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Introduction

In recent years, algae, both microalgae and macroalgae, have attracted the attention of
the scientific community as a source of multiple active molecules or bioactives, including
polysaccharides, fatty acids, proteins and peptides, polyphenols, diterpenes, steroids, and
alkaloids. Compared with other natural sources, marine organisms have taken the lead
in the discovery of new drugs. Oceans cover more than 70% of the Earth’s surface and
represent a challenging environment for the growth of marine organisms, with extreme
fluctuations in water level, solar radiation, and temperature; an environment in which algae
are able to thrive by producing unique metabolites, different in composition from those
of terrestrial plants, which play a major role in the protection of biomass [1]. The unique
chemical features of algal compounds and their reported health benefits have contributed
to expanding the interest in these molecules far beyond their pharmaceutical and cosme-
ceutical applications, with the food industry gaining interest in the incorporation of these
molecules as functional foods or nutraceuticals [2]. Innovative technologies and processes
are currently being explored to improve the use of algae as a source of nutraceuticals. The
future use of algal biomass for food and nutraceutical purposes needs a dynamic research
environment to understand the knowledge gaps and develop new strategies for the opti-
mum exploitation of these resources, including the improved production/cultivation and
understanding of the biomass, the sustainable and green extraction of high-value com-
pounds, and finally, exploring the biological properties of these compounds using in vitro,
ex vivo, and in vivo models. Further multidisciplinary research is needed to establish new
or improve current methods for algae production, including the application of stressors or
manipulations of the biomass targeting the overproduction of high-value compounds; as
well as analyzing the changes in composition of the wild biomass to establish a relationship
between the stressors and compositional changes in algae that can guide their future culture
and industrial exploitation. Moreover, the use of innovative and emerging technologies, in-
cluding ultrasound, microwaves, electric fields, and high-pressure and supercritical fluids,
have also shown promising results for the development of efficient and green extraction,
isolation, purification, and preservation processes of algal compounds for their future use
as nutraceuticals. Finally, the health benefits of these compounds will also have to be
demonstrated using in vitro, ex vivo, and/or in vivo model systems to enable the future
commercialization of marine compounds as nutraceuticals and to establish health claims.
This Special Issue contains nine articles, including five research articles and four reviews,
covering multiple innovative aspects of the exploitation of algae for the development of
nutraceuticals. Here, we provide a brief overview of what the reader will find in this
Special Issue.

Wang et al. [3] reviewed and proposed improvements to adaptive laboratory evolution
(ALE), an innovative method to explore strain improvements for microalgal production in
developing new biological and phenotypic functions and improving the performance of
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strains in microalgal biotechnology. The authors identified several challenges and proposed
solutions for improvements of ALE, including the generation of a high-quality mutant
library to identify the genetic diversity of ALE, the need for multi-omics to promote the
efficient data mining and implementation of ALE experiments, and the need to incorporate
novel cultivation strategies, such as red LED light and phytohormones, to accelerate the
ALE process, amongst other strategies that will need upgraded and developed software for
more effective data interpretation [3].

Bolafnos-Martinez et al. [4] provided an update on microalgal biotechnology strategies
for pharmaceutical applications, including techniques for the generation of recombinant
proteins and genetic engineering processes, including viral-based vector constructions. The
use of viral vectors is relatively new in algae, and they are gaining momentum for the
production of biopharmaceuticals because they have higher yields and shorter production
times compared with chloroplast and nuclear-stable transformation methods. The authors
also emphasized that in February 2022, one company produced the first COVID-19 vaccine
in plants (COVIFENZ®) that was approved by the Health Agency in Canada, fact that can
be a stepping-stone for the green production of these products for human use [4].

Cagalj et al. [5] generated extracts from Cystoseira compressa collected in the Central
Adriatic Sea using microwave-assisted extraction technology from algae collected during
the seasonal growth period (May-September). The authors analyzed the total phenolic
content, total tannin content, antioxidant activities (measured as ferric reducing antioxidant
power (FRAP), 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity (DPPH) and oxy-
gen radical absorbance capacity (ORAC)), and the antimicrobial effect of these compounds
against Listeria monocytogenes, Staphylococcus aureus, and Salmonella enteritidis. The authors
reported the highest antibacterial activity in extracts generated in June, July, and August,
and associated those results with compounds produced when the sea temperature was at
its highest. Moreover, the authors emphasized the usefulness of the C. compressa biomass
as a source of nutraceuticals [5].

Meinita et al. [6] reviewed the biological activities, as well as the safety and toxicity
levels of fucosterol from marine algae, relevant for the use of these compounds in the
nutraceutical and pharmaceutical industries. The literature search focused on the period
2002-2020, and following the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses method, the authors identified 43 studies that could help to fill certain research
gaps. Overall, the review concluded that fucosterol exhibited low toxicity in animal cell
lines, human cell lines, and animals. However, the authors emphasized the need for further
safety and toxicity reports of this compound under clinical settings [6].

O’Connor et al. [7] reviewed the current and emerging processes for the generation
of algal bioactive peptides, including pre-treatments for the extraction of protein from
algae and methods for the generation of hydrolysates and purification of these compounds.
The authors outlined the main biological properties attributed to determining bioactive
peptide sequences isolated from algae, including anti-hypertensive, antioxidant, and anti-
proliferative/cytotoxic effects assayed in vitro and/or in vivo, and emphasized the use of
in silico tools, such as quantitative structural activity relationships (QSARs) and molecular
docking, as powerful tools to accelerate the discovery of these promising compounds [7].

Ahmed et al. [8] reviewed the potential of marine bioactive peptides for human health
due to their unique chemical structures, physicochemical, and biological activities. The
authors focused on marine microorganisms, including microalgae, bacteria, and fungi,
considered as good sources of amino acids and peptides, and emphasized the relevance of
the marine biome and the opportunities it offers for the valorization of marine-biome-based
bioactive peptides. The review also summarizes FDA-approved marine bioactive peptides,
as well as the legislation, challenges, and future perspectives for the increased use of these
compounds [8].

Garcia-Vaquero et al. [9] focused on experimentally exploring the application of innova-
tive extraction technologies (ultrasound-assisted extraction (UAE), microwave-assisted ex-
traction (MAE), ultrasound—-microwave-assisted extraction (UMAE), hydrothermal-assisted
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extraction (HAE), and high-pressure-assisted extraction (HPAE)). The authors used fixed
extraction conditions (solvent: 50% ethanol; extraction time: 10 min; algae/solvent ratio:
1/10) when using all the selected innovative technologies, and they explored the applica-
tion of a time post-treatment (0 and 24 h) for the recovery of phytochemicals (total phenolic
content, total phlorotannin content, total flavonoid content, total tannin content, and to-
tal sugar content) and associated antioxidant properties (DPPH and FRAP) from Fucus
vesiculosus and Pelvetia canaliculata. Overall, UAE generated extracts with the highest phyto-
chemical contents from both macroalgae, with the highest yields of compounds generated
from F. vesiculosus which included the total phenolic content (445.0 + 4.6 mg gallic acid
equivalents/g), total phlorotannin content (362.9 + 3.7 mg phloroglucinol equivalents/g),
total flavonoid content (286.3 & 7.8 mg quercetin equivalents/g), and total tannin content
(189.1 £ 4.4 mg catechin equivalents/g). The DPPH antioxidant activities were at the
highest levels in extracts generated by UAE and UMAE from both macroalgae, whereas no
clear pattern was appreciated for FRAP. Moreover, the authors determined that after the
application of these innovative technological treatments, additional storage post-extraction
did not improve the yields of phytochemicals or antioxidant properties of the extracts [9].

Elhady et al. [10] isolated three fatty acids (docosanoic acid 4, hexadecenoic acid 5,
and alpha hydroxy octadecanoic acid 6) and three ceramides (A (1), B (2), and C (3)) from
the macroalga Hypnea musciformis. The authors analyzed the biological properties of these
isolated compounds and determined that ceramides A (1) and B (2) had in vitro cytotoxic
activity against human breast adenocarcinoma (MCF-7) cell lines. Furthermore, when
assayed in vivo using a mouse model of Ehrlich ascites carcinoma (EAC), both compounds
reduced the size of the tumors in inoculated mice: in the case of ceramide A (1) at a dose
of 1 mg/kg; and in the case of B (2) at a dose of 2 mg/kg. Overall, the authors’ findings
demonstrated the cytotoxic, apoptotic, and antiangiogenic effects of ceramides from Hypnea
musciformis [10].

