical trials mentioned above point out that the consumption of
algae, particularly brown algae, can be beneficial to human health. However, in our opinion, it is also
necessary to perform the identification of the chemical compounds responsible for the observed effects.
There are several studies where the authors did not relate the observed effect to any constituent of the
seaweed/extract evaluated, and having studies with fractions rich in a given class of compounds does
not substitute for the identification of the bioactive metabolites and their health effects. Nevertheless,
these studies are also important because they established that some seaweeds can be used for
human consumption.

4. Critical Opinion

In the last few years, secondary metabolites isolated from macroalgae gained growing interest, as
shown by the numerous articles reporting in vivo studies, with some compounds reaching clinical
trial phases. Although many studies presented their results with quality, there were some points that
deserve to be highlighted regarding the majority of the consulted papers.

Future in vivo studies, especially those with murine models, should increase the number of
individuals for each test group to increase the statistical power of the findings. Also, a reference
compound should always be used, to assess the real efficacy of the tested compounds. The frequent
lack of clarity in result presentation in several publications was also a downside in interesting and
promising studies.

Clinical trial studies with isolated compounds, unfortunately, are scarce. This could be due to
diverse complications like obtaining the necessary approvals required to start the study, obtaining
volunteers, or obtaining the compound in enough quantities. Additionally, most of the clinical trials
aimed at ascertaining to what extent the consumption of algae, as a whole or as extracts or fractions,
affects human health, particularly the effects regarding obesity and diabetes. Nonetheless, it is
unfortunate that many of the mentioned studies were carried out with such small population samples,
which deprives them of statistical power. Another serious flaw in the numerous studies addressing
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algae extracts is the fact that their chemical composition was not mentioned or is unknown, and
extrapolation of the effects of extracts or algae on their secondary metabolites is in no way guaranteed
and/or valid. The knowledge of the bioactive metabolites and their activity is important but does not
validate the algae’s consumption.

Despite the indicated limitations, these extract clinical trials are relevant for qualitative and safety
evaluations. In our opinion, these studies will also contribute to the scientific community’s interest,
resulting in a deeper analysis that will uncover the most active metabolites.

Regardless of that, in most cases, these studies represent the first steps on the way to enhancing
algae’s potential as a pharmaceutical source of new compounds with promising properties.

5. Conclusions

Phlorotannins show great pharmaceutical potential in vivo. Most of the studies indicated that the
main sources of bioactive phlorotannins are algae from the Eisenia, Ecklonia, and Ishige genera. However,
this observation can be the result of the studies’ geographical distribution. The studies reviewed herein
showed that phlorotannins’ mechanisms of action are mainly related to the modulation of oxidative
stress and the inflammatory cascade. Phloroglucinol 1, eckol 4, and dieckol 5 are compounds with a
wide range of applications. The dieckol 5 anti-dyslipidemia activity must be highlighted because it is
more effective than lovastatin, the clinically used drug. The hepatoprotective activity of eckol 4 should
also be emphasized, since a very low dose (0.5 mg/kg b.w.) is needed.

Concerning other non-phlorotannin groups of compounds, it is clear that there is a great variety
of very interesting compounds, with many of them in dire need of further testing. Out of these, the
bioactive effects of the peptides griffithsin 12, tridecapeptide IRLIIVLMPILMA 13, and kahalalide F 16

should be highlighted, as they are arguably the most promising of all non-phlorotannins. Kahalalide F
already moved beyond the in vivo stage to clinical trials, whereas tridecapeptide 13, with a level of
activity similar to the clinical drug captopril, and griffithsin 12, which showed such stunning results
over a variety of animal models, will probably move into the clinical trial stage soon. In contrast,
there are promising compounds such as halomon 17 and neorogioltriol 18, which exhibited potent
and very relevant bioactivities and were not subjected to clinical trials. Hopefully, the discussion
presented in this paper about their activities will interest the scientific community, and further studies
will be conducted.

Regarding the fact that clinical trials with isolated compounds are scarce, only those carried out
with kahalalide F 16 and fucoxanthin 22 were found, whereas we also analyzed a few clinical trials
involving seaweed extracts. It can be concluded that the consumption of brown algae can be beneficial
to human health, with Ascophyllum nodosum (Linnaeus) Le Jolis as the leading seaweed in clinical trials.
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Abbreviations

AA Arachidonic acid
AAPH 2.2′-azobis (2-amidinopropane)
ACE Angiotensin-converting-enzyme
AI Atherogenic index
ALI Acute lung injury
AMPK Adenosine monophosphate-activated protein kinase
AOM Azoxymethane
AP-1 Activator protein-1
BALB/c Strain of laboratory mouse
BALF Broncho-alveolar lavage fluid
Bax Bcl-2-associated X
Bcl-2 B-cell lymphoma 2
BDDE Bis(2,3-dibromo-4,5-dihydroxybenzyl) ether
BDNF Brain-derived neurotrophic factor
BMI Body mass index
b.w. Body weight
C57BL/6 Strain of laboratory mouse
C57BL/6J Strain of laboratory mouse
C57BL/KsJ-db/db Strain of laboratory diabetic mouse
CAT Catalase
CD2F1 Strain of laboratory mouse
CD4 Cluster of differentiation 4 cells
CG Carragenan
CMC- Carboxy-methylcellulose
COX-2 Cyclooxygenase-2
CTx C-terminal telopeptide of type-1 collagen
DNA Deoxyribonucleic acid
DSS Dextran sodium sulfate
DU-145 Human prostate cancer cell line
E2 Estradiol
EC50 Half maximal effective concentration
EGCG Epigallocatechin gallate
ER Endoplasmic reticulum
ERCC1 Excision repair cross-complementation
FD Fine dust
GABAA-BZD Gamma-aminobutyric acid A-benzodiazepine
GRP78 Glucose-regulated protein 78
GSH-px Glutathione peroxidase
HDL High-density lipoprotein
HIV Human immunodeficiency virus
HPV16 Human papillomavirus type 16
HSV-2 Herpes simplex virus type 2
IC50 Half maximal inhibitory concentration
ICR Strain of laboratory mouse
IgE Immunoglobulin E
IL-1 Interleukin-1
IL-6 Interleukin-6
IL-10 Interleukin-10
iNOS Inducible nitric oxide synthase
IU International unit
JEV Japanese encephalitis virus
JNK c-Jun NH2-terminal kinase
Ki-67 Proliferation marker protein
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LDL Low-density lipoprotein
LPS Lipopolysaccharides
MAPK Mitogen-activated protein kinase
MCAO Middle cerebral artery occlusion rat model
MDA-MB-231 Human breast adenocarcinoma
MKK4/SEK1 Mitogen-activated protein kinase kinase-4
MNZ Metronidazole
mRNA Messenger ribonucleic acid
NCI National Cancer Institute
NER Nucleotide excision repair
NF-KB Nuclear factor kappa B
NK Natural killer cells
NO Nitric oxide
NREMS Non-rapid eye movements
OXA Oxazolone
PC-3 Human prostate cancer cell line
PM2.5 Particulate matter ≤2.5 μm
PPARγ Peroxisome proliferator-activated receptor gamma
ROS Reactive oxygen species
S180 Murine sarcoma cancer cell line
sAβ1-42 Soluble amyloid beta peptide (1-42)
SAR Structure–activity relationship
SARS-CoV Severe acute respiratory syndrome-related coronavirus
SBP Systolic blood pressure
SD Sprague-Dawley rats
SHR Spontaneously hypertensive rats
SIV Sub-intestinal vessel
SOD Superoxide dismutase
TC Total cholesterol
TG Triglycerides
TNF Tumor necrosis factor
TNF-α Tumor necrosis factor α
TPA 12-O-tetradecanoylphorbol-13-acetate
U251 Human glioblastoma
uPA-SCID Urokinase-type plasminogen activator severe combined immunodeficient mice
UV Ultraviolet
VEGFR-2 Vascular endothelial growth factor receptor 2
XPC Xeroderma pigmentosum complementation group C
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Abstract: Modern lifestyles have developed new attention on appearance and personal care which
attract a huge number of consumers towards cosmetic products. The demand for a skincare product
with natural ingredients is rapidly increasing. Seaweeds are major resources for in-demand active
compounds with a wide variety of applications. The use of seaweed-derived ingredients in cosmetic
products has increased in recent years as many scientific studies have proved the potential skincare
properties of seaweed bioactive compounds. This review emphasizes possible skincare properties
of seaweed bioactive compounds. The review outlines the mechanism involved in skin problems
including hyperpigmentation, premature skin aging, and acne in the first part while the second part
focuses on the promising application of seaweeds in skin protection by highlighting the bioactive
compound responsible for their bioactivity.

Keywords: seaweeds; hyperpigmentation; skin aging; skincare; photo-protection

1. Introduction

Cosmetics are the materials used to enhance or alter the function and appearance of the skin and
hair [1]. Kligman created the term “cosmeceutical” to hightlight cosmetic products that can combine
the use of both cosmetic and pharmaceutical uses [2]. Cosmeceuticals are often used in dermatology to
enhance the skin tone, skin glow, and provide anti-aging benefits [3]. The cosmeceutical industries
are most fascinating, profitable, and constantly growing in the world economy. According to reports,
an average woman spends $15,000 on beauty products in her lifetime [4]. The cosmetics industry has
predicted an annual gross revenue of US $170 billion according to the financial exploration stated
by a French-based company, Eurostaf [5]. In 2016, the European cosmetics market was top in the
world, esteemed at €77 billion in a wholesale rate, trailed by the US and Brazil [4]. The global beauty
market stated that the cosmetic industry will continue to develop due to the growth of the middle
class in many developing countries [6]. Based on this encouraging future of the cosmetics industry,
many cosmetic products without any side effects have been developed to satisfy the customers’
needs. Currently, many synthetic chemicals have been used in cosmetic products, many of them did
not get synthetic customer satisfaction due to high cost and unsafe nature in terms of side effects.
For example, chemicals like hydroquinone, arbutin, and kojic acid are being used as a skin whitening
agent, but they are reported to be unstable and they also cause dermatitis and induce cancer [7–9].
Thus, in recent years, the demand for cosmetic products that containing natural ingredients is rapidly
expanding. The advantages of natural ingredients are environmentally friendliness, fewer side effects,
and safe use [1,10]. Hence, Cosmeceutical industries are persistently seeking active compounds from
natural sources. From this perspective, the marine environment provides numerous marine organisms,
including seaweeds with potential bioactive compounds. Seaweeds are rich in bioactive compounds

Mar. Drugs 2019, 17, 688; doi:10.3390/md17120688 www.mdpi.com/journal/marinedrugs171



Mar. Drugs 2019, 17, 688

that could be exploited as functional ingredients for cosmetic applications [11]. This review focusses on
the cosmetic properties of seaweed bioactive compounds and provides an overview of skin problems
and the potential of seaweed bioactive compounds against skin problems.

2. Structure of Skin

The skin is the major organ in the human body. Generally, the skin can be divided into epidermis,
dermis, and subcutaneous tissue. The epidermis is the uppermost layer of the skin. It has three types of
cells—namely keratinocytes, melanocytes, and Langerhans cells. Keratinocytes are made up of keratin,
which on maturation lose water and move up to the uppermost layer of the epidermis called the
‘stratum corneum’ [12]. The next collection of cells present in the epidermis are melanocytes, the cells
that produce melanin, the pigment accountable for skin tone and color. Langerhans cells inhibit the
penetration of unwanted foreign materials into the skin. The condition of the epidermis defines the
freshness and youthfulness of your skin. The middle layer of the skin is the dermis [13]. Collagen and
elastin are the main components of the extracellular matrix (ECM), covering about 90% of the dermis,
which are cross-linked and provide support for the skin. Hence, the dermis is responsible for the
structural support and elasticity of the skin. Collagen is found in the extracellular matrix of all animal
bodies [14]. Hyaluronic acid (HA) is also a main constituent of the dermis. HA plays an important
role in moisture absorption and moisture retention [12]. Subcutaneous tissue, which is the third layer
located under the dermis, is comprised of connective tissue and fat. The loss of subcutaneous tissue
due to age will also lead to facial sagging and wrinkles.

3. UV Induced Skin Damage

The ultraviolet (UV) radiation from the sun extends the earth in a significant amount. UV-C
(100–290 nm) is mostly filtered by the atmosphere, but UVA (320–400 nm) and UVB (290–320 nm) rays
extend the skin and cause suntan, wrinkles, etc. [15]. UV radiation induces the production of reactive
oxygen species (ROS) and also depletes the antioxidant enzymes [16]. These ROS can lead to skin
disorders such as hyperpigmentation (dark spots), premature aging, dryness, etc. [17,18].

3.1. Hyperpigmentation

Hyperpigmentation is usually an inoffensive form in which spots of the skin become darker in
color than the regular surrounding skin. The overproduction and accumulation of melanin pigment
resulted in a change in skin color. Melanogenesis is controlled by an enzyme such as tyrosinase,
a glycoprotein [19] present in the membrane of the melanosome which catalyzes the conversion of
l-tyrosine to melanin [20]. Melanogenesis is regulated by maturation and translocation of tyrosinase.
The translocation of tyrosinases is regulated by the presence of specific carbohydrate moieties [21].

Two types of melanin are synthesized within melanosomes: eumelanin and pheomelanin.
The pathway in which melanogenesis occurs is presented in Figure 1. The enzymes such as tyrosinase
and tyrosinase related protein (TRP-1 and 2) are produced by the phosphorylation of MITF, which is
activated by several signaling pathways such as cAMP, ERK, and Wnt pathways. These signaling
pathways are upregulated by the upstream of the receptor such as KIT (ligand SCF) and MC1R (ligand
α-MSH, ACTH, and ASP). The KIT receptor activates the cAMP pathway and MC1R activates both
cAMP and ERK pathway which further phosphorylates the MITF. This leads to the expression of
tyrosinase-related enzymes which further mediates the production of melanin [22–26]. The skin under
UV generates the reactive oxygen species (ROS) that activate the α-MSH and MC1R and enhances the
production of tyrosinase that leads to the excess generation of melanin [27,28].
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3.2. Skin Aging

Skin aging is a complex process that occurs in all living beings that caused by two factors.
One is intrinsic in which aging is caused by genetics [29]. The latter one is an extrinsic factor,
in which aging occurs due to the exposure of skin to the ultraviolet rays. This type of aging is
called photo-aging or premature aging [30]. Reactive oxygen species (ROS) play a key role in skin
aging. ROS triggers the various growth factors and cytokine receptors which further stimulate
mitogen-activated protein kinase (MAPK) signal transduction and P13/AKT pathway. The AKT
pathway inactivates the FoxO which suppresses the expression of antioxidant enzymes in the cell.
MAPK upregulates activator protein-1 (AP-1) and NF-κB in the nucleus. The induction of AP-1 gives
rise to the MMP expressions [31,32] (Figure 2). MMPs are a collection of zinc-containing extracellular
proteinases that degrade the extracellular components, such as collagen and elastic fibers, inducing
wrinkle formation [31–33]. ROS also activates the expression of the hyaluronidase enzyme that
degrades hyaluronic acid. Hyaluronic acid is present in extracellular matrix, absorbing and retaining
water molecules and helping to keep the skin smooth, moist, and lubricated [34–36].

 
Figure 1. Signaling pathways involved in melanin synthesis. Tyrosinase-related protein (TRP),
microphthalmia-associated transcription factor (MITF), adenosine 3′,5′-cyclic monophosphate (cyclic
AMP) (cAMP), cAMP response element-binding (CREB), extracellular receptor kinase (ERK),
melanocortin 1 receptor (MC1R), wingless-related integration site (Wnt), α-melanocyte-stimulating
hormone (MSH), agonist stimulating protein (ASP), and stem cell factor (SCF).
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Figure 2. UV induced signaling pathway involved in premature skin aging. Mitogen-activated
protein kinase (MAPK), matrix metalloproteinase (MMP), nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB), activator protein 1 (AP-1).

4. Bacteria-Induced Skin Damage-Acne Vulgaris

Acne vulgaris is a prevalent, chronic skin disorder which affects most of the adult and leads to
scar marks. Acne vulgaris is a formation of lesions and prevalently caused by Propionibacterium acnes.
Acne is spread by enzymes such as lipase, protease, hyaluronidase, and acid phosphatase produced by
P. acnes [37]. The infection of P. acne triggers the immune response by the release of cytokine (IL-12
and IL-8) and the antimicrobial peptide (β-defensins) expression [38]. IL-8 stimulates neutrophils
movement which leads to the formation of acne lesions and pus. Neutrophils consequently produce
free radicals for killing the bacteria. This excess production of free radicals leads to the development
of the inflammatory responses [39]. Staphylococcus aureus and Staphylococcus epidermidis are also the
normal flora of human skin may also cause acne inflammatory response but are less significant than
P. acnes in this process [40].

5. Seaweeds a Potential Source in the Cosmetic Industry

Nowadays People prefer cosmetic products that have natural ingredients than chemical ones.
As the products with natural ingredients are safe to use without any side effects, many consumers go in
search of natural products to keep themselves look young with healthy skin. Due to this, the cosmetic
industry has also focussed on the ingredients that are derived from natural resources like plant, algae,
microbes, and their metabolites. The marine world is extremely demanding for a wide variety of
species with multiple bioactive compounds. Macroalgae are major resources for the active compound
with a wide variety of applications in many fields (Figure 3) [16].

Macroalgae or seaweeds are the aquatic, photosynthetic organisms taxonomically categorized
as algae, and they divided into three groups based on their pigment, the Rhodophyceae (red algae),
Phaeophyceae (brown algae), and Chlorophyceae (green algae). Marine algae are considered
as sea vegetables which are also used for consumption. Since ancient times seaweeds are also
used as an alternative medicine for skin-related diseases. Many studies revealed the potentiality
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of seaweeds and their major role in antioxidant, antitumor, anti-inflammatory, anti-lipedemic,
anti-microbial, and also their anti-allergic properties. Wide applications of seaweeds are based
on the valuable bioactive compounds and potent bioactivity. In addition, the compounds derived from
marine algae have been given considerable importance in developing a cosmeceutical product [41].
Seaweed compounds—including phenolic compounds, polysaccharides, pigments, PUFA, sterols,
proteins, peptides, and mycosporine-like amino acid (MAA)—exhibited a wide range of bioactivity
that can be used as active ingredients in cosmetic products (Figure 3) [7,42]. Phenolic compounds
are the water-soluble secondary metabolites that have numerous biological activities [43]. It is a
diverse group of compounds and the common structural features shared by all the phenol groups.
Based on the number of substituents, phenolic compounds can be divided into simple phenols or
polyphenols. Flavonoids and gallic acid are the building blocks of polyphenols. Phenolic compounds
from seaweeds, like Ecklonia cava Kjellman and Ishige okamurae Yendo, are proven to have many
bioactivities—including anti-oxidant, anti-microbial, anti-inflammatory, anti-cancer, etc. Antioxidant
activity of seaweeds is mainly due to the presence of phenolic compounds [43,44]. Among the many
phenolic compounds extracted from seaweeds, phlorotannins from brown seaweed are the most
important secondary metabolites, with a wide range of functional bioactivity [45]. Phlorotannins are
phloroglucinol-based polyphenols found in Marine brown algae. Phloroglucinol units linked to each
other in various ways to form phlorotannins [46]. Marine brown algae such as Ecklonia cava Kjellman,
E. stolonifera Okamura, E. kurome Okamura, Ishige okamurae Yendo, Hizikia fusiformis (Harvey) Okamura,
Eisenia bicyclis (Kjellman) Setchell Undaria pinnatifida (Harvey) Suringar, Sargassum thunbergii (Mertens
ex Roth) Kuntze, and Laminaria japonica. Areschoug have been studied the biological activity of
phlorotannins [47,48]. Phlorotannins are well known for their wide-ranging applications which include
anti-melanogenesis, anti-aging, and antioxidant [49–52]. As a result of the bioactivities, the application
of phlorotannins on pharmaceutical, nutraceutical, and cosmeceutical advances [43,53,54].

Polysaccharides are the most important compounds present in seaweeds and are well documented
for its biological activity. The green seaweed-like Ulva has the high content of polysaccharide comprises
of 65% of dry weight. The other seaweeds that have a large amount of polysaccharide are Ascophyllum,
Porphyra, and Palmaria species. The important polysaccharides are ulvan from green seaweeds,
fucoidan, alginate, and laminarin from brown seaweeds, agar, and carrageenan from red seaweeds.
In this, agar and alginate are used widely in the food industry as thickening and gelling agents.
Fucoidan, ulvan, and carrageenan are sulfated polysaccharides that have wide application in many
fields. Among these polysaccharides, the fucoidan from brown seaweed has been studied enormously
for their bioactivity including antioxidant, anticancer, antimicrobial, hyperlipedemic, anti-inflammatory,
etc. [4]. In recent days, many studies recommend the use of polysaccharide as an active ingredient in
cosmetic formulations. Polysaccharides have a huge number of cosmetic roles such as hair conditioners,
moisturizers, emulsifiers, wound-healing agents, and as a thickening agent [55,56].

Proteins are macromolecules made up of one or more amino acids. Seaweeds are a good source of
amino acid. Amino acids are one of the important constitutes of natural moisturizing factor which
prevents the water loss in the skin [57]. Seaweeds have amino acids, such as alanine, proline, arginine,
serine, histidine, and tyrosine. Palmaria and Porphyra have the maximum amount of arginine, which is
considered a natural moisturizing factor that can be used in cosmetic products. Mycosporine-like
amino acids are water-soluble low molecular weight molecules. They are categorized by cyclohexane
joined with nitrogen as a substitute for amino acid, amino alcohol, or amino group [57]. For seaweeds
exposed to extreme stress including UV radiation, Mycosporine-like amino acids defend seaweed from
UV radiation and act as a potent photo protector candidate. It also involved in radical scavenging
and DNA repair systems. Hence, they have received more attention as UV protection and antioxidant
agents in the cosmetic industry [3,16,58]. Furthermore, in recent years, peptides have drawn attention
in the field of skincare due to their binding specificity to the target cells and their ability to change the
physiological functions in the skin. Bioactivity depends on the composition of amino acids.
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Macroalgae contain a large variety of pigments which absorb the light for photosynthesis.
The green algae contain the pigment similar to the plants namely chlorophylls a, b, and carotenoids.
The red algae have photosynthetic pigments such as chlorophyll a and the phycobilins such as
R-phycocyanin and R-phycoerythrin and carotenoids, mostly β-carotene, lutein, and zeaxanthin.
The brown algae pigments include the chlorophylls a and c, fucoxanthin, and carotenoids. The pigment
act as a shield to the cells from UV irradiation [59]. Seaweeds are an important source of vitamin A,
vitamin B, vitamin C, vitamin D, and vitamin E which are widely used in skincare.

The lipid content of seaweeds is generally low and less than 4% of the dried mass, whereas
Sargassum kjellmaniamum Yendo contains more than 6% [60]. Lipids such as essential fatty acid,
glycolipids, sterols, triglycerides, and phospholipids are found in seaweeds. Polyunsaturated fatty acid
(PUFA) present in seaweeds is higher than in terrestrial plants. Seaweed fatty acids have anti-allergic
and anti-inflammatory activities and also act as an emollient that protects the skin from water loss [61].

 
Figure 3. Cont.
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Figure 3. Seaweed bioactive compounds with skincare potentials. (A) Eckol; (B) Fucophloroethol;
(C) Dieckol; (D) 6,6 Bieckol; (E) Fucodiphloroethol G; (F) 7-phloroeckol; (G) Fucoxanthin;
(H) phlorofucofuroeckol; (I) Fucosterol; (J) Sargahydroquinoic acid; (K) Laminarin; (L) Porphyra 334,
(M) Sargachromenol; (N) Astaxanthin; (O) Shinorine [3,22,42,47,57].
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6. Skincare Application of Seaweeds

In recent years, seaweeds have been most desirable source of research for their bioactivity and
bioactive compounds like polyphenols, fucoidan, phlorotannins, carotenoids, etc. Beauty care products
have been focused on compounds with potential antioxidant activity, MMPs, and tyrosinase inhibitory
activity in order to reduce ROS caused by UV radiation and also to delay skin aging.

6.1. Tyrosinase Inhibition Activity of Seaweed

Tyrosinase is the enzyme that catalyzes the synthesis of melanin, a pigment that is responsible for
skin color. Hyperpigmentation is caused due to the abnormal accumulation of melanin pigments in the
skin. Overexposure to UV rays induces abnormal melanin synthesis which results in skin pigmentation.
Tyrosinase inhibitors may act as a candidate for the control of hyperpigmentation or skin whitening as
the tyrosinase catalyzes the melanogenesis [62]. The search for natural tyrosinase inhibitors becomes
a great interest for non-toxic and active skin whitening ingredients. Hence, skin whitening agents
derived from seaweeds could be advantageous for the cosmetic industry. Researchers screened various
seaweed extracts for tyrosinase inhibition activity and found that Ishige okamurae Yendo, Endarachne
binghamiae J.Agardh, Schizymenia dubyi (Chauvin ex Duby) J.Agardh, Ecklonia cava, E. stolonifera Okamura,
and Sargassum silquastrum (Mertens ex Turner) C.Agardh showed profound tyrosinase activity and
significantly reduced the content of the melanin [63–65]. S. polycystum hexane extract had no inhibitory
activity on mushroom tyrosinase. However, it showed potential activity on cellular tyrosinase
inhibition when examined on cellular tyrosinase [66]. Dieckol is a phlorotannin derivative isolated
from E. stolonifera showed the tyrosinase inhibition activity with the IC50 of 2.16 μg/mL [67,68].
Fucoxanthin is a carotenoid present in the seaweed exhibits tyrosinase inhibition activity when treated
orally and also applied topically in UVB-induced guinea pig [69]. Many studies proved that sulfated
polysaccharide, fucoidan extracted from Fucus sp., Sargassum sp., and Laminaria sp. can also be used
as a promising tyrosinase inhibitor [70–72]. Fucoidan, the polysaccharide extracted from the brown
seaweed such as Chnoospora minima (Hering) Papenfuss and Sargassum polycystum C.Agardh inhibit the
activity of collagenase, elastase and also tyrosinase [70]. Tyrosinase activity was increased by the low
molecular weight fucoidan extracted from Sargassum fusiforme (Harvey) Setchell [73]. Park et al. [74]
were also demonstrated the increased inhibitory activity in low molecular weight fucoidan in a
melanoma cell.

Several signaling pathways involved in melanin synthesis. The cAMP pathway is one of the prime
regulatory mechanism which increases the expression of microphthalmia-associated transcription
factor -MITF. MITF regulates the expression of tyrosinase, tyrosinase-related protein 1,2 which is
required for melanogenesis. Ethyl acetate fraction of Leathesia difformis Areschoug showed the effect
on melanin synthesis and cellular tyrosinase activity by downregulating the CREB, PKA, and cAMP
pathways [75]. ERK pathway involves in anti-melanogenesis. The phosphorylation of ERK degrades
the MITF which leads to the suppression of melanin synthesis [23]. Fucoidan plays a major role in
the anti-melanogenesis by ERK phosphorylation [76]. Another study showed the inhibitory activity
of fucoidan on cellular melanin and tyrosinase but in contrast, it lacks the inhibitory activity on the
expression of TRP1, TRP2, and MITF [71]. Sargahydroquinoic acid, sargachromenol, and sargaquinoic
acid from S. serratifolium (C.Agardh) C.Agardh decreased the α-MSH-activated melanogenesis in
melanoma cells through the inhibition of CREB signaling pathways without affecting ERK pathway [77].
Sulfated galactans, the polysaccharide from G. fisheri, showed no potential inhibition on tyrosinase
activity and it proved to be suppressed the activity of tyrosinase by downregulating the MITF, TRP1,2,
and tyrosinase mRNA expression, which was concluded by RT-PCR and ELISA [78].

6.2. Collagenase and Elastase Inhibition Activity of Seaweed

The MMPs are a family of degradative enzymes particularly collagenase which is responsible for
the degradation of skin matrix especially collagen due to which occurs the skin sagging. The same
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way enzyme elastase degrades the elastin. This process leads to wrinkles. The compound that
inhibits collagenase and elastase activity might act as an active ingredient in an anti-aging product.
Overexposure of UV produces ROS which activates the mitogen-activated protein kinases followed by
the phosphorylation of transcription factor activator protein1 results in the upregulation of MMPs.

Seaweed polysaccharides play a major role in inhibiting collagenase and elastase activity.
Sulfated polysaccharides from Sargassum fusiforme (Harvey). Setchell potentially inhibited the activity
of intracellular collagenase and elastase by regulating the NF-κB, AP-1, and MAPKs pathways in
HDF cells radiated by UVB [79]. Fucoidans isolated from the Chnoospora minima (Hering) Papenfuss
and Sargassum polycystum C.Agardh showed elastase and collagenase inhibition in a dose-dependent
manner [70]. Fucoidan inhibited the expression of MMP 1 in UVB -induced dermal fibroblast cells
in a dose-dependent manner. It suppressed the expression of MMP by inhibiting the ERK pathway
and reduced the expression of MMP1 mRNA. Furthermore, Fucoidan also inhibited the activity of the
MMP1 promoter and increased the expression of Type 1 procollagen synthesis [80,81].

Ryu et al. [82] proved that methanol extracts of Corallina pilulifera J.V.Lamouroux that are rich
in phenolic content inhibited the MMP 2,9 expressions in a dose-dependent manner in UV-induced
dermal fibroblast cells. Phlorotannin extracted from Eisenia bicyclis (Kjellman) Setchell, Ecklonia cava
Kjellman, and E. stolonifera Okamura strongly inhibit the MMP1 expression. Similarly, phlorotannin
from E. cava inhibit the expression of MMP 2,9 and also reduced the activity of MMPs at 10 μg/mL.
Eckol, dieckol, dioxinodehydroeckol, and bieckol are responsible for the inhibition of MMPs in human
dermal fibroblast cells. This previous study also suggested that these phlorotannin derivatives inhibited
the expression of NF-kappa B and AP-1 reporter resulting in the suppression of MMP expression [51,83].
The results of all these studies suggest that phlorotannin may act as an active ingredient in preventing
photoaging of the skin.

The peptides, namely PYP1-5 and Porphyra 334 from Porphyra yezoensis f. coreana Ueda, increased
the production of elastin and collagen and decrease the expression of MMP protein [84]. PYP1-5
induced the collagen synthesis by initiate the TGF-b/Smad signaling pathway by increasing the
expression of TIMP-1,2 and TGF-b1 protein expression [85]. Likewise, Sargachromanol extracted from
S. horneri (Turner) C.Agardh also activated the TIMP1,2 and downregulate the expression of MMP [86].
The sterol compound, fucosterol from marine brown algae also enhanced the production of type I
procollagen and suppressed the expression of MMPs in human keratinocytes cell by deactivating the
MAPK pathway [59]. All these studies revealed the potential protection of seaweed bio compounds
towards UVA-induced collagen degradation.