Wei et al. [11] researched the effects of polysaccharides extracted from the macroalgae
Sargassum fusiforme by water extraction (SfW) and acid extraction (S5fA) on the cecal and
fecal microbiota of mice fed high-fat diets (HFDs) by 16S rRNA gene sequencing. The
authors determined that 16 weeks of HFD administration dramatically impaired the home-
ostasis of both the cecal and fecal microbiota, without affecting the relative abundance
of Firmicutes, Clostridiales, Oscillospira, and Ruminococcaceae in cecal microbiota and the
Simpson’s index of fecal microbiota. Co-treatments with SfW and SfA exacerbated body
weight gain and altered the abundance of genes encoding monosaccharide-transporting
ATPase, x-galactosidase, 3-fructofuranosidase, and 3-glucosidase with the latter showing
more significant potency. Overall, the authors concluded that SfW and SfA could regu-
late the cecal microbiota, pointing out the relevance of further studies on the influence of
macroalgal polysaccharides as gut microbiota regulators [11].
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Abstract: Adaptive laboratory evolution (ALE) has been widely utilized as a tool for developing
new biological and phenotypic functions to explore strain improvement for microalgal production.
Specifically, ALE has been utilized to evolve strains to better adapt to defined conditions. It has
become a new solution to improve the performance of strains in microalgae biotechnology. This
review mainly summarizes the key results from recent microalgal ALE studies in industrial pro-
duction. ALE designed for improving cell growth rate, product yield, environmental tolerance and
wastewater treatment is discussed to exploit microalgae in various applications. Further development
of ALE is proposed, to provide theoretical support for producing the high value-added products
from microalgal production.

Keywords: adaptive laboratory evolution; microalgal production; environmental tolerance

1. Introduction

Adaptive laboratory evolution (ALE) refers to obtaining the expected biological evo-
lution under given laboratory conditions. As an innovative method, it is to make up
for the neglect of molecular genetic mechanisms in Darwin’s theory of evolution and its
development. As an experimental method, it uses high-throughput sequencing of DNA as
a tool to effectively simulate the evolutionary process of the selection (Figure 1).

Compared with natural selection, ALE is the process of implementing the "rules" of
natural evolution for specific populations (mainly microorganisms) in the laboratory under
controlled conditions, exerting pressure on them to obtain the required characteristics until
the new strains with favorable mutations are developed [1]. Over the past few decades,
ALE has been successfully used to develop microorganisms with the required phenotypes.

Microalgae have attracted extensive attention from all walks of life and penetrated
various fields. For example, they are used for the production of bioactive compounds [2]
and bioenergy [3,4], as well as in wastewater treatment facilities [5]. Therefore, microalgae
are being intensively developed and utilized for various applications. To better utilize and
control microalgal biomass and product yield, microalgae are suitable for ALE research
with their advantages of fast growth rate, short generation time, easy to control in different
cultivation systems and convenience preservation. Altering the environment for microalgal
culture through ALE, we can use low-cost investment in exchange for the higher biomass
concentration and product yield.

Mar. Drugs 2022, 20, 30. https:/ /doi.org/10.3390/md20010030 5 https:/ /www.mdpi.com/journal /marinedrugs
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Adaptive laboratory evolution
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Figure 1. Adaptive laboratory evolution for strains improvement. The serial dilution is applied for
mutation selection during the propagation until the evolved strains obtained (a). The improved
strains can be cultured for high-density cultivation and wastewater treatment (b). The strains undergo
starting, midpoint and endpoint periods (c) with types of nucleotide deletion and disrupted DNA (d).

ALE is less common in microalgal experiments at the early stage. Recently, numerous
studies explored the effects of environment conditions or chemical compounds on cell
growth and product accumulation; the genetic materials are not changed in a short time [6].
The microalgal production still needs condition configurations for high productivity in
each batch cultivation. However, ALE induces the accumulation of beneficial mutant
genes, resulting in new genotypes more suitable for the stressful environment [7]. Later
experiments revealed the adaptation mechanism of planktonic alga, Skeletonema costatuni,
under strong light and a high temperature, which provided a foundation for ALE in
microalgal engineering [8].

The improvement of microalgal strains is one of the major applications of ALE in
microalgae (Figure 1). It can exert pressure on the process of microalgae growth and
metabolism through batch or continuous culture, to make microalgae constantly adapt to
the new environment, and evolve towards the beneficial mutation, including high biomass
concentration and product yield. The serial dilution is applied to obtain the evolved strain,
which usually continues for 3 months to 2 years. The fitness of strain undergoes starting,
midpoint and endpoint periods. Then, the improved strains can be cultured in chemostat
for high-cell density growth or wastewater treatment. Unlike genetic engineering, ALE does
not need to know the genetic basis of the target phenotype in advance [9], the generated
mutants are generally recognized as safe (GRAS) [10]. ALE with the above advantages, has
been initially developed mainly for bacterial and fungal models, allowing cells containing
beneficial random gene mutations to reproduce more rapidly under environmental stress.
When this strategy is applied to microalgae, it is mainly used to improve the growth rate,
product yield, stress tolerance and the ability of nitrogen and phosphorus removal in
wastewater [7]. These can meet the industrial demand of microalgal production.

2. Adaptive Laboratory Evolution Experimental Design

In an ALE experiment, strains are cultured in a unique pressure under artificial
environmental conditions for a long time. Therefore, the formation of evolved strains
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is promoted, and populations best adapted to the growth environment outperform the
residual ones [11]. It is necessary for ALE to take various factors into consideration
simultaneously in microalgae, such as the strain, stressful condition, cultivation condition
and cultivation strategy.

2.1. Cultivation Modes

A range of culture methods have been successfully used for ALE, including continuous
culture, batch culture and staged culture.

2.1.1. Continuous Culture

The continuous culture can maintain process conditions with constant nutrient supply
and cell densities [11]. Similar to “Bioreactor Batch Cultivations”, the same bioreactor
method can be used for continuous evolution experiments. The process of this training
is that the addition of fresh nutrients into the medium during exponential growth at a
suitable rate would allow the biomass to increase at a given rate indefinitely. A steady state
can be achieved so that the microbial population grows at a constant rate in a constant
environment [12]. However, there are also some disadvantages, such as the high expense
and difficult control.

2.1.2. Batch and Fed-Batch Culture

Batch culture refers to a method of culturing strains using a certain amount of medium
in a closed reactor. The characteristic of this mode is to load culture medium and inoculate
bacteria at the beginning of culture. The volume of culture medium and culture temperature
during the process are maintained.

Fed-batch culture is a variation on batch culture, which is fed continuously or sequen-
tially with substrate without removing any of the biomass. Compared with conventional
batch culture, fed-batch culture has several advantages, including sufficient nutrients,
decreased fermentation time and higher productivity [13]. However, the operation of the
fed-batch culture is more complicated, which requires an appropriate feeding strategy in
detail. Erythritol production by fed-batch culture of Trichosporon sp. resulted in a high con-
stant productivity [14]. According to the general expression patterns, there were outgoing
differences in gene expression profiles between the batch and fed-batch cultures that can
be attributed to the fed-batch process [15]. Fed-batch culture has been applied widely to
increase biomass and lipid productivity [16].

2.1.3. Staged Cultivation

Conditions for product accumulation are usually different from those for biomass
accumulation [17], the strategy of two-stage process has been found to conquer this paradox.
According to this method, there is a new ALE approach named as “chemical modulators
based adaptive laboratory evolution” (CM-ALE). The first step used acetyl-CoA carboxylase
(ACCase), as a pressure to increase the lipid and docosahexaenoic acid (DHA) productivity
of strains by 50% and 90%, respectively. Then, the second step used a sesamol based on the
stress of ACCase, to increase the cell growth rate and make the productivity of lipid and
DHA up to 100% and 130%, respectively [18]. This demonstrated that the two-step CM-ALE
can achieve mutual improvement between desired products and cell growth. The two-stage
process was considered as the better approach for productivity improvement. However,
the choice of pressure is indispensable with the strategy applied [19]. The understanding
of the relationship between carbon metabolism and the ROS quenching mechanism can
provide strategies for microalgal production [18].

In addition, heterotrophic cultivation has become a tempting option to increase cell
density by overcoming microalgal dependency on light [20]. Therefore, ALE strategy
domesticating autotrophic strains to heterotrophic types is a promising approach for high
density cultivation of microalgae.
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2.2. Choice of Stress Conditions and Equipment

During microbial ALE, a strain is cultivated under clearly defined conditions for
prolonged periods of time. The selective stress serves as the foremost step for the success of
ALE, which can be classified into environment stress and the nutrient stress [21]. Microbial
characteristics should be considered for selecting pressure. The special properties of microal-
gal strains are anticipated to amplify to improve the productivity in industrial production.
For example, Chlorella vulgaris, Neochloris olecoabundans and Scenedesmus obliquus [22] are
known as producing lipids, so pressure promoting lipid accumulation is preferentially
selected, such as nitrogen starvation and high light.

The culture equipment is another important factor. The approaches for ALE usually
include serial transfer, colony transfer or chemostat culture [17]. The chemostat is commonly
used for the continuous addition of medium and simultaneous removal of culture broth [23].
In addition, ALE is suitable for automation in photobioreactor (PBR) to achieve continuous
monitoring, improve experimental robustness, increase throughput and minimize manual
labor [24,25].

3. Increased Cell Growth Rate

The microalgae are a group of prospective resources. Their cultivation is simple,
and requires less fresh water and fertile land compared to the other terrestrial plants [26].
Microalgae can be used in the pharmaceuticals, nutraceuticals, biofertilizers, bioplastics,
biofuels, cosmetics and feeds for aquaculture and poultry [27-29], consequently addressing
environment pollution [30]. The productivity and yield are still the key indicators for the
biotechnological and economic feasibility of microalgae [7]. Recently, genetic engineering
is applied to improve microalgal growth for large-scale production, which can eventually
realize the commercial utilization of microalgae [31,32]. However, the use of transgenic
microalgae in outdoor aquaculture systems is still limited for security reasons. Therefore,
increasing ideas focus on ALE training, which can avoid risks with high growth rate of
microalgae. The existing stress methods for increasing cell growth rate are shown in Table 1.

Table 1. Summary of targeting increased growth rate.

Stress Type Strain Stress Effect Reference
Chlamydomonas Fast growth rate cultivated on 33]
Light intensity reinhardtii, CC-124, CC-124H, CC-124 L 120 umol photons m2s1
Microcoleus vaginatus The biomass can arrive in 546.0 mg L1 [34]
Chlorella vulgaris B1om2aos Sg(ie?ls 113,1;2?86:3% iligrﬁ)ég; ately [35]
Significant increased optical density

(600 nm) and growth rate by 2.14 and

Eubacterium limosum ATCC 8486 1.44 folds, respectively, under syngas [36]
Carbon conditions with 44% CO over
150 generations

Biomass and astaxanthin yields t in an

Haematococcus pluvialis atmosphere comprising 15% CO, were [37]

1.3 times and 6 times higher than in
normal air

Recently, the method to improve the growth rate is mainly performed through con-
trolling light factors by using ALE. In the early process of exploring natural selection, to
improve the performance of strains, C. reinhardtii was evolved for 1880 generations in liquid
medium under continuous light. At the end of experiment, evolved cells had a growth
rate that was 35% higher than the progenitor population [38]. This significant growth
enhancement was largely due to the improvement of acetic acid metabolism, which showed
that the utilization route of organic carbon in algae can provide direction for strain improve-
ment. The process completely transformed the strain at the gene level. In other words,
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continuous light can enhance the utilization of acetic acid for fundamental processes, such
as DNA replication and protein translation. Although whether the genetic modification
was stable or permanent at that time was a subject for debate, it has clearly demonstrated
the ability of algae genomes to adapt to environmental changes, and the potential of this
strategy for future microalgae engineering, which is later known as ALE. Since then, there
have been many studies on regulating light to increase cell growth rates. C. reinhardtii
was cultivated in TAP media with a light intensity of 50 umol photons m~2 s, the final
biomass concentration can reach 1.48 times of the starting strains [39].

Light-emitting diode (LED) is a novel light source, which has the advantages of high
efficiency, reliability, long life and low power consumption [40]. For microalgal cultivation,
LED allows for artificial control of the spectral output, light intensity and light frequency
for light configuration [35]. Biological productivity and light capture efficiency are crucial
indicators to evaluate the economic feasibility of production mode by LED technology.
Although LED is a little expensive, LED-based PBRs will become practical for producing
algal biomass. Using LED-based PBRs for C. vulgaris can provide a biomass productivity of
up to 2.11 g L~ d~!, with a light yield of 0.81 g DCW/Einstein. This demonstrated that
LED-based PBRs, combined with microalgae biotechnology, can efficiently convert carbon
dioxide into biomass and valuable products.

4. Improved Product Yield

Microalgae provide an abundance of value-added products that can accumulate up to
10-70% of specific biochemical substances (such as lipids and carbohydrates). These com-
ponents have different functions because of various features. Carotenoids from microalgae
can be used in medicine, cosmetics and food; lipid from microalgae can be used as a raw
material to produce biodiesel to replace fossil fuels; carbohydrates produced by microalgae
can be processed into bioethanol; and astaxanthin from microalgae has strong antioxidant
activity and is used in health products, food and feed industries. However, the yield of
these active products is not large enough to meet the industrial demand without external
interference, so ALE can be applied to obtain high-yield strains for commercial utilization.
The existing stress methods for improving product yield are shown in Table 2.

Table 2. Summary of targeting increased product yield.

Stress Type

Strain Stress Effect Reference

Carbon

Salt

Zymomonas mobilis ATCC ZW658

Synechocystis sp. CCNM 2501

Oil content increased to 35.2% under
15% CO,

DHA-rich lipids accumulation in the
Crypthecodinium cohnii strain can increase by 15.49% at [42]
45 g L~ ! glucose concentrations
Starch content in the first few days
under high glucose stress was eight
times higher than that under low
glucose stress
Maximum ethanol productivity
attaches t0 3.3 g L™1 h~! in dual
substrate mixture containing 5% (w/v)
of glucose and 5% (w/v) xylose
{-carotene produced at 1 M salinity is
three times higher than the control
The addition of 20 g L~! NaCl
increased the total FA productivity to

Haematococcus pluvialis [41]

Chlorella pyrenoidosa G32 [43]

[44]

[45]

Marine Phaeodactylum tricornutum 219.0 + 107 mgL-1 d~1, and the [46]

biological yield reached 80% of the
salt-free culture
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Table 2. Cont.

Stress Type Strain

Stress Effect

Reference

Marine Schizochytrium sp.

Chlamydomonas reinhardtii

Marine Dunaliella salina

Light quality Marine Dunaliella salina

Light

Marine Stauroneis sp.

Haematococcus pluvialis

Light intensity
Marine
Phacodactylum tricornutum

Marine Dunaliella salina

Desmodesmuis sp.

Haematococcus pluvialis

Temperature Haematococcus pluvialis

Oxygen

Marine Schizochytrium sp.

Chlamydomonas reinhardtii

Nitrogen

Synechococcus elongatus cscB

Marine Synechococcus sp. NKBG 15041c

Chromochloris zofingiensis

Showed a maximal cell dry weight
(CDW) of 134.5 g L~ and lipid yield
of 80.14 g L1 under
30 g L~! NaCl medium
Lipid content (73.4%) and lipid
productivity (10.9 mg L~ d~1)
When salt concentration was
increased from 4 to 9%, 3-carotene
yield was increased by 30-fold
The all-trans -carotene and lutein
content was increased to 3.3 times and
2.3 times of initial levels combining
red LED (75%) with blue LED (25%)
The highest EPA proportions and
yields were obtained under blue LED
in f/2 medium (16.5% and 48 mg g~ ')
and the fucoxanthin yield was the
highest when cells were subjected to
blue LEDs (5.9mg g~ 1)

The highest astaxanthin accumulation
with 15.76 mg g~ in the experimental
group with light intensity of 350 umol
photons m~2s7!

Biomass production and fucoxanthin
accumulation enhanced under
combined red and blue light
The -carotene production of
30 pg cell™! d~! under high
light intensity
The light intensity resulted in an
enhanced lutein productivity of
36mgL-1d!

Through a two-stage cultivation
system in conjunction with light stress,
a final astaxanthin productivity of
11.5mg L~! d~! was obtained
The net biomass and astaxanthin
yields increased 5 and 2.9-fold under
the culture temperature was 28 °C
(daytime) and < 28 °C (night)
Observed 84.34 g/L of cell dry weight
and 26.40 g L~! of DHA yield with
high oxygen
Total lipid content of the strain
increased suddenly from 24.27% to
44.67% after nitrogen deficiency for
6h
The production of
polyhydroxyalkanoates (PHA) of
about23.8 mg L~ d~! and a maximal
titer of 156 mg L~
Under nitrogen ambient (3 mM
NaNOj3) conditions also gave a higher
yield of glycogen
(404 pg mL~" ODy3p 1)
Increase lipid and astaxanthin
productivity to 457.1 and
20mgL-1td!