6.3. Hyaluronidase Inhibition

Hyaluronidase is an enzyme that degrades the hyaluronic acid present in the extracellular matrix
which results in the skin aging process. Very few studies have been focused on Hyaluronidase
inhibition. Phlorotannins derivatives—such as fucophloroethol, fucodiphloroethol, fucotriphloroethol,
7-phloroeckol, phlorofucofuroeckol, and bieckol/dieckol extracted from Cystoseira nodicaulis (Withering)
M.Roberts exhibited the hyaluronidase activity with the IC50 of 0.73 mg/mL and also proved that the
higher molecular weight displayed the strongest activity [87]. Phlorotannins derivatives—such as
dieckol, eckol, bieckol, and phlorofucofuroeckol A—extracted from Eisenia bicyclis (Kjellman) Setchell
and Ecklonia kurome Okamura exhibited potent inhibition towards hyaluronidase. Among these
phlorotannin derivatives, bieckol exhibited the strongest inhibition with an IC50 value of 40 μM [88].

6.4. Photoprotection Ability

When the skin is exposed to UV radiation, UV rays penetrate into dermis and epidermis and
induce the production of ROS which cause damage to DNA. This results in hyperpigmentation,
premature aging, sunburn, skin cancer, etc. The extensive use of photoprotection products will help to
get rid of the effect caused by the sun UV rays. The macroalgae are exposed to extreme conditions
such as UV radiation and it produces the ROS. The seaweeds produce many secondary metabolites
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that play as an antioxidant that helps to combat those ROS. These antioxidant substances included
pigments like fucoxanthin, carotenoids, mycosporine-like amino acids (MAA), and phenols such
as phlorotannins and scytonemins [89,90]. These bioactive components are capable of absorbing
the UV radiation and keep the human fibroblast cells from UV-induced aging. These secondary
metabolites that act as UV filters/sunscreen with antioxidant activity can be extensively used in
cosmetic products. Polysaccharides such as fucoidan, laminarin, and alginate extracted from brown
algae like Fucus vesiculosus var. alternans C.Agardh, Sargassum sp, Turbinaria conoides f. laticuspidata
W.R.Taylor, possessed potent anti-oxidative activity [89].

Cardozo et al. [91] studied the MAA from the red algae, Gracilaria birdiae E.M.Plastino &
E.C.Oliveira, G. domingensis (Kützing) Sonder ex Dickie, and G. tenuistipitata C.F.Chang & B.-M.Xia
which exhibited the photoprotection activity. Heo et al. [92] studied the photoprotection ability of
fucoxanthin on UV induced human fibroblast cells and showed to significantly inhibit the cell damage
at 61.24% at 250 μM. Fucoxanthin successfully suppressed the cell damage and apoptotic stimulation
induced by UV-B. Fucoxanthin extracted from Sargassum fusiforme (Harvey) Setchell and S.saliquastrum
(Mertens ex Turner) C.Agardh exhibited strong antioxidant activity against DPPH and hydrogen
peroxide. Urikura et al. [93] reported that fucoxanthin reduced UV induced ROS in the hairless mice
and also suppress the MMP expression.

A red pigment, astaxanthin, exhibited strong antioxidant activity and protects from peroxidation
by scavenging the radicals. The activity may be due to the presence of conjugated polyene and terminal
ring moieties of astaxanthin help to trap the radicals and therefore exhibit potent antioxidative and
photoprotective agents. It also blocked cytokine production. The topical application also demonstrated
the photoprotection effect against the cell damage caused by UVB radiation [94]. Lyons et al. [95]
studied the photoprotection exhibited by the algal extract that contains astaxanthin by reducing
DNA damage and also conserve the cellular antioxidant enzymes in human cells irradiated by
UVA. Tetraprenyltoluquinol chromane meroterpenoid extracted from Sargassum muticum (Yendo)
Fensholt showed potent photoprotection against UV-A radiation and also inhibit the accumulation of
intracellular ROS in human dermal fibroblast cells [96].

Phlorotannins extracted from E. cava and E. stolonifera also provided photoprotection towards
UVB rays by reducing the cell damage caused by UVB radiation which is measured by comet assay.
It also showed the inhibition against UVB induced oxidative damage with antioxidant activities and
also upgrading in cell viability [63,68]. Phlorotannins extracted from Halidrys siliquosa (Linnaeus)
Lyngbye proved the sunscreen ability based on the sun protection factor and UV-A protection
factor. It also was shown to exhibit strong antioxidant activity and proved to have the ability to kill
bacteria [97]. Vo et al. [98] isolated fucofuroeckol-A, which exhibited the photoprotection activity
against damage caused by UVB radiation. The aqueous extracts of Hydropuntia cornea (J.Agardh)
M.J.Wynne and Gracilariopsis longissima (S.G.Gmelin) Steentoft, L.M.Irvine & Farnham exhibited a
photo-protective activity with the sun protection factor of 7.5 and 4.8. The MAA Porphyra-334 and
Shinorine were extracted from Porphyra rosengurttii J.Coll & J.Cox tested for their photo-protective
activity and photo-stability without producing any free radicals. The formulated product of these two
demonstrated wide-ranging protection against UV. MAA can also absorb UV light and also act as a
sunscreen [99,100]. Porphyra-334 from the Porphyra umbilicalis Kützing reduced the intracellular ROS
induced by UV-A radiation and also suppressed the expression of MMPs. It also acts as a better UV
filter compared to synthetic sunscreens [84,101].

6.5. Moisture Retention Ability

Maintaining moisture in the skin is important to skincare and it improves the skin texture and
state, i.e., young and healthy. Extract from Undaria pinnatifida (Harvey) Suringar, Codium tomentosum
Stackhouse, Durvillea antarctica (Chamisso) Hariot, Cladosiphon okamuranus Tokida, A. nodosum
(Linnaeus) Le Jolis, Pediastrum duplex Meyen, and Polysiphonia lanosa (Linnaeus). Tandy exhibited
skin hydrating properties and protects the skin from dryness. Polysaccharides have maximum water
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holding capacity which can act as a humectant and moisturizer in cosmetic industry. Polysaccharides
from Laminaria japonica Areschoug were shown to have greater hydrating and moisturizing effects
than hyaluronic acid. The formulation prepared by incorporating Laminaria japonica extract shown to
improve the skin moisture [3,4,6]. Shao et al. [102] isolated sulfated polysaccharide from the green algae
Ulva fasciata Delile displayed a higher capability both in the moisture-absorption and moisture retention
for 96 h when compared with glycerol. Wang et al. [103] extracted the polysaccharide from Saccharina
japonica (Areschoug) C.E.Lane, C.Mayes, Druehl & G.W.Saunders; Porphyra haitanensis T.J.Chang
& B.F.Zheng; Codium fragile (Suringar) Hariot; Enteromorpha linza (Linnaeus) J.Agardh and Bryopsis
plumose (Hudson) C.Agardh and studied for the moisture absorption and retention. The authors
also proved that the sulfate content and molecular weight plays a major role in the moisture-holding
capacity [103].

6.6. Antimicrobial Activity

Antimicrobial property of the seaweeds can be used in cosmetic products as a preservative that
could delay the shelf life of the cosmetic product by killing the microorganisms especially fungi
that could spoil the product. Seaweeds exhibited antifungal activity for possible use in substituting
chemical preservations. Seaweeds such as Sargassum vulgare C.Agardh, Colpomenia sinuosa (Mertens
ex Roth) Derbès & Solier, Dictyopteris membranacea Batters, Cystoseira barbata (Stackhouse) C.Agardh,
and Dictyota dichotoma (Hudson) J.V.Lamouroux, showed the strongest antifungal effect against
Cladosporium cladosporioides, Alternaria alternata, Fusarium oxysporum, Aspergillus niger, Epicoccum nigrum,
A.ochraceus, Penicillium citrinum, and A. flavus [104]. Extract from Halimeda tuna (J.Ellis & Solander)
J.V.Lamouroux also showed the antifungal activity against Candida albicans, Aspergillus niger, A. flavus,
Alternaria, Trichophyton rubrum, Epidermophyton floccossum, T. mentagrophytes, and Penicillium sp. [44].
Saidani et al. [105] studied the antifungal activity of seaweed, in which the seaweed, Rhodomela
confervoides (Hudson) P.C.Silva reported for the strongest inhibition against Candida albicans and
Mucor ramaniannus and the seaweed, Padina pavonica (Linnaeus) Thivy against the Candida albicans.
Phlorotannin derivative, Dieckol from E.cava showed the antifungal activity with the MIC of 200 μM
against Trichophyton rubrum [106]. Alghazeer et al. [107] screened the 19 seaweed extracts and tested
them for their antibacterial activity. Their data revealed that all the extracts showed inhibition against
gram-positive and gram-negative bacteria including E. coli, Staphylococcus aureus, and S. epidermis.
Among the 19 species the brown algae Cystoseira crinita Duby showed the strongest antibacterial
activity. Ulva rigidis also showed the strongest inhibition against S. aureus and Escherichia coli [108].
These studies confirmed the role of seaweeds and their extract as a preservative.

The skin may also be contaminated by some microorganisms which could create skin problems
that can be overcome by the antimicrobial potential of the seaweeds derived biological compounds.
Propionibacterium acnes, Staphylococcus aureus, and S. epidermis are some of the normal microflora present
in the skin. P. acnes is the main inducers of acne. S. aureus and S. epidermis are harmless microflora,
but it can enter the skin epidermis through the wound and cause infection by secreting the toxins [109].
This leads to pimples, abscesses, and also blisters. Therefore, the antimicrobial potential of seaweed
could be used effectively in cosmetic formulations in the prevention of skin acne [4,109]. Ruxton and
Jenkins [110] discussed the anti-acne activity of seaweed oligosaccharide-zinc complex extracted from
Laminaria digitata (Hudson) J.V.Lamouroux which also reduces the signs of acne by reducing the sebum
production. Ethyl acetate extraction of Fucus evanescens C.Agardh showed antibacterial ability against
methicillin-resistant S. aureus and P. acnes [111]. Choi et al. [112] screened 57 seaweed species for the
antimicrobial activity against P. acnes in which 15 species exhibited the antiacne activity. The methanol
extract of E. cava, E. kurome, Ishige sinicola (Setchell & N.L.Gardner) Chihara, and Symphyocladia latiuscula
(Harvey) Yamada showed potent activity with the maximum MIC of 0.31 mg/mL. Phlorotannins
isolated from E. bicyclis showed effective inhibitory activity against human acne producing bacteria
such as P. acnes, Staphylococcus aureus, and S. epidermidis [113]. Carrageenan extracted from red algae
of the genus Corallina inhibited the bacteria S. epidermidis with a MIC of 0.325 mg/mL, whereas
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sulfated galactan from Corallina showed the bactericidal activity against Enterococcus faecalis and
S. epidermidis [114]. These studies defined that the seaweed compound can act as an ingredient for the
anti-acne product due to its inhibitory activity against P. acnes, S. aureus, and S. epidermidis.

7. Conclusions

Due to the overexposure of human skin to several environmental stress—such as UV and
pollution—it increases the production of ROS that leads to many skin related problems such as
hyperpigmentation, premature aging, etc. The seaweeds in the marine environment have the
biosynthesis of secondary metabolites for its survival under stress conditions. These biologically active
components present in the seaweeds paves the way to be used as an active ingredient in the cosmetic
industries due to their potent skin protection ability. The active components from the seaweeds
could be used as an antioxidant, antibacterial whitening agent, anti-aging, and anti-acne, and also for
moisturization in cosmetic industries.

8. Future Perspectives

This review examines the potentiality of seaweed-derived compounds in applications to combat
skin whitening and aging in cosmetic industries. Though most of the seaweeds are studied for its
cosmetic properties, still many species are not explored. Hence, the standardization of cost-effective
and efficient methods to extract the bioactive compounds with higher productivity and activity is in
demand. In addition to efficiency, the molecular mechanism of their activity and safety concerns of
these compounds are very significant for future challenges in the cosmetics industry.
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ROS Reactive oxygen species
TRP Tyrosinase-related protein
MITF Microphthalmia-associated transcription factor
cAMP Adenosine 3’,5’-cyclic monophosphate (cyclic AMP)
CREB cAMP response element-binding
ERK Extracellular receptor kinase
ASP Agonist stimulating protein
SCF Stem cell factor
Wnt Wingless-related integration site
MC1R Melanocortin 1 receptor
α-MSH α-Melanocyte-stimulating hormone
MAPK Mitogen-activated protein kinase
MMP Matrix metalloproteinase
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
AP-1 Activator protein 1
IL-12 and IL-8 Interleukin 12
TLR2 Toll-like receptor 2
MAA Mycosporine-like amino acid
PUFA Polyunsaturated fatty acid
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Abstract: Alzheimer’s disease (AD) is a neurological condition that affects mostly aged individuals.
Evidence suggests that pathological mechanisms involved in the development of AD are associated
with cholinergic deficit, glutamate excitotoxicity, beta-amyloid aggregation, tau phosphorylation,
neuro-inflammation, and oxidative damage to neurons. Currently there is no cure for AD; however,
synthetic therapies have been developed to effectively manage some of the symptoms at the early
stage of the disease. Natural products from plants and marine organisms have been identified as
important sources of bioactive compounds with neuroprotective potentials and less adverse effects
compared to synthetic agents. Seaweeds contain several kinds of secondary metabolites such as
phlorotannins, carotenoids, sterols, fucoidans, and poly unsaturated fatty acids. However, their
neuroprotective effects and mechanisms of action have not been fully explored. This review discusses
recent investigations and/or updates on interactions of bioactive compounds from seaweeds with
biomarkers involved in the pathogenesis of AD using reports in electronic databases such as Web of
science, Scopus, PubMed, Science direct, Scifinder, Taylor and Francis, Wiley, Springer, and Google
scholar between 2015 and 2019. Phlorotannins, fucoidans, sterols, and carotenoids showed strong
neuroprotective potentials in different experimental models. However, there are no data from human
studies and/or clinical trials.

Keywords: Alzheimer’s disease; seaweeds; cholinesterases; beta-secretase; beta-amyloid
aggregation; neuroprotection

1. Introduction

Macroalgae, also known as seaweeds, are marine organisms and reservoirs of natural biologically
active compounds. Different classes of macroalgae include rhodophyta (red algae), chlorophyta (green
algae), and phaeophyta (brown algae). There are over 4000 red, 900 green, and 1500 brown species
of macroalgae all over the world [1]. Most of the brown macroalgae are able to thrive in temperate
and cool waters while green and red algal species exist in tropical and subtropical waters [1]. Several
species of macroalgae thrive in their habitat at extreme conditions due to their capacity to develop
defense mechanism via the release of some secondary metabolites. Historically, seaweeds have been
used traditionally, especially in Asian countries, as herbal medicine for the treatment of tumors, urinary
disease, gastrointestinal problems, cough, boils, hemorrhoid, ulcers, asthma, and headaches [2]. The
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appreciable levels of iodine in some edible seaweeds also make them a good choice for the treatment
of goiter [3,4]. Specifically, species such as Ulva spp., Laminaria japonica, Porphyra spp., and Sargassum
fusiforme have been used for the treatment of scrofula (cervical tuberculosis), edema, and goiter [3].
Furthermore, a combination of Ecklonia spp. and Sargassum spp. are used as herbs in Chinese medicine
for the treatment of tumors, liver cirrhosis, and spleen enlargement [5]. Seaweeds are commonly
consumed locally as vegetables and in salad. Some species of macroalgae are consumed as part of
a staple diet because they are rich in functionally active compounds such as phenolic compounds,
alkaloids, sterols, omega-6 fatty acids, antioxidants, carotenoids, and phenolic compounds [6]. They
are also used as ingredients for dietary supplements, nutraceuticals, and pharmaceuticals. Some of the
applications of some macroalgal species can be seen in their use as ingredients for the production of
flavor, meat, cereal, and dairy products [7]. Much attention has been on marine macroalgae for the
development of new drugs, nutraceuticals, and dietary supplements due to their beneficial effects as
antioxidant [8], anti-tumor [9], anti-inflammatory [10], antidiabetic [11], anti-hypertensive [12], and
antibacterial [13] agents. Evidence has shown that macroalgal-derived compounds are capable of
improving learning and memory function in neurodegenerative conditions [14]. The neuroprotective
effects of biologically active compounds from some macroalgae against neurodegenerative diseases
has been described by Alghazwi et al. [15].

Alzheimer’s disease (AD) is the most common form of dementia and has become a major health
problem among aged individuals [16]. AD is characterized by cholinergic dysfunction, cognitive
impairment, memory loss, neuronal death, and behavioral disturbances. The pathogenesis of AD
involves complex mechanisms and impairment of the neurological cascade involved in memory
function. The early onset of this disease has been diagnosed in persons less than 65 years. However,
more than 90% of cases diagnosed are associated with the late onset of AD and this occurs mostly
in individuals above 65 years of age [17]. The development of early onset AD has been linked with
genetic mutations, especially genes that are responsible for Aβ peptide production (amyloid precursor
protein (APP gene)), preselinin 1 (PS1), and preselinin 2 (PS2) genes [18]. Evidence has shown that
dysregulation in the expression of these genes may account for about 5–10% of diagnosed cases of early
onset AD [17,18]. Furthermore, apolipoprotein E (APO-E) polymorphic alleles has been identified as a
major genetic risk factor for the development of early onset and late onset AD [19]. APOε4 alleles have
been shown to trigger cognitive decline and cerebral amyloid angiopathy in aged individuals [20].
APOE is produced in astrocytes in the central nervous system, and it is important in the regulation of
lipid homeostasis and beta-amyloid (Aβ) metabolism. It also contributes to the formation of Aβ plaques
and development of cerebral amyloid angiopathy [21]. Furthermore, APOε4 has also been linked to
tau pathology [22]. The molecular mechanisms involved in the development of sporadic late onset of
AD is not well known; however, previous reports have shown that it is linked to oxidative stress [23],
loss of cholinergic signaling [24], accumulation of Aβ plaques [25], and formation of neurofibrillary
tangles [26]. Moreover, a recent report has shown that hyperphosphorylation of tau proteins is a major
causative factor involved in the development and progression of AD [27]. Hence, recent research
investigations are considering tau pathology as a therapeutic strategy for the management of AD.
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Previous experimental investigations have established that natural products could be effective
in the management of Alzheimer’s disease and have been suggested as an alternative therapeutic
approach compared to synthetic agents [28–30]. The discovery of novel natural compounds from
different species of marine macroalgae represents an important source of biologically active compounds
with strong neuroprotective potentials. This present review report provides current knowledge on
neuroprotective potentials of macroalgal-derived natural compounds and their effects on pathological
mechanisms (oxidative stress-induced neurodegeneration, cholinergic dysfunction, and beta-secretase
activities, as well as glutamate and metal-induced neurotoxicity and beta-amyloid aggregation) linked
to Alzheimer’s disease.

2. Methods

A literature search was done in different databases including Web of Science, Scopus, Scifinder,
PubMed, Google scholar, Science direct, Springer, Taylor and Francis, and Wiley to identify reports
published between 2015 and 2019 that are related to antioxidant activity and neuroprotective effects of
macroalgal extracts and compounds as well as their modulatory effects on biomarkers linked with
Alzheimer’s disease. Articles revealing reports on the neuroprotective properties and modulatory
effects of macroalgal extracts on biomolecules related to other neurodegenerative diseases such as
Parkinson’s disease, Huntington’s disease, ischemia, and stroke were not considered in this study.

3. Etiology of AD

The occurrence of AD amongst aged individuals has been estimated to increase annually due to
the complexity of its pathological mechanisms [31]. The etiology of AD is not well understood due
to the multifactorial mechanisms underlying the disease process. Some of the factors that have been
linked to the development and progression of AD include ageing, cholinergic deficit, Aβ aggregation,
tau hyperphosphorylation, oxidative stress, neuro-inflammation, and diabetes. Figure 1 shows a
complex cascade and set of mechanisms involving the development of AD. The cure for AD has
not been discovered due to the complexity of the neuropathological mechanisms involved in the
development and progression of the disease [32]. Fewer achievements have been attained in terms of
effective treatment of the disease; however, much focus has been on early detection and prevention.
Adequate diagnostic methods for AD is one of the challenging factors that has been encountered due
to non-availability of reliable biomarkers. The current therapeutic approach used for the management
of AD involves the use of cholinesterase inhibitors and the N-methyl-d-aspartate receptor antagonist.
These drugs do not have the capacity to halt the progression of the disease. Effective therapeutic agents
or disease modifying drugs that are capable of stopping or preventing the clinical symptoms of AD are
currently under extensive investigation [33,34]. However, seaweed-derived compounds have shown
great potential as an alternative strategy for the management of AD (Figure 1).
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Figure 1. Mechanism of action of bioactive compounds from macroalgae against Alzheimer’s disease.

4. Therapeutic Role of Some Macroalgae in the Management of AD

4.1. Evidence from In Vitro Studies

Some in vitro models have been used to determine the neuroprotective potentials of some
macroalgal species against biomarkers of AD. Extracts derived from several species of macroalgae
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have been tested for their cholinesterase and beta-secretase (BACE-1) inhibitory activities. Neuronal
cells have also been used as experimental models to determine the neuroprotective activities of
macroalgal-derived compounds and extracts.

4.1.1. Cholinesterase Inhibitory Activity

Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) are important enzymes involved
in the regulation of acetylcholine (ACh) in the synaptic cleft of neurons to promote cognitive
function [35,36]. However, loss or rapid degradation of acetylcholine leads to cholinergic dysfunction
and ultimately memory impairment [37,38]. Hence, cholinesterases have been developed to alleviate
cholinergic deficit by restoring ACh levels and improving cognitive function [39,40]. Seaweed-derived
biologically active compounds have been reported to exhibit inhibitory effects on enzymes associated
with Alzheimer’s disease (Table 1). Results from some in vitro studies from our laboratory revealed
that aqueous-ethanol extracts rich in phlorotannins, phenolic acids, and flavonoids from Ecklonia
maxima, Gelidium pristoides, Gracilaria gracilis, and Ulva lactuca exhibit acetylcholinesterase and
butyrylcholinesterase inhibitory activities [41]. Furthermore, sulfated polysaccharides obtained
from Ulva rigida as well as the aforementioned algal species also showed potent inhibitory effects
on BChE and AChE in vitro [42,43]. Purified fractions of Gelidiella acerosa showed AChE and BChE
inhibitory activity [44]. Phytol was identified in the fraction as the most effective constituent. In the
same study, molecular docking analysis revealed that phytol tightly binds to the arginine residue
at the active site of the enzyme, thereby changing its conformation and exerting its inhibitory effect.
Rengasamy et al. [45] reported AChE inhibitory activity of Codium duthieae, Amphiroa beauvoisii, Gelidium
foliaceum, Laurencia complanata, and Rhodomelopsis africana. Hypnea musciformis and Ochtodes secundiramea
extracts showed weak inhibitory activity (less than 30% inhibition) on AChE. Jung et al. [46] also
reported AChE and BChE inhibitory effects of methanol extracts of Ecklonia cava, Ecklonia kurome, and
Myelophycus simplex. Glycoprotein isolated from Undaria pinnatifida showed dose responsive inhibitory
effects on butyrylcholinesterase and acetylcholinesterase activities [47].

The IC50 values revealed that the glycoprotein exhibited higher inhibitory effect on AChE
(63.56 μg/mL) than BChE (99.03 μg/mL). The enzyme inhibitory activities of the extracts were
attributed to the presence of monoterpenes, which are reversible competitive inhibitors of the AChE.
Shanmuganathan et al. [48] attributed the inhibitory effect of acetone extracts from P. gymnospora to
alpha bisabolol.

In a recent study, fucosterol isolated from Sargassum horridum demonstrated potent inhibition
against AChE activity [49]. Kinetic studies revealed that fucosterol showed competitive and
non-competitive inhibition due to its high binding affinity to AChE compared to neostigmine.
Choi et al. [50] reported that phlorofucofuroeckol isolated from Ecklonia cava exhibited potent inhibitory
effects against BChE with an activity of over 100 fold higher than AChE inhibition.

4.1.2. BACE-1 Inhibitory Activity

BACE-1 has been identified as one of the prime therapeutic targets for the treatment of AD. It
is a membrane-bound aspartyl protease that regulates Aβ production in the metabolism of amyloid
precursor proteins. An increase in BACE-1 activity as well as elevated protein expression levels
have been shown to trigger rapid production of Aβ protein and sporadic AD [51]. Cheng et al. [52]
suggested that elevated levels of BACE-1 activity and increase in tumor necrosis factor (TNFa)
expression may contribute to mild cognitive impairment and early events of AD. Furthermore, elevated
BACE-1 activity also contributes to the increased number of plaques around the neurons and reduces
cognitive ability of AD patients. High BACE-1 activity was also attributed to neurodegeneration
and neurological decline in a transgenic mice model of AD [53]. The search for potent BACE-1
inhibitors has been a huge task as many inhibitors that have been developed have failed clinical
tests. Some marine algal species have shown good potential as BACE-1 inhibitors (Table 1). Findings
from our laboratory revealed that aqueous-ethanol extracts of G. pristoides, E. maxima, U. lactuca,
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and G. gracilis containing phlorotannins, flavonoids, and phenolic acids exhibited strong BACE-1
inhibitory activity with percentage inhibition of 97.2, 83.3, 86.9, and 91.2% at the highest concentration
(120 μg/mL) [41]. In another study, fucoidan, ulvan, and carrageenan obtained from E. maxima,
U. lactuca, and G. pristoides also inhibited BACE-1 activity with percentage inhibition of 87.1, 71.2,
and 51.3%, respectively, at the highest concentration (5.0 mg/mL) [43]. Jung et al. [54] also reported
the potency of fucosterol and fucoxanthin isolated from Undaria pinnatifida and Ecklonia stolonifera,
respectively, against BACE-1 activity. Fucoxanthin and fucosterol showed mixed and non-competitive
types of inhibition, respectively, and their inhibitory activities were attributed to strong binding to
hydroxyl groups of specific amino acid residues at the active site of the enzyme. Seong et al. [55]
elucidated that monoterpenoids obtained from S. sagamianum exhibited potent BACE-1 inhibitory
activity in vitro. The isolated compounds, saraquinoic and sargahydroquinoic acids, as well as
sargachromenol interacted with the catalytic aspartyl residues and allosteric sites, thereby initiating
tight binding to the enzyme, hence reducing its activity. Phlorofucofuroeckol isolated from E. cava also
reduced BACE-1 activity [50]. Rafiquzzaman et al. [47] isolated and purified glycoproteins from Undaria
pinnatifida and investigated their inhibitory effects on BACE-1 activity. The glycoprotein exhibited a
dose dependent inhibitory effect on BACE-1. An insilico investigation on BACE-1 inhibitory potentials
of glycyrrhizin and its metabolites isolated from Hizikia fusiformis revealed that 18α-glycyrrhetinic
acid and 18β-glycyrrhetinic acid showed inhibitory effects against BACE-1 activity [56]. Moreover,
18β-glycyrrhetinic acid showed two-fold potent inhibitory activity compared with quercetin. The
inhibitory activity of these compounds were attributed to their strong capacity to bind to the amino
acid residues at the active site of BACE-1 via hydrogen bonds.

Table 1. Cholinesterase and beta-secretase inhibitory activities of macroalgal-derived extracts and
isolated compounds.

Class of Compounds Components Algal Source Mechanism of Action Reference

Crude extracts

Benezene:ethyl acetate
fraction G. acerosa Inhibition of AChE

[44]
Methanol extracts

E. cava Inhibition of AChE and
BACE-1E. kurome

M. simples Inhibition of AChE

Phlorotannins Phlorofucofuroeckol E. cava Inhibition AChE, BChE,
and BACE-1 [46]

Polysaccharides Purified glycoprotein U. pinnatifida Inhibition of AChE,
BChE and BACE-1“ [47]

Sterol Fucosterol S. horridum Inhibition of AChE [49]

Carotenoids Fucoxanthin U. pinnatifida
E. stolonifera Inhibition of BACE-1 [54]

Triterpenoid-saponin

Sarahydroquinoic acid S. serratifolium Inhibition of BACE-1 [55]

Glycyrrhizin
H. fusiformis Inhibition of AChE,

BChE, and BACE-1
[56]18α-glycyrrhetinic acid

18β-glycyrrhetinic acid

4.1.3. Action against Glutamate-Induced Neurotoxicity in Neuronal Cells

Glutamate is an important neurotransmitter responsible for memory, learning, and cognitive
function. However, excess levels of glutamate activate NMDA receptors and trigger the production
of Aβ peptide. Previous studies have highlighted two major pathways that trigger glutamate
excitotoxicity; these include disruption of calcium homeostasis, which leads to the production of
reactive oxygen species and neuronal death, as well as alterations in cysteine uptake due to high
levels of glutamate [57]. This leads to imbalance of cystine homeostasis, limited levels of glutathione,
and rapid production of reactive oxygen species. Hence, biologically active compounds capable of
protecting the brain cells against glutamate excitotoxicity may be a good therapeutic intervention.
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Macroalgae are good sources of compound with the capacity to attenuate glutamate excitotoxicity in
neuronal cells. Acetone extracts from two edible seaweeds (Saccahrina latissima and Fucus serratus)
improved cell viability in glutamate-induced neurotoxicity in SH-SY5Y cells [58]. Phlorofucofuroeckol
isolated from E. cava protected neurons against cell death, improved mitochondrial dysfunction, and
regulated intracellular production of reactive oxygen species (ROS) in PC12 cells [59].

4.1.4. Protection against Aβ-Induced Neurotoxicity

Accumulation of Aβ peptide is one of the hallmarks of AD pathology. Aβ is a pathogenic
peptide released from amyloid precursor protein, which aggregates to form toxic plaques around the
neurons [60]. Currently, no drug has been developed to combat Aβ aggregation and its pathological
processes in AD. Some species of macroalgae have been identified as potential sources of compounds
capable of attenuating Aβ-induced neurotoxicity in AD models (Table 2).

Crude extracts of some algal species have been reported to inhibit amyloid formation and cause
dis-aggregation of matured beta-amyloid fibrils [48,61,62]. In a study carried out by Alghazwi et al. [63],
some species of Australian brown, green, and red algae attenuated Aβ-induced toxicity in PC12 cells.
Fucosterol from Padina australis was evaluated for its neuroprotective effects in SH-SY5Y cells treated
with Aβ [64]. The result revealed that fucosterol ameliorated the neurotoxic effect of Aβ and triggered
the downregulation of APP expression. Alghazwi et al. [65] also reported the neuroprotective effects
of fucoidans isolated from Undaria pinnatifida and Fucus vesiculosus via their inhibitory effect on Aβ

aggregation and Aβ1–42-induced cytotoxicity in PC12 cells. In the same study, phlorotannins such
as 7-phloroeckol, phlorofucofuroeckol, and dieckol also protected PC-12 cells against Aβ-induced
neurotoxicity, reduced ROS production, and restored intracellular levels of Ca2+. However, dieckol
exhibited moderately weak neuroprotective effects compared to 7-phloroeckol and phlorofucofuroeckol.
Furthermore, phloroglucinol isolated from E. cava reduced ROS generation caused by Aβ-induced
neurotoxicity in HT-22 cells [66]. Another unique phlorotannin (eckmaxol) isolated from E. maxima,
also exhibited anti-amyloidogenic activity [67] (Table 2). Furthermore, fucoxanthin and fucosterol also
attenuated amyloid oligomer-induced neurotoxicity in neuronal cell line models [68–70]. Wei et al. [71]
also showed that fucoidan inhibited apoptosis in PC12 cells via activation of caspases, prevention
of cytochrome c release, and upregulation of X-linked inhibitor of apoptosis (XIAP) in Aβ-induced
PC-12 cells.

Table 2. Macroalgae extracts and compounds and inhibition of beta-amyloid-induced neurotoxicity.