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[59]

[60]

[61]
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Table 2. Cont.

Stress Type Strain Stress Effect Reference
Sulfur Chlamydomonas reinhardtii mig;iiif;:::é;fﬁ%ﬁ :1:}121; 1f11;euea1 [62]
Oil content in medium without
Phosphorus Chlorella vulgaris KH,PO, was 1.02 times higher than [63]
that in control group
Chemical Crypthecodinium cohnii Adding setf}o-xydim to 69 uM doubles [18]
regulator lipid production
Haematococeus Yield of astaxanthin under 15% CO,
Light and CO, Iuvialismutant and strong light was 6 times higher [37]
Combined P than that of control group

Temperatures and

A maximal cell dry weight of
126.4 g L~ and DHA yield of

salinities Marine Schizochytritnm sp- 38.12 g L~ ! under concomitant low (471
temperature and high salinity
Produced a high lipid content at a low
. . Limnothrix sp. level of NaNOj3 concentration
Light and nitrogen CACIAM25 (1gL1)and a high level of light [64]

intensity (100 pmol photons mZs1)

Because of the requirement to supply the global market, people are interested in
extracting from algae and higher plants to gain 3- carotenoids and lutein. Therefore,
ALE has been applied to microalgae to produce a high content of carotenoids. It has
been suggested that light plays a key role in the biosynthesis of carotenoids, through
light signal sensing and downstream regulation [65]. It is well known that 3-carotene
can be overproduced in the marine microalga Dunaliella salina, in response to stressful
light conditions [50]. Previous study explored the effect of red light-emitting diode (LED)
lighting on growth rate and biomass yield, which identified the optimal photon flux for
marine D. salina growth. The red-light photon stress alone at a high level was not capable of
upregulating carotenoid accumulation. Therefore, combining red LED (75%) with blue LED
(25%) allowed growth at a higher total photon flux, and increased (3-carotene and lutein
accumulation [50]. An efficient culture system with increased light energy efficiency and
economy of operation can be developed in combination with genetically based methods,
such as ALE for strain development.

Haematococcus pluvialis is considered as the best natural source to product astaxanthin.
The antioxidant capacity of astaxanthin is the most outstanding than other carotenoids,
which endows astaxanthin in suppressing tumor growth, improving body immunity and
the scavenging of active oxygen and free radicals [66]. Many efforts are devoted to in-
crease astaxanthin yield from H. pluvialis. More astaxanthin was obtained at the mela-
tonin concentration of 5-15 mu mol/L, at 27-29 °C and light intensity of 198-216 pumol
photons m~2 s~1 [67]. The application of nitrogen stress and excess light based on fed-batch
culture can improve lipid and astaxanthin productivity to 457.1 and 2.0 mg L~! d~! [61].
The study revealed excess light can lead to more available carbon molecules to
synthesize astaxanthin.

Microbial lipids often contain abundant polyunsaturated fatty acids, including eicos-
apenteanoic acid (EPA), DHA and arachidonic acid (AA), which can be used as the source
of functional food and raw materials for green biofuels. ALE strategy has greatly improved
the ability of microbial oil production, aiming to culture special microalgae strains with
convenient, cost-saving and high-yield oil. The salt stress and nutrient osmotic pressure
are widely used to increase lipid content in ALE [46].

These stressful conditions have largely changed the carbon flux to the expected
products. '3C-MFA is used to be an accurate tool for describing the central carbon
metabolism [68]. There is a conflict between lipid accumulation and cell growth; the
massive accumulation of lipid is against for cell division. To resolve the conflict between
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cell growth and lipid accumulation, a general countermeasure is two-stage cultivation
strategy. The first stage is for a rapid growth to gain the maximum biomass production,
subsequently the second process for the lipid accumulation under various stress conditions
at the expense of cell growth [17,69]. Studies have shown that Parachlorella sp. can be
cultured in two stages, increasing the total FA productivity to 219.0 + 10.7 mg L1 d 1,
and the biomass reached by 80% [29]. Similarly, in the first stage, microalgae grew under
red LED to obtain the maximum biomass; in the second phase, green LED was used for
stress to produce a large amount of lipids [70].

However, two-stage culture strategy can also lead to large labor expenditure and
economic consumption, so it is necessary to culture algae strains that can grow rapidly
under stress for a long time. Therefore, transcriptome analysis of strains produced by
ALE can be carried out to obtain two different metabolic responses to stress and reveal the
different gene expression patterns among the strains. The understanding of microalgal
evolution under stress is beneficial for the development of the strains with rapid growth
under stress [71]. Based on gene expression patterns of different metabolic reactions under
stress, the ALE can be applied to all lipid-rich microalgae.

5. Enhanced Environmental Tolerance

ALE, to enhance the environmental tolerance of strains (Table 3), is profitable for
the industrial production of microalgae. For example, cyanobacteria, a group of Gram-
negative prokaryotes capable of performing oxygenic photosynthesis [72], is a promising
cell factory to convert carbon dioxide into useful chemicals by autotrophic mode. Since
toxicity produced is a key challenge, when cyanobacteria is the host for photosynthetic
production of chemicals, tolerance of cyanobacteria to solvents is required to improve
by ALE. Synechococcus elongatus PCC 11801 was cultured in ALE stage, and a new strain
resistant to n-butanol and 2, 3-butanediol was obtained, which also showed high tolerance
to other alcohols. The evolved strain had high tolerance without obvious growth lag
phenomenon compared with original strain. The mutation mechanism was revealed by
whole genome sequencing [73].

Table 3. Summary of targeting increased stress tolerance.

Tolerance Type Strain Stress Effect Reference
. A 150% increase of the butanol
Butanol Synechocystis sp. PCC 6803 (0.2-0.5% v/o) tolerance [71]
A 100% improvement in concentrations
Synechococcus elongatus PCC 11801 tolerated (2-5 g L~! n-butanol and [73]
15-30 g L~! 2,3-butanediol)
Temperature Symbiodinium spp. Tolerance to 31 °C [74]
p Marine Thalassiosira pseudonana Tol °oC 7
CCMP 1335 olerance to 32 [75]
Light Synechocystis sp. PCC 6803 Tolerance to 2000 pmol photons m 2 s [76]
Cadmium Synechocystis sp. PCC 6803 Tolerated CdSO, W1Bh$Nc[oncentratlon up to [77]
Acid Synechocystis sp. PCC 6803 Tolerance to pH 5.5 [78]
Salt Chlorella sp. Tolerance to 30 g L~! NaCl [79]
Carbon dioxide Chlorella sp. They grew rapidly in 30% CO, [80]
Oxygen Marine Schizochytrium sp. A 32.4% increase in dry weight [58]
Flue gas Desmodesmus spp. Tolerance to 100% unfiltered flue gas [81]
8 1.2 gL' d~! CO, fixation rate
Chlorella sp. 2.7 g L~! biomass concentration [82]

68.4% carbohydrate content

Light factors of light source, light quality, light intensity and light cycle affect microal-
gal growth. Microalgae have different appropriate light intensities. The light compensation
points of microalgae can only maintain cell basic metabolism without growth. The higher
light intensity promotes microalgal growth. However, when the light intensity reaches the
saturation point of photosynthesis, microalgal growth rate no longer increases. A further in-
crease of light intensity will lead microalgae to suffer a photoinhibition. At present, studies
indicated that enhanced light tolerance of the cyanobacterium Synechocystis by ALE could
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increase the biomass. By combining repeated mutagenesis and exposure to increasing light
intensities, the modified strains can grow rapidly under extremely high light intensities [75].
The ALE maximized photosynthesis and thus increased the accumulation of photosynthetic
products, converting carbon dioxide into useful chemicals.

In addition, large-scale cultivation of microalgae is mostly used for environmental
governance. The atmospheric CO; levels reached the “dangerously high” levels of 400 ppm.
One of the reasons for the large emission of greenhouse gases is the combustion of fuel in
power plants. Efforts are underway to scrub CO, from flue gas emitted from pulverized
coal power plants using carbon sequestration and storage technology [83], which will
make the production costly. Subsequently, microalgae are rapid converters of solar energy
to biomass by assimilating atmospheric CO; [84]. There has been demonstrated to use
industrial flue for culturing microalgae [85], but flue gas supplementation at higher flow
rates leads to the acidification of the growth medium, which typically cannot be tolerated
by microalgae. Therefore, the microalgal tolerance is required to enhance to offset carbon
emissions from fossil fuel combustion. A study showed that mixed biodiverse microalgal
communities can be selected and adapted to tolerate growth in 100% flue gas from an
unfiltered coal-fired power plant that contained 11% CO, [80]. Cheng et al. have reported
that the adaptive evolution against simulated flue gas containing 10% CO,, 200 ppm NOx
and 100 ppm SOx can obtain a new strain, Chlorella sp. CV, which can tolerate simulated
flue gas conditions and the maximum CO;, fixation rate was 1.2 g L-1d ~1[81]. It can be
helpful to establish a new process for CO, capture directly from industrial flue gas.

6. Promoted Nitrogen and Phosphorus Removal in Wastewater

Wastewater, resulting from various farming, domestic and industrial water opera-
tions, has been a key pollution of the environment for a long time in many countries
or regions [86]. However, current methods for wastewater treatment have many prob-
lems, such as high energy consumption and cost, and heavy secondary pollution [87]. It
is reported that some microalgae can utilize external organic carbon sources to remove
nitrogen and phosphorus efficiently, and absorb heavy metals by functional groups on
its cell surface [88-90]. Moreover, microalgae can utilize the nutrients from wastewater
discharge to form beneficial products, including methane and hydrogen [22,91,92]. The
application of removing nitrogen and phosphorus from wastewater by microalgae is devel-
oping rapidly [93]. The existing stress methods for increasing the ability of nitrogen and
phosphorus removal in wastewater are shown in Table 4.

Table 4. Summary examples of increasing the ability of nitrogen and phosphorus removal in wastewater 1.

Stress type Types of Wastewater Strain Removal Rate Reference
TN (96.5%)
i . . . TP (99.2%) }
Temperature Municipal wastewater Chlorella vulgaris COD (83.0%) [94]
NH;-N (97.8%)
Li Artificial wastewater Chlorella kessleri NO; -N (88.1%) [95]
ight PO, -P (93%)
- . - 9 47 - o,
Municipal wastewater Marine Spirulina platensis NH,*-N (83%) [96]
NO3™-N (100%)
Sall Municipal wastewater Marine Dunaliella salina NHy*-N (75.5%) [971
alt PO, -P (63.5%)
. . COD (85.3%) .
Sludge liquor Chlorella vulgaris TN (99.6%) [98]
. 3
Phosphorus Municipal wastewater Chlorella vulgaris PO -P (>99%) 199]

Sodium acetate
Phenol

Desmodesmus communis, DIP (>99‘9u/0>

Tetradesmus obliqugs/ Chlorella DIP (>99.9%) [100]
protothecoides
. X o oo TN (82.20%)
Municipal wastewater Scenedesmus obliquus TP (76.35%) [101]
Phenolic wastewater Chlorella sp. Phenol (100%) [102]

1 TN: total nitrogen; TP: total phosphorus; COD: chemical oxygen demand; DIN: dissolved inorganic nitrogen
and DIP: dissolved inorganic phosphorus.
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As mentioned above, light stress is used to improve the biomass and biodiesel pro-
duction of microalgae [103]. Therefore, in wastewater treatment, light stress increases
microalgal biomass to improve the removal rate of nitrogen and phosphate. Mahsa et al.
have reported that the total biomass and protein concentrations of marine Spirulina platensis
were observed under blue light, at around 100 umol photons m 2 s~ of 13.4and 9.0 g L1,
respectively. However, the highest phosphate and ammonium removal were about 145
and 218 mg L~! under purple light, at around 100 pmol photons m~2 s~!, respectively [97].
Results showed that light intensity and wavelength, combined with semi-batch cultivation,
can be designed to achieve the highest biomass and production, as well as to maximize the
removal of phosphorous and ammonium.

Obviously, when microalgae absorb nitrogen, phosphorus and heavy metals in wastew-
ater, their biomass and by-product yield are correspondingly increased. Previous research
was to develop large-scale production to produce oil-rich algal biomass from wastewater.
Almost all nutrients in sewage were consumed, and microalgal biomass and oil content
could reach 2.0 g*1 L= d~ 1 and 25.25% (w/w) [97]; Chlorella cultivated in pig manure
wastewater could also obtain 0.23 g m~2 d ! fatty acid production capacity [98]. In addi-
tion, bacteriostatic compounds against antibiotic-resistant bacteria have been discovered
from microalgae during phytoremediation of swine wastewater [99]. Aigars et al. have
reported phosphorus removal from municipal wastewater and the biomass were enhanced
after four microalgal species were exposed to a phosphorus starvation medium, which
indicated that the species, N/P molar ratio in the wastewater and P content of biomass
could control the efficiency of phosphorus uptake [99]. C. vulgaris was continuously cul-
tured for 15 days in municipal wastewater, in 3 temperature regimes. In this study, the
analysis revealed that in alternating high-low temperature conditions, biomass production
had the potential for biofuel production, with the highest lipid content (26.4% of total dry
biomass) [95]. Therefore, some microalgae have the great potential to remove nutrient from
wastewater and produce valuable compounds, simultaneously.

The technologies aim at promoting nitrogen and phosphorus metabolism in microal-
gae, by converting the nutrients into biomass [91]. There are two main pathways of nitrogen
and phosphorus removal with microalgae for efficient wastewater treatment. One is per-
formed through biochemical pathways for the uptake of nutrient components into the
biomass for nucleic acids and proteins production. Additionally, the other can ingest
phosphate for storing as an acid-insoluble polyphosphate granule [104].

Nowadays, microalgae technology is promising for wastewater treatment. However,
adaptability metabolism of microalgae to extreme conditions in industrial wastewater is
poorly understood. The microalgae harvesting in wastewater requires equipment invest-
ment and large amounts of energy, as the biomass concentration is usually below 0.6 g
L~! after the treatment. Therefore, efficient microalgal systems to treat wastewater at a
large-scale production are in urgent needs.

7. Industrial Application of ALE in Microalgae

There are two mainly aspects about the industrial application of ALE in microalgae.
Firstly, ALE is used as an optimal tool to improve the photosynthetic efficiency of microal-
gae in PBRs. The low and high light intensities limited the microalgal productivity at a
large-scale production. ALE can develop an evolved microalgal strain with a new fixed
trait, which can later be used as industrial strain for the enhanced production of the target
metabolite. With the growing greenhouse effect, it is very exciting to produce biofuels, such
as lipid, bioethanol, methane and hydrogen from microalgae via ALE.

Secondly, ALE has been applied to improve microalgal strains for industrial wastew-
ater treatment. Since phosphorus and nitrogen in wastewater are the major nutrients
causing eutrophication of aquatic ecosystems [99], it is necessary to search for a more
effective means of nutrient removal. ALE can obtain microalgal strains for rapid nu-
trient loading, high tolerance to heavy metal ions and low nutrient effluent concentra-
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tion [105]. At present, Chlorella sp. and S. obliquus are the most promising unicellular algae
in wastewater treatment.

8. Challenges and Prospects

ALE is an emerging approach in artificial conditions, imitating the process of natural
evolution to improve organisms, and being performed for various purposes at the labora-
tory level. The industrial microorganisms have become a key producer in various fields,
including food, pharmaceuticals and other value-added chemical production [106]. ALE
is one of the most effective approaches to eliminate obstacles and maximize productivity
in bio-based processes, having advantages, such as the easy control of culture conditions,
short generation time, easy manufacturing and storage of living fossil records for each
period [107].

Meanwhile, based on these known influencing conditions, suitable combinations can
make the effect more significant. Recent research showed that ALE can be combined
with genetic engineering to improve the efficiency of gene transformation [108]. ALE was
applied to streamline fitness recovery of genomically recoded Escherichia coli, for industrial-
scale protein production [108]. High salinity accelerated the synthesis of phospholipids to
restore lipid, and ALE culture was therefore carried out to obtain an evolutionary strain of
Nitzschia sp. to increase lipid content to 51.2% [109]. Therefore, future research can combine
several factors to obtain higher returns.

However, ALE currently still faces many challenges. First is the formation of large
mutant libraries and the need for large-scale screening of the required evolutionary bodjies.
Because the generation of genetic diversity has become a core technology for accelerating
ALE, a high-quality mutant library is crucial to its success [6]. Second, with cell division,
effective genes can disappear. The application of multi-omics analyses can promote the
efficient data mining for the implementation of ALE experiments. The third is that the time
span of ALE experiments is very long, and the end point is entirely up to the researcher’s
decision. The novel cultivation strategy, such as red LED light and phytohormone, can
potentially accelerate ALE progress based on microalgal cell physiology. Last, the strains
produced by ALE have multiple mutations, and the interpretation of genotypes requires
tedious omics analysis. The upgrade and development of related software will provide
more effective data for ALE performance.