Class of Compounds Components Algal Source Mechanism of Action Reference

Crude extracts

Aqueous extracts A. esculenta Inhibition of amyloid formation [61]

Acetone extracts P. gymnospora Anti-aggregation and dis-aggregation of amyloid
fibrils [48]

Ether/benzene
extracts G. acerosa Prevention of Aβ25–35 formation and

dis-aggregation of pre-formed fibrils [62]

Phlorotannins
Phloroglucinol E. cava Inhibition of Aβ-induced-cytotoxicity and

protection against ROS accumulation in HT-22 cells [64]

Eckmaxol E. maxima Prevention of Aβ-induced neuronal apoptosis and
decrease in intracellular ROS [67]

Phytosterol Fucosterol
Padina australis Reduction of APP mRNA and inhibition of

Aβ-induced neurotoxicity [64]

E. stolonifera Attenuation of Aβ-induced cognitive dysfunction [68]

Carotenoid Fucoxanthin Sargassum horneri

Attenuation of Aβ-oligomer-induced neurotoxicity
in SYH-SY5Y cells [69]

Attenuation of Aβ-induced neurotoxicity in
PC12-cells [70]

Sulfated polysaccharides Fucoidan U. pinnatifida
F. vesiculosus

Protection against Aβ1–42-induced neuronal death
in PC-12 cells [65]

Inhibition of Aβ25–35-induced neurotoxicity in
PC-12 cells [71]
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4.1.5. Antioxidant Activity of Macroalgae and AD

Antioxidants have been identified as an effective therapeutic strategy for the delay of the
progression of AD. This is due to the fact that elevated levels of ROS in the brain are associated with
the progression of AD. Brain cells are highly susceptible to free radical attack due to high consumption
of oxygen and lipid content as well as low antioxidant defense system. Hence, high levels of reactive
oxygen species in brain cells may lead to lipid peroxidation, neurodegeneration, and ultimately cell
death. Some species of macroalgae have been reported to exhibit neuroprotective effects via their
antioxidant activities. Alghazwi et al. [15] reported the antioxidant activity of 49 compounds isolated
from some brown, red, and green macroalgal species. Most of these compounds were identified
as polysaccharides, phlorotannins, and terpenoids. Recent findings on the antioxidant activity of
macroalgae revealed that some other algal species exhibit radical scavenging and metal chelating
activities in vitro (Table 3 and Figure 2). Sathya et al. [72] reported the DPPH radical scavenging activity
of methanol, ethylacetate, and dichloromethane extracts of Cystoseira trinodis with scavenging activity
of 50%, 54%, and 69% respectively. The ethyl acetate and butanol fractions of Sargassum fusiforme
were also reported to exhibit radical scavenging activity [73]. Methanol extracts of some Gracilaria
spp., Lesonia spp., Laminaria japonica, and Ascophyllum nodosum also exhibited DPPH and ABTS radical
scavenging activities and ferric reducing properties [74,75]. Furthermore, acetone extracts from Ulva
lactuca and Entermorpha intestinalis [76], and ethanol and hexane extracts from Pterocladiella capillacea and
Osmindaria obtusiloba [77] including aqueous extracts from Ascophyllum nodosum, Bifurcaria bifurcate, and
Fucus vesiculosus [78] also exhibited potent antioxidant activity via their radical scavenging activities,
ferric reducing properties, and inhibition of lipid oxidation. The antioxidant activities of these algal
extracts were attributed to the presence of phlorotannins. Pinteus et al. [79] reported the antioxidant
activity of the methanol and dichloromethane extracts of 27 red, green, and brown macroalgal species
through their oxygen radical antioxidant capacity and DPPH radical scavenging activity. The study
showed that the methanol extracts of the brown algal species exhibited the highest antioxidant activities.
Similarly, out of the hexane, ethyl acetate, and methanol extracts of seven algal species reported by
Chiboub et al. [80], only Cytoseira sedoides (hexane, ethyl acetate, and methanol), Padina pavonica (ethyl
acetate extract), Cladostephus spongiosum (ethylacetate and methanol), and Halopteris scoparia (methanol
extract) exhibited DPPH and ABTS radical scavenging activity above 50%.

Figure 2. Cont.
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Figure 2. Chemical structures of some neuroprotective compounds in marine seaweeds.

Crude fucoidans extracted from Sargassum sp. also exhibited antioxidant activity via their
ferric reducing antioxidant properties and hydroxyl radical scavenging activities [81]. Purified
fractions of H. elongata and Macrocytis pyrifera extracts exhibited antioxidant activity and this effect
was attributed to the presence of phenolic terpenes, flavonoid derivatives, and phlorotannins [82,83].
Phenolic rich extracts from E. maxima, U. lactuca, U. rigida, G. gracilis, and G. pristoides also attenuated
Zn-induced neurotoxicity and protected hippocampal neuronal cells (HT-22) against neuronal damage
via inhibition of apoptosis, reduction of nitric oxide and malondialdehyde production, and improvement
of antioxidant status [84,85]. The neuroprotective effects of the phenolic extracts could be linked to the
radical scavenging and metal chelating activities of some of the bioactive constituents, which include
phloroglucinol, ferulic acid, dihydroxybenzoic acid, 3,7-dimethyl quercetin, 5,7-dimethoxyflavone,
dihydronaringenin-O-sulfate, apigenin, 7,2,4-trihydroxyisoflavanol, and kaempferol 3-(6-acetyl
galactoside)7-rhamnose [41,84,85]. Polysaccharides such as fucoidans, alginates isolated from Sargassum
spp., Laminaria japonica, Cystoseira trinodi, and Nizimuddinia zanardini [86–91], as well as protein extracts
obtained from Ulva spp. and Gracilaria spp. [92] also showed potent radical scavenging activities.
Furthermore, the report of Mohibbullah et al. [93] revealed that Porphyra yezoensis (an edible red alga)
extracts induced synaptogenesis, increased neuronal survivability, and prevented neuronal death due
to its radical scavenging ability. The neuroprotective effect of the extracts was attributed to taurine, an
active component that improved neuronal development and maturation. Some studies also showed that
carotenoids such as fucoxanthin and fucoxanthinol isolated from brown alga Himanthalia elongata [94],
Sargassum horneri [95], and Undaria pinnatifida [96] exhibit neuroprotection via their antioxidant
activity, as revealed by their radical scavenging activities, inhibition of apoptosis, intracellular reactive
oxygen species and malondialdehyde production, attenuation of mitochondria membrane dysfunction,
and DNA fragmentation. Glycoprotein isolated from U. pinnatifida increased superoxide dismutase
and xanthine oxidase activities in hippocampal neuronal cells, which suggest its ability to prevent
neurodegeneration [47]. Table 3 shows recent findings on the antioxidant activities of different classes
of algal extracts and compounds. Antioxidant activity has been linked with neuroprotective effects
due to the ability of antioxidants to suppress neurodegeneration, prevent neuronal death, and halt the
progression of AD. Hence macroalgae are good sources of antioxidants with neuroprotective effects.
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Table 3. Antioxidant activity of macroalgal-derived extracts and compounds.

Class of Compounds Components Algal Source Mechanism of Action Reference

Crude extracts

Methanol extract

Ascophyllum
nodosum ABTS and DPPH scavenging activity

[74]Laminaria japonica
Ferric reducing antioxidant propertyLessonia trabeculate

Lessonia nigrescens

Gracilaria edulis DPPH, ABTS, and NO radical scavenging
activities

[75]
Gracilaria corticata

Myelophycus
simplex ABTS radical scavenging activity

[46]
Ecklonia cava Attenuation of H202-induced oxidative

damage in SH-SY5Y cellsE. kurome

Acetone extract
Ulva lactuca DPPH and superoxide anion scavenging

activity [76]

Entermorpha
intestinalis Ferric reducing antioxidant property

Ethanol/hexane
extract

Pterocladiella
capillacea DPPH radical scavenging activity [77]

Osmindaria
obtusiloba Metal chelating activity

Aqueous extract

Ascophyllum
nodosum

DPPH, ABTS, and hydroxyl radical
scavenging activities [78]Bifurcaria bifurcate Ferric reducing antioxidant capacity

Fucus vesiculosus Inhibition of lipid oxidation

Phlorotannins Phlorotannin
extract Macrocytis pyrifera DPPH radical scavenging activity [83]

Polysaccharides

Fucoidan
Sargassum
glaucescens

ABTS and DPPH scavenging and metal
chelating activities [85]

Sargassum
polycystum

DPPH radical scavenging activity
Ferric reducing antioxidant property [87]

Fucoidan and
alginate Cystoseira trinodis Ferric reducing antioxidant property [88]

Fucoidan and
alginate Sargassum latifolium Hydroxyl radical scavenging activity [89]

Sodium alginate Nizimuddinia
zanardini DPPH radical scavenging activity [90]

Polysaccharides Laminaria japonica DPPH and oxygen radical scavenging
activity [91]

Fucoidan U. pinnatifida
F. vesiculosus

Attenuation of hydrogen
peroxide-induced oxidative stress and

apoptosis in PC-12 cells
[65]

Activation of superoxide dismutase and
glutathione in Aβ-induced neurotoxicity

in PC-12 cells
[71]

Proteins Protein extracts
Ulva spp. Ferric reducing antioxidant property [92]

Gracilaria spp. Oxygen radical absorption capacity

Carotenoids

Fucoxanthin

Himanthalia
elongata

Ferric reducing antioxidant property
DPPH radical scavenging activity [94]

Sargassum horneri

Attenuation of H2O2-induced neuronal
apoptosis and intracellular ROS [95]

Reduced malondialdehyde levels and
SOD activity in Aβ-induced cell death in

PC12 cells
[70]

Fucoxanthinol Undaria pinnatifida Attenuation of oxidative stress in rats’
hippocampal neurons [96]
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4.2. Evidence from In Vivo Studies

Neuroprotective effects of macroalgal extracts and compounds have been determined using
different targets, which include oxidative stress, cholinergic function, beta-amyloid aggregation,
apoptosis, and behavioral studies in in vivo models.

4.2.1. Neuroprotective Activities of Some Macroalgal Extracts

Crude extracts of some macroalgal species have shown neuroprotective potentials against some
markers of Alzheimer’s disease in vivo. Syad and Devi [97] confirmed that benzene extracts of G.
acerosa attenuated neurotoxicity induced by AB25–35 in Swedish mice brain. G. acerosa improved
memory function by attenuating cholinergic dysfunction via inhibition of acetylcholinesterase and
butyrylcholinesterase. The extracts also inhibited BACE-1 activity in vivo, hence suppressing Aβ

neurotoxicity. In the same study, G. acerosa extract protected mouse brain against lipid peroxidation and
reduced caspase 3-activity and Bax expression, which suggest its effect against neuronal death. Acute
and sub-acute toxicity experiments carried out on the benzene extract did not show any toxic effects on
different organs in Swedish mice. Furthermore, a phlorotannin-rich fraction of Ishige foliacea, an edible
brown seaweed, was reported to improve memory function in scopolamine-induced rat brain via
reduction of lipid peroxidation, increase in superoxide dismutase activity and glutathione levels, as well
as upregulation of brain-derived neurotrophic factors (BNDF), cyclic-AMP response binding protein
(CREB), and phosphorylated extracellular signal regulated kinase (ERK) [98]. Choi et al. [99] found
that ethanol extracts of U. pinnatifida improved cognitive dysfunction in mouse brain. The results of the
study indicate that treatment with ethanol extracts of U. pinnatifida caused repairing effects in memory
and restored spine density and morphology via increase in latency time in the passive avoidance test and
dendritic spine in hippocampal neurons of scopolamine-induced rats. Similarly, fucoidan enhanced
spatial learning and memory, which was impaired by infusion of D-galactose in mice brain [71].
In the same study, D-galactose reduced acetylcholine levels and choline acetyltransferase activity
while acetylcholinesterase activity was significantly high, which suggests cholinergic dysfunction.
However, treatment with fucoidan (50 mg/kg) reversed the levels of acetylcholine as well as choline
acetyltransferase and acetylcholinesterase activities, which indicates an improvement in cholinergic
function. Similarly, the neuroprotective effect of a fucoidan (SFPS65) isolated from Sargassum fusiforme
was found in scopolamine and sodium nitrate-induced rats investigated by Hu et al. [100]. The authors
suggested that SFPS65A improved stepdown latency, which was disrupted by scopolamine, and
mitigated shock number and total wrong frequency. SFPS65A also attenuated spatial learning and
memory dysfunction caused by ethanol and sodium in mice brain.

4.2.2. Neuroprotective Effects of Macroalgal-Derived Compounds

Several compounds have been identified and isolated from macroalgae; however, only few have
been tested against biomarkers of AD in vivo. Fucoidan present brown alga showed neuroprotective
Aβ-induced neurotoxicity in a transgenic Caenorhabditis elegans AD model [101]. The result of the
study revealed that fucoidan reduced Aβ accumulation by improving proteolysis and attenuation of
Aβ-induced ROS production Oh et al. [68] investigated the effect of fucosterol isolated from E. stolonifera
on Aβ-induced cognitive dysfunction, again in rats. The study showed that fucosterol may enhance
cognitive function in aging-induced endoplasmic reticulum stress and memory impairment. Fucosterol
attenuated Aβ-induced cognitive dysfunction via upregulation of BDNF–TRkB–ERK1/2 expression
in rats’ dentate gyrus. Lin et al. [102] evaluated the effect of fucoxanthin in scopolamine-induced
memory impairment in rats’ brains. Fucoxanthin reversed scopolamine-induced memory dysfunction
via inhibition of acetylcholinesterase, and decrease in choline acetyltransferase activity and BDNF
expression. Structure–activity analysis showed that fucoxanthin binds to the peripheral anionic site of
AChE, hence decreasing the activity of the enzyme. Similarly, the study of Xiang et al. [103] revealed
that fucoxanthin attenuated Aβ-induced cognitive impairment in mice brain. The inhibitory effects of
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fucoxanthin against Aβ oligomerization and aggregation was attributed to its hydrophobic interaction
with the peptide, hence preventing conformational transition and self-aggregation of the Aβ peptide.
Fucoxanthin also improved spatial learning and memory via the water maze tests and reversed the low
levels of glutathione and superoxide dismutase and high levels of malondialdehyde in Aβ-induced mice.
Furthermore, fucoxanthin activated the nuclear factor eythroid 2-related factor (NrF-2)-antioxidant
response element (ARE) pathway and reversed upregulation of malondialdehyde and glutathione
peroxidase activity in a rat model of traumatic brain injury, hence alleviating neurological deficits,
neuronal apoptosis, brain lesion, and cerebral edema [104]. Yang et al. [66] reported that phloroglucinol
isolated from E. cava attenuated cognitive deficit in mice brain. The study revealed that phloroglucinol
may delay the onset or progression of AD due to its protective effects against the decrease in dendritic
spine density, synaptophysin, and post synaptic density protein 95 (PSD-95). Yang et al. [105] also
confirmed that oral administration of phloroglucinol improved impaired cognitive function in 5XFAD
mice via reduction of 4-hydroxylnonenal, Aβ plaques, and pro-inflammatory cytokine production, as
well as attenuation of glial reactivation.

5. Conclusions

This review provides evidence that macroalgae exhibit neuroprotective effects and could be
important sources of biologically active compounds with therapeutic potential for the management of
AD. Despite the identification of several macroalgal species and their various biological activities, only
few have been explored for their neuroprotective effects against pathological mechanisms involved
in Alzheimer’s disease. The neuroprotective activities of some macroalgal-derived compounds and
extracts via attenuation of cholinergic deficit, Aβ aggregation, oxidative damage to neurons, and
glutamate excitation, which have been established in recent findings, could be a significant approach
for the management and treatment of AD. However, further investigations are needed to explore other
species. Macroalgal extracts with potential neuroprotective activities should be characterized and
purified, and their active constituents should be isolated. Further studies are also required to determine
the mechanisms of action of macroalgal compounds and investigate their structure–activity relationship.
Future research works on the neuroprotective effects of macroalgae may also focus on other targets
linked with AD such as serotonin, somatostatin, tau hyperphosphorylation, neuro-inflammation,
and metal-induced neurotoxicity, which have not been reported. Furthermore, most studies have
shown in vitro neuroprotective effects of some algal species while in vivo experimental models are
few. Further works should be done to determine the mechanism of action of macroalgal compounds
in in vivo AD models. Compounds which have been established to exhibit neuroprotective effects
in vivo, should be tested further in clinical trials.
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Abstract: The hydrocolloids carrageenan and agar are the major fraction industrially extracted and
commercialized from red seaweeds. However, this type of macroalgae also contains a variety of
components with nutritional, functional and biological properties. In the context of sustainability
and bioeconomy, where the integral utilization of the natural resources is incentivized, the sequential
separation and valorization of seaweed components with biological properties of interest for food,
nutraceuticals, cosmeceuticals and pharmaceuticals is proposed. In this work, a review of the available
conventional and alternative greener and efficient extraction for obtaining red seaweed bioactives is
presented. The potential of emerging technologies for the production of valuable oligomers from
carrageenan and agar is also commented, and finally, the sequential extraction of the constituent
fractions is discussed.

Keywords: red seaweed; bioactives; extraction; biorefinery

1. Introduction

Seaweeds are widespread and traditionally used in Eastern countries for food and for medicinal
purposes. In Western countries, despite being included recently in the diet, direct human consumption
is still unusual, mainly being used for the production of hydrocolloids with thickening and gelling
properties. Among seaweeds, red algae (Rhodophyta) contain high amounts of polysaccharides
(floridean starch and sulfated galactans, such as carrageenans or agarans), proteins and derived
peptides (phycobiliproteins, phycolectins and mycosporine-like amino acids), minerals and other
valuable compounds, such as polyphenols and lipids [1,2]. The whole algae of red seaweeds have been
traditionally used as food, while agars and carrageenans have been extracted for multiple purposes,
namely for food, pharmaceutical applications and biotechnological applications.

The reader can find compilations on the chemical and nutritional characteristics of seaweeds
as a feed livestock resource [3] and its health-promoting properties [4], including the anticancer [5]
and antiviral [6] features. Additionally, there have been some interesting reviews on the use of red
seaweeds for carrageenans [7], agar and carrageenan oligosaccharides [8]. The extraction technology,
which influences the composition, structure and properties of the target solutes, is conventionally
addressed using chemicals, in long term operation, and with high energy consumption [9]. The recent
developments of blue biotechnology and novel extraction techniques meeting the requirements of low
cost, sustainability, food-compatibility and industrial scale feasibility to obtain seaweed components [10],
the systematical selection of operational variables of emerging extraction technologies [11] or the use
of alternative solvents, such as ionic liquids [12], or supercritical CO2 for macro and microalgae [13]
have been reviewed. Scarcer studies are focused on the extraction of red seaweed components, such as
carrageenan and agar fractions [9,14], photoprotective substances [15] and pigments [16]. Particular
interest has been on the influence on the depolymerization of saccharidic and protein components,
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since both the type of extraction process and the operational conditions have to be controlled depending
on the future uses [17]; however, further development and additional studies are still needed [18].
The mentioned studies are oriented to the selective extraction of some valuable fractions, but scarce
information is found for the simultaneous utilization of the different components in a more rational
scheme, following the philosophy of the biorefineries [19]. Biomass refineries, with a production scheme
analogous to the petroleum refineries, are aimed at obtaining a wide range of products from renewable
raw materials, including value added components for the food, cosmetic and pharmaceutical industries,
as well as biofuels. These multistage multiproduct processes are based on the sequential fractionation
of the biomass and on their subsequent physical, chemical or biotechnological transformation into the
target final products. This sustainable approach adopts an integral utilization of resources, promoting
the development of a marine bio-economy.

The present review presents an overview of the properties and potential applications of red
seaweed bioactives, the specific technologies for extraction and also for the depolymerization of agar
and carrageenan into oligosaccharides, as well as the potential of these techniques for the extraction of
other red seaweed components. Both conventional and emerging extraction and depolymerization
technologies are discussed with the aim of promoting the sustainability based on (i) the development of
clean processes and (ii) the integral utilization and valorization of resources following the philosophy
of biomass biorefineries.

2. Components: Properties and Extraction

2.1. Polysaccharides

Polysaccharides are the main components in marine algae according to their abundance and
their current commercial value based on their technological features [4,20]. More recently, attention
has been directed to their health benefits [21,22]. These polysaccharides, generally not digested by
humans, are considered to be dietary fibers [23]. The composition, structure and rheological properties
are influenced by the algal source, life-stage, growth, environment and by the extraction method [24].
Agars and carrageenans are major cell wall polysaccharides in red macroalgae, also known as galactans,
accounting for up to 40–50% of the dry weight. They are highly anionic homopolysaccharides,
composed of a backbone built from disaccharide blocks of d-galactose and 3,6-anhydrogalactose
(l-AHG in agar and d-AHG in carrageenan) with different sulfation, methylation and pyruvation
patterns that vary among species [21,25]. The high electronegative charge density from their sulfated
esters favors the electrostatic interactions with specific proteins, determining their biological effects,
which are also closely related to the structural features [20,26–28]. Proteins, minerals and lipids also
confer red seaweed important structural value [29].

2.1.1. Agar

• Composition, structure, occurrence and properties

Agar is a linear polysaccharide composed of alternating (1,3) linked d-galactose and (1,4) linked
3,6-anhydro-l-galactose [25] and substituted in some degree by sulfate, methyl or pyruvate groups [30–32].
The molecular structure of agar polysaccharides, particularly the type and location of sulfate esters,
appears to be species-specific [33]. Agar has two different constituents: agarose and agaropectin
(Figure 1). Agarose is a neutral linear polysaccharide composed of three linked β-d-galactose and
four linked 3,6-anhydro-α-l-galactose. Agaropectin is an acid polysaccharide containing sulfate
groups, pyruvic acid, and d-glucuronic acid conjugated to agarobiose. Agarose accounts for up to
70% of the mixture and is responsible for gelling, whereas agaropectin is responsible for thickening
characteristics. Different derived agarose molecules can be obtained from chemical or enzymatic
degradation. Most of the corresponding hydrolysis products such as agarooligosaccharides (AOSs),
neoagarooligosaccharides (NAOSs), neoagarobiose (NAB) and 3,6-anhydro-l-galactose (l-AHG) exhibit
biological activities [34].
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Agar is mainly found in the cell matrix of seaweeds of the order Gelidiales (Gelidium and
Pterocladia) and Gracilariales (Gracilaria and Hydropuntia), which have become the major worldwide
source. Its abundance and easier exploitation made G. tenuistipitata an economically important raw
material for agar production [35]. In comparison with agars from Gelidium and Pterocladia, agars from
Gracilaria can have higher degrees of sulfation, methoxylation and pyruvylation [31].

The agar properties are dependent on the species and environmental characteristics of the
collection or cultivation area, such as season, life cycle and geographical features [36,37] and the
storage, extraction processes and postharvest storage [24,32,38–41]. The quality of agar is determined
by the type, pattern and degree of substitution as well as molecular weight, chemical composition
(pyruvate, methyoxyl and sulfate) and physical properties (gel strength, gel syneresis, viscosity, gelling
and melting temperatures) that determine its market value [30,32,42]. The agar gel strength, in terms
of elastic modulus (G′), of systems formulated at 1.5% agar in milli-Q water is around 238 Pa at 25 ◦C,
with gelling temperatures of 48 ◦C, and those agars with gel strengths greater than 6.9 × 104 Pa are
referred to as high quality agars [24].

Figure 1. Scheme of the agar constituents (agarose and agaropectine) and different derived molecules
with biological activities, adapted from [43,44].

Agar is a generally recognized as safe (GRAS) food additive in the United States and a food
additive approved in Europe (E406). Agar cannot be digested in the gastrointestinal tract because
humans lack α/β-agarases, but can be metabolized by intestinal bacteria to d-galactose [45]. Agar
is demanded as gelling agent and stabilizing agent, and as cryoprotectants in the pharmaceutical,
cosmetics and food industries [39,46–49]. The human food industry demands for 80% production, and
biotechnological applications for the remaining 20% [50]. The importance of these products is based on
high market demand for agar and the higher price compared to alginates and carrageenans [24,32,51].
It is used as a gelling, thickening and stabilizing agent in food formulations and it has also been used
in microbiological media and in chromatographic techniques. Most native agars from Gracilaria are not
bacteriological grade agar due to their high content of methoxyls, but they can be food and reactive
grade [52].

• Extraction processes: conventional and emerging technologies

The storage conditions and duration before extraction affects the agar quality from Gracilaria,
since seaweeds are susceptible to degradation by agarolytic enzymes and bacteria. Some species from
temperate and cold water could be more resistant to hydrolysis during storage. Postharvest treatment
with acid, alkali or formaldehyde is necessary to prevent enzymatic and microbial degradation [32,
37,40,47,50,53]. Another factor requiring attention after harvesting algae is correct drying under 20%
moisture and packing, and avoid wetting during the transporting and storage period, but dewatering
pre-treatments have to be defined according to the species and to collection season [54].
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Although Gelidium agar has better quality and is easily extracted with boiling water, the gelling
ability of agars from Gracilaria sp can be enhanced by an alkali pretreatment to convert α-l-galactose 6
sulfate into 3,6-anhydro-α-l-galactose. This treatment reduces the sulfate content and improves the
gelling properties as evidenced by higher gel strength, gelling, melting temperatures and viscosity [42].
Generally, the alkali-treatment was most effective for obtaining more galactose-rich hydrocolloids [24].
However, agar degradation and diffusion towards the aqueous medium could occur, reducing the
extraction yield [29,55], although in some cases, no reduction was observed [24]. Alkaline pretreatment
variables, such as alkaly type and concentration or heating time and temperature affected the yield
and quality of the agar. Regardless the alkaline concentration, NaOH rendered agar with a higher
quality than KOH [35,56]. Compilations of conditions are also found in [37], being the optimal in
the range 5–7% NaOH, up to 80–100 ◦C for 0.5–3 h [29,35,46,48,50], but higher alkali concentrations
(10%) [55], shorter times [57] and the application of several stages [53] have also been reported.
An alternative pretreatment was proposed by Roleda [58], which consisted of soaking the Gelidiella
acerosa air dried sample in 0.5% acetic acid for 1 h at 16–20 ◦C, then 1 h steam pressure at 15–20 psi
and boiling at 100 ◦C. Freile-Pelegrín [59] proposed the cultivation of Gracilaria cornes under dark
and salinity treatments (50 and 25% salinity) to replace the alkali treatment. Pigments, such as
chlorophyll, carotenoids and phycoerythrobilin, can be leached out during the alkaline pretreatment
and an alternative environmentally friendly scalable photobleaching process for Gracilaria asiatica and
Gracilaria lemaneiformis with 3–5% NaOH and photobleaching for 5 h was proposed [60]. The pigments
and the agar sulfate contents decreased during the photobleaching agar extraction process, and the gel
strength increased during the photolysis.

The industrial agar extraction process is based on using hot water during several hours under
conventional heating, a time-consuming process requiring high solvent consumption and generating
large amounts of waste disposal. Therefore, water recycling has been suggested [36]. Compilations on
agar yield (10–43.4%) can be found in [37]. Cold extraction with distilled water at room temperature
was reported for Gracilaria birdiae [61], but agar extracts prepared at 20 ◦C showed a wider size
distribution (1–30,000 kDa) [62]. For the chemical liquefaction of agarose, acid prehydrolysis has been
commonly employed [63–65]. Mild conditions, such as low acid concentrations, low temperatures
or short reaction times, result in even-numbered oligosaccharides due to the preferential cleavage
of α-1,3-glycosidic linkages and the release of the acid-labile l-AHG at the reducing end converts
even-numbered AOSs into odd-numbered ones. The released l-AHG is readily degraded into
5-hydroxymethylfurfural [65]. Table 1 summarizes some representative examples of the conventional
and emerging technologies proposed for agar extraction. Another disadvantage of alkali treatment
is the generation of effluents with environmental impact if not properly treated [66]. Enzymatic
treatment could be a more ecofriendly alternative to improve the gel strength of agar. Shukla [67]
proposed the use of sulfatase/sulfohydrolase to decrease the sulfate content and increase both the
3,6-anhydrogalactose content and gel strength of agar. However, the cost could not make the process
commercially competitive with this sulfatase/sulfohydrolase compared to alkaline treatment [22].

Processes based on combined heat and ultrasound treatments would enable reducing the amount
of time and energy needed. Martínez-Sanz et al., [29] observed a four-fold reduction in time without
affecting the yields and properties of Gelidium sesquipedale agar-based extracts. The extracts also
contained proteins, polyphenols and minerals, conferring antioxidant capacity to the browned softer
gels. In contrast, an alkali pre-treatment could yield almost pure agars with higher molecular weights
and crystallinities and resulted in stiffer gels, but lower extraction yields.

Microwave assisted extraction (MAE) allowed reducing the required 2–4 h for agar extraction
in conventional processes to a very short period, consuming less energy and solvent volume and
reducing waste disposal requirements [9,48]. Navarro and Stortz [68] used microwave assisted alkaline
modification to improve the gelling properties of carrageenans from Iridaea undulosa and porphyran
from Porphyra columbina. Substantial depolymerization of Gracilaria vermiculophylla agar was observed
in microwave assisted extraction with lower values of viscosity and molecular weight (54 kDa against
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111 kDa) and methylation degree than those obtained in conventional extraction [36]. Intermittent
microwave treatment was proposed for the extraction of sulfated porphyran from Porphyra dentata
with ethanol and the gelling capacity of extracted porphyran was not affected [69].

Other technologies have been proposed, such as ionic liquid-based extraction [12], radiation to
increase the agar yield from Gelidiella acerosa, at 15 kGy yield increased, but the gel strength decreased
and the sulfate level did not vary significantly [70].

Table 1. Some examples of technologies proposed for agar extraction.