Whatever the purpose, its essence is to continuously culture microalgae under certain
pressure, screen out the most adaptable strains and constantly culture to meet our expec-
tations. It is in response to “natural selection and survival of the fittest”. With in-depth
research to conquer those difficulties, ALE combined with systems biology and synthetic
biology tools is a prominent strategy. It is acknowledged that ALE is bound to become a
popular technology in microalgae for the future.
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Abstract: During the last two decades, microalgae have attracted increasing interest, both com-
mercially and scientifically. Commercial potential involves utilizing valuable natural compounds,
including carotenoids, polysaccharides, and polyunsaturated fatty acids, which are widely applicable
in food, biofuel, and pharmaceutical industries. Conversely, scientific potential focuses on bioreactors
for producing recombinant proteins and developing viable technologies to significantly increase
the yield and harvest periods. Here, viral-based vectors and transient expression strategies have
significantly contributed to improving plant biotechnology. We present an updated outlook covering
microalgal biotechnology for pharmaceutical application, transformation techniques for generating
recombinant proteins, and genetic engineering tactics for viral-based vector construction. Challenges
in industrial application are also discussed.

Keywords: biopharmaceuticals; recombinant proteins; transient expression; viral vectors

1. Introduction

Microalgae are unicellular microorganisms found in marine and freshwater ecosys-
tems over a wide range, from very small (a few micron) to large (a few hundreds of microns).
They can rapidly produce biomass from solar energy, CO,, and nutrients, such as nitrogen,
sulfur, and phosphorous. Simple maintenance and cultivation in artificial environments of-
fer a profitable platform to produce and extract bioactive compounds compared with other
bioresources. Here, microalgae produce various metabolites with applications in pharma-
ceutical, cosmetic, bioenergy, and food/feed industries [1,2]. Various microalgae-derived
products for food and feed have already been commercialized by different companies
worldwide, including A4F-Algae 4 Future (Portugal), Blue Biotech (Germany), DIC Lifetec
(Japan), E.I.D Parry (India), Ocean Nutrition (Canada), Phycom (Netherlands), Chlorella Co.
(Taiwan), and Solazyme, Inc. (San Francisco), all of which used their bioactive compounds
as colorants, additives, or supplements [3].

Biopharmaceuticals are complex molecules of biological origin used to diagnose,
prevent, treat, and cure diseases or conditions in human beings and animals. According to
their biological structure, biopharmaceuticals can be classified into amino acids, nucleic
acids, and vaccines. In biopharmaceutical terms, these molecules are specifically produced
under biotechnological processes based on genetically engineered organisms used as an
expression host [4]. The main organisms used here are bacteria, yeast, mammalian cells,
and insect cells, with each system having their own advantages as well as limitations [5-8].
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Recently, microalgae have attracted increasing scientific interest due to their versatile
growth and functional metabolic properties, as well as their biopharmaceutical production.
Microalgae possess distinct attributes that have attracted the attention of biotechnologists,
who have developed advanced genetic and molecular tools to leverage microalgae as
green bioreactors to produce biopharmaceuticals. These attributes include their ability to
grow and culture under heterotrophic, autotrophic, and mixotrophic conditions, the ca-
pacity to realize post-translational modifications and proper protein maturation, and the
distinction of some microalgae species as “Generally Recognized as Safe” by the Food
and Drug Administration (FDA). This status is conferred to any substance, chemical, or a
whole organism that is safe for human consumption, owing to the absence of pathogens,
microorganism, or related endotoxins. Mostly heterotrophic microalgae are FDA-approved
for biotechnological applications due to their large-scale growing capacity and high cell
density compared with other organisms [9,10]

To increase the yield and accelerate time to obtain and improve biopharmaceutical
quality, microalgae biotechnology uses various expression methods and genetic and molec-
ular biology strategies. These methods include stable nuclear and chloroplast expression
and, in recent years, transient expression using viral-based vectors that allow high protein
accumulation in a short period of time. However, the method using Agrobacterium tumefa-
ciens transformation makes oral formulations of algal biomass unusable due to residual
bacteria. Conversely, viral vectors for this purpose are limited and are mainly designed
using elements derived from plant viruses. We present an updated outlook covering
microalgal biotechnology for pharmaceutical applications, transformation techniques for
obtaining recombinant proteins, and genetic engineering tactics for viral-based vectors
construction (Figure 1). Finally, we discuss the potential challenges in industrial application.

Viral based vectors construction
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Figure 1. Overview of microalgal biotechnology for biopharmaceutical application. The essential
components are from the vector design and selection of gene interests, microalgal hosts, and methods
of transformation to finally obtain either bioactive metabolites or biopharmaceuticals. (A). Plasmid
construction and transfer to Agrobacterium. (B). Selection of microalgae for genetic transformation.
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(C). Method to transfer plasmid DNA using electroporation. (D). Introduction to target gene through
the Agrobacterium-mediated method. (E). Stepwise protocol for the transfer of genes. (F). Traditional
algae transformation method (glass beads). (G). Transformation methods (direct or Agrobacterium
mediated) and integration into algae cell. (H). Stages of development for large-scale production of
valuable biopharmaceuticals.

2. Genetic Engineering Transformation Methods for Biopharmaceutical Production
of Microalgae

During the last 20 years, 40 different microalgae species genetic engineering meth-
ods have been developed [11,12]. Chlamydomonas reinhardtii, Dunaliella salina, Volvox carteri,
Haematococcus pluvialis, and Phaeodactylum tricornutum are widely used microalgae for
transforming foreign transgene expression studies, as well as biopharmaceutical protein pro-
duction [13-17]. Here, microalgae genomes, such as nuclear, chloroplast, and mitochondrial
transformation protocols, have been explored. In microalgae, four traditional methods are
widely used to deliver foreign genes into microalgal genomes, including agitation with glass
beads [18], particle bombardment [19], electroporation [20], and Agrobacterium-mediated
transformation [21-25]. Of these methods, glass beads and Agrobacterium do not require any
specialized apparatus, are less labor-intensive, and are relatively fast [18,26]. Additionally,
bacterial conjugation as well as natural and liposome-mediated transformation also have been
employed, each of these exhibiting their own advantages and drawbacks. The most notable
disadvantages presented for some methods include the need for optimizing the transformation
conditions, the low efficiency, and the high cost of the equipment or interface used [27].

Using the agitation method, transformation involves agitating wall-deficient cells/protoplasts
of microalgae with foreign genes, glass beads, and polyethylene glycol (surfactant) [28-30]. This
method can be used for both nuclear and chloroplast transformation. Furthermore, studies
show cell wall-removed protoplasts are sufficient for gene transformation in Chlorella ellip-
soidea [31]. Glass bead agitation has also been reported in chloroplast genetic engineering
in C. reinhardtii using agitation of DNA /cell suspensions with glass beads [32]. The glass
bead method also includes low transformation efficiencies due to thick cell walls, agitation
duration, velocity, and surfactant concentration [12,33-35]. Table 1 presents and compares
the limitations of different transformation methods.

Table 1. Comparison and limitations of genetic transformation methods in microalgae.

Integration Transformation Microalgae

Method Advantage Disadvantage Site Efficiency Species Reference
Simple 3 1 Chlamydomonas

’ ~10 DNA . - 18
controlability, high 1 reinhardtii 18]

cell-survival rate, Cell wall removal and low Dunaliella
Glass beads affordable, and transformation efficiency Nucleus NR salina [30]
minimal physical NR Platymonas 1371

damage to cells subcordiformis
6 x 10° per pg of DNA  Chlamydomonas ~ [38]
2.5 x 10* per pug of DNA reinhardtii [39]
Nannochloropsis
7

1.1 x 107 per ug of DNA limnetica [40]
sk don £ NR Chlavmgduglolnas 120]

Simple, affordable r?fns orma 1qnhrequency gzn alr ”11
Electroporation Sduipment, and high 2 ec}t1ed bylhlg Er puge 1 NR unlq e [41]

P transformation strengt a‘r;'d ert\gt , met ium Nucleus . sudzmz

ffici composition, temperature cenedesmtiis
eticlency and membrane characteristics NR obliquus [42]
NR Monoraphidium [43]

neglectum
NR Clllorgllu [44]

pyrenoidosa
NR Nannochloropsis [45]

oculata
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Table 1. Cont.