Pretreatment/Extraction Seaweed Gel Properties Reference

P: -
E: Distilled water; pH 6.3–6.4; 100 ◦C, 1.5 h;
ethanol precipitation

Gracilaria cornes
GS: (1.2–2.5) × 104;

Tg: 39.2–41.8;
Tm: 74.3–82.6; Mw: ND

[59]

P: 1–15% NaOH, 90 ◦C, 1 h, 0.025%
HCl, 1 h
E: Water, 100 ◦C, 2 h, ethanol precipitation

Gracilaria verrucosa
GS: (1.6–1.8, 2.6–2.7) ×

104; Tg: 32–43; Tm:
49–80.5; Mw: ND

[55]

P: -
E: Distilled water, 20–28 ◦C, 15 h,
ethanol precipitation

Gracilaria birdiae GS: ND; Tg: ND;
Tm: ND; Mw: 1–30,000 [61]

P: -
E: Water, 80–100 ◦C, 2–4 h;
ethanol precipitation

Hydropuntia cornea
GS: (0.7–1.3) × 104;

Tg: 25–32.1; Tm: 65–79;
Mw: 342–371 kDa

[71]

1 P: 5–7% NaOH, 80–100 ◦C, 0.5–3 h
E: Water, 80 ◦C, pH 6.2, 90 min,
ethanol precipitation

Gracilaria vermiculophylla
GS: (0.9–1.2) × 105;

Tg: 52–68; Tm: 92–95;
Mw: ND

[37]

1 P: 1–5% NaOH, 30–85 ◦C, 1–2 h
E: Water, 700–115 ◦C, 2–3 h, 1–2 stages,
ethanol precipitation

Gracilaria corticata,
Gracilaria eucheumoides,

Gracilaria cliftonii,
Gracilaria lemaneiformis

GS: (1.2–4.2) × 104; Tg:
~32; Tm: ~78; Mw: ND

[50,53,72,73]

P: 5% NaOH, 1–48 h, room temperature. Dil.
H2SO4, 15 min
E: Water, 100 ◦C, 1 h 30 min,
ethanol precipitation

Gracilaria manilaensis
GS: (1–4.9) × 104;
Tg: ND; Tm: ND;

Mw: ND
[56]

P: -
E: Pressurized water extraction, 120 ◦C,
15 min, ethanol precipitation

Gracilaria vermiculophylla GS: 1.3 × 105; Tg: 40.7;
Tm: 93.1; Mw: ND

[48]

P: Acetic acid, 16–20 ◦C, 1 h
E: Steam pressure, 15–20 psi;
ethanol precipitation

Gelidiella acerosa
GS: (4.9–6.9) × 104;

Tg: 42–47; Tm: 90–98;
Mw: ND

[58,74]

1 P: 2.5 M NaOH, 90 ◦C, 2 h
E: Water, 90 ◦C, 2 h; ultrasound assisted,
30 min, 400 w, 24 kHz; ethanol precipitation

Gelidium sesquipedale
GS: (0.2–1.2) × 105;
Tg: ND; Tm: ND;

Mw: (2.5–11) × 105
[29]

1 P: 0.1 M NaOH, 22 ◦C
E: Enzyme (60 ◦C, 12 h, pH 8) and ultrasound
assisted extraction (60 ◦C,
30 min, 60 W); ethanol precipitation

Gracilaria birdiae GS: ND; Tg: ND;
Tm: ND; Mw: 20–45 [75]

P: -
E: Protease digestion, 60 ◦C, 6 h, pH 5 Gracilaria cornea GS: ND; Tg: ND;

Tm: ND; Mw: ND [76]

P: Radiation, at 5–15 kGy
E: Water, 95–100 ◦C or pressure cooking
121 ◦C, 15 psi, 1 h; ethanol precipitation

Gelidiella acerosa
GS: (2.5–6.0) × 104;
Tg: ND; Tm: ND;

Mw: ND
[70]

1 Optional pretreatment; P: pretreatment conditions; E: extraction conditions; GS: gel strength (G′, elastic modulus
at 25 ◦C, Pa); Tg: gelling temperature (◦C); Tm: Melting temperature (◦C); MW: Molecular weight (kDa); ND:
not determined.

• Agarooligosaccharides: properties and production strategies

Two oligosaccharides can be formed depending on the moiety of end sugar, namely, agaro-
oligosaccharides and neoagaro-oligosaccharides [77]. Neoagarobiose, α-l-3,6-anhydro-l-galactosyl-
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(1→3)-β-d-galactopyranose, is the basic unit of neoagarooligosaccharides. Neoagarooligosaccha-rides
were found to be safe up to 5000 mg/kg body weight in acute oral toxicity tests with rat and beagle dog
models [45].

The biological activities of agar oligosaccharides include anti-microbial, antiviral [78], prebiotic [79],
anti-tumoral, immunomodulatory, anti-inflammatory [76,80–87], glucosidase inhibitory [77],
anticariogenic [34], hepatoprotective [83], antioxidant [77,83] and other properties of interest for
skin care [45,77,84,85] (Figure 2). Liu et al. [86] summarized research progress on biological activities
of agaro-oligosaccharide. Agaro-oligosaccharides display antioxidant effects which differ according
to their degree of polymerization [77]; additionally, Kazłowski et al. [87] summarized the influence
of the degree of polymerization (DP) of agar oligomers on their physiological activities. Agarose is
biocompatible and has been used for neural and cartilage tissue repair [88] and for the preparation
of biomaterials [89,90]. Due to its low cell adhesiveness and slow degradation rate, agarose was
composited with fast degradable biomaterials for drug delivery, tissue engineering and wound
healing [91].

Figure 2. Influence of the depolymerization degree (DP) of agar oligomers on their biological
properties [34,77,84,87,92,93].

Agaro-oligosaccharides (AOS) are conventionally prepared by acid hydrolysis of agars; however,
this method produces substantial pollution and wastes. Alternative strategies have also been
proposed using the same subsequent stages for purification, usually based on ultrafiltration, ethanolic
precipitation, purification by chromatography and further in activated carbon [77,83,87].

Several acids have been used to hydrolyze agar. Chen [77] compared the use of hydrochloric acid,
citric acid and cationic exchange resin; the latter avoided the neutralization step and offered higher
yield of agaro-oligosaccharides with high DP (octaose and decaose) and low content of agarobiose.
Hydrochloric acid hydrolysis produced DP lower than 6, whereas citric acid yielded small amount of
oligosaccharides, mainly agarooctaose and agarodecaose.

Alternative methods have been used to hydrolyze agar, such as enzymatic, physical and chemical
degradation. Enzymatic hydrolysis, which can be performed by agarases [77], show disadvantages
such as the low activity, low stability and productivity, which limit their wide application in industry.
However, chemical degradation, especially acid hydrolysis, is available for industrial preparation
because of its simplicity, rapidity, low cost and high yield [77]. Different bacteria have been used as a
source of agarolytic enzymes, i.e., Flammeovirga pacifica [83], Streptomyces coelicolor [45] or Agarivorans sp.
JA-1 [84]. Agar oligosaccharides can be produced by hydrolysis using chemicals or agarolytic enzymes.
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Since agarose comprises alternating l-AHG and d-galactose units linked by α-1,3- and β-1,4-glycosidic
bonds, two types of agarases exist: α-agarases cleave the α-1,3 linkages of agarose endolytically and
produce agaro-oligosaccharides AOSs as the reaction products. Neoagarooligosaccharides are prepared
from agar by β-agarase hydrolysis, by cleaving the β-1,4-glycosidic linkages of agarose endolytically
or exolytically, and also releases neoagarooligosaccharides with neoagarobiose or neogarobiose alone,
respectively. Agaro-oligosaccharides obtained by enzymatic degradation exhibited high solubility
percentages, water and oil absorption capacities, as well as considerable 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS+) radical scavenging and
ferric reducing antioxidant activities, depending on the degree hydrolysis [94]. Kazłowski et al. [44,87]
prepared neoagaro-oligosaccharides by β-agarase digestion and agaro-oligosaccharides by HCl
hydrolysis from agarose and observed that the enzymatically prepared oligosaccharides usually
show a low DP and a broad range of bioactivities, whereas those from acid hydrolysis contain only
oligosaccharides with odd numbers of sugar unit [83].

The agaro-oligosaccharides, obtained from commercial agarose through enzymatic hydrolysis,
did not show improvement on its oil and water absorption capacities. Furthermore, a higher degree
hydrolysis could lead to increase the reducing capacity and antiradical properties (Table 2).

Table 2. Examples of techniques for depolymerization of agar.

Depolymerization Technique
Seaweed or

Polysaccharide
Activity Reference

Acid (HCl, citric acid, and cationic
exchange resin (solid acid)) Agar (C) Antioxidant and

-glucosidase inhibition [77]

Enzymatic
Agarose (C)

Gracilaria cornea
Gracilaria lemaneiformis

Functional, antioxidant,
skin whitening [76,83,84,94]

Free-radical induced Halymenia durvillei ND [95]

High-pressure homogenization Halymenia durvillei ND [95]

Microwave assisted Pyropia yezoensis Antioxidant [93]

Ultrasound assisted Porphyra yezoensis
Gracilaria birdiae

Anticoagulant,
antioxidant [75,96]

C: commercial; ND: not determined.

Zou et al. [93] prepared low molecular weight polysaccharides (3.2, 10.5, 29.0, and 48.8 kDa)
from Pyropia yezoensis using microwave-assisted acid hydrolysis. The lower molecular weight (Mw)
product (3.2 kDa) was the most efficient protecting wheat seedlings against salt stress. These authors
also indicated that microwave irradiation accelerated the reaction rate. Stronger gels were also
obtained using microwave assisted extraction when compared with gels produced applying the
traditional method. The average sulfate content was similar to the obtained by the traditional method
from G. vermiculophylla produced in the selected integrated multitrophic aquaculture (IMTA) system.
However, radical depolymerization assisted by ultrasounds induced a loss of sulfate functions in
addition to the shortening of the polysaccharides chain length [97]. It should be indicated that the
microwave assisted extraction approach requires less energy and solvent than conventional processes,
while generating fewer wastes.

Free-radical depolymerization of polysaccharides, based on the formation of free radicals ·OH by
the Fenton reaction using a metallic catalyst, was proposed as a reproducible scalable technique for the
degradation of polysaccharides without changes in structural features, producing an average molar
mass of 1500 kDa [95].

High-pressure homogenization performed on the polysaccharide of Halymenia durvillei showed
their feasibility and effectiveness and showed that an advantage of the degradation at high pressure
was the ease and speed of the preparation [95].
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It has been suggested that ultrasound promotes the extraction of other non-sulfated
polysaccharides [75]. One of the fractions obtained by ultrasonic degradation of Porphyra yezoensis
polysaccharides did not change the main structure of polysaccharides and enhanced the antioxidant
properties of the agar fractions [96].

Combination of techniques was also useful, enzyme and ultrasound assisted extraction led to the
same sulfated polysaccharides from Gracilaria birdiae [75], but the yield was higher when both techniques
were jointly applied to alkaline treated seaweeds. Combined techniques were used in the extraction
of pigments and sulfated polysaccharides from the red alga G. verrucosa. The method is easy to use,
allows the extraction of pigments and agar highly quantitative in one step. Sulfated polysaccharides
obtained were similar to agar extracted directly from dried material without any treatment. Compared
to the common agar extraction method, enzyme mixtures tested for R-phycoerythrin can be proposed
as pretreatment for agar extraction. However, Öğretmen and Duyar [98] observed that autoclave
provided lower agar yields than water bath from Gelidium latifolium.

Agaro-oligosaccharide dried products show high thermal and pH stability; however, the drying
step is highly relevant to other product properties, both functional (water solubility index, water
absorption capacity and oil absorption capacity) and antioxidant (radical scavenger and reducing
capacity). Kang et al. [94] observed the highest solubility index in spray dried products and the
highest water and oil absorption capacities in freeze dried products, which showed minimal color
deterioration and higher oxidative stability, whereas the oven drying could be more deleterious.
Antiradical properties were high in freeze-dried and spray-dried oligosaccharide powders.

2.1.2. Carrageenan

• Composition, structure, occurrence and properties

Carrageenans are high-molecular-weight linear hydrophilic, sulfated galactans formed by alternate
units of d-galactose and 3,6-anhydrogalactose alternately linked by α-1,3 and β-1,4 glycosidic linkages.
They can be classified according to differences in their average molecular mass and to the number
and the position of the sulfate ester groups and the occurrence of a 3,6 anhydro-ring in the α-linked
galactose. The three types with higher commercial importance, namely κ-, ι- and λ-carrageenan, are
presented in Figure 3.

Figure 3. Repeating units in the main three types of carrageenan with commercial interest, adapted
from Pereira [99].

Carrageenans are mainly obtained from the genus Chondrus, Eucheuma, Gigartina, Iridae, Furcellaria
and Hypnea, and the expansion and increased demand led to the introduction of the cultivation of
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Kappaphycus alvarezii and Eucheuma denticulatum, with a predominant content of k- and i-carrageenan,
respectively, available all year [100]. Chondrus crispus, the original source, which contains a mixture of k-
and λ- carrageenan, could be a model organism [101] and there is a renewed interest in the cultivation
for cold water carrageenophytes, although the economics need to be carefully considered [102].
The differences in composition and molecular conformation determines the rheological profiles, gel
properties and textures of carrageenans as well as the interactions with other gelling agents and food
ingredients [103].

The three most commercially exploited carrageenans are kappa (κ-), iota (ι-) and lambda (λ-)
carrageenans, which can be separately provided or as a well-defined mixture, since most of the seaweeds
contain hybrid carrageenans [22]. Mu and nu carrageenans are the precursors in carrageenan, which
are converted to kappa and iota, respectively, by means of alkaline modification. In the natural state,
unmodified kappa and iota carrageenans account for around 30% mu and nu-carrageenans, remaining
less than 5% after alkaline modification, randomly distributed within the repeating structures [103].
Origin, species or extraction processing conditions notably affect the type and quality of carrageenan
isolated. The carrageenan types vary among species from the Cystocloniaceae family predominantly
produce iota-carrageenans; the Gigartinaceae family lead to hybrid kappa-iota carrageenans and
lambda-family carrageenans (sporophytic plants); the Phyllophoraceae family produces kappa-iota
hybrid-carrageenans [104]. Commonly, κ-carrageenan is commercially isolated from Kappaphycus
alvarezii red seaweed through a hot extraction process, whereas λ-carrageenan is more hygroscopic and
it is usually extracted from red seaweeds of the genera Gigartina or Chondrus by drum dryer or alcohol
precipitation process [105]. Concerning ι-carrageenan, it is commercially extracted from Eucheuma
denticulatum by the freeze thaw or gel process [106]. The highest carrageenan yields can exceed 70%
(dry basis) for some species such as B. gelatinum, K. alvarezii or K. striatum. Other species have values
close to 30%, such as E. denticulatum or C. crispus. Sulfate content in carrageenans varies from 20% in
κ-carrageenan, to 33% in ι-carrageenan and to 41% in λ-carrageenan [107]. It is well known that the
carrageenans gelation process is affected by the biopolymer content, temperature, ionic strength of
the solution and the cation type and content, being the most effective K+ and Rb+. In general, iota
carrageenans form soft and elastic gels with higher gelling temperatures than κ-carrageenans [108].
In contrast, λ-carrageenan did not form gels, being used solely as thickening agent [109]. Gelling
temperatures ranged from 32 to 36 ◦C for the κ-carrageenans, whereas ι-carrageenans exhibited values
of 70–74 ◦C. Gel strengths, elastic modulus at 25 ◦C, varied between 4000–6500 Pa for alkali pre-treated
samples [24].

Carrageenan is a natural ingredient, used for decades in food applications and generally recognized
as safe (GRAS) by the Food and Drug Administration; furthermore, carrageenan and semi-refined
carrageenan are food additives (E-407 and E407a, respectively) approved by European Food Safety
Authority. The food viscosity specification is equivalent to an average molecular weight greater than
100 kDa, and commercial food carrageenan have Mw in the range 200–800 kDa [102,103]. Carrageenan
is not degraded nor absorbed in the gastrointestinal tract [110–112] and should not contain low
Mw fractions, poligeenan or degraded carrageenan, since it exhibits toxicological properties at high
doses [110] and can induce gastrointestinal irritation and cancer in animal models [112] or can lead to cell
death and inflammatory responses on human colonic epithelial cells [113,114], bacterial dysbiosis and
shifted community composition [115] and decreased anti-inflammatory bacteria [116]. Further studies
of its impact on digestive proteolysis, the colon microbiome and inflammation [117–119] and the effects
on predisposed populations [119,120] are required. Carrageenans are also used for the pharmaceutical
sector [106,107], based on anti-inflammatory [121], antiviral [6,122–126], anticoagulant [17,127],
immunomodulatory [128], antitumoral [129], antioxidant [17,129,130], anti-angiogenic [97] and
neuroprotective [129] activities. The biological properties of carrageenans have been reviewed
in several publications [28,119,131–133].

Carrageenans are widely used as an inflammatory inducing agent in experimental animals [134],
and have also been proposed for the immobilization and encapsulation of biocatalysts [135],
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for entrapping lactic bacteria and enzymes [136], for microencapsulation of probiotics in mixtures
of k-carrageenan with carboxymethylcellulose [137]. Recent pharmaceutical applications are found
in drug delivery and for tissue regeneration [138]. Carrageenans are highly biocompatible and are
used as ingredients for films, beads, microparticles, nanoparticles, hydrogels, inhalable and injectable
systems [107,108,139] used alone or in combination with other polymers, and its mucoadhesive
properties have been exploited in the preparation of aerogel microparticles for mucosal drug
delivery [140].

The role of carrageenans in agriculture has also been confirmed [141–148], since it stimulates
growth [149] and increases defense responses against viruses [141,148] and abiotic stresses [93].

• Extraction processes: conventional and emerging technologies

Specific details of the commercial extraction processes are trade secrets for the manufacturers of
carrageenan. The seaweed is usually dried quickly to prevent degradation during transportation to the
processing facilities. The original method to produce the commercial carrageenans is based on washing
to remove impurities, such as sand, epiphytes and salt and the carrageenan extraction in a hot aqueous
solution, neutral or alkaline, filtration, recovery from the solution by alcohol precipitation, separation of
the precipitate, drying and milling. However, this method is time and energy consuming, and has a low
extraction efficiency. Alternatively, extraction of minerals, protein and lipids can be proposed, leaving
in the raffinate the carrageenan and cellulose as a semi-refined low purity carrageenan. The main
variables during extraction, namely temperature, pH, time and alkaline pre-treatment (alkaline agent,
concentration and time), have to be optimized for each seaweed to maximize the structural and gelling
properties [150,151]. The alkali pretreatment of red seaweed increases the ratio of ι- versus κ-hybrid [17],
but usually, an excessive alkali content and prolonged treatment time can lower molecular mass
and depressed gel properties [150]. Table 3 shows some representative examples of carrageenan
extraction procedures.

Table 3. Carrageenan yields and extraction procedures.

Process 1 Seaweed Properties Reference

1 P: 6% KOH, 80 ◦C, 3 h
E: Water, 90–105 ◦C, 1.5 h, ethanol precipitation

Hypnea musciformis,
Kappaphycus alvarezii,

Solieria chordalis

Y: 19–27;
GS: (4–6.5) × 103;
Tg: 32–36, 70–74

[24,152]

P: -
E: Water, room temperature,
24 h, ethanol precipitation

Mastocarpus stellatus
Y: 15–30

BP: antioxidant,
anti-coagulant activities

[17]

1 P1,2: 3% KOH, 90 ◦C, 4 h
E1: Water, room temp, 12 h,
ethanol precipitation
E2: Ultrasound assisted extraction, 15–30 min,
400–500 W, ethanol precipitation

Kappaphycus alvarezii,
Euchema denticulatum,

Hypnea musciformis

E1: Y: 30–40
E2: Y: 32–49, higher yield

with shorter times
BP: No differences in
antioxidant features

[7,153]

P1: 3% KOH, 85 ◦C, 3.5 h
E1: Water, 85 ◦C, 12 h, ethanol precipitation
P2:-
E2: Microwave assisted closed vessels,
85–105 ◦C, 10–20 min, ethanol precipitation

Hypnea musciformis,
Solieria chordalis

E1: Y: 20–40
E2: Y: 15–25; higher
desulfation degree;

BP: antiviral

[152,154]

P, E: Alkali extraction, ethanol precipitation

Chondracanthus acicularis,
Chondracanthus teedei,

Gigartina pistillata,
Chondrus crispus

Y: 15–45% [104]

1 Optionally, an alkaline pretreatment can be applied; P: pre-treatment conditions; E: extraction conditions; Y: yield
(%); GS: gel strength (G’, elastic modulus at 25 ◦C, Pa); Tg: gelling temperature (◦ C); BP: biological properties.

Alternatively, low temperature has been proposed to extract low-molecular-weight
carrageenans [155] and to maintain reducing, antiradical and anticoagulant activities, probably
due to the higher sulfate content, which would be lost after hot-water, acid and alkali treatments [17].
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Other options can lower time, energy demand and the consumption of water, chemicals and solvents.
Among the novel extraction techniques to enhance the extraction efficiency are pressurized solvent
extraction, microwave-, ultrasonic- and enzyme-assisted extractions [7,9,14].

Microwave-assisted extraction offers a reduction in time and energy consumption, thus enhancing
the process efficiency [9]. Operating in closed vessel, more efficient desulfation was observed and the
κ/ι hybrid carrageenan obtained was comparable to that extracted by the conventional technique [154].
Boulho et al. [152] did not observe significant differences in the carrageenan (predominantly iota-) yield
from Solieria chordalis, were observed between MAE and conventional method under alkaline conditions,
and the product showed antiviral activity against Herpes simplex virus type 1. Almutairi et al. [156]
reported λ-carrageenan discoloration occurring during microwave irradiation for the aqueous solutions
exposed to microwave heating.

The ultrasound assisted processes both alkaline and aqueous, shortened extraction times compared
to the conventional method, avoiding degradation of labile compounds, showing a slight variation
in sulfate, AG and Gal contents and viscosity [153]. Youssof et al. [7] reported that they doubled the
yields attained in four–eight longer times with conventional extraction without affecting the chemical
structure and molar mass distribution of carrageenans.

• Carraoligosaccharides: properties and production strategies

Oligocarrageenans are oligomers of sulfated galactose, usually DP 2–20 [148,157], prepared by
depolymerization by acid hydrolysis. Despite the degraded carrageenan caused significant mucosal
ulceration of the colon, associated to histopathological changes, epithelial thinning, slight erosion,
cellular infiltration and other negative changes in animal organisms [143], carrageenan oligosaccharides
exhibit several biological activities, influenced by their molecular weight and sulfation degree.

Carrageenan oligosaccharides show scavenging properties against reactive oxygen species [158],
hydroxyl radicals, superoxide anion, nitric oxide and hydrogen peroxide [159]. They also present
anti-inflammatory and immunomodulatory [6,131,160,161], anticoagulant [158], antimicrobial and
antiviral [6,148,158,162–164] and healing [165] properties. They also showed anticarcinogenic
action [158,166–169], with low cytotoxicity [167] and synergistic effects with conventional drugs,
improving the immunocompetence damaged by these drugs. The oligocarrageenans promote plant
growth by enhancing photosynthesis, nitrogen assimilation, embryogenesis, basal metabolism, cell
division, regulation of phytohormone synthesis [170–173] and by increasing protection against viral,
fungal and bacterial infections [147,148,174,175], partly due to the accumulation of compounds with
antimicrobial activity [148].

Partial depolymerization by chemical or enzymatic hydrolysis to obtain a range of oligosaccharides
is a common strategy for structural analysis and for characterization of activity [176,177]. The biological
profile of the products may be influenced by the depolymerization method, since it affects their
size and molecular weight. In addition, carrageenan or their derived oligosaccharides may also
be chemically modified by oversulfation, desulfation, acetylation or phosphorylation to achieve
better physicochemical and biological properties [28,160,164,176], i.e., the antioxidant [176] and
antiviral [178] activities.

Acid hydrolysis has been considered as a common and rapid method. The presence of acid and
oxidizing agents may induce carrageenan depolymerization through cleavage of glycosidic linkages, a
process accelerated by dissolved oxygen, high temperature and low pH. In order to limit undesirable
degradation, high temperature and short time mild acid hydrolysis is preferred [164]. Karlsson and
Singh [179] reported that carrageenans were stable to desulfation during acid (pH 2) hydrolysis at 35
and 55 ◦C. Kalitnik et al. [161] used mild acid hydrolysis of Chondrus armatus κ-carrageenan under
conditions avoiding excess destruction of 3,6-AGal and observed that mild and acid hydrolysis cause
breakage of inside α-1,3 links, producing mainly odd-numbered oligosaccharides. Mild acid hydrolysis
at 37 ºC increased yields of even fractions in comparison with those obtained at 60 ◦C [180].
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Enzymatic hydrolysis offers advantages due to its high efficiency under mild conditions, avoids
the use of polluting chemicals, and the resulting oligosaccharides generated show higher homogeneity
and lower polydispersity, thus providing compounds with improved and reproducible biological
properties [107]. In addition, it avoids side reactions leading to undesired modifications of the native
structure and the release of high amounts of monosaccharides and undesirable toxic products [8].
The enzymatic method, either using non-specific commercial enzymes or carragenases, is a relatively
costly alternative. Carrageenases, produced only by marine gram negative bacterial species, are
endohydrolases that hydrolyze the internal β-1,4 linkages in carrageenans [22,107,181]. Table 4
summarizes some representative examples of depolymerized carrageenans.

Microwave assisted degradation allowed a reduction in operation times and almost did not change
the structure and constitutions of the λ-carrageenan [162], and κ-carrageenan [157] with antiviral
properties. However, the special high-pressure equipment needed could be difficult to operate [162].
Operation in closed vessels and in open vessel was reported; additionally, operation in domestic
devices could be proposed for acid hydrolysis [157].

During ozonation the depolymerization of polysaccharides causes chemical changes, as well
as physicochemical and rheological modifications, since ozonation of κ-carrageenan leads to the
formation of carbonyl, carboxyl or double bonds; however, the sulfate groups in k-carrageenans were
maintained [177].

The ultrasound-assisted depolymerization ofκ-carrageenan is simple, suitable for food applications
and energy saving, since it is faster than thermal depolymerization at lower temperatures [158].
The susceptibility to ultrasound assisted degradation differs among the carrageenan types, being higher
for κ- than for τ-carrageenans [182] and possibly occurs due to the ultrasonically induced breakage of
non-covalent bonds in κ-carrageenan molecules [158].

Table 4. Examples of technologies used for extraction of carrageenan oligomers.

Depolymerization
Seaweed or

Polyssaccharide
Properties References

Acid hydrolysis Carrageenan (C) Mw: κ-, 510–4000;
ι-, 110–3300; λ-, 660–5800 [179]

Acid hydrolysis Eucheuma cottonii DP: κ-, 6–20 [180]

Enzymatic
Chondrus armatus,

Kappaphycus alvarezii,
Tichocarpus crinitus

Mw: k-, 2.2–4.3 [176,178]

Enzymatic Carrageenan (C) Mw: k-, 681–798 [183]

High-Pressure Halymenia durvillei Mw: λ-, 260–1100 [95]

Irradiation Carrageenan (C) Mw: κ-, 8.5–32.1; ι-,
3.1–6.9; λ-, 2.7–6.5 [184]

Microwave assisted Solieria chordalis,
Chondrus ocellatus

Mw: λ-, 3–240
Mw: λ-, 650 [152,162]

Ozonization Carrageenan (C) Mw: k-, 10–200 [177]

Radical depolymerization Halymenia durvillei Mw: λ-, 3.3–890 [95]

Subcritical water extraction ionic
liquids as catalyst Kappaphycus alvarezii Mw: k-, 10–60 [185]

Ultrasound assisted Kappaphycus alvarezii,
Eucheuma cottonii

Mw: k-, 545
Mw: k-, 160–240 [158,182]

C: commercial; Mw: Molecular weight (kDa); DP: degree of polymerization.

Carrageenan can be degraded by gamma irradiation, operating in different systems (solid, gel
or solution) at ambient temperature and the molecular weights can be lowered to 8–100 kDa with
a narrow distribution, but different yield and susceptibility to degradation occur for the different
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carrageenan types. Abad [184] reported the use of irradiation with gamma rays at room temperature to
depolymerize polysaccharides with enhanced antioxidant properties [186]. Irradiated κ-carrageenan
as incorporated as antioxidants in many food systems, but the toxicity of radiolytic products from
irradiated κ-carrageenan have to be studied further [184].

Comparative studies have revealed that the method of depolymerization strongly influences the
properties of carrageenan oligomers [178]. The chemical depolymerization (free radical or mild acid
hydrolysis), produced oligomers with lower Mw (1.2–3.5 kDa) than the enzymatic depolymerization
using a recombinant kappa-carrageenase from Pseudoalteromonas carrageenovora, yielding 2.2 kDa
oligomers from Chondrus armatus and Kappaphycus alvarezii k-carrageenans and 4.3 kDa oligomers
from Tichocarpus crinitus κ/β-carrageenans. Low molecular weight derivatives obtained by mild acid
hydrolysis showed higher antiviral activity than those obtained by free radical depolymerization,
which were more active than those enzymatically prepared. Sun et al. [176] observed that mild acid
hydrolysis caused higher saccharide degradation than H2O2 depolymerization and κ-carrageenase
digestion; the original sulfate content was substantially retained and all the hydrolysates had stronger
reducing power than the polysaccharide, with H2O2 hydrolysates being the most potent. After free
radical treatment at 40 ◦C for 4 h, the low-molecular weight oligosaccharides from κ-carrageenan
ranged from disaccharide to octasaccharide. The degradation with a κ-carrageenase hydrolyzing the
β-1,4 linkages to a series of homologous, even-numbered oligosaccharides (An-G4S)n, yielding 2, 4,
6, 8 and 10 DP, being dominant the tetra- and hexasaccharides [176]. Whereas for H2O2 treatment,
the scavenging ability increased with time as a result from the increment of –COOH groups, the
scavenging ability of HCl hydrolysates and enzymatic hydrolysates decreased when the molecular
weight decreased. Other combinations have been suggested, i.e., radical depolymerization, and
high-pressure homogenization led to several samples of various and controlled molar masses of
Halymenia durvillei [95].

2.2. Protein

The protein content in red algae, higher than in brown and green groups, accounts for 10–50% of
the dry weight, being comparable or higher than in some foods [187,188] and the essential aminoacid
content, accounting for 25–50% of the total amino acids, is similar as in other protein sources such
as casein, ovalbumin and leguminous [3,189–191]. The protein contents differ according to the
species and seasonal conditions [187,188], being the highest in Porphyra, followed by Palmaria sp.
Nitrogen-to-protein conversion factors of 4.92, lower than for brown and green algae have been
proposed [192,193] and algae may contain non-protein nitrogen, resulting in an overestimation of their
protein content. Although the digestibility of proteins seems to be limited by the algae non-proteic
fraction [187,189] they have been proposed for inclusion in diets of ruminants, hens, rabbit, poultry
and pigs [3].

Red algae have a characteristic bright pink color caused by phycobiliproteins. Phycobiliproteins
are covalently bound via cysteine amino acids to pigmented phycobilins [3,16]. They are classified into
phycoerythrin (red) and phycocyanin (blue). The two types of phycoerythrin (PE) were named after
the taxa of the organism form which they were first isolated: R-PE from Rhodophyta and B-PE from
Bangiales. Phycocyanins are further subdivided into C-phycocyanin, R-phycocyanin, allophycocyanin
or phycoerythrocyanin. Examples of phycobiliproteins found in red seaweeds are shown in Figure 4.

Phycobiliproteins are commercially used in foods, nutraceuticals, cosmetics as a colorant and for
their therapeutic value, namely their antimicrobial, antioxidant, anti-inflammatory, neuroprotective,
hepatoprotective, immunomodulating and anticarcinogenic properties [16,194–201]. They can improve
the efficacy of standard anticancer drugs, lower their side effects [202] and act as photosensitizers for
the treatment of tumoral cells [203]. They are also used as fluorescent markers in clinical diagnostics
and immunological analysis.

The storage conditions influence the preservation of phycoerythrin (R-PE) and freezing was
reported as the best preservation method [204]. Significant changes in phycoerythrin and phycocyanin
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were also observed after different culinary treatments [205]. Whereas drying and hydration did not
affect the content of phycoerythrin, boiling and steaming caused lowered values.

Figure 4. Structure of phycobiliproteins and micosporine-like-aminoacids, adapted from [16,188].

• Extraction processes: conventional and emerging technologies

Since the extraction of proteins from seaweeds is complicated by the presence of cell wall
polysaccharides, the classical procedures are based on the use of buffer, osmotic shock, detergents or the
application of alkali treatment, some examples are summarized in Table 5. Different physico-chemical
and enzymatic pretreatments have been suggested to enhance the yields, such as repeated freeze-thaw
cycles [201,206], or grinding in liquid nitrogen of the freeze-dried seaweeds [207] aided in the release
of R-phycoerythrin. Their further purification from the crude extract has been usually addressed
through ammonium sulfate precipitation [208] or also by sucrose step-gradient ultracentrifugation [209]
followed by purification by gel filtration and by ion exchange chromatography [130,210–212].

The use of enzymes degrading the cell wall polysaccharides as an alternative method to improve the
extraction and the solubilization of algal proteins [188], since firstly reported by Amano and Noda [213]
suggested the use of a mixture of enzymes from the gut of abalone Haliotis discus and a commercial
one to enhance the extraction of proteins from Porphyra yezoensis. Enzyme assisted extraction could
improve the physicochemical characteristics, volatile compounds and organoleptic quality of plant
proteins producing peptides and amino acids with less salt and carcinogenic compounds than acid
hydrolysis [214]. Both the extraction efficiency and the composition of the extracts depended on the
seaweed [215], but the influence of the type of enzyme is also determinant on yields, composition and
properties. Whereas some cellulases enhanced the protein extraction yields when used alone [190,216],
in other studies, polysaccharidases alone or in mixtures caused only a partial digestion of seaweed cell
walls and did not improve the yields [217,218] and mixtures of cellulase with carrageenase or agarase
were more favorable [201,217]. Proteolytic hydrolysis is usually proposed to obtain bioactive peptides;
however, the protease treatments also enhanced the extraction of antioxidants from Palmaria palmata
compared to carbohydrases and cold water extraction [190].
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Table 5. Red seaweed protein extraction.

Technologies Seaweed Product Properties Reference

Accelerated solvent
extraction (acetone
or methanol)

Porphyra umbilicalis
Carbohydrate/
Phlorotannin

extraction
Antioxidant [219]

Carbohydrase hydrolysis
under high
hydrostatic pressure

Palmaria palmata,
Solieria chordalis

Antioxidant
peptides Antioxidant [220]

Enzyme hydrolysis with:
protease, agarase,
carrageenase,
xylanase, cellulase

Gelidium pusillum
Chondrus crispus,

Gracilaria verrucosa,
Palmaria palmata

Osmundea pinnatifida,
Codium tomentosum,

Solieria chordalis

Antioxidant
peptides, protein,
phycobiliproteins,
R-phycoerythrin

Antioxidant,
α-glucosidase

inhibition
anti-inflammatory

[197,201,
215,216,
221–227]

Freezing and thawing Porphyra haitanensis,
Gelidium pusillum

Phycobiliproteins
(R-PE and R-PC) Antioxidant [210,228]

Grinding freeze-dried
seaweed in liquid nitrogen Mastocarpus stellatus R-phycoerythrin Antioxidant [207]

Homogenization in water
or buffer

Chondrus crispus,
Palmaria palmata,

Heterosiphonia japonica,
Gelidium pusillum

Phycobiliproteins
(R-PE and R-PC)

Antioxidant,
antidiabetic,
antitumor

[130,189,
228,229]

Osmotic shock Palmaria palmata,
Polysiphonia urceolata

Bioactive peptides,
R-phycoerythrin

Antioxidant,
prevention of

atherosclerosis
[210,223]

Subcritical water,
optionally catalyst

Hypnea musciformis,
Kappaphycus alvarezii

Protein,
antioxidants,
emulsifyiers

Antioxidant,
emulsifyier [230,231]

Ultrasound-assisted
extraction

Palmaria palmata,
Porphyra umbilicalis

Bioactive peptides
R-PE and R-PC Antioxidant [215,219,

223,228]

Ultrasound-assisted
extraction

Gelidium pusillum,
Porphyra yezoensis R-PE, R-PC, taurine Antioxidant [228,232]

Ultrasound and
enzyme-assisted extraction

Osmundea pinnatifida,
Codium tomentosum Protein Antioxidant,

prebiotic effect [215]

Additionally, it can be useful in combination with other intensification technologies. Le Guillard
et al. [233] reported ultrasound-assisted extraction and ultrasound-assisted enzymatic hydrolysis
with an enzymatic cocktail for the extraction of R-phycoerythrin from Grateloupia turuturu.
They recommended the use of 22 ◦C to avoid R-PE destruction, and 40 ◦C when the objective
was liquefaction. Enzymatic hydrolysis was combined with mechanical methods, namely,
ultrasonication [201]. Suwal [220] reported on the use of a non-thermal high hydrostatic pressure
(400 MPa, 20 min) processing combined with polysaccharidases to improve the extraction of proteins,
polyphenols and polysaccharides from Palmaria palmata and Solieria chordalis; the effect of this technique
being dependent on the seaweed species and the enzyme used. Mittal et al. [228] compared different
pre-treatments for extraction of phycobiliproteins from Gelidium pusillum and observed a synergistic
effect of ultrasonication when employed in combination with other conventional extraction methods,
although ultrasonication alone was not efficient. However, Harrysson et al. [219] observed that the
pH-shift protein extraction provided the highest protein yields and concentration in the extracts from
Porphyra umbilicalis, compared to sonication. Fitzgerald et al. [223] used a papain digestion of crude
Palmaria palmate protein obtained by osmotic shock and ultrasound assisted extraction, with the aim of
obtaining bioactive peptides for the prevention of atherosclerosis and the hydrolysate was nontoxic.
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Gereniu et al. [230] extracted protein from Kappaphycus alvarezii processed by pressurized hot
water extraction. Whereas the hydrolysis efficiency increased from 150 ◦C to 270 ◦C, and decreased at
300 ◦C due to decomposition and protein denaturation, the highest foaming properties were attained
at 150 ◦C, whereas the best emulsifying properties were found at 300 ◦C. Pangestuti et al. [231]
proposed the hydrolysis of Hypnea musciformis using subcritical water extraction (120–270 ◦C) to obtain
antioxidant and functional material. They found increased protein and sugar content at 120–150 ◦C,
more marked at higher temperatures (180–210 ◦C), showing the highest antioxidant activity and
thermostable emulsifying properties, which could be related to the increased solubility of protein,
to the hydrolysis of oligosaccharides and the degradation of monosaccharides.

Wang et al. [232] reported on the use of ultrasound-assisted extraction during the purification
of taurine from Porphyra yezoensis. This sulfur-containing amino acid can enhance seafood profile
flavour. Homotaurine, an aminosulfonate compound present in different species, has shown in vitro
and in vivo neuroprotective effect and could be a promising drug for both prevention of Alzheimer’s
disease [234]. Operating at 40 ◦C and 300 W, the ultrasonic process lowered the extraction time by nine
compared to the conventional extraction.

2.3. Lipids and Fatty acids

In red seaweed, lipids and fatty acids are present in low amounts, generally 1–5% of the dry
weight [235,236]; however, they contain significantly higher levels or polyunsaturated fatty acids
than vegetables and have been proposed as a chemotaxonomic tool to differentiate macroalgae [237].
Macroalgae also contain various other lipids and lipid like compounds such as sterols, phospholipids
and glycolipids, but red seaweeds have a high ω-3 fatty acids content, being a rich source of α-linolenic
acid (ALA) [18:3(ω3)], AA, eicosapentaenoic acid (EPA) [20:5(n-3)], and docosahexaenoic acid (DHA)
[22:6(ω3)]), and most species showed a nutritionally beneficial ω6/ω3 ratio [3,238,239] (Table 6).
Some macroalgae present a low ω6/ω3 ratio, the ω3 polysunsaturated fatty acids (PUFAs) cannot
be synthesized by humans and are thus obtained only through dietary sources. Their therapeutic,
especially eicosapentaenoic acid (EPA), has been shown in the reduction of blood cholesterol, and in the
protection against cardiovascular and coronary heart diseases [240], and they have anti-inflammatory,
anti-thrombotic and anti-arrhythmic properties [241].

Total fatty acid concentrations vary among species, accounting for 1–8 in % of dry weight, showing
significant differences in the fatty acid profiles [242], which can also be depending on the storage
conditions (time and temperature) and the solvent also influences the yields and composition of the
lipid extracts [242].

Kumari et al. [237] compiled the total lipid content and fatty acid distribution of different seaweeds
and suggested that the variations observed between different species of the same genus was more likely
to be due to the inter-specific/intra-generic variations rather than to geographical and environmental
conditions as apparent from the minor variations found with the environmental parameters for the
studied collection sites.

• Extraction processes: conventional and emerging technologies

The growing interest in PUFA-rich lipids from seaweeds for incorporation into foods has led to an
increasing demand for novel extraction techniques with food grade solvents providing high extraction
yields. Supercritical CO2 extraction of bioactives (neutral lipids and antioxidants) from microalgae and
seaweeds [243] is performed in a non-oxidizing atmosphere, which can prevent degradation. Drying
and crushing are required stages despite the high energy consumption of the first stage. Chen and
Chou [227] reported similar fatty acid profiles of different red seaweeds extracted by supercritical fluids
extraction method; however, Cheung [244] observed increased proportions of Hypnea charoides PUFAs
with operation pressure. The total fatty acid content and the EPA content in the extract produced by
pH-shift was slightly reduced compared to that in the crude seaweed from Porphyra umbilicalis [219].
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Patra et al. [245] reported the use of microwave assisted hydrodistillation to extract the volatile
oil from Porphyra tenera, which showed radical scavenging properties comparable with BHT and
α-tocopherol. Kumari et al. [246] reported on the application of sonication and buffer individually
on the lipid extraction from Gracilaria corticata with analytical purposes. Table 6 shows the extraction
yields and the PUFA ratio for different red seaweed genus obtained with conventional and alternative
extraction technologies.

Table 6. Total lipid (TL) content, polysunsaturated fatty acids PUFA ratio and distribution in red
seaweed extracts.

Seaweed Genus Extraction TL (mg/g fr. wt.) PUFA/SFA ω6/ω3 Reference

Acanthophora CHF/M/PB 6.8–10.4 0.79–0.94 0.9–1.8 [237]

Asparagopsis CSE (H) 3.0 0.06 0.62 [238]

Bangia SFE 13.3 dw 2.8 2.22 [240]

Bornetia CSE (H) 5.3 0.76 0.29 [238]

Botryocladia CHF/M/PB 2.3–5.2 0.49–0.54 1.7–3.6 [237]

Coelarthrum CHF/M/PB 7.7 0.67 5.7 [237]

Delisea CSE (Et; DCM:M) 2.2 1.35 0.4 [242]

Galaxaura SFE 19.8 dw 0.98 0.71 [240]

Gastroclonium CHF/M/PB 4.3 0.59 5.1 [237]

Gelidiopsis CHF/M/PB 5.5 0.84 0.8 [237]

Gelidiella CHF/M/PB 6.7 0.98 0.6 [237]

Gracilaria CHF/M/PB 2.9–9.7 0.15–2.13 0.6–1.9 [237]

Grateloupia CHF/M/PB;
SFE 5.0–6.4, 13.6 dw 0.74–1.4 0.5–1.9 [237,240]

Griffithsia CHF/M/PB 4.2 [237]

Halymenia CHF/M/PB;
SFE 10–18.8 dw 1.37–1.8 1.7–5 [237,240]

Helmintocladia SFE 19.7 dw 1.05 1 [240]

Hypnea SCF: 50 ◦C, 37.9 MPa 5.8–7.8 0.31–0.43 0.8–16 [237,243]

Jania CSE (H) 2 0.79 0.60 [238]

Jania CHF/M/PB 12.2 0.32 2.9 [237]

Laurencia CSE (Et; DCM:M) 5.4–16.0 0.41–1.08 0.4–1.7 [237,242]

Liagora SFE 17.6–21.5 dw 0.94–1.43 0.42 [240]

Peyssonelia CSE (H) 4.8 1.33 1.9 [238]

Porphyra MAHD: 40 W, water 11.2–12.4 dw 2.4–2.5 1.2–9.1 [240,245]

Pterocladiella CSE (H) 5.5 0.51 0.9 [238]

Pyropia CHF/M/PB 7.0–7.7 1.23–1.76 0.7–1.4 [237]

Rhodymenia CHF/M/PB 7.1 0.87 88.2 [237]

Sarconema CHF/M/PB 4.3–9.8 0.27–1.04 2.4–2.5 [237]

Solieria CHF/M/PB 9.0 0.35 0.8 [237]

Cryptonemia CHF/M/PB 11.3 0.86–1.28 0.9–18.8 [237]

Odonthalia CHF/M/PB 11.4 0.72 0.6 [237]

Polysiphonia CHF/M/PB 9.6 0.53 1.1 [237]

Scinaia CHF/M/PB 5.2–17 dw 0.23–1.86 1.1–5.3 [237,240]

Palmaria CSE (Et; DCM:M) 14–46 dw 0.49–1.1 0.21–0.41 [241,247]

Vertebrata CSE (Et; DCM:M) 13–18 dw 0.79 0.4 [247]

CSE: Conventional solvent extraction; CHF/M/PB: chloroform–methanol–phosphate buffer; Et: ether extraction;
DCM:M: dichloromethane/methanol; H: hexane; MAHD: Microwave assisted hydrodistillation; SFE: Supercritical
fluid extraction.
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2.4. Extractives

The solvent influences the composition and activity as well as the mechanism of action of
extracts [248]. Many studies aimed at the solvent extraction of polyphenols, flavonoids and
carotenoids [249]. Organic solvents, such as ethanol, methanol, acetone or their mixtures such
as chloroform:methanol, have been used for the extraction of antioxidant components, some illustrative
examples are shown in Table 7. The choice of extracting solvents with different polarities can have
a significant effect due to the different nature of compounds present in the seaweeds and also
species–species differences. Intensification with ultrasound was suggested to enhance the solvent
extraction process [250].

Supercritical fluid extraction with pure carbon dioxide can be favorable for the extraction of apolar
compounds [13], the addition of a small amount of polar modifiers may increase the affinity of this
solvent for relatively polar compounds. Zheng et al. [251] obtained extracts, mainly composed by
sesquiterpenes, ketones, fatty acids, phenols and sterols from Gloiopeltis tenax by supercritical carbon
dioxide extraction with ethanol as modifier, and reported remarkable antioxidant and antimicrobial
activity. Ospina et al. [252] reported the extraction of Gracilaria mammillaris extracts compounds with
antioxidant activity using supercritical CO2 modified with ethanol.

When the simultaneous extraction of different components is addressed, the selection of the
enzyme activities could be relevant, i.e., for the extraction of phenolics from P. palmate, protease
provided higher contents than water extract, whereas some carbohydrases showed lower contents,
an effect ascribed to their ability of proteases to liberate LMW peptides and amino acids by proteases,
which could also enhance the scavenging activities of the extracts [190]. Combination of enzyme
digestion with cellulase and hemicellulose, which disrupted or weakened the structural integrity of
the seaweed cell wall and high hydrostatic pressure (HHP) increased the accessibility of enzymes,
accelerating the release of intracellular polyphenols from P. palmata, and from S. chordalis [220]. In some
cases, organic solvent extraction was more efficient than emerging techniques, i.e., for phenolics from
Osmundea pinnatifida, and Codium tomentosum and was more efficient than hot water extraction or than
enzyme or ultrasound assisted extraction [215]; however, the benefits of using greener solvents have to
be considered.

Table 7. Examples of extraction of bioactives from red seaweeds.

Solvent Seaweed Activity Reference

Ethanol (70–80%), methanol
(80%), Acetone, ethyl acetate,
chloroform:methanol (2:1) (80%),
dimethyl sulfoxide (80%)

Gracilaria changii,
Gelidium amansii,

Kappaphycus alvarezii,
Osmundea pinnatifida,
Codium tomentosum,

Gracilaria lemaneiformis

Antioxidant, glucose
uptake regulation,

anti-diabetic,
neuroprotective,
gastroprotective

[215,248,249,
253,254]

Enzyme (proteases,
carbohydrases) assisted Parmaria palmate Antioxidant [190]

Phosphate buffer G. amansii Antitumoral [248]

Ultrasound-assisted Laurencia obtusa Antioxidant [250]

Supercritical CO2
Gloiopeltis tenax,

Gracilaria mammillaris
Antioxidant,
antimicrobial [251,252]

Enzyme and high hydrostatic pressure Palmaria palmate,
Solieria chordalis Antioxidant [220]

Mycosporine-like amino acids are low-molecular-weight, water-soluble components with
antioxidant and photoprotective properties found in red seaweeds. Since they have been reported
as the strongest UVA-absorbing compounds in nature, they have been proposed as photoprotective
materials for skin care products. The antioxidant and antiproliferative activities and mycosporine-like
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amino acid depended on locations varying in UV-exposure [255], with higher values summer and
in shallow waters than in deeper waters [255,256]. Conventional extraction with organic solvents
has been reported, i.e., methanol [255], but the ultrasound assistance was also proposed to obtain
UV-absorbing compounds [257].

2.5. Minerals

Seaweeds are particularly rich in minerals and trace elements, showing ash contents, in the range
20–40% w/w, and could be a good source of K, Ca, Fe, Mg and other trace elements essential for
human nutrition [246,258,259]. Seaweeds concentrate minerals due to their capacity to retain inorganic
marine substances from seawater based on the characteristics of their cell surface polysaccharides [23],
and contain 10–20 times the minerals of land plants. The Na/K ratios were below 1.5 and can be
proposed for low sodium diets, since diets with a high Na/K ratio have been related to the incidence
of hypertension.

Jaballi et al. [260] reported the ability of a mineral and antioxidant-rich extract from Chondrus
canaliculatus to improve the toxicity caused by a fungicide in adult rat, being effective against
hematotoxicity, genotoxicity and oxidative stress in the blood and bone and maintained osteomineral
metabolism and bone histo-architecture.

3. Combined Extraction

Most of the proposed extraction processes are not selective and apart from the target compound,
others can also be obtained. This could be illustrated with some examples. Extraction by enzymatic
hydrolysis of R-phycoerythrin from Gracilaria verrucosa causes the release of a small amount of
polysaccharides, which could be recovered in the coproduct [225]. Some intensification technologies
also favor the simultaneous extraction of different components. During protein extraction, the mineral
content in the extracts could be enhanced using accelerated solvent extraction produced extracts
compared to that of conventional extracts, whereas the pH-shift-produced extracts had lower ash
content than the whole biomass. Although the co-extraction of other compounds different from the
target ones could difficult and make more expensive the purification stages, the presence of other
high-value food components could confer additional value and synergistic functional and biological
properties to the final product. This could occur, as fatty acids together with proteins could be of
interest for producing multi-functional protein extracts [219].

Some authors proposed the use of more than one fraction, such as the sequential extraction of
R-phycoerythrin and agar from Gracilaria verrucosa [226], Yuan et al. [254] proposed an initial extraction
of the pigments for decolorization of Gracilaria lemaneiformis before agar production, allowing also
to recover the removed fractions as natural antioxidants. Niu et al. [261] observed that after water
extraction of proteins from Gracilaria lemaneiformis and further purification of R-phycoerythrin the
remaining biomass was used for agar extraction. The yield of agar and its properties showed no
significant difference from those obtained from the direct agar extraction from the dried algae. However,
the R-phycoerythin recovery and purity were lower than when it was extracted from fresh algae.
The most frequent approach consists on the valorization of the waste fractions after phycocolloid
extraction as a source of protein. Cian et al. [262,263] reported the use of Porphyra columbina wastes
to obtain proteins that after proteolystic digestion to produce fractions with immunosuppressive,
antihypertensive and antioxidant actions.

Particularly interesting is the integral utilization of the raw material, following a biorefinery
approach. In order to make use of all seaweed components requires a rational processing of the whole
material, and the algal processing by-products according to the biorefinery concept to allow a complete
utilization of biomass [19,264,265]. This alternative processing approach would provide different
products and applications, favoring the economics of a process that would not rely exclusively on one
product and could be adapted to the demand and needs of different sectors.

227



Mar. Drugs 2019, 17, 314

Figure 5 represents a general flow diagram for a multistage multipurpose biorefinery processing
of red seaweeds. The suggested scheme is based on the initial production of food or feed products,
with the final ones being destined to energetic and soil applications. It is desirable that biorefineries
are designed in a flexible way allowing the possibility of processing different seaweeds, obtaining
different products including those of high volume/low quality and those of high quality/low volume
ones. If possible, it is also recommended to integrate food and non-food sectors. In the extraction
stages, the utilization of more efficient greener technologies is recommended to enhance the yields and
productivities, keeping the products quality and lowering energetic and operation costs.

Figure 5. Simplified flow diagram of a red seaweed biorefinery.

Different authors proposed the utilization of agarophytic biomass for biorefinery including the
energetic uses [266–270] and for the production of chemicals, such as 5-hydroxymethyl furfural,
levulinic acid and formic acid from K. alvarezii [271]. However, in the present review, the valorization
of bioactives is emphasized, and this type of seaweed is highly interesting, since they contain a
high proportion of proteins, some being colorants (R-phycoerythrin, R-phycocyanin), fatty acids
and minerals. Therefore, biotechnological, nutraceutical and pharmaceutical applications have
been highlighted.

Even when the ethanol production was also considered in their approach, Baghel et al. [264], have
designed a complete valorization of Gracilaria corticata bioactives, including phycobiliproteins, lipids
and agar. The solid residue after phycocolloid extraction is still a good source of bioactives and has been
explored in a number of studies. Based on the ingent amounts generated during industrial processing,
their valorization would also report environmental benefits. Cian et al. [263] used this waste from
Porphyra columbina to obtain low molecular weight peptides with angiotensin-converting-enzyme
(ACE) inhibitory action, as well as antioxidant properties, which could also be due to some phenolic
compounds. Laohakunjit [214] proposed the hydrolysis of Gracilaria fisheri residue after agar extraction
and the protein hydrolysate was used to obtain free amino acids and odorant compounds valuable as
an umami conferring tasting product.

Despite the fact that seaweed biorefineries have started to develop later than terrestrial ones,
they offer environmental and economic advantages and show higher potential as a source of nutrients,
hydrocolloids, pigments, bioactives and energy, and, based on their complex and exclusive composition,
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red seaweeds are particularly interesting for their cascading valorization in food, cosmetic and
therapeutic applications.

4. Conclusions

The integral utilization of the valuable components from red seaweeds is a technologically feasible
approach with environmental and economic advantages. Apart from gelling biopolymers, a number
of bioactive compounds with nutritional, functional or biological features can be recovered from red
macroalgae using conventional and greener technologies. The challenge is the sequential extraction of
these components using emerging technologies for the integral valorization of this type of macroalgae.
This opens new attractive alternatives to fulfill the growing market’s demand for natural bioactive
compounds of interest in the food, cosmetic, personal care, biomedical or pharmaceutical field.
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Abstract: Seaweeds are an underexploited and potentially sustainable crop which offer a rich source
of bioactive compounds, including novel complex polysaccharides, polyphenols, fatty acids, and
carotenoids. The purported efficacies of these phytochemicals have led to potential functional food
and nutraceutical applications which aim to protect against cardiometabolic and inflammatory risk
factors associated with non-communicable diseases, such as obesity, type 2 diabetes, metabolic
syndrome, cardiovascular disease, inflammatory bowel disease, and some cancers. Concurrent
understanding that perturbations of gut microbial composition and metabolic function manifest
throughout health and disease has led to dietary strategies, such as prebiotics, which exploit the
diet-host-microbe paradigm to modulate the gut microbiota, such that host health is maintained or
improved. The prebiotic definition was recently updated to “a substrate that is selectively utilised by
host microorganisms conferring a health benefit”, which, given that previous discussion regarding
seaweed prebiotics has focused upon saccharolytic fermentation, an opportunity is presented to
explore how non-complex polysaccharide components from seaweeds may be metabolised by host
microbial populations to benefit host health. Thus, this review provides an innovative approach
to consider how the gut microbiota may utilise seaweed phytochemicals, such as polyphenols,
polyunsaturated fatty acids, and carotenoids, and provides an updated discussion regarding the
catabolism of seaweed-derived complex polysaccharides with potential prebiotic activity. Additional
in vitro screening studies and in vivo animal studies are needed to identify potential prebiotics
from seaweeds, alongside untargeted metabolomics to decipher microbial-derived metabolites from
seaweeds. Furthermore, controlled human intervention studies with health-related end points to
elucidate prebiotic efficacy are required.

Keywords: seaweed; gut microbiota; prebiotics; dietary fibre; complex polysaccharides; polyphenols;
polyunsaturated fatty acids; carotenoids; phytochemicals

1. Introduction

Seaweeds are an underexploited and sustainable crop which offer a rich source of bioactive
compounds, including novel dietary fibres, polyphenols, fatty acids, and carotenoids [1,2].
Epidemiological evidence comparing Japanese and Western diets have correlated seaweed consumption
(5.3 g/day in Japan) with decreased incidence of chronic disease [3], while the purported efficacies of
seaweed phytochemicals have led to potential functional food and nutraceutical applications which aim
to protect against cardiometabolic and inflammatory risk factors associated with non-communicable
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diseases, such as obesity, type two diabetes, metabolic syndrome, cardiovascular disease, inflammatory
bowel disease, and some cancers [1].

Current understanding of mutualistic diet-host-microbe interactions has generated efforts to
exploit diet to maintain health status, and to prevent or overcome non-communicable diseases, where an
imbalance of gut microbiota composition and metabolic function manifests during the onset and
pathophysiology of gastrointestinal, neurological, and cardio-metabolic diseases, often congruent
with intestinal inflammation and compromised gut barrier function [4,5]. As such, it has become
pertinent to explore dietary strategies which modulate gut microbial composition and function to
improve host health. This includes the use of prebiotics as fermentable substrates to enable selective
gut commensal metabolism.

The prebiotic definition was recently updated to “a substrate that is selectively utilised by
host microorganisms conferring a health benefit” [6], which includes the inhibition of pathogens,
immune system activation, and vitamin synthesis and provides opportunity to explore the
prebiotic efficacy of non-complex polysaccharide components such polyphenols, phytochemicals,
and polyunsaturated fatty acids (PUFAs) [6]. It is also recognised that other microbial species have the
potential to catabolise prebiotics, besides the classical examples of Bifidobacterium and Lactobacillus [6],
courtesy of culture-independent techniques, such as 16S rRNA next generation sequencing and whole
genome shotgun metagenomic sequencing which have provided taxonomic classification to identify
microbial abundance/diversity and inferred or identified metabolic function [7].

Given that previous discussion regarding the prebiotic potential of seaweed components has
focused solely upon the saccharolytic fermentation of complex polysaccharides and the physiological
effects of short chain fatty acid metabolites (SCFAs) [3,8,9], scope exists to explore the prebiotic potential
of other phytochemical components derived from seaweeds, namely polyphenols, carotenoids,
and PUFAs, applicable to both human and animal health.

This review aims to provide an updated discussion regarding the fermentation and potential
prebiotic effect of seaweed polysaccharides and oligosaccharides, based on recent evidence from in vitro
fermentation studies and in vivo animal models, and to postulate how other seaweed phytochemicals,
such as polyphenols, PUFAs, and carotenoids, may interact with the gut microbiota to manipulate
microbial composition and/or function to elicit bioactivities pertained to a prebiotic. The latter provides
new opportunities to complete prebiotic screening studies using in vitro techniques and pre-clinical
animal models to understand how parent compound biotransformation into endogenously-derived
or gut microbiota-derived metabolites impact bioaccessibility and bioavailability to influence gut
microbial community structure and function, conducive to a prebiotic effect. Evidence from clinical
trials with health-related end-points and mechanistic insight is imperative to substantiate health claims
associated with a prebiotic effect.

2. Complex Polysaccharides

Seaweeds contain 2.97–71.4% complex polysaccharides [2,3], which include alginate, fucoidan,
and laminarin in brown seaweeds; xylan and sulphated galactans, such as agar, carrageenan,
and porphyran in red seaweeds; whilst ulvan and xylan are found in green seaweeds.
The monosaccharide composition of the major brown, red, and green seaweed glycans are presented in
Table 1, Table 2, Table 3, respectively. Whilst no human study to date has explored prebiotic sources
from seaweeds, several in vitro studies [10–13], and in vivo animal studies [14,15], have explored the
prebiotic potential seaweeds and their polysaccharide components.

Seaweed polysaccharides are atypical in structure to terrestrial glycans, and are understood to
resist gastric acidity, host digestive enzymes, and gastrointestinal absorption [8]. Seaweed glycans
may, therefore, serve as fermentation substrates for specific gut microbial populations or facilitate
substrate cross-feeding of partially broken-down intermediates, such as oligosaccharides and metabolic
cross-feeding of SCFAs to cause indirect proliferation of specific bacteria [16–20]. The physiological
effects of SCFAs, primarily acetate, propionate, and butyrate, include the reduction of luminal pH to
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inhibit pathogens, the provision of energy sources to colonocytes, and the activation of free fatty acid
receptors; where acetate and propionate are ligands for anorexigenic pathways in appetite regulation
and can inhibit the rate limiting step of hepatic cholesterol synthesis via 3-hydroxy-3-methylglutaryl
CoA reductase inhibition [21–23].

To facilitate saccharolytic fermentation in the colon, the gut microbiota must express functional
carbohydrate active enzymes (CAZymes) to catabolise seaweed glycans as carbon sources within
the colonic digesta. The repertoire of CAZymes expressed by the human gut microbiota
includes glycoside hydrolase and polysaccharide lyase families to facilitate degradation via
hydrolysis and elimination reactions, respectively [24–26]. Whole genome sequencing has previously
identified gene clusters which encode the catabolic machinery responsible for the breakdown
of prebiotics, which includes the CAZyme families responsible for the catabolism of inulin,
lactulose, fructo-oligosaccharides, xylo-oligosaccharides, and galacto-oligosaccharides by human
gut commensal strains, including Bifidobacterium longum NCC2705, Bifidobacterium adolescentis ATCC
15703, Streptococcus thermophilus LMD9, Eubacterium rectale ATCC 33656, Bacteroides vulgatus ATCC
8482, and Fecalibacterium prausnitzii KLE1255 [27].

Based on open source data from the Carbohydrate-Active enZYmes Database [28], Tables 1–3
detail the CAZyme families which may exert specificity for seaweed glycans and highlights the gut
bacterial populations which have demonstrable evidence for seaweed glycan utilisation. This is
dominated by Bacteroides, which have extensive glycolytic versatility [26,29]. This may explain why
in vitro batch culture fermentation data of seaweeds and seaweed glycans indicate the proliferation of
Bacteroides; whilst the degradation of complex seaweed glycans by Bacteroides could also facilitate the
cross-feeding of oligosaccharides, monosaccharides, and SCFAs for gut commensals deemed beneficial
to health, including Bifidobacterium.

In vitro fermentation studies are frequently used as screening tools to model colonic fermentation
and determine substrate utilisation by an ex vivo faecal inoculum, with seaweed as a sole carbon
source. An overview of recent in vitro fermentation studies which have evaluated the fermentation
of whole seaweeds or extracted complex polysaccharide components by the human gut microbiota
is presented in Table 4 (brown seaweeds), Table 5 (red seaweeds), and Table 6 (green seaweeds).
These tables include differences in study methodologies, for example, test substrate dosage; the use of
an in vitro digestion before the fermentation experiment (declared within the methods section of the
cited research paper); how the inoculum was prepared; duration of the faecal fermentation experiment;
microbial enumeration method; and the analytical technique used to ascertain metabolite changes
during the fermentation. The use of an in vitro digestion before in vitro fermentation is often used
to determine whether a substrate is resistant to endogenous digestive enzymes and small intestinal
absorption, and to provide the fraction of a dietary component which is bioaccessible in the colon [30].
The lack of an in vitro digestion before fermentation experiments may cause false positive results,
given that low molecular weight components present in seaweed extracts, normally absorbed in the
small intestine, are used as fermentation substrates for the ex vivo microbiota. Table 7 highlights
data from in vivo rodent studies which have evaluated the potential prebiotic effect of seaweeds and
seaweed glycans.
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Table 1. Potential degradation of brown seaweed glycans by the human gut microbiota.