Method Advantage Disadvantage Integxahon Transi"o‘rm ation Mlcroa.lgae Reference
Site Efficiency Species
Variation of transformation B 6 Chlamydomonas
Transformation of efficiencies and transformation 311-355 > 10 reinhardtii (23]
Agrobacterium- large DNA frequency affected by physical Haematococcus
S . NR - 22
mediated fragments, simple, and chemical factors, silenced Nucleus pl uvm.hs 122]
stable, and efficient transformapts, lgwer -number of 41.0 + 4 CFU per 106 cells D “”“ZZEU’Z [46,47]
multiple insertions bardawil
~2.5 x 107> DNA Volvox carteri [48]
Most effective 1.9 x 107°to 4.2 x 107°
per pg of DNA Chlamydomonas ~ [49,50]
method for the s . ..
. 10 reinhardtii
transformation NR [51]
1 oi c/hlor(i— Cost effective, required Nuclear/ NR Phaeodactylum 152]
Biobalistic p alst.s lnuc car specialized equipment, Chloroplast tricornutum -
multiple copies and recovery low Genome Cyclotella
insertion. cryptica and
More DNA NR ypic [53]
. . Navicula
integration and copy .
saprophila
number :
NR Cylindrotheca [54]
fusiformis
Silicon .
carbide Similar protocol Low ;ransformatlon Nucleus NR Chlavmy domgnas [55,56]
. requency reinhardtii
whiskers
Simple operation,
Lithium darlr(l)awe(:(t)ztétllzs}s\os " Growth rate transformation Dunaliella
acetate/ & . temperature and plasmid Nucleus 113 colonies pg~! DNA . [57]
cells and high . salina
polyethylene ¢ concentration
transformation
efficiency

NR: Not Reported.

The Agrobacterium-based transformation method has previously been applied to C.
reinhardtii [23,50,58], H. pluvialis [22,59], Chlorella vulgaris [60], Parachlorella kessleri [61],
Dunaliella bardawil [46,47], D. salina [62], Euglena gracilis [63], Cenedesmus almeriensis [64],
and Dictyosphaerium pulchellum [65]. According to Bashir et al. (2018), efficiency transforma-
tion using the Agrobacterium-based method was 50-fold higher that the glass bead method.
However, different transformation efficiencies have been reported with Agrobacterium-
based protocols [23,50,58]. Factors such as co-cultivation temperature, optical density,
infection time, pre-culture duration, and acetosyringone concentration can substantially
affect transformation efficiency [47,60]. In a study by Kumar et al. (2004), the Agrobac-
terium-based method performed equally as well as electroporation for stable integration
into Parachlorella kessleri [61].

Electroporation is the most common and effective method for performing high-
intensity electric pulses across the microalgae cell membranes to allow exogenous DNA
to pass through cells [66-68]. This method has been reported in C. reinhardtii [20,38,39],
Nannochloropsis limnetica [40], D. salina [41], Scenedesmus obliquus [42], Monoraphidium ne-
glectum [43], Chlorella pyrenoidosa [44], C. vulgaris [69], Chlorella zofingiensis [70], and Nan-
nochloropsis oculata [45]. Advantages include a rapid protocol, low labor, and high speed.
Electroporation has been also been reported with transformation efficiencies up to 100-fold
over agitation [12]. However, transformation efficiencies may be affected by electric-
strength, pulse, and cell wall complexity [20,71,72].

Particle bombardment is an early and highly reproducible transformation method
due to its ability to deliver genes into the nucleus, mitochondria, and chloroplast genomes
without disturbing the cell walls [19,49,73,74]. This method is based on a DNA-coated
ejection device with tungsten or gold metal particles that can detect target cells. Suc-
cessful transformation using particle bombardment have previously been reported for
C. reinhardtii [9,49-51,75,76], D. salina [77], Haematoccucs pluvialis [59], V. carteri [48], P. tri-
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cornutum [52], Cyclotella cryptica and Navicula saprophila [53], Cylindrotheca fusiformis [54],
and Schizochytrium sp. ATCC 20888 [78,79].

Among these techniques, the particle gun method is the most efficient for direct DNA
delivery into cells. Generally, the gene gun method shows high transformation efficiency;
however, this method is costly. Both particle bombardment and electroporation can be
applied to transfer not only endogenous DNA but also proteins into microalgae cells.
The most important application introduced Cas9 protein-gRNA ribonucleoproteins (RNPs)
into microalgae, namely, into C. reinhardtii, P. tricornutum, and Tetraselmis sp. cells, for
DNA-free genome editing [80-83].

In addition to the aforementioned methods used to introduce foreign DNA into mi-
croalgae cells, other transformation methods are also available. Hawkins and Nakamura
(1999) showed Chlorella sp. protoplast cells and plasmids can be generated by mixing with
polyethylene glycol and dimethyl sulfoxide for human growth hormone gene transforma-
tion [84]. Similarly, Liu et al. (2013) described novel, simple, reliable, and cost-effective
transformation of C. ellipsoidea protoplast cells by mixing foreign DNA with PNC solution
(NaCl, CaCl,, and 40% PEG 4000) [71]. Other methods include stable nuclear transformation
systems for Pleurochrysis carterae using polyethylene glycol (PEG)-mediated transfer of hy-
gromycin B-resistance genes [85]. Recent reports present genetic transformation of microal-
gae by bacterial conjugation [86,87] and gene injection [88]. In addition to these techniques,
other emerging methods, such as cell-penetrating peptides, nanoparticles, metal-organic
frameworks, and liposomes, have not yet been demonstrated in microalgae [12,89-91].

3. Microalgae Nuclear and Chloroplast-Based Expression

Microalgae contain nuclear, mitochondrial, and chloroplast genomes, each of which
have their own transcription, translation, and post-translation properties [92]. Nuclear
expression in microalgae offers numerous benefits, such as targeting recombinant protein
expression in specific organelles, protein glycosylation, post-translational modification,
and secretion [93]. In nuclear-based expression, the position of an exogenous gene into a
microalgal genome occurs as a random insertion and usually transgenic cells are selected
via phenotypic variation or antibiotic resistance. Generally, this approach results in low
yields. Although the reasons for this phenomenon are not completely understood, possi-
ble explanations could be attributed to the RN A-silencing process, transcript instability,
positional effects of transgenes, and an inaccessible chromatin structure [94].

Using chloroplasts to express foreign genes has become a promising alternative to
the nuclear genome. Microalgae chloroplasts serve as the main cell factory for synthe-
sizing several metabolic pathway enzymes and appropriate transformation objects for
producing isoprenoids, carbohydrates, lipid, carotenoids, pigments, fatty acids, and pro-
teins [95,96]. Further, this organelle lacks a gene-silencing mechanism and may be used to
protect proteins from degradation and involve some post-translation modifications, such as
phosphorylation. These multiple functions in a single cell organelle are the most important
traits for its heterologous gene expression in microalgae [97,98]. For delivery, the foreign
gene must pass through several membranes, which represent a greater challenge. The pre-
ferred method to achieve this goal is particle bombardment. In particular, C. reinhardtii
has been descried in numerous transformation studies for producing foreign proteins due
to the chloroplast genome being fully sequenced and offering a unique advantage in the
transformation system [99]. Further, various transformation methods have been reported
for C. reinhardtii chloroplasts, among which are the marker-free chloroplast transforma-
tion system [100] and glass bead agitation using cell wall-deficient cells [28-30]. Finally,
a chloroplast transformation system based on electroporation has also been developed for
Phaeodactylum tricornutum [101].