Carbohydrate
Carbohydrate-Active
Enzyme (CAZyme)

Evidenced Glycolytic
Bacteria

Reference

Alginate 1,4-β-d-mannuronic acid
α-l-guluronic acid

PL6 Alginate lyase
PL6 MG-specific alginate lyase

Bacteroides clarus
Bacteroides eggerthii

PL15 Alginate lyase
PL15 Oligoalginate lyase

Bacteroides ovatus
Bacteroides thetaiotaomicron

Bacteroides xylanisolvens
[31–36]

PL17 Alginate lyase
PL17 Oligoalginate lyase

Bacteroides clarus
Bacteroides eggerthii

Fucoidan
Sulphated

1,2-1,3-1,4-α-l-fucose

GH29 α-l-fucosidase
GH29 α-1,3/1,4-l-fucosidase Not determined [37]

GH95 α-l-fucosidase
GH95 α-1,2-l-fucosidase

Laminarin 1,3-1,6-β-glucose
GH16 β-glucanase

GH16 β-1,3-1,4-glucanase
GH16 endo-1,3-β-glucanase

Bacteroides distasonis
Bacteroides fragilis

Bacteroides thetaiotaomicron
[10,38]

PL, Polysaccharide Lyase family; GH, Glycoside Hydrolase family. Potential glycolytic bacteria were identified
using the Carbohydrate-Active enZYmes Database [28].

Table 2. Potential degradation of red seaweed glycans by the human gut microbiota.

Carbohydrate
Carbohydrate-Active Enzyme

(CAZyme)

Evidenced
Glycolytic

Bacteria
Reference

Agar
(Galactan)

1,3-β-d-galactose
1,4-3,6-anhydro-α-l-galactose

GH2 β-galactosidase
Bacteroidetes

plebeius [39–42]GH16 β-agarase

GH86 β-agarase

GH117
1,3-α-3,6-anhydro-l-galactosidase

Carrageenan
(Galactan)

1,4-β-d-galactose
1,3-α-d-galactose

3,6-anhydro-d-galactose

GH2 β-galactosidase Bacteroides plebeius [41,43]
GH117

1,3-α-3,6-anhydro-l-galactosidase

Porphyran
(Galactan)

Sulphated 1,3-β-d-galactose
1,4-α-l-galactose-6-sulfate
3,6-anhydro-α-l-galactose

GH16 β-porphyranase
GH86 β-porphyranase Bacteroides plebeius [41,44,45]

Xylan 1,3-1,4-β-d-xylose

GH3 xylan 1,4-β-xylosidase

Not determined [46–49]

GH5 endo-1,4-β-xylanase

GH10 endo-1,4-β-xylanase

GH10 endo-1,3-β-xylanase

GH11 endo-β-1,4-xylanase

GH11 endo-β-1,3-xylanase

GH43 β-xylosidase

GH43 xylanase

GH43 β-1,3-xylosidase

GH67 xylan α-1,2-glucuronidase

GH115 xylan α-1,2-glucuronidase

CE1−CE7 and CE12 acetyl
xylanesterases

PL, Polysaccharide Lyase family; GH, Glycoside Hydrolase family. Potential glycolytic bacteria were identified
using the Carbohydrate-Active enZYmes Database [28].
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Table 3. Potential degradation of green seaweed glycans by the human gut microbiota.

Carbohydrate
Carbohydrate-Active
Enzyme (CAZyme)

Evidenced Glycolytic
Bacteria

Reference

Ulvan

Sulphated
1,4-β-d-Glucuronic acid

α-l-Rhamnose
1,4-β-d-xyloglucan

GH78 α-l-rhamnosidase
Not determined [50,51]

GH145 α-l-rhamnosidase

Xylan 1,3-β-d-xylose
GH10 endo-1,3-β-xylanase,

Not determined [52]GH11 endo-β-1,3-xylanase

GH43 β-1,3-xylosidase

PL, Polysaccharide Lyase family; GH, Glycoside Hydrolase family. Potential glycolytic bacteria were identified
using the Carbohydrate-Active enZYmes Database [28].

2.1. Brown Seaweed Polysaccharides

Brown seaweeds are commonly used as food ingredients owing to their commercial abundance [53].
The anti-obesogenic effects of brown seaweeds are reported in mice, where supplementation of 5%
(w/w) Saccorhiza polyschides extract, containing 12% dietary fibre, reduced body weight gain and fat mass
of mice with diet-induced obesity [54]. The anti-obesogenic effect was attributed to the fermentation
of alginate and fucoidan complex polysaccharide components, owing to reduced microbial bile salt
hydrolase activity; however, no gut microbial compositional data were provided. Elsewhere, the in vitro
evidence (Table 4) indicates that whole brown seaweeds and their extracted complex polysaccharide
components are fermented by the ex vivo faecal microbiota, with increased production of acetate,
propionate, butyrate, and total SCFAs reported during fermentation experiments. A corresponding
increase in populations, such as Bifidobacterium, Bacteroides, Lactobacillus, Roseburia, Parasutterella,
Fusicatenibacter, Coprococcus, Fecalibacterium is also reported [55–57].

2.1.1. Alginate

Alginates are composed of 1,4-linked α-l-guluronic (G) and β-d-mannuronic acid (M) residues to
form GM, GG and MM blocks, and represent 17−45% dry weight of brown seaweeds [58]. The colloidal
properties of alginates have wide application in food processing, biotechnology, medicine and
pharmaceutical industries [59], while degraded sodium alginate is an approved item of “foods with
specified uses”, under the categories of “Foods that act on cholesterol plus gastrointestinal conditions”
and “Foods that act on blood cholesterol levels” in Japan [60]. The presence of water soluble alginate
oligosaccharides in the faeces of pigs fed alginate is indicative of alginate lyase activity by the luminal
or mucus adherent gut microbiota [61], although an adaptation period of > 39 days is reported for the
degradation of G blocks by the porcine microbiota whilst M blocks are readily degraded [62].

The capacity for alginate to modulate the gut microbiota of Japanese individuals was highlighted
over 20 years ago [63], where alginate supplementation (30 kDa, 10 g/day, n = 8) significantly
increased faecal Bifidobacterium populations in healthy male volunteers after both one and two weeks,
alongside significantly increased acetic and propionic acids after two weeks. Deleterious metabolites,
including faecal sulphide, phenol, p-cresol, indole, ammonia and skatole were significantly reduced
compared to the control (free living) diet. Notably, faecal Bifidobacterium counts and SCFA concentrations
returned to baseline in the week after alginate diet cessation, which highlights the transient nature of
the gut microbiota and the need for greater powered long-term human intervention studies.

Subsequent in vitro fermentation studies have indicated that alginate is fermented by
the human gut microbiota, for example, a 24 h in vitro fermentation of a 212 kDa alginate
increased total bacterial populations, although no statistical increase in individual Bifidobacterium,
Bacteroides/Prevotella, Lactobacillus/Enterococcus, Eubacterium rectale/Clostridium coccoides, or Clostridium
histolyticum populations were observed [11]. Acetic acid, propionic acid and total SCFAs were
significantly increased after 24 h fermentation with the 212 kDa alginate, while alginate of 97 kDa
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increased total SCFA and acetate production after 10 h of fermentation. Alginates of 38 kDa, and 97 kDa
did not change microbial abundance, although the authors could not correlate molecular weight with
fermentation patterns.

Alginate oligosaccharides (AOS) (~3.5 kDa) can be obtained via acidic or enzymatic hydrolysis
of alginate polysaccharides [58], and enzymatically derived AOS has promoted the growth of
Bifidobacterium bifidum ATCC 29521, Bifidobacterium longum SMU 27001 and Lactobacilli, in vitro [64,65].
Supplementation of 2.5% AOS for two weeks significantly increased faecal Bifidobacterium.
in rats compared to control and 5% FOS supplemented diets (13-fold and 4.7-fold increase,
respectively), while faecal Lactobacillus were 5-fold greater in rats who consumed AOS compared
to FOS. Enterobacteriaceae and Enterococcus populations were significantly decreased following
AOS supplementation. Elsewhere, the hydrolysis of alginate, mannuronic acid oligosaccharides
(MO) and guluronic oligosaccharides (GO) during a 48 h batch culture fermentation with the
faecal microbiota of Chinese individuals demonstrated increased production of acetate, propionate,
butyrate, and total SCFAs compared to the substrate-free control, where GO generated the greatest
increase [36]. Subsequent strain isolation from the stools of individuals who demonstrated alginate
degradation during fermentation identified Bacteroides xylanisovlens G25, Bacteroides thetaiotomicron
A12, Bacteroides ovatus A9, and Bacteroides ovatus G19 as strains capable of hydrolysing alginate
and AOS, where Bacteroides ovatus G19 expressed α-1,4-guluronanlyase and β-1,4-mannuronanlyase
CAZymes [34].

A Bacteroides xylanisolvens strain with 99% similarity to Bacteroides xylanisolvens XB1A was recently
isolated from the stool of a Chinese individual and the alginate lyase gene expressed was 100%
homologous to the alginate lyase of Bacteroides ovatus strain ATCC 8483 [33]. The preceding in vitro
fermentation study demonstrated increased production of acetate, propionate, butyrate, and total
SCFAs compared to the soluble starch control vessel following a 72 h fermentation of alginate.

Alginate lyase depolymerises alginate polysaccharides to lower molecular weight oligosaccharides
via β-elimination, and is most commonly expressed by marine bacteria, including Flammeovirga,
Vibrio, Pseudoalteromonas, Glaciecola chathamensis S18K6, and Zobellia galactanivorans [65–69], while the
terrestrial bacteria Paenibacillus sp. Strain MY03 was recently reported to possess genes encoding
alginate lyase and agarase enzymes [70]. The acquisition of genes encoding alginate lyase enzymes
by human gut Bacteroides is a suggested consequence of horizontal gene transfer from the marine
environment [31,71], where seaweed consumption may have provided a vector to exert a selective
pressure to induce diet-driven adaptations of the gut microbiota [35,72–76]. Recent work by Matthieu
et al. [35] suggests that an alginate degradation system within the genome of human gut Bacteroides
was a result of ancient acquisition, where the polysaccharide utilisation loci encodes PL6 and PL17
alginate lyase enzymes and hypothetical proteins responsible for alginate recognition, internalisation,
and catabolism, including bacterial ABC transporter proteins to facilitate alginate uptake across
the bacterial membrane [77]. Nevertheless, in vivo rodent studies have demonstrated that seaweed
glycans are fermented even though animals have never been exposed to dietary seaweeds before the
intervention, which suggests that the gut microbiome contains genes for CAZymes which can degrade
seaweed glycans when expressed.

2.1.2. Laminarin

Laminarin is a water-soluble storage polysaccharide consisting of 1,3- or 1,6-β-glucose with an
average molecular weight of 5 kDa [78] and accounts for 10–35% of the dry weight of brown
seaweeds [58]. One in vitro batch culture fermentation of laminarin demonstrated increased
Bifidobacteria and Bacteroides after 24 h [79], while another demonstrated increased propionate and
butyrate production after 24 h [14]. A subsequent in vivo rat study (143 mg laminarin per kg body
weight per day for 14 days) indicated that laminarin was not selectively fermented by Lactobacillus and
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Bifidobacterium, but could modify jejunal, ileal, caecal and colonic mucus composition, secretion,
and metabolism to protect against bacterial translocation. The authors suggest that increased
luminal acidity and/or catabolism of laminarin by mucolytic commensals could elicit such effects,
which corroborates the evidence that a complex polysaccharide-rich diet maintains mucus layer
integrity to promote gut barrier function [80,81]. Future studies regarding intestinal mucus modulation
by laminarin may wish to characterise gut microbiota compositional and functional changes following
laminarin ingestion, to detect the abundance and metabolic activity of glycan degraders, such as
Bacteroides [82,83] or mucolytic species associated with health, such as Akkermansia muciniphila or
Ruminococcus [84,85]. Elsewhere, laminarin increased L-cell GLP-1 secretion to attenuate diet-induced
obesity in mice, and improved glucose homeostasis and insulin sensitivity [86]. The authors suggested
that the observed cytosolic Ca2+ cascade caused GLP-1 secretion, which is in agreement with GPR41/43
receptor activation by SCFAs produced by gut microbial fermentation [87,88], however, data obtained
to assess laminarin-induced changes to gut microbiota composition and metabolic output is needed to
ascribe a prebiotic effect in this study.

The abundance of glycoside hydrolase and β-glucosidase enzymes expressed by the human gut
microbiota may have the capacity to catabolise laminarin [24,89–91], for example, a Bacteroides
cellulosyliticus WH2 human gut isolate was able to grow on laminarin-supplemented minimal
media in vitro, (incidentally it did not grow on alginate, carrageenan, or porphyran) [92]; however,
the molecular mechanisms by which human gut Bacteroides breakdown laminarin are likely distinct
from those responsible for the degradation of mix linked β 1,3- 1,4- glucans, such as those found in
cereals (e.g., by BoGH16MLG) [93].

2.1.3. Fucoidan

Fucoidans are water soluble polysaccharides composed of sulphated 1,2- or 1,3- or 1,4-α-l-fucose
which exist as structural polysaccharides in brown seaweeds and occupy 5–20% of algal dry
weight [58,94]. The structural heterogeneity of fucoidan encompasses varying degrees of branching,
sulphate content, polydispersity, and irregular monomer patterns, which can include fucose, uronic acid,
galactose, xylose, arabinose, mannose, and glucose residues [9,59,95].

A recent in vitro fermentation study of fucoidan (<30 kDa) extracted from Laminaria japonica
demonstrated a greater increase in Bifidobacterium and Lactobacillus following 24 h and 48 h fermentation
relative to >30 kDa fucoidan [12], while fucoidan from Ascophyllum nodosum (1330 kDa) and Laminaria
japonica (310 kDa) were shown to increase Lactobacillus and Ruminococcaceae, respectively, in the caecal
microbiota of mice gavaged with 100 mg/kg/day [96]. Fucoidan also reduced serum LPS-binding
protein levels in this study—indicative of a reduced antigen load and reduced inflammatory response.
In contrast, fucoidan with a fucose-rich and highly sulphated fucoidan extracted from Cladosiphon
okamuranus was not fermented by the rat gut microbiota [97].

While the purported bioactivities of fucoidan include anti-obesogenic, anti-diabetic, anti-microbial,
and anti-cancer properties [98], there is limited evidence to implicate a role for the gut microbiota
with such bioactivities, and studies are needed to evaluate the structure-dependent fermentation of
fucoidan to ascribe a prebiotic effect. For the latter, this is surprising given the myriad of α-fucosidase
enzymes present in the human gut bacterial glycobiome.
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2.2. Red Seaweed Polysaccharides

2.2.1. Galactans (Carrageenan, Agar, and Porphyran)

Red seaweeds, such as Gelidium spp. and Gracilaria spp., are used in the commercial production of
agar and carrageenan food additives, including thickening, stabilizing and encapsulation agents [53].
A summary of evidence from recent in vitro fermentation experiments using red seaweed-derived
substrates are presented in Table 5.

Carrageenans are composed of sulphated 1,4-β-d-galactose, 1,3-α-d-galactose, and 3,6-
anhydro-d-galactose [43], and constitutes 30−75% dry weight of red seaweeds [58]. In rats fed 2.5%
Chondrus crispus, of which carrageenan is a major polysaccharide component, faecal Bifidobacterium
breve, and acetate, propionate, and butyrate SCFAs were significantly increased alongside a significant
decrease in the pathogens Clostridium septicum and Streptococcus pneumonia, as compared to the
basal diet [15]. Furthermore, a 1:1 mixture of polysaccharide extracts from Kappaphycus alvarezii
(containing carrageenan) and Sargassum polycystum (brown seaweed) has lowered serum lipids in
rats [39]. In a study by Li et al. [34], β-carrageenase activity in a Bacteroides uniforms 38F6 isolate
complex of Bacteroides xylanisolvens and Escherichia coli hydrolysed κ-carrageenan oligosaccharides into
4-O-sulfate-d-galactose, κ-carratriose, κ-carrapentaose, and κ-carraheptaose, which could facilitate
cross-feeding to promote the growth of Bifidobacterium populations.

Agar is composed of sulphated 1,3-β-d-galactose and 1,4- 3,6-anhydro-α-l-galactose [40] and
can be fractionated into agarose and agaropectin [8]. Low molecular weight agar of 64.64 kDa has
demonstrated a bifidogenic effect alongside increased acetate and propionate SCFA concentrations
after 24 h in vitro fermentation with human stool inoculum [11], while mice fed with 2.5% (w/v)
neoagarose oligosaccharides for 7 days demonstrated increased caecal and faecal Lactobacillus and
Bifidobacterium [102]. The utilisation of agaro-oligosaccharides was noted in vitro by Bacteroides
uniforms L8, isolated from Chinese individuals, which secreted a β-agarase CAZyme to breakdown
agarooligosaccharides into agarotriose and subsequently facilitated the growth of Bifidobacterium
infantis and Bifidobacterium adolescentis via the cross feeding of agarotriose [103].

Porphyran is made up of sulphated 1,3-β-d-galactose, 1,4-α-l-galactose-6-sulfate and
3,6-anhydro-α-l-galactose [41,104,105]. An in vitro faecal fermentation study indicated that porphyran
did not significantly increase SCFAs, but stimulated Lactobacillus and Bacteroides populations [79].
While pure cultures of Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium infantis,
Bifidobacterium adolescentis, but not Bifidobacterium bifidum, were able to ferment dried Porphyra
yezoensis (Nori), containing a low protein content (25%), whereas Nori with a high protein content
(41%) was not fermented [105]. It is likely that carbohydrate content was highest in the low protein
Nori, thus seasonal- and species-variation and in seaweed macronutrient content should be considered
a determinant factor for the fermentability of whole seaweeds [106–109].

Evidence for the horizontal transfer of genes for porphyranase and agarase CAZymes from the
marine bacteria, Zobellia galactanivorans, to Bacteroides plebeius of Japanese individuals is indicative
of diet-driven adaptations of the human gut microbiome [41,44]; however, the North American
counterparts in this study did not consume seaweeds and the gut microbiota of these individuals
did not express such CAZymes. This may mean that the fermentation of seaweed polysaccharides,
such as porphyran and agar, requires exposure to, and acquisition of, specific CAZymes usually present
in the marine environment [73]. Red seaweed galactans are emerging prebiotic candidates given
the commercial availability of red seaweed hydrocolloids and the potential gut modulatory effects
of oligosaccharides obtained from red seaweeds. Nevertheless, further in vivo evidence is needed,
given the purported pro-inflammatory effects of low molecular weight carrageenan [110–112].

252



Mar. Drugs 2019, 17, 327

2.2.2. Xylan

Xylan, composed of 1,3-1,4-β-D-xylose, is a major constituent of red seaweeds, such as Palmaria
palmata [46]. A previous in vitro faecal fermentation study of xylan derived from P. palmata, reported that
xylose was fermented after six h alongside a 58:28:14 ratio of acetate, propionate, and butyrate SCFAs
(total SCFAs were 107 mM/L) [113]. This study did not ascertain bacterial compositional data, and thus
a knowledge gap is presented given that xylans and xylooligosaccharides (XOS) extracted from
terrestrial plants, such as wheat husks and maize, are mooted as potential prebiotics owing to evidence
of bifidogenesis, improved plasma lipid profile, and positive modulation of immune function markers
in healthy adults [114,115]. Given that human gut Bacteroides express a repertoire of xylanase and
xylosidase CAZymes [116], investigations regarding the capacity of the human gut microbiota to
catabolise red seaweed xylans and XOS are suggested.
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2.3. Green Seaweed Polysaccharides

Ulvan

Ulvans are water-soluble cell wall polysaccharides that account for 8–29% dry weight
of green seaweeds, and are composed of sulphated 1,3-α-l-rhamnose, 1,4-β-d-glucuronic acid,
and 1,4-β-d-xyloglucan [51]. Previous reports indicate that Ulva lactuca and ulvan polysaccharides
are poorly fermented by the human gut microbiota [8,95,118], while an in vitro fermentation study of
Enteromorpha spp. With a human faecal inoculum reported no difference in Enterococcus, Lactobacillus,
and Bifidobacterium populations compared to the control; only an increase in Enterobacter after
24 h and 48 h of fermentation (Table 6) [12]. In contrast, a recent in vitro faecal fermentation
study indicated that Ulvan stimulated the growth of Bifidobacterium and Lactobacillus populations
and promoted the production of lactate and acetate [79]. Further, a murine study showed that
Enteromorpha (EP) and Enteromorpha polysaccharides (PEP) ameliorated inflammation associated with
Loperamide-induced constipation in mice [119], where alpha diversity, Firmicutes, and Actinobacteria
were increased in the faecal microbiota of seaweed-supplemented mice compared to the constipated
control. Bacteroidetes and Proteobacteria were decreased, while Bacteroidales family S24-7 and
Prevotellaceae were increased in EP and PEP, respectively. Current evidence for the fermentation of green
seaweeds and their polysaccharides is limited and fermentation may require specific α-l-rhamnosidase
activity by gut commensals [50]. More experimental evidence is needed to understand the impact of
ulvans and ulvan-oligosaccharides in the human and animal diet.

2.4. Future Prospective–Obtaining Oligosaccharides

Enzyme technologies are reported to increase the extraction yield and reduce the molecular
weight of bioactive components obtained from seaweeds, with examples of enhanced prebiotic
activity when commercially available cellulases or seaweed-specific enzymes were used to hydrolyse
polysaccharides [99,120]. Despite limited commercial availability of seaweed-specific enzymes,
an avenue for functional oligosaccharide production is presented if efforts to develop commercially
viable saccharolytic enzymes from microorganisms (primarily marine). Examples of such glycoside
hydrolases include fucoidanase from Sphingomonas paucimobilis PF-1 [121]; ulvan lyase from
Alteromonas spp. [122] and the family Flavobacteriaceae [123]; β-agarase from Cellulophaga omnivescoria
W5C [124] and Cellvibrio PR1 [125]; alginate lyase from Flammeovirga [126], and Paenibacillus [70];
and laminarinase from Clostridiium thermocellum [127]. Factors which influence the stability and
efficacy of such hydrolytic enzymes may include metal ion interaction, or thermostability at the high
temperatures needed to prevent gelling of polysaccharides. Recent insight into the production of
agarose oligosaccharides and neoagarose oligosaccharides from agar exemplify this [128].
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3. Polyphenols

Seaweeds are rich in polyphenols, such as catechins, flavonols, and phlorotannins. Red and green
seaweeds are a source of bromophenols, phenolic acids, and flavonoids [132], while phlorotannins are
the most abundant polyphenol in brown seaweeds. Most research to date concerns the bioactivity of
phlorotannins, a class of polyphenol unique to brown algae comprised of phloroglucinol monomers
and categorised as eckols, fucols, fuhalols, ishofuhalols, phloroethols, or fucophloroethols [132].
The purported bioactivities of seaweed polyphenols are associated with the mitigation of risk factors
pertained to type 2 diabetes and cardiovascular disease, including hyperglycemia, hyperlipidemia,
inflammation and oxidative stress [133–137], and also anti-microbial activity [138]. Owing to
heterogeneity in both molecular weight and the level of isomerisation, characterisation of polyphenols
is difficult [139–141], and a paucity of information exists regarding the endogenous digestion and
microbial catabolism of seaweed polyphenols, with a scarce mechanistic understanding of how they
may exert health benefits via the gut microbiota.

Most polyphenols of plant origin must undergo intestinal biotransformation by endogenous
enzymes and the gut microbiota prior to absorption across enterocytes. These enzymatic transformations
include the elimination of glycosidic bonds, for example, flavonoids are converted to glycones (sugars)
and aglycones (non-sugars–polyphenols) by endogenous β-glucosidases in the small intestine [142].
The transport of aglycones to the liver via the portal vein results in phase II biotransformation
(coupling reactions, chiefly hepatic conjugation to O-glucuronides and O-sulfates) to facilitate
urinary and biliary elimination. Phase II metabolites are absorbed into the systemic circulation,
or excreted in bile and re-enter the duodenum (hepatic recycling), where subsequent glucuronidase,
glycosidase, or sulphatase-mediated deconjugation by the colonic microbiota may favour aglycone
reabsorption [143].

Approximately 90–95% of dietary polyphenols reach the colon intact [144], where biotransformation
and metabolism by the gut microbiota occurs via hydrolysis, reduction, decarboxylation, demethylation,
dehydroxylation, isomerisation, and fission [145], to produce low-molecular weight compounds
with less chemical heterogeneity than the polyphenol parent compound [142]. It is suggested that
a complex network of gut microbial species is necessary for full biotransformation of polyphenols,
whereas simple reactions, such as deglycosylation, can be achieved by individual gut strains.
Furthermore, the bioactivities associated with dietary polyphenol intake may be dependent on the
catabolic capacity and composition of the gut microbiota, owing to the biological activity of metabolites
rather than the parent polyphenol compound present in food [146,147], while a synergistic effect
between prebiotic polyphenols and probiotic bacteria may occur [6].

The identification of bacteria which possess the metabolic capabilities to utilise polyphenols
was previously identified in Eubacterium oxidoreducens, which could catabolise gallate, pyrogallol,
phloroglucinol and quercetin [148]. Quercetin biotransformation by Eubacterium ramulus has also
been identified [149], and multiple human gut microbes which possess phenolic enzymes capable of
breaking down glycosides, glucuronides, sulphates, esters, and lactones was summarised by Selma
et al. [145]. Such microorganisms included E. coli with β-glucuronidase activity; Eubacterium, Bacteroides,
and Clostridium with β-glucosidase activity; Lactobacillus, Eubacterium, Clostridium , Butyrbacterium,
Streptococcus, and Methylotrophicum with demethylase activity; and E. coli, Bifidobacterium, Lactobacillus,
Bacteroides, Streptococcus , Ruminococcus, and Enterococcus with esterase activity. There is also
evidence for α-l-Rhamnosidase mediated hydrolysis of rutinose, present on glycosylated polyphenols
(rhamnoglycosides), to produce aglycones, by species, such as Bacteroides thetaiotaomicron [50],
Bifidobacterium dentium [150], Bifidobacterium catenulatum [151], Bifidobacterium pseudocatenulatum [151],
and Lactobacillus plantarum [152].

Current knowledge regarding the fate of seaweed polyphenols in the human gastrointestinal tract
is scarce; however, it is understood that the limited absorption of Ascophyllum nodosum polyphenols
from small intestinal enterocytes to the portal vein may facilitate the conjugation of polyphenols
to methylated, glucuronidated, or sulphated forms rather than hydrolysis to aglycones [153,154].
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Subsequently, unabsorbed conjugated polyphenols are available for biotransformation by the colonic
microbiota, then potentially absorbed across the colonocytes. Indeed, Corona et al. [154], observed a
reduction of total polyphenol contents of an Ascophyllum nodosum polyphenol extract, high molecular
weight fraction (>10 kDa), and low molecular weight fraction (1–10 kDa) following in vitro digestion
and batch culture fermentation; although anti-genotoxic activity against H2O2 induced DNA damage of
HT-29 cells was increased (to a greater extent by the high molecular weight fraction). This study did not
assess the microbiota composition, however, elsewhere, an in vitro fermentation of an Ecklonia radiata
phlorotannin extract significantly increased Bacteroidetes, Clostridium coccoides, E. coli, and Fecalibacterium
prausnitzii, but decreased Bifidobacterium and Lactobacillus populations after 24 h fermentation [56].
More in vitro digestion studies would be useful to understand the stability of seaweed polyphenols as
extracts or within the seaweed matrix [155,156]. These studies may be complemented by studies which
use ileostomy patient cohorts to determine structural changes to seaweed polyphenols following upper
GI digestion in vivo to indicate polyphenol bioaccessibility in the colon [157].

A recent review highlighted the potential for dietary polyphenols to modulate the gut
microbiota by increasing Bifidobacterium, Lactobacillus, Bacteroides, Enterococcus, Akkermansia muciniphila,
and Fecalibacterium prausnitzii populations [158]. This review did not include any studies which
assessed modulation of the gut microbiota by seaweed polyphenols and, therefore, a research
opportunity is presented. Inter-individual variation of gut microbiota composition and function
is the key determinant for gut microbiota-mediated biotransformation of phenolic compounds to
bioactive metabolites [159,160]. Therefore, identification of bacterial species or strains with the ability
to catabolise seaweed polyphenols and their respective catabolic machinery is needed to understand if
seaweed polyphenols could be prebiotic [161,162]. Moreover, considering that gut microbiota-derived
secondary metabolites reach a peak plasma concentration much later than the original aglycone or
hepatic conjugates, controlled nutrikinetic studies could elude how dietary polyphenols from seaweeds
interact with host-microbiota metabolism [163,164]. Identification of faecal, urinary, serum, or tissue
biomarkers via untargeted and targeted metabolomics approaches, and the use of stable isotope studies,
may also indicate variation in synthesis, bioavailability, metabolism, and excretion of polyphenols
and associated metabolites. While integration of dose response studies alongside metagenomics
and metabolomics analyses, akin to those conducted for berry and wine polyphenols, could elude
how much seaweed polyphenol is required to have an impact, if any, on gut microbial composition,
metabolic function, and host health [165,166].

4. Other Seaweed Phytochemicals

4.1. Carotenoids

Carotenoids are lipid soluble compounds which function within the photosynthetic machinery of
seaweeds to produce pigments. Fucoxanthin is the predominant carotenoid in brown seaweeds [167],
while lutein, β-carotene, astaxanthin, echinenone, violaxanthin, neoxanthin, and zeaxanthin are
found in red and green seaweeds. Carotenoids are used as food colouring additives, while the
application of fucoxanthin as functional food ingredients is suggested, owing to putative anti-oxidant,
anti-inflammatory, anti-cancer, anti-obesity, and anti-diabetic bioactivities [168–173].

While some carotenoids are absorbed by enterocytes and converted into vitamin A and retinoid
derivatives by endogenous beta-carotene oxygenase 1 (BCO1) and beta-carotene dioxygenase 2
(BCO2) enzymes [174,175], the bioavailability of carotenoids in the blood is reported as 10−40% [176],
which has led to suggestions that carotenoids could be fermented by the gut microbiota [174,177].
The only evidence to date has demonstrated that male C57BL/6J mice supplemented with 0.04% (w/w)
astaxanthin during an eight-week pilot study had increased abundance of caecal Bifidobacterium [178],
whereas Proteobacteria and Bacteroides were significantly increased in the caecum of BCO2 knockout
mice; however, analysis of health biomarkers was not reported. Given the differences in microbiota
composition between wild type and BCO2 knockout mice in this study, there is scope to investigate
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how carotenoids and their endogenous derivatives interact with the gut microbiota. Looking ahead,
the use of in vitro models of gastrointestinal digestion and colonic fermentation would be useful to
assess whether there is a direct substrate to microbiota effect or a host–microbe effect [179].

4.2. Polyunsaturated Fatty Acids (PUFAs)

The lipid content of seaweed ranges from 1–5% dry weight, which includes n-3 PUFAs, such as
eicosapentanoic acid (EPA) and docosahexaenoic acid (DHA) [180,181]. The n-3 PUFA are associated
with the anti-inflammatory activity to reduce cardiovascular disease risk and may also exert beneficial
effects on brain function and behaviour, as mediated by the microbiota-gut-brain axis [182]. Dietary EPA
and DHA intake are reported to improve microbial diversity, reduce the Firmicutes/Bacteroidetes
ratio, reduce LPS-producing bacteria, and increase populations of Bifidobacterium, Lachnospiraceae,
and lipopolysaccharide (LPS)-suppressing bacteria in both humans and animal models [182–184].
Although the evidence to date has focused on fish-derived n-3 PUFA, great scope exists to evaluate the
prebiotic effect of n-3 PUFA obtained from seaweeds.

5. Fermented Foods

Fermented foods are understood to have improved nutritional and functional properties owing to
bioactive or bioavailable components [185]. Seaweeds (mainly kelp) are a common vegetable ingredient
in the fermented food, Kimchi. The microbial content of kimchi provides a source of probiotics, nutrients,
and bioactive metabolites, which are reported to have anti-microbial, anti-oxidant, and anti-obesogenic
activities [186–188]. One randomised controlled trial (RCT) observed that consumption of a seaweed
Kimchi made from L. japonica for four weeks promoted the growth and survival of gut microbial lactic
acid bacteria in humans [189], whilst another RCT concluded that consumption of 1.5 g/day fermented
L. japonica containing 5.56% γ-aminobutyric acid (GABA) (Lactobacillus brevis BJ2 culture) was associated
with a reduction in oxidative stress in healthy adults over four weeks, indicated by decreased serum
γ-glutamyltransferse (GGT) and malondialdehyde, and increased antioxidant activity of superoxide
dismutase and catalase compared to the placebo [190]. The latter study indicates that foods containing
fermented brown seaweeds, such as L. japonica, may offer a novel source of GABA enriched ingredients,
which are associated with hypotensive and anti-inflammatory effects [188]. Anti-oxidant, anti-diabetic,
and anti-hypertensive efficacies are also reported for Korean rice wine fermented with L. japonica [191],
while Sargassum fermented with a starter culture of Enterococcus faecium was reported to contain higher
soluble polyphenol and mannuronic acid-rich alginate contents [192], which may increase the provision
of microbiota accessible components for colonic fermentation.

Reports of the functional properties of fermented foods containing red seaweeds are scarce;
however, examples of red seaweed fermented foods include a fermented Porphyra yezoensis seaweed
sauce, which used the marine halophilic lactic acid bacteria, Tetragenococcus halophilus, as a starter
culture [193]; a Gracilaria domingensis aqueous extract applied as a texture modifier in fermented milks
as a non-animal alternative to gelatin [194]; and carrageenan as a salt replacer in the production of
fat-free cheese [195].

Given the availability of red, brown, and green seaweeds both commercially and locally [196],
the production of seaweed-containing fermented foods could be a cost-effective alternative to bioactive
component extraction. Nevertheless, an understanding of how live bacteria and bacterial metabolites
present in fermented foods contribute towards health is required [185].

6. Seaweeds and Animal Health

Seaweeds also have a historical use as animal feed ingredients [197]. The capacity for seaweeds
to modulate the gut microbiota of monogastrics, such as pigs and hens, is presented in Tables 8
and 9, respectively, which complements the recent evidence for the application of seaweed bioactives
in monogastric animal feed [198]. Table 8 shows limited evidence that the β-glucan, laminarin,
may increase Lactobacillus populations but not Bifidobacterium populations. While there is scarce
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evidence for the selective stimulation of health-associated bacteria in pigs by the sulphated fucose,
fucoidan. Only one recent study has evaluated the effect of dietary alginate on the porcine microbiota,
where the genera Ruminococcus, Roseburia and Lachnospira, and an unclassified bacterium of the F16
family were increased, alongside a significant decrease in the genus Blautia, the family Clostridiaceae,
and an unclassified bacterium of RF39 family [199]. In Table 9, recent evidence indicates that hens fed
Chondrus crispus and Sarcodiotheca gaudichaudii red seaweeds may increase ceacal SCFA concentrations
and modulate populations of Bifidobacterium longum, Lactobacillus acidophilus, Streptococcus salivarius,
and Clostridium perfringens [200,201]; however, a bidirectional change in microbial composition was
dose dependent and has only been assessed in two studies to date. Given the use of pigs as an animal
model of humans [202], data from in vivo monogastric studies which are designed to evaluate the
prebiotic potential of dietary seaweeds and seaweed-derived components could provide insight into
the potential for human applications.

Tables 10 and 11 summarise recent studies which have examined the impact of seaweed diets on
the ruminant microbiota of cows and sheep, respectively, with the potential application of reducing
methane production. Despite demonstrating decreased methane production, the cow rumen in vitro
fermentation studies presented in Table 10 did not assess microbiota compositional changes, thus a
knowledge gap is presented to understand which bacteria (if any), are increased or decreased, and are
associated with a reduction in methane production. Table 11 shows that methanogenic bacteria
and methane production were significantly decreased compared to the basal grass substrate control
following the in vitro fermentation of sheep rumen with the red seaweed Asparagopsis taxiformis [203].
While sheep given an ad libitum diet of Ascophyllum nodosum brown seaweed (1%, 3%, or 5%
w/w) for 21 days demonstrated a dose-dependent decrease in propionate and butyrate SCFAs and
a dose-dependent increase in acetate [204], while several bacteria were significantly decreased,
including Prevotella copri, Roseburia, and Coprococcus, while Blautia producta and the family Veillonellaceae
were significantly increased compared to the basal diet. Moreover, the specific case of seaweed-fed
North Ronaldsay sheep highlights how isolated organisms of the ruminant microbiome, such as
Prevotella, Clostridium butyricum, Butyrivibrio fibrisolvens, and Spirochaetes have adapted to hydrolyse
alginate laminarin, and fucoidan [205,206]. However, there is a paucity of evidence to implicate any
health benefits attributed to a seaweed diet in these animals.
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7. Conclusions

Current evidence regarding the prebiotic effects of seaweeds is dominated by complex
polysaccharide components. This is because prebiotic research was previously focused on saccharolytic
fermentation by the gut microbiota. Accumulating evidence from in vitro and in vivo animal studies
provides encouraging data regarding the utilisation of red seaweed galactans and brown seaweed
glycans, such as alginates and laminarins, with minor evidence for fucoidan and the green seaweed
polysaccharide, ulvan.

Given that the most recent definition of prebiotic places non-complex polysaccharide
components in vogue, an opportunity is presented to explore how other seaweed phytochemicals,
including polyphenols, carotenoids, and PUFAs, are metabolised by host microbial populations to
benefit host health. Future investigations should consider the use of in vitro screening studies and
in vivo animal studies to identify putative prebiotic compounds from seaweeds via the identification
of host organisms which utilise seaweed components and the bioactive metabolites produced
(via untargeted metabolomics). Furthermore, controlled human intervention studies with health-related
end points to elucidate prebiotic efficacy are required.
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Abstract: Marine resources are considered as a very promising source of bioactive molecules, and
macroalgae in particular have gained special attention, due to their structurally diverse composition.
Particular interest has been devoted to the brown macroalga Bifurcaria bifurcata, due to their
abundance in bioactive linear diterpenes. In this appraisal, a thorough review concerning the
methodologies used in the extraction, fractionation, and identification of diterpenes from B. bifurcata
is provided and discussed in detail. An exhaustive compilation of the mass spectra and nuclear
magnetic resonance (NMR) data are also provided. The in vitro and in chemico assays already
performed to assess different biological activities attributed to B. bifurcata diterpenes are also reviewed,
emphasizing the use of isolated components, enriched fractions, or crude extracts. The associated
major strengths and challenges for the exploitation of B. bifurcata diterpenes for high-value applications
are critically discussed.

Keywords: Bifurcaria bifurcata; linear diterpenes; extraction; identification; biological activities;
macroalgae; high value applications

1. Introduction

Marine resources have been seen as a promising source of added value molecules, an alternative
of finite fossil resources, allowing for the boost of concepts such as biorefinery, circular economy,
and blue economy [1–3]. In recent years, an increase in marine biotechnology investments has been
observed around the world, with macroalgae being an object of particular interest, mainly due to their
high productivity, wide diversity, and heterogeneous composition, notably with a high abundance of
bioactive compounds [4]. In fact, besides the high content of polysaccharides, macroalgae have shown
to be particularly rich in secondary metabolites with a wide range of biological activities, which can be
exploited as functional ingredients, or in cosmetic and pharmaceutical formulations [4,5]. However,
macroalgae metabolism, and consequently composition, is modulated by, among other factors, salinity,
temperature, pressure, sunlight, geographic origin, and season of collection [6,7].

Macroalgae are ecologically and commercially important, being significant primary producers
in oceanic aquatic foods chains [6]. These marine resources have been recognized to be a valuable
source of polysaccharides, minerals, polyunsaturated fatty acids and vitamins, and, in some species,
of phenolic compounds and terpenes [6,8,9].

Special attention has been devoted to brown macroalgae in particular, due to the presence of
specific components, such as fucoidan, phlorotannins, or even fucoxanthin, for which promising
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bioactivities have been described, namely antitumor, antioxidant, and antihypertensive activities,
among others [10–12].

Notwithstanding, brown macroalgae have attracted an increasing attention due to the presence of
other compounds, such as some linear diterpenes commonly found in the Sargassaceae family, and
particularly in Bifurcaria bifurcata species [13]. Compared to their cyclic congeners, these are quite
rare in nature. In addition, a wide variety of promising biological activities have been attributed to
these components. Although a detailed revision of the different linear diterpenes already identified in
B. bifurcata has been previously reported [14], an overview of the B. bifurcata diterpenes’ properties
together with information about how these components can be extracted and identified is needed
in order to boost their exploitation. In this vein, the purpose of this paper is to review the different
extraction and characterization methodologies used to extract and identify linear diterpenes from
B. bifurcata as well as the current findings on their biological properties. The major challenges and
strengths for the exploitation of this fraction of B. bifurcata are also discussed.

2. Bifurcaria bifurcata General Characteristics and Linear Diterpenes Chemical Families

B. bifurcata is a brown macroalga, and due to its morphology it is classified as a cylindrical
species [15] and can be scientifically classified as follows [16]:

• Empire: Eukaryota
• Kingdom: Chromista
• Phylum: Ochrophyta
• Class: Phaeophyceae
• Subclass: Fucophycidae
• Order: Fucales
• Family: Sargassaceae
• Genus: Bifurcaria

This brown macroalga lives in rock pools on the lower and middle tidal, needing shores for
its settlement, and is distributed along the coast of the Northern Atlantic, between Morocco and
Northwestern Ireland [17]. About 56% of the published (and here reviewed) studies concerning the
linear diterpenes fraction of B. bifurcata use samples from the coast of France (Figure 1), which may be
associated with the high abundance of this macroalga on that area [8,17–37].

Figure 1. Distribution, in percentage, of the studies on B. bifurcata linear diterpenes and/or on related
biological activities, according to the sampling location. The percentages presented in this graphic were
determined considering the number of samples of each geographical location in all published studies
here reviewed. (Analyzing Institute for Scientific Information (ISI) Web of Knowledge, keywords:
Bifurcaria bifurcata, diterpenes; timespan: 1980–2019).

Additionally, all studies reviewed here have used wild samples of B. bifurcata, with the exception
of the work of Santos et al. [38], in which B. bifurcata was collected from the Portuguese coast and
cultivated in a land-based aquaculture system for three weeks at constant controlled conditions.
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Concerning the different sampling locals as well as the exposure to different environmental factors, it
is expected that this variety of B. bifurcata presents diverse compositions.

Linear Diterpenes Families of B. bifurcata

Phaeophyceae’s class members are, in general, widely known for their ability to produce a large
variety of terpenoids [4]. Terpene’s chemical structures can be considered as being formed by multiple
isoprene (C5H8) units (although being biosynthesized from isoprene derived activated precursors,
as described below), and are relatively complex and extremely diverse, since they can have a linear,
monocyclic, or bicyclic structure, among others, with different unsaturation degrees and patterns,
as well as different levels of oxygenation [39,40]. This diversity can result in different chemical and
biological properties [41]. Terpenes may be classified by the number of isoprene units that integrate the
molecule, being grouped into hemi- (C5), mono- (C10), sesqui- (C15), di- (C20), sester- (C25), tri- (C30),
tetra- (C40), and polyterpenes, depending on the number of isoprene units [39,40].

Meroditerpenes (which correspond to a complex of terpenic and aromatic parts, and can be
subdivided into linear, cyclic, and rearranged terpenoids) and linear diterpenes are the major
terpenoids described in Sargassaceae family [40]. Linear (or acyclic) diterpenes, like all isoprenoids,
are biosynthesized from isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP),
which are formed via classical mevalonate (MVA) pathway from the condensation of acetyl-CoA or via
1-deoxy-D-xylulose 5-phosphate/2-C-methyl-D-erythritol 4-phosphate (DOXP/MEP) pathway, from
the intermediates pyruvate and D-glyceraldehyde-3-phosphate (GAP) [42]. These linear terpenes are
made up of a C16 backbone with four double bonds and generally with five non-substituted methylene
groups. According to the main chemical characteristics, linear diterpenes are arranged in three families:
A (C-12 oxidized compounds) (Figure 2); B (two subfamilies: on the one hand, B1 corresponds to
C-13 oxidized molecules bearing an OH group, while on the other hand B2 are compounds with
a ketone functionality at C-13 position) (Figures 3 and 4, respectively); and C (which are the non
C-12/C-13 oxidized compounds) (Figure 5). These four groups of compounds (A, B1, B2, and C)
have metabolic precursors, which are 12-(S)-hydroxygeranylgeraniol (bifurcadiol) (1), eleganediol
((S)-13-hydroxygeranylgeraniol) (9), eleganolone (13-oxogeranylgeraniol or (S)-13-ketogeranylgeraniol)
(15), and geranylgeraniol (39), respectively [14].

 
Figure 2. Chemical structures of acyclic diterpenes identified in B. bifurcata, belonging to family A.

281



Mar. Drugs 2019, 17, 556

 
Figure 3. Chemical structures of acyclic diterpenes identified in B. bifurcata, belonging to family B1.

Linear diterpenes belonging to these 4 groups, have already been found in samples of B. bifurcata
from different geographical origins and exposed to different external factors, which, as mentioned
above, have a high influence on the macroalgae’s chemical composition [6,7]. The detailed list of the
linear diterpenes (and their content when available) already identified in B. bifurcata is depicted in
Table 1. It must be highlighted that, due to the variation of sampling origin, season of collection, and
thus different abiotic factors, together with the different extraction and characterization methodologies
used by the different authors, it is not possible to establish correlations between these factors, conditions,
or methodologies and the linear diterpenes profile detected.

Biard et al. reported for the first time the presence of linear diterpenes in B. bifurcata extracts,
namely eleganolone (15), the major component (2% of dry weight (dw)), and two derivatives (16 (0.06%
of dw) and 9 (0.28% of dw)) [19,20]. The eleganolone (15) content in two samples from Brittany, France
was also determined by Maréchal et al. and Hellio et al., which accounted 0.06% and 0.47% of dw,
respectively. This difference could be related with the effect of several external factors, including season
and sampling local, among others [23,36].

Le Lann et al. identified four distinct chemical profiles in extracts of B. bifurcata, collected during
summer 2009 and winter 2010, from six regions along the Western coast of Britany, France, evidencing
the high dependence of diterpenes composition on the sampling site and environmental factors.
Eleganolone (15) was also identified as the major compound in both winter and summer seasons from
these macroalgae samples, whereas bifurcanone (18) was only found during winter. The eleganediol
(9), bifurcane (10), eleganolone (15), and bifurcanone (18) contents were shown to be also influenced by
season and environmental factors [17].

In fact, eleganediol (9) [19,23,24,26,28,29,31,33,36,37], bifurcane (10) [29–31,36], and eleganolone
(15) [20–24,26–28,30,31,36,37] have been described in several studies concerning B. bifurcata from
France, together with other linear diterpenes, namely formyleleganolone (35) and bibifuran (36) [34].
The highest eleganediol (9) and bifurcane (10) contents (1.12% and 0.37% of dw, respectively) were
described by Maréchal et al. [36]. Furthermore, 12-(S)-hydroxygeranylgeraniol (1) was only found
in samples of B. bifurcata collected from Morocco, corresponding to 0.71% of dw studied by Hellio et
al. [23,43–46].

In addition to bifurcane (10) and bibifuran (36), other B. bifurcata constituents are characterized by
the presence of a furan ring in their structure, such as bifurcanone (18) and eleganolonebutenolide (32),
which belong to B2 subfamily (C-13 oxidized molecule bearing an alcohol). Epoxyeleganolactone (11),
which is a diterpene from B1 subfamily (with a ketone functionality at C-13 position), presents a C-2
epoxylactone [28–30].
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Figure 4. Chemical structures of acyclic diterpenes identified in B. bifurcata, belonging to subfamily B2.
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Figure 5. Chemical structures of acyclic diterpenes identified in B. bifurcata, belonging to family C.

Some of the identified compounds have an acidic character due to the presence of a
carboxylic group at C-1, such as the case of (S)-12-hydroxygeranylgeranic (2), eleganonic (31),
and 14,15-dihydro-eleganonic acids (33) [30,34,43,47]. Semmak et al. reported the highest (S)-12-
hydroxygeranylgeranic acid (2) content on B. bifurcaria from Morocco, which accounted 0.17% of
dw [47].

Culioli et al. reported for the first time the presence of (E)-6,10-dimethylundeca-5,9-diene-2,8-dione
(47) (0.01% of dw) in B. bifurcata, which resulted from the oxidative cleavage of the C-6 double
bond of eleganolone (15) [33]. In addition, two pairs of isomers were also isolated from B.
bifurcata, namely (S,2E,6E,10E)-12-hydroxy-3,7,11,15-tetramethylhexadeca-2,6,10,14-tetraenal (4) and
(S,2Z,6E,10E)-12-hydroxy-3,7,11,15-tetramethylhexadeca-2,6,10,14-tetraenal (5), and eleganolal (23)
(0.12% of dw) and isoeleganolal (24) (0.08% of dw) [32,46].

Several diterpenes were identified and quantified in a detailed study of the lipophilic
fraction of a short-term cultivated B. bifurcata, collected in May, from Ria de Aveiro, Portugal,
namely 6-hydroxy-13-oxo-7,7’,10,11-didehydrophytol (37) (0.06% of dw), 1-acetyl-10,13-dioxo-6,
7,11,11’,14,15-tridehydrophytol (38) (0.10% of dw), geranylgeraniol (39) (0.01% of dw),
6,7,9,10,11,12,14,15-tetrahydrophytol (42) (0.01% of dw), phytol (45) (0.003% of dw), and neophytadiene
(46) (0.01% of dw) [38]. Compounds 37, 38, 45, and 46 were identified for the first time as constituents
of this macroalga species, whereas compounds 39 [23,31,36,37] and 42 [46] had already been identified
in samples from different geographical origins, namely from Morocco and France. A higher
geranylgeraniol (39) content was verified by Hellio et al. in B. bifurcata from Morocco (0.12% of
dw) than those determined by Culioli et al. and Maréchal et al. (0.01% and 0.02% of dw, respectively)
in samples from Brittany, France and from Portugal [23,32,36,38].
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3. Characterization of Linear Diterpenes from B. bifurcata

The bioprospection of linear diterpenes from B. bifurcata involves a sequential approach, including
extraction, fractionation, identification, and quantification steps. Hence, in the following subchapters
the methodologies already used to extract, fractionate, and characterize these bioactive compounds
will be described.

3.1. Extraction and Fractionation Methodologies

Sample drying and milling are the first steps in the analysis of active compounds from plant raw
materials. Macroalgae sample drying is a preliminary step that is often carried out prior to milling and
extraction steps, and could be done by air drying (in the shade or not) [23,24,26,31,36,37,44,46,49,52]
or by freeze-drying [8,19–22,27–30,34,35,38,43,50,51,53–55]. Notwithstanding, Semmak et al. have
obtained linear diterpenes from freshly collected B. bifurcata [47]. The sample drying step is very
important, especially when nonpolar extraction solvents are used, in order to avoid moisture contents
that can diminish the extraction efficiency. Contrarily, when polar solvents [methanol (MeOH), ethanol
(EtOH), ethyl acetate (EtOAc), among others] or solvent mixtures [hexane/acetone, hexane/acetonitrile
(MeCN), etc.] are used, the use of wet samples can be considered [56]. Notwithstanding, it must be
highlighted that when freshly collected macroalga is used, the moisture content is uncontrolled, which,
consequently, compromises the extraction reproducibility.

The milling step could also have an important influence in the extraction, specifically in the
compounds diffusion from the matrix to the solvent, since by decreasing the particles size, the surface
area increases, improving the compounds diffusion [56,57]. Thus, the biomass is often ground prior
to extraction [8,21–24,27,29,31,34–38,43–46,51,54,55,58,59]. Extraction is considered one of the most
relevant steps, being a mass transport phenomenon, where components are transferred from the plant
matrix to a solvent up to their equilibrium concentration [56]. The extraction efficacy is affected by
several factors, such as the technique used to the sample drying, the particle size, the extraction solvent
(or mixtures), temperature, and extraction time [60]. The different extraction conditions that have been
applied to extract linear diterpenes from B. bifurcata are summarized in Table 1.

It should be highlighted that the effect of different solvents, extraction time, or even temperature
used is difficult to critically compare, on one hand due to the different geographical origin or season
of macroalgae sampling in each study, and, on the other hand, by the lack of accurate diterpenes
quantification in many studies. Notwithstanding, an overview of the most commonly applied
conditions will be reported and discussed.

Conventional solid–liquid extraction with continuous stirring (maceration) has been amongst the
most used extraction methodology to obtain linear diterpenes from B. bifurcata [19–24,26–34,36,37,43–51].
The extraction yields (EY) obtained by maceration ranged from 0.95% to 9.06% (w/w) [21,23,24,27–29,
31,34,36,37,43–47,49–51]. This wide range could be a consequence of the different solvents used and/or
the different geographical origins. The conventional Soxhlet extraction has also been shown to be
efficient in extracting these compounds from B. bifurcata (EY of 3.92% ± 0.09% (w/w)) [38]. Diethyl
ether (Et2O) and EtOAc were the most used solvents, resulting in variable EYs, 1.65%–3.67% and
1.70%–4.80% (w/w), respectively [19–23,26–34,36,43,46,52]. Moreau et al., Ortalo-Magné et al., Semmak
et al., among others, selected a mixture of chloroform–methanol (CHCl3:MeOH) to extract different
linear diterpenes from B. bifurcata, resulting in EYs from 2.63% to 6.92% (w/w) [24,37,44,47,49], while
other authors have selected different mixtures of solvents (such as EtOH:CHCl3, leading to EY of 1.52%
(w/w)) [45].

Despite being a very important variable, most of studies did not specify the extraction time
applied. Concerning the Soxhlet extraction with dichloromethane (DCM), an extraction time of 9 h was
reported to be effective in the extraction of linear diterpenes from B. bifurcata [38]. Similarly, Combaut
et al. carried out three consecutive solid–liquid extractions, also using Et2O with an extraction time of
3 h, resulting in a EY of 3.67% (w/w) [27]. However, considerably higher extraction times were also
used, such as in the study published by Maréchal et al., where an Et2O solid–liquid extraction during
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48 h also proved to be efficient in obtaining B. bifurcata linear diterpenes, with extraction yields ranging
from 2.2% to 2.9% (w/w) [36].

Most of the diterpenes described in Table 1 were extracted from B. bifurcata at room temperature [21–
24,27,29,31,32,34–37,43,44,46,50,59,61]. It is not clear from the reported data to what extent B. bifurcata
diterpenes are thermosensitive, however their extraction by Soxhlet have been shown to be successful.
Soxhlet extraction with DCM, at temperatures close to 40 ◦C, allowed researchers to extract about 1.9 g
of diterpenes kg−1 of macroalga dw [38].

It should be highlighted that most of the studies concerning the extraction of diterpenes from
B. bifurcata were carried out with analytical and bioprospection purposes, justifying the use of
conventional methodologies with organic and often hazardous solvents. However, the exploitation of
these bioactive components to high-value applications deserves the development and optimization of
environmentally friendly and sustainable extraction approaches. Actually, the extraction of diterpenes
from this macroalga species has been characterized by long operating times, and therefore high
energetic consumption and the use of organic solvents, for which toxicity might compromise the
exploitation of these fraction/extracts in food, nutraceutical, or pharmaceutical fields. New and
promising environmental friendly extraction techniques have been developed to extract bioactive
components from biomass, for example, ultrasound assisted extraction, microwave-assisted extraction,
high pressure extraction, among others [57,60]. Due to the small amount of organic solvents used
or even the possibility of their replacement by water, they are recognized as green (or eco-friendly)
technologies [60,62]. In addition, these emerging technologies aim to shorten the extraction time,
intensifying the mass transfer process, as well as to increase the extraction yields, resulting also in
higher extracts quality and reducing the energy consumption [63]. Therefore the exploitation of these
emerging technologies should allow researchers to widen the field of applications of B. bifurcata linear
diterpenes fractions/extracts.

Fractionation and, in some cases, purification steps have been performed after extraction. Some
authors have obtained enriched fractions by applying successive extraction methodologies [37,54,55,61]
or even isolated compounds by fractionation with column chromatography (CC), followed, in most
cases, by HPLC fractionation [20,23,24,27,29–31,34,36,43–47,49,51].

Usually, “bio-guided fractionation” has been applied as a strategy to isolate the main constituent
of the most active fraction [21,28,35]. Although, Nardella et al. applied a new strategy to accelerate the
discovery of new bioactive compounds, combining two-dimensional (2D) NMR analysis with high
performance liquid chromatography with diode array detection coupled to mass spectrometry and
solid phase extraction (HPLC-DAD-MS-SPE-NMR) to identify eleganolone (15). The authors called
this new strategy “pharmacophoric deconvolution”, which proved to be three times faster and to
require less starting raw material than “bio-guided fractionation” [22].

3.2. Instrumental Analysis: Identification and Quantification

The identification of linear diterpenes from B. bifurcata has frequently been performed using
spectroscopic techniques, such as infrared spectroscopy (IR), ultraviolet spectroscopy (UV), one (1D) and
2D (1H and 13C) NMR and high resolution mass spectrometry (HRMS) [19,20,24,27–34,36,43–47,49,51].
In fact, both NMR and mass spectrometry (MS) analysis can be expeditious ways to identify these
components, since unique spectroscopic profiles can be recorded for each compound.

For example, Maréchal et al. obtained an Et2O extract, with 2.2% to 2.9% of algal dw, and identified
and quantified eleganediol (9) through IR, UV, HRMS, and 1D and 2D NMR [36]. Taking into account
the MS data obtained by Biard et al., the mass spectrum of compound 9 presents a molecular ion [M]+ at
m/z 306 representing the chemical formula C20H34O2 and also other characteristic product ions, namely
[M − H2O]+ at m/z 288 [19]. Additionally, they carried out 13C NMR analysis for its identification [19].
Valls et al. have also identified 9 by 1H (360 MHz, deuterated chloroform (CDCl3); 200 MHz, deuterated
benzene (C6D6)), 13C (90 MHz, CDCl3; 50 MHz, C6D6), and distortionless enhancement by polarization
transfer (DEPT) NMR [29].
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Culioli et al. identified the chemical formula of methyl(S,2E,6E,10E)-12-hydroxy-3,7,11,
15-tetramethylhexadeca-2,6,10,14-tetraenoate (3) (C21H34O3), (S,2E,6E,10E)-12-hydroxy-3,7,11,
15-tetramethylhexadeca-2,6,10,14-tetraenal (4) (C20H32O2), (S,2Z,6E,10E)-12-hydroxy-3,7,11,
15-tetramethylhexadeca-2,6,10,14-tetraenal (5) (C20H32O2), and 6,7,9,10,11,12,14,15-tetrahydrophytol
(42) (C20H32O) by HRMS (Table S1), observing the molecular ions [M]+ at m/z 334.2506, 304.2408,
304.2410, and 288.2450, respectively [46]. Furthermore, electron ionization mass spectrometry (EIMS)
(70 eV) analysis was carried out to complement the identification, in which the molecular ions [M]+

were confirmed. In addition, other characteristic product ions were also observed, for instance, in the
MS spectrum of compound 3 the presence of the ions at m/z 316 [M − H2O]+, 265, 233, 215, 187,137,
123, 107, 93, 81, 69, 55 was verified [46].

Eleganolone (15) was identified by Gallé et al. [21] through high resolution electron ionization
mass spectrometry (HREIMS) and 1H (400 MHz, CDCl3), 13C (100 MHz, CDCl3), and DEPT NMR, by
comparison with the data described in literature [20,31]. NMR spectral data are described in Tables S2
and S3. The HREIMS of compound 15 present an ion peak for the sodium adduct ([M + Na]+) at m/z
327.23193, indicating the molecular formula C20H32O2 [21].

Smyrniotopoulos et al. identified a new linear diterpene, bifurcatriol (14), from an Irish sample of
B. bifurcata, using the spectroscopic techniques mentioned above (IR, 1D and 2D NMR, HRMS) and
also experimental and computational vibrational circular dichroism (VCD) spectroscopy, which was
used to determine the structure and absolute configuration of the compound [50]. Taking into account
its HRMS, the ion [M +Na]+ was observed at m/z 347.2559, being assigned to the molecular formula
C20H36O3 [50].

Furthermore, chromatographic systems coupled to spectroscopic techniques, such as gas
chromatography-mass spectrometry (GC-MS) have been also applied, with the advantage to
simultaneously allowing identification and quantification [38]. Santos et al. identified and quantified
the linear diterpenes present in a DCM extract from B. bifurcata, accounting 0.189% ± 0.013% of
dw, which corresponded to about 57% of the total amount of lipophilic compounds detected [38].
The direct GC-MS analysis of the extract, using a DB-1 column (Agilent) and without any previous
fractionation or derivatization, allowed them to identify six linear diterpenes. Hereof, this study stands
out from the others here reviewed, which involved mostly NMR analysis, often accomplished by
previous fractionation and/or purification steps. It must be highlighted the mass spectrum obtained
for neophytadiene (46), in which the molecular ion [M]+ at m/z 278, and also some major product
ions at m/z 43 ([C3H7]+), 57 ([C4H9]+), 68, 82, 95 ([C7H11]+), 109, and 123 ([C9H15]+), were observed.
In the same way, geranylgeraniol (39) mass spectrum presented the molecular ion [M]+ at m/z 290, and
characteristic products ions at m/z 69 ([C5H9]+), 81 ([C6H9]+), 121 ([C11H19]+), 272 ([M − H2O]+)[38].

A more detailed discussion of the spectroscopic features of these compounds is beyond the scope
of the present review, however its availability in a systematized way is undoubtedly important for the
readers in the field. Therefore, an exhaustive compilation of NMR and MS data for linear diterpenes
from B. bifurcata is systematized in supplementary Tables S1, S2, and S3.

4. Biological Activities of B. bifurcata Diterpenes-Enriched Extracts: In vitro and In
Chemico Assays

The interest in B. bifurcata linear diterpenes-enriched extracts has increased in recent years due
to the vast range of biological activities already associated with these compounds. Despite being
very rare in nature, they are present in high amounts in B. bifurcata lipidic extracts, as shown above.
An overview of the biological activities already reported for B. bifurcata linear diterpenes-enriched
extracts or purified components is present in Table 2 (studies involving isolated diterpenes from
B. bifurcata and those involving B. bifurcata extracts previously found to be rich in linear diterpenes
were considered).
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Most of the studies have evaluated the biological activities of B. bifurcata linear diterpenes and
extracts through in vitro or in chemico assays. Therefore, the future development of in vivo assays to
corroborate these results may be crucial to their exploitation for high-value applications.

4.1. Antimicrobial Activity

Biard et al. firstly reported that the Et2O extract of B. bifurcata showed antimicrobial activity
against Mycobacterium smegmatis [20] Subsequently, they proceeded to the isolation of the major
compound, namely eleganolone (15), which also inhibited the bacteria growth at 75 μg mL−1 (expressed
as minimal inhibitory concentration (MIC)), as well as that of Bacillus subtilis (MIC = 2.5 mg mL−1),
Mycobacterium aquae (MIC = 400 μg mL−1), Mycobacterium ranae (MIC = 100 μg mL−1), Mycobacterium
xenoqui (MIC = 200 μg mL−1), and Mycobacterium avium (MIC = 100 μg mL−1) [20]. Hellio et al. also
reported the antibacterial activity of eleganediol (9) and eleganolone (15) against a strain of Bacillus sp.
(MIC = 8 μg mL−1) [23].

Furthermore, Hellio et al. reported the antimicrobial activity of two eleganolone (15)
derivatives, ((10E,14E)-16-hydroxy-2,10,14-trimethyl-6-methylenehexadeca-2,10,14-triene-4,7-dione
(22) and (6E,14E)-16-hydroxy-2,6,14-trimethyl-10-methylenehexadeca-2,6,14-triene-4,11-dione (25),
against a gram-positive bacteria, namely Bacillus sp. (MIC = 8 μg mL−1), as well as against marine
fungi, namely Corollospora maritima, Lulworthia sp., and Dendryphiella salina, MIC = 8 μg mL−1 [23].

Santos et al. demonstrated that a DCM B. bifurcata extract rich in linear diterpenes (48.29 mg g−1

of extract) exhibited antibacterial activity against both gram-positive (namely, Staphylococcus aureus
ATCC®6538 (MIC = 1024 μg mL−1) and ATCC®43300 (MIC = 2048 μg mL−1)) and gram-negative
(in particular, Escherichia coli ATCC®25922 (MIC= 2048 μg mL−1)) bacteria. In addition, this extract was
shown to reinforce the antimicrobial activity of several antibiotics. The combination of the extract with
gentamicin or tetracycline resulted in a severe decrease of the antibiotic MIC against the three strains.
Rifampicin MIC also decreased about 87% and 50% in the presence of the extract toward Staphylococcus
aureus ATCC®43300 and Escherichia coli ATCC®25922, respectively. Thus, this synergism of B. bifurcata
extracts with antibiotics could be further exploited in a way to overcome the antibiotic-resistant bacteria
strains, which is a serious public health problem [38].

Alves et al. studied the antibacterial activity (expressed in zone of inhibition (ZI)) of MeOH and
DCM extracts of B. bifurcata. Both extracts were revealed to be active against Escherichia coli ATCC
10536 (ZI: 7.0 ± 0.0 mm and 8.3 ± 0.6 mm for MeOH and DCM extracts, respectively), while MeOH
extract was also shown to inhibit Staphylococcus aureus ATCC 25923 (7.0 ± 0 mm ZI) [55]. The MeOH
extract also presented antibacterial activity against Bacillus subtilis ATCC 6633 (6.7 ± 0.6 mm ZI) and
Escherichia coli ATCC 25922 (6.7 ± 0.6 mm ZI) [55]. In fact, antimicrobial activity of both MeOH and
DCM B. bifurcata extracts was also demonstrated against another gram-negative bacteria, Pseudomonas
aeruginosa ATCC 27853 (11.3 ± 1.5 mm ZI and 8.3 ± 1.2 mm ZI, respectively), and toward Saccharomyces
cerevisiae ATCC 9763, which was expressed in the inhibitory concentration of the extract required to
decrease microbial concentration by 50% (IC50), IC50 = 26.68 μg mL−1 and IC50 = 17.06 μg mL−1, for
MeOH and DCM extracts, respectively [55]. According to these results, a higher potential antibacterial
activity against Pseudomonas aeruginosa ATCC 27853 in the MeOH extract was observed while the DCM
extract showed a higher antifungal activity against Saccharomyces cerevisiae ATCC 9763 [55].

Antiprotozoal activity has been one of the most studied biological activities for linear diterpenes
from B. bifurcata. Protozoal infections, in particular malaria, leishmaniosis, and sleeping sickness,
among others, are fatal diseases [35]. Recently, Smyrniotopoulos et al. proved the antiprotozoal
activity of bifurcatriol (14), obtained after several purification steps [50]. This linear diterpene also
revealed antimalarial activity toward a resistant K1 strain of the malaria parasite, Plasmodium falciparum
(IC50 = 0.65 ± 0.05 μg mL−1), with a good selectivity, and protozoal activity against Trypanosoma
brucei rhodesiense (IC50 = 11.8 ± 0.01 μg mL−1), Trypanosoma cruzi (IC50 = 47.8 ± 0.59 μg mL−1), and
Leishmania donovani (IC50 = 18.8 ± 0.12 μg mL−1) [50]. After the evaluation of the antiprotozoal activity
of an EtOAc extract, through a bio-guided fractionation, Gallé et al. proved that eleganolone (15)
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was responsible for the antimalarial (or anti-plasmodial) activity of the extract toward Plasmodium
falciparum (IC50 = 2.6 μg mL−1), with a good selectivity index (SI = 21.6). However, this component
presented lower trypanocidal activity against Trypanosoma brucei rhodesiense (IC50 = 13.7 μg mL−1)
and Trypanosoma cruzi (IC50 = 17.7 μg mL−1) than the crude extract, which exhibited a promising
trypanocidal activity with a mild selectivity index (IC50 = 0.53 μg mL−1; selectivity index (SI)= 11.6) [21].
In fact, the enhanced activities of crude (thus more complex) extracts may be due to synergism effects,
highlighting their potential without laborious and expensive fractionation/purification steps, often
involving hazardous solvents. The exploitation of the trypanocidal activity of B. bifurcata extracts
enriched in linear diterpenes may be important considering the gaps associated with sleeping sickness
(trypanosomiasis) therapy, namely the fact that available drugs are outdated, causing severe adverse
reactions [21].

Leishmaniosis, which is a common disease worldwide, affecting several mammal species, including
humans [52], has been also the focus of different studies concerning the bioprospection of linear
diterpenes from B. bifurcata. Antiprotozoal activity of EtOAc:MeOH soluble extract against Leishmania
donovani (IC50 = 6.4 μg mL−1) was also shown [61]. Although, the EtOAc (10% w/v) extract was
shown to be the most active against amastigotes of this strain, presenting an IC50 of 3.8 μg mL−1 [35].
Vonthron-Sé et al. also tested this active extract against erythrocytes infected by a resistant K1 strain
of Plasmodium falciparum (100% of growth inhibition (GI) at 9.7 μg mL−1) and Trypanosoma cruzi
trypamastigostes (78% of GI at 9.7 μg mL−1). These activities seem to be induced by toxicity [35].
Antiprotozoal activity of a B. bifurcata extract against Trypanosoma brucei rhodeisense (IC50 = 1.9 μg
mL−1), Trypanosoma cruzi (IC50 = 34.7 μg mL−1), and Mycobacterium tuberculosis (MIC = 64.0 μg mL−1)
(antitubercular activity) was also reported [61].

4.2. Antifouling Activity

Antifouling activity has been also proven in B. bifurcata extracts with high contents of linear
diterpenes. The exploitation of this capacity of B bifurcata diterpenes could be an environmentally safe
alternative for modern marine engineering and shipping operations, for offshore structures, and for
aquaculture equipment [23,36]. In fact, the control of biofouling is an important problem of marine
technology [23], with the use of heavy metal-based paints being already restricted due to the toxicity of
organotin compounds to marine organisms [23,36]. Bacteria are commonly responsible for biofouling,
forming a biofilm with other micro- and macrofoulers, such as algae or invertebrates, adhering to
surfaces [14].

The antifouling activity of an Et2O B. bifurcata extract, in which two linear diterpenes were
identified, was also tested against Balanus amphitrite cyprid, and was shown to be highly active (efficient
concentration of extract to decrease microbial concentration by 50%, EC50 = 0.43 (0.88 − 1.26, conf.
lim. 95%) μg mL−1), whereas eleganolone (15) (EC50 = 2.14 (0.88 − 3.9, conf. lim. 95%) μg mL−1) and
eleganediol (9) (EC50 = 40.37 (11.89 – 62.93, conf. lim. 95%) μg mL−1) were shown to be moderate
and low active, respectively. This study also proved that B. bifurcata extracts are toxic against Balanus
amphitrite nauplius II after 24 h of treatment (lethal concentration (LC) = 0.64 (0.26 − 1.14, conf. lim.
95%) μg mL−1)). Compounds 9 (LC = 7.31 (3.84 − 8.78, conf. lim. 95%) μg mL−1) and 15 (LC = 3.48
(2.53 − 4.52, conf. lim. 95%) μg mL−1) showed lower toxicity [26]. The antiadhesion activity of
compounds 9 and 15 were also studied against a strain of Polibacter sp. (EC50 = 63.5 ± 8.3 μg mL−1;
EC50 = 58.4 ± 1.7 μg mL−1) and of Paracoccus sp. (EC50 = 103.9 ± 12.8 μg mL−1; EC50 = 40.3 ± 13.5 μg
mL−1), with the component 15 being more active toward these two strains [25,44].

The antifouling activity of B. bifurcata linear diterpenes, considering the biofouling promoted
by macroalgae and blue mussel, were also evaluated. The antifouling activity of eleganediol (9) was
tested by Hellio et al., who proved that this linear diterpene is able to inhibit macroalgal spore and
zygote development, particularly of Enteromorpha intestinalis (65.2% ± 1.2% GI) and Sargassum muticum
(81.5% ± 3.4% GI), and to inhibit diatom growth (Amphora coffeaformis (37.3% ± 1.9% GI), Phaeodartylum
tricornutum (42.8% ± 1.5% GI), and Cylindrotheca closterium (39.5% ± 1.6% GI)) [23]. Other linear
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diterpenes from B. bifurcata, such as 12-(S)-hydroxygeranylgeraniol (1) and geranylgeraniol (39) also
showed antifouling activity toward macroalgal spores and zygotes. Compound 1 was shown to inhibit
the development of Sargassum muticum (72.0% ± 2.2% GI) spore and zygote, whereas compound 39

was active against Enteromorpha intestinalis (67.3% ± 2.1% GI) and Ulva lactuca (83.1% ± 3.4% GI), as
well as inhibiting the blue mussel Mytilus edulis adhesion (77.0% ± 2.8% inhibition of phenoloxidase
activity (IPA)) [23].

Maréchal et al. studied the seasonal variation on the antifouling activity of crude B. bifurcata Et2O
extracts (from Brittany, France) against cyprids of Balanus amphitrite and the marine bacteria Cobetia
marina (MIC: 12.2 ± 0.4 to 26.3 ± 1.3 μg mL−1) and Pseudoalteromonas haloplanktis (MIC: 6.5 ± 0.6 to
15.5 ± 0.8 μg mL−1) [36].

Furthermore, the antifouling activity of ether extracts of B. bifurcata from different sampling sites
was also tested. An extract of B. bifurcata from Quiberon, France was found to be active against Ulva
lactuca spore and zygote development (78.7% ± 2.8% GI), whereas the Port Sall (France) and Oualidia
(Morocco) B. bifurcata extracts inhibit the growth of diatoms (Amphora coffeaformis (83.9% ± 4.2% GI),
Phaeodartylum tricornutum (86.2% ± 3.4% GI), Cylindrotheca closterium (69.2% ± 2.4% GI)) and inhibit the
adhesion of the blue mussel Mytilus edulis (80.6% ± 2.3% IPA), respectively [23].

4.3. Antiproliferative Activity

The cytotoxic activity of two bifurcadiol derivatives ((2E,10E,12R)-3,11,15-trimethyl-7-
methylenehexadeca-2,10,14-triene-1,6,12-triol (6), and (2E,10E,12R)-3,7,11,15-tetramethylhexadeca-2,10,
14-triene-1,7,12-triol (7) isolated from B. bifurcata were evaluated. These linear diterpenes were shown
to be active against the NSCLC-N6 cell line (a human non–small-cell bronchopulmonary carcinoma
line), presenting IC50 values of 12.3 and 9.5 μg mL−1, respectively) [44]. Eleganediol (9) and bifurcane
(10), isolated from a B. bifurcata extract, showed anti-proliferative activity at 100 μg mL−1, toward
MDA-MB-231 tumor cells (mammary gland/breast adenocarcinoma), resulting in 1.8% and 2.9% of cell
viability, respectively [48].

Some studies also evaluated the in vitro antiproliferative activity of B. bifurcata extracts. Zubia
et al. tested the cytotoxic activity of DCM:MeOH extracts of this brown macroalga against three
tumoral cell lines (Daudi, Jurkat and K562), which resulted in, approximately, 40% of cell viability
reduction with Daudi and K562 and about 20% of cell viability reduction with Jurkat cell lines [8].
Two carcinoma models (Caco-2 and HepG-2) were used to evaluate the in vitro antitumor activity
of B. bifurcata extracts. In this research, Alves et al. showed high cell proliferation inhibition of both
DCM and MeOH extracts (at 1 mg mL−1) against these tumoral cell lines. The IC50 values obtained
with MeOH extract was 437.1 (266.0 – 718.1) μg mL−1 for Caco-2 and 252.0 (162.0 − 392.2) μg mL−1 for
HepG-2. Although, DCM extract exhibited promising cell proliferation inhibition and cytotoxicity,
against Caco-2 (IC50 = 82.31 (54.7 − 123.8) μg mL−1; IC50 = 90.09 (70.82 − 114.6) μg mL−1) and HepG-2
(IC50 = 95.63 (69.66 − 131.3) μg mL−1; IC50 = 123.9 (95.47 − 160.8) μg mL−1), when compared with the
results obtained for cisplatin and tamoxifen, which are two commercial drugs [55].

In addition, Moreau et al. showed irreversible arrest of well-differentiated pathologic cells
(such as NSCLC-N6) proliferation induced by a B. bifurcata MeOH extract rich in diterpenes.
This antiproliferative effect is a mechanism of action that overcomes the limited effectiveness of
many cycle-dependent anticancer drugs on such slowly developing tumors. After 72 h of treatment
with B. bifurcata extract (2.5 μg L hours−1), the cell growth in the G1 phase of the cell cycle was inhibited,
and kinetic assays in pretreated cells proved that this growth arrest was irreversible [37].

Besides these results regarding anti-proliferative activity of B. bifurcata linear diterpenes and
extracts, bioaccessibility and bioavailability assays were not yet performed. In fact, most of the in vitro
studies have not used gut cell lines, which allow consideration of the absorption and distribution
stages. Thus, other in vitro assays are required in the future to complement these results.
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4.4. Antioxidant Activity

The prospection of natural components from macroalgae with antioxidant activity has been object
of several studies, since oxidative stress is known to be related with several diseases, such as cancer,
chronic inflammation, atherosclerosis, and cardiovascular disorder, among others [8]. Furthermore,
consumers have, currently, preference for products from natural sources and are conscious about
the toxicity associated with synthetic antioxidants [8]. The industrial implementation of natural
antioxidants, whether at the level of food industry or the cosmetic or therapeutic industry (i.e.,
nutraceuticals), appears as a promising alternative to synthetic antioxidants [54]. This may be one of
the reasons why antioxidant activity has been one of the most studied biological activities in B. bifurcata
extracts [8,38,54,55].

The antioxidant potential of B. bifurcata linear diterpenes and extracts has been
evaluated by different assays, such as 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid (ABTS), and oxygen radical absorbent capacity (ORAC).
The results of DPPH and ABTS assays are commonly expressed as IC50 values, defined as the
inhibitory concentration of the extract required to decrease by 50% the initial radical concentration.
Nonetheless, the comparison of the different IC50 values between published studies is not always
possible, since the IC50 value depends on the methodology used by each author, as well as on the
standards used. For example, Santos et al. used ascorbic acid and 3,5-di-tert-4-butylhydroxytoluene
(BHT) as positive control whereas Pinteus et al. used only BHT [38,54]. Despite earlier studies, namely
from Santos et al. and Alves et al., using the same standards as positive control, the DPPH assay
conditions were different, which make the results incomparable [38,55].

Zubia et al. determined the antioxidant activity of B. bifurcata crude DCM:MeOH extract by
three methods: DPPH (efficient concentration of extract to decrease reagent concentration by 50%,
EC50 = 0.56 ± 0.00 mg mL−1), reducing activity (90.97% at 500 mg L−1), and β-carotene-linoleic
acid system (76.13% of inhibition at 500 mg L−1) [8]. A DCM extract, obtained from a B. bifurcata
sample of Ria de Aveiro, Portugal, was evaluated by DPPH and ABTS assays, exhibiting IC50

values of 365.57 ± 10.04 μg mL−1 and 116.25 ± 2.54 μg mL−1 for DPPH and ABTS, respectively [38].
Alves et al. also carried out DPPH assay in both MeOH (IC50 = 58.82 (50.65 − 68.31) μg mL−1) and DCM
(IC50 = 344.70 (246.10− 482.80) μg mL−1) extracts of a B. bifurcata from Peniche Coast, Portugal, however
with MeOH extract showing a higher antioxidant activity than DCM extract [54,55]. Notwithstanding,
the DCM extract showed an IC50 value close to that obtained in a similar study [38,54,55]. In addition
to DPPH assay, the ORAC of MeOH (3151.35 ± 119.33 μmol trolox equivalents (TE) g−1 extract (ext))
and DCM (589.98 ± 7.33 μmol TE g−1 ext) extracts were determined [54,55].

4.5. Anti-Inflammatory Activity

The anti-inflammatory activity of a B. bifurcata extract enriched in linear diterpenes was described
by Santos et al., who analyzed a DCM extract from a Portuguese sample [38]. The capacity of this extract
to modulate nitric oxide (NO) was evaluated through an in vitro model of inflammation consisting
of macrophages stimulated with lipopolysaccharides (LPS) and, simultaneously, the cell viability
was analyzed by the resazurin-based assay, which allowed researchers to select concentrations with
bioactivity and without cytotoxicity. The accumulation of nitrites in the culture medium, using the
Griess assay, was measured to determine the extract effect on NO production. Thus, LPS-induced NO
production was 6% inhibited in the presence of the extract at a concentration of about 50 μg mL−1 [38].
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4.6. Other Biological Activities

Two components widely reported in B. bifurcata samples, namely eleganediol (9) and eleganolone
(15), were studied regarding antihypertensive and relaxing activities. These components were isolated
from Cystoseira balearica. These pharmacological assays were performed on different guinea pig intestinal
preparations, and allowed researchers to identify bioactive effects of compounds 9 and 15, such as
blocking the isoprenaline inotropic activity and inhibiting the contractile activities of acetylcholine
(pIC50 = 4.71 ± 0.18 μg mL−1; pIC50 = 4.60 ± 0.03 μg mL−1, respectively) and histamine (pIC50 =

5.18 ± 0.01 μg mL−1; pIC50 = 4.84 ± 0.20 μg mL−1, respectively) on ileum musculature. In addition,
compounds 9 and 15 relaxed, in a dose-dependent manner, the same preparations precontracted with
300 mM BaCl2 (pIC50 = 4.34 ± 0.02 μg mL−1; pIC50 = 4.34 ± 0.02 μg mL−1, respectively) or with 600 mM
KCl (pIC50 = 4.47 ± 0.06 μg mL−1; pIC50 = 4.73 ± 0.18 μg mL−1, respectively) [53,64].

Silva et al. proved that a B. bifurcata DCM extract also presents neuroprotective potential.
Neuroprotective effects were highlighted in a neurotoxic model induced in a human neuroblastoma
cell line (SH-SY5Y), whereas the neuroprotection mechanisms were evaluated by the determination
of mitochondrial membrane potential, H2O2 production, among others. After fractionation, the
cyclohexane-EtOAc (1:2) fraction was shown to have a promising neuroprotective performance, due
to its ability to prevent changes in mitochondrial potential (218.10% ± 14.87% of control), and to
induce the reduction of H2O2 levels of production (204.50% ± 15.12% of control), as well as to revert
neurotoxic effect on cell viability (about 20%–25%). Considering these results, Silva et al. investigated
the composition of this fraction, through purification steps, in order to isolate the potential bioactive
molecules. Eleganolone (15) and eleganolal (23) were the two major compounds of this fraction.
Then, their antioxidant activity was evaluated, demonstrating lower ability to reduce the DPPH
radical, when compared to the fraction from which they were isolated. Although, taking into account
the results of FRAP and ORAC assays, compounds 15 (8341.18 ± 177.72 μM FeSO4 g−1 compound
and 1663.83 ± 25.35 μmol TE g−1 compound, respectively) and 23 (8635.37 ± 389.54 μM FeSO4 g−1

compound and 667.48 ± 10.96 μmol TE g−1 compound, respectively) expressed antioxidant capacity,
since these linear diterpenes exhibited a high potential in reducing peroxyl radicals and have a strong
iron reduction capacity, compared to the BHT. In this sense, these components might be promising
candidates for further neuroprotection studies [51].

4.7. In Vitro Estimation of Toxicity

The evaluation of biological dose effects should be combined with the respective assessment of
toxicity, since this is a crucial parameter to ensure that bioactive compounds and/or extracts are safe
for humans.

The cytotoxicity of linear diterpenes obtained from a B. bifurcata sample, collected in Brittany,
France, was evaluated using sea urchin eggs, which have been considered a model for studies
on cell division and embryologic development and commonly used to obtain a general screening
of cytotoxicity [14]. The ability of some linear diterpenes to inhibit the development of fertilized
eggs of the common sea urchin Paracentrotus lividus was evaluated through a cytotoxicity activity
test [29,43]. The test showed that 12-(S)-hydroxygeranylgeraniol (1), bifurcane (10), and bifurcanol
(41) were active, with EC50 values of 18 μg mL−1, 12 μg mL−1, and 4 μg mL−1, respectively. Whereas,
(S)-12-hydroxygeranylgeranic acid (2) and eleganediol (9) exhibited moderate antimitotic activity with
EC50 values of 60 μg mL−1 and 36 μg mL−1, respectively [29,43].

The cytotoxicity of nine linear diterpenes isolated from B. bifurcata were tested by Göthel et al. [30].
Bifurcane (10), bifurcanone (18), eleganonic acid (31), and bibiolone (34) were shown to be inactive
(when IC50 > 40 μg mL−1) against mouse fibroblast cell line (L929), whereas eleganolone (15)
(IC50 = 22 μg mL−1), (6E,10E,14E)-16-hydroxy-2,6,10,14-tetramethylhexadeca-2,6,10,14-tetraen-4-one
(21) (IC50 = 18 μg mL−1), eleganolonebutenolide (32) (IC50 = 27 μg mL−1), 14,15-dihydro-eleganonic
acid (33) (IC50 = 20 μg mL−1), and bifurcanol (41) (IC50 = 24 μg mL−1) exhibited very low toxicity [30].
In the case of compound 15, for example, the cytotoxicity IC50 value was higher than the EC50 found
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for antifouling activity (against Trypanosoma brucei rhodesiense (IC50 = 13.7 μg mL−1), Trypanosoma
cruzi (IC50 = 17.7 μg mL−1), Plasmodium falciparum (IC50 = 2.6 μg mL−1), and Balanus amphitrite cyprid
(EC50 = 2.14 (0.88−3.9, conf. lim. 95%) μg mL−1) [21,26].

For instance, Smyrniotopoulos et al. [50] analyzed the cytotoxicity of bifurcatriol (14), showing
that this linear diterpene had cytotoxicity against the L6 rat myoblast cell line, IC50 = 56.6 ± 0.004 μg
mL−1 [50]. Actually, this value is considerably higher that the IC50 values observed for antimalarial
and antiprotozoal activities, compromising, therefore, the use of this compound for such purposes.

In fact, other studies have shown biological activities and cytotoxicity of B. bifurcata extracts, with
both expressed at μg mL−1 [35,61]. Notwithstanding, these toxicities corresponded to EtOAc and
EtOAc:MeOH extracts, with the toxicity of the most relevant and studied extracts, namely DCM and
EtOH extracts, remaining unknown. In addition, considering bioactive extracts in which a high toxicity
is present, the hypothesis that bioactive and toxic components are not the same must be carefully
taken into account. Therefore, it is crucial to investigate the compounds responsible for the biological
activities found, as well as evaluating their toxic nature. Thus, strategies to separate the bioactive
compounds from those with high toxicity must be developed. In vitro cytotoxicity studies must be
accomplished for interspecies correlations. Hence, to ponder a potential application of a bioactive
compound and/or extract, it is essential to ensure that the magnitude order of bioactivity is significantly
higher than those of toxicity.

In vitro toxicity assays involving marine bacteria should also be considered in the future, since
equations for interspecies dose correlations have already been established, allowing researchers to
correlate the bacteria data with rat or mouse toxicity, which avoids mammalian laboratory tests [65,66].

Finally, the safe use of these components must be verified by additional studies, in particular
in vivo assays, considering the different range of possible applications, in order to confirm that they
are safe to humans.

5. Potential Applications for B. bifurcata Extracts

Taking into account the diverse biological activities already attributed to B. bifurcata linear
diterpenes, different studies have already exploited specific applications for these components or
enriched extracts. Miranda et al. studied the effect of a preliminary dipping treatment containing a B.
bifurcata extract in the fish quality during chilled storage. The choice of this brown macroalga was due
to its content on antioxidant and antimicrobial compounds, i.e., diterpenes, among others [67]. Through
microbial analysis, the inhibitory effects against Enterobacteriaceae, lipolytic, and psychotropic bacteria
were proven. These results can be explained by two combined effects: the removal through the washing
effect of blood, digestive juices, slime, and feces from the fish surface; and the presence of a high content
of antimicrobial diterpenes from the algae extract. Chemical assays, in particular, trimethylamine and
free fatty acids formation, allowed researchers to prove the enhancement of fish quality in the presence
of algae extracts. Although, these effects were found in specimens submitted to the most concentrated
algae extract, at advanced storage time (in most cases), which means that the combined treatment,
including washing in an ethanolic-aqueous solution and the inclusion of a bioactive B. bifurcata extract,
had beneficial effects on fish quality. In fact, the quality during chilled storage is a major concern of the
food industry. Wild marine species are often exposed to several handling and technological processes,
which determine the quality of the final product [67]. A water dipping step is often applied before
storage to remove blood, slime, and other undesirable components and to partially prevent microbial
contamination. This preliminary step is also carried out to avoid the development of different damage
pathways, resulting from microbial activity, autolysis and lipid oxidation, among others [67]. Thus, the
inclusion of a bioactive B. bifurcata extract may be a practical application for both on-board and in-land
fish storage strategies [67].

The use of a B. bifurcata extract in the green synthesis of copper oxide nanoparticles (CONPs) was
also reported. This strategy aimed to overcome some drawbacks of conventional processes (such as
the use of toxic chemicals as reducing and capping agents of nanoparticles), which limit the use of
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nanoparticles in applications related to clinical fields. The synthesis of CONPs using this marine brown
macroalga was focused on “green” chemistry and bioprocess approaches [68]. In addition to being an
environmental friendly bioprocess (no chemical reagents or surfactant templates were applied), these
CONPs showed good antibacterial activity against gram-negative (Enterobacter aerogenes) (ZI = 14 mm)
and gram-positive (Staphylococcus aureus) (ZI = 16 mm) bacteria [68].

6. Conclusions and Future Perspectives

Macroalgae are one of the most promising sources of secondary metabolites, which have already
been associated to several biological activities. For this reason, an increase in the investment and
research on these marine resources has been observed. The focus of this review was the bioprospection of
linear diterpenes from B. bifurcata, including the methodologies of extraction and structural elucidation
and the biological activities already associated to these brown macroalga components. A detailed
collection of NMR and MS data is provided, which will be of utmost importance in future studies of
bioprospection of linear diterpenes from B. bifurcata.

B. bifurcata has earned special emphasis, due to their special ability to biosynthesize linear
diterpenes, which are rarely found in brown macroalgae species outside the Sargassaceae family.
In fact, some studies have proven that these secondary metabolites are responsible for several biological
activities, such as antibacterial, antiprotozoal, antifouling, and antitumoral, among others. Linear
diterpenes from B. bifurcata, particularly eleganolone (15) and eleganediol (9), showed significant
antifouling, antibacterial, and antihypertensive activities in the range of μg mL−1.

Notwithstanding, extraction methodologies have been identified as one of the major challenges
to develop viable and safe high-value applications, namely in food, nutraceutical, or pharmaceutical
fields. The conventional extraction methodologies normally used to extract these compounds involve
the use of organic solvents, often toxic to humans and environmentally hazardous. Furthermore, these
extraction methodologies also raise other concerns, namely, the long operation times, consumption
of high volumes of expensive solvents, and high energetic demand. Thus, new and eco-friendly
methodologies should be applied, taking into account their overall feasibility. In particular, emergent
extraction methodologies able to use small amounts of organic solvents, or even offering the possibility
for their replacement by water, should be considered.

The purification and/or fractionation steps have been already applied by some authors, frequently
for identification purposes, for B. bifurcata, although there are also studies reporting biological activities
of B. bifurcata extracts without isolating the bioactive compounds. The isolation, or at least the
fractionation, should be considered in order to enhance the bioactivity and also eliminate some
antagonistic effects, for instance, bio-guided fractionation or a faster strategy that has already been
tested, known as “pharmacophoric deconvolution”, should be further exploited. Another strategy
could be the development and optimization of more selective extraction methodologies. Additionally,
before any possible application, the cytotoxicity of the extracts, fractions, or isolated compounds should
be evaluated.

In vivo assays for the determination of dose effect and the consumer security evaluation may be
also considered to confirm the potential of B. bifurcata linear diterpenes in pharmaceutical, cosmetic, or
nutraceutical applications. In addition, the incorporation of these extracts in biomaterials should be
considered. Finally, for possible food industry applications, the legislation may be revised in order to
evaluate B. bifurcata as an edible species.

Finally, and despite the use of metabolic engineering and synthetic biology in macroalgae’s
bioactive components, production is still in its infancy and largely unexploited in B. bifurcata, although
the new advances in these fields should be undoubtably considered in future works. Actually,
the increasing development of multi-omics techniques, including genomics, transcriptomics, proteomics,
and metabolomics have enabled the creation of libraries and models that can predict the behavior of
biological systems as well as allow the optimization of cellular processes in order to produce target
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compounds. This could be a valuable and key strategy in the exploitation of B. bifurcata as a source of
linear diterpenes for high-value applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/10/556/s1,
Table S1: MS data of linear diterpenes identified in B. bifurcata; Table S2: 1H NMR spectral data for linear diterpenes
identified in B. bifurcata; Table S3: 13C NMR spectral data of linear diterpenes identified in B. bifurcata.
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