4. Algal Biotechnology in Pharmaceutical Applications

In biochemistry, metabolites are defined as small molecules of <1.5 kilodaltons (KDa)
that act as intermediates or end products in cellular metabolism and are classified as pri-
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mary and secondary. Primary metabolites are directly involved in growth, development,
and reproduction, whereas secondary are not implicated in these processes but offer an im-
portant ecological function and are typically linked to specific environmental conditions or
developmental stages [102]. In microalgae, diverse bioactive metabolites have been studied
for their antifungal, anticancer, antibacterial, and immunosuppressive properties [103-107].
Further, bioactive compounds obtained from microalgae, such as (3-carotene, polyun-
saturated fatty acids (Omega-3), clionasterol, phycocyanin, lutein, astaxanthin, canthax-
anthin, fucoxanthin, zeaxanthin, docosahexaenoic acid (DHA), and eicosapentaenoic acid
(EPA), can be applied as nutraceuticals, food additives, or in the cosmetics industry. Amino
acids, such as tryptophan, lysine, leucine and arginine, vitamins B and E, essential min-
erals, and carbohydrates, are used in human and animal nutrition. Further, metabolites
obtained from microalgae can be used in biofertilizer production as a source of nitrogen-
and phosphorous-rich biomass residues as feedstock and in the bioenergy industry as
bulk oil and biomass residue feedstock for jet fuel, biodiesel, bioethanol, biogas, biochar,
and biohydrogen production. Furthermore, some microalgae strains can be used in wastew-
ater treatment by reducing the amount of nitrogen, phosphate, and chemical oxygen
demand, as well as removing heavy metals (copper (Cu), iron (Fe), manganese (Mn),
and zinc (Zn)) and pharmaceutical pollutants (triclosan and hormones (173-estradiol and
17 a-ethinylestradiol) [108-113]. Interestingly, potential industrial applications and commer-
cialization of microalgae-derived biomass and bioactive compounds in the food industry
has recently been explored by Camacho et al. (2019). This analysis introduced the po-
tential for formulation as prebiotics or as part of functional food/feed for human and
animal consumption. Further, various industries can commercialize products, including
phycocyanin, lutein, 3-carotene, astaxanthin, eicosapentaenoic acid (EPA), and docosa-
hexaenoic acid (DHA) (w-3), derived from microalgae to be used as food colorants or
supplements [3]. Currently, different species of microalgae have been used in the food/feed
industry, such as Porphyridium cruentum, Pavlova salina, Tisochrysis lutea, Chaetoceros muel-
leri, Nannochloropsis spp., Skeletonema spp., Thalassiosira pseudonana, Schizochytrium sp.,
and Crypthecodinium cohnii, and wastewater bioremediation, including Scenedesmus obliquus,
Franceia sp., Ankistrodesmus sp., Tetraedron sp., Chlorella sp., and Mesotaenium sp. [114].
Conversely, using single-cell engineering microalgae as a green factory to produce bio-
pharmaceuticals includes recombinant expression of numerous antigenic proteins that act as
human and animal vaccine candidates against viral or bacterial diseases and parasitic infec-
tions. Among these candidates, expression of viral epitopes from Zika virus [115], avian in-
fluenza [116], human papillomavirus [117], hepatitis B [41], and human immunodeficiency
virus (HIV) [118], as well bacterial proteins from Staphylococcus aureus [76] and Histophilus
somni [119], are well studied. Regarding parasitic infections, proteins from Plasmodium
falciparum that cause malaria are also expressed in microalgae [120,121]. Furthermore,
microalgae are also used to produce monoclonal antibodies, hormones, cytokines, growth
factors, immunotoxins, and proteins to prevent non-communicable diseases [122-125].
A detailed recompilation of biopharmaceuticals produced in microalgae are summarized
in Table 2. In addition, these recombinant microalgae cells can be utilized as an effective
oral drug delivery platform formulated as pills, tablets, or freeze-dried cells [9]. A study
by Kwon et al. (2019) demonstrated that the green fluorescent protein (GFP) expressed in
chloroplasts of C. reinhardtii remained intact after biomass lyophilization [126].
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Table 2. Production of recombinant biopharmaceuticals proteins in microalgae.

Microalgae Transformation Integration Protein . . o e
Strain Method Site Expressed Yields Obtained Application Reference
Lithium o Antivirus and
acetate/PEG SKTI 0.68% TSP anticancer 1571
Agrobacterium-
mediated H5HA 225 ug TSP/2g Avian influenza [127]
transformation Nucleus
Dunaliella salina glectroporation HBsAg 3.11 + 0.50 ng/mg Hepatitis B [41]
3.04 £0.26 ng/mg White spot
Glass beads VP28 and 78 pg/100 mL syndrome in [128]
culture crayfish
Biolistics Chloroplast STRAIL 0.67% TSP Tumor cells and [129]
virus-infected cells
HBcAgII 0.05% TSP H tensi 130
Agrobacterium- 08 ypertension (1301
mediated Nucleus IFN-x2a NA Immunity [131]
transformation RBD 1.61 ug/g FWB COVID-19 [35]
bFGF 1.025 ng/g FWB Growth factor
HPV16 E7 mu- E7GGG-His6
tated form r (0.02%), E7GGG
E7GGG-His6, (0.1%) and Cancer [117]
E7GGG and E7GGG-FLAG
E7GGG-FLAG (0.12%) TSP
Glass beads : :
WSSV VP28 NA White spot disease 1,3,
in shrimp
Chloroplast hGH 0.5mg hGH/L Growth Hormone [32]
dsRNA NA Yellow head virus [133]
infection in shrimp
0.09% TSP and 20
ctxB-pfs25 ug/mL [51]
Biolistics Pfs25 (0.5%) and
pfs25 and pfs28 Pfs28 (0.2%) TSP Malaria [134]
Chlamydomonas
reinhardtii cr.pfsd8/45 NR [75]
AMA1/MSP1- 0.2 to 1.0 mg of [120]
GBSS protein/mg
Glass bead: Nucl _
ass beads ueleus hIYPEDGGFF%ES' 0.06% TSP, 0.003%  Tissue hypoxia, 135]
and hSDF-1 TSP, 0.0006% TSP wound healing
P24, CpP24, .
CrP24, P2Aw 0.25% TSP AISD [118]
0.2%-0.25% TSP hEGF
hEGF (40 mg/L) deficiency [136]
. Streptococcus
Endolysin )
(Cpl-1 and Pal) ~1.3 mg/g ADW pr.u’um(?mae [137]
infection
Anti-bacteria,
ALFPmM3 0.35% TSP anticancer, and [138]
antiviral activity
Autoimmune
IF NA disease pernicious [139]
anemia
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Table 2. Cont.

Microalgae

Transformation

Integration

Protein

Strain Method Site Expressed Yields Obtained Application Reference
«CD22 0.7% TSP Cancer [124]
83K7C 100 mg/1 g of DAB Anthrax [140]
HSV8 scfv 0.5% TSP Herpes simplex [141]
virus
HSV8-Isc >1% TSP Herpes simplex [142]
virus
Protection against
M-SAA 0.25% TSP intestinal bacterial [143]
e and viral infections
in newborns
Inhibit the
apcA and apcB 2-3% TSP S-180 carcinoma in [144]
mice
hMT-2 NA UV-B effects [145]
iolisti Chl last
Biolistics oroplas CTB:p210 60 pg/g of FWB Atherosclerosis [146]
Arah ;aznd Ara NA Peanut allergy [147]
Bet v 1.0101 0.01 and 0.04% TSP Allergy [148]
Chlamydomonas
reinhardtii IL-2 and o ;
PFCeITOS 1.5% TSP Malaria [121]
IFN-A1 NA Multiple sclerosis [149]
VEGF 0.1% TSP Depression and [149]
pulmonary arteries
Response of the
HMGB1 1% TSP _ brain to neural [149]
injury and wound
healing
CelK1 0.003% TSP Bioethanol and [150]
biogas production
Biolistics Nucleus huBuChE 0.4% TSP Pesticide [151]
poisonings
Growth inhibition
Mytichitin-A 0.28% TSP of fungi, viruses, [152]
parasites,
Electroporation Nucleus and bacteria
ToAMP4 0.32% TSP Antimicrobial [153]
hLF 1.82% TSP Antibacterial [154]
HER-2, MUC1,
MAM-A, 637 ng/g FWB Breast cancer [155]
and WT1
. . Agrobacterium-
Schizochytrium mediated Nucleus ZKL ZK2 73, 545 10 /6 FWB Zika disease [115]
and LTB 878
sp transformation
LTB:RAGE 380 pg/g FWB Alzheimer disease [156]
1.25mg/g FWB
GP1 and LTB (6 mg/L of culture) Ebola [79]
Schizochytrium Biobalistic Nucleus HA 5-20 mg/1 Influenza [78]

sp. ATCC 20888
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Table 2. Cont.

Microalgae Transformation  Integration Protein . . N
Strain Method Site Expressed Yields Obtained Application Reference
Chlorella Agrobacterium- RBD 1.14 ug/g FWB COVID-19
vulgaris mediated Nucleus [35]
& . ; bFGF 1.61 ng/g FWB Growth factor
ransformation
Chlorella sp Electroporation Nucleus Scygonafi“.“ and NA Antibacterial [157]
hepcidin
Chlorella
sorokiniana Cell
ATCC-22521) or PEG Nucleus hGH 200-600 ng/mL regeneration/hGH [84]
Chlorella deficiency
vulgaris C-27
Cﬁlor;lla Biobalistic Chloroplast fGH 420 ug fGH Growth hormone [123]
ellipsoidea protein/L
Xylanase,
x-galactosidas,
Dunaliella Phytase, .
tertiolecta and C. Biobalistic Plastids phosphate NA Ammal feeds a?d [158]
. . biofuel production
reinhardtii anhydrolase,
and f3-
mannanase
Haematococcus Biobalistic Chloroplast Piscidi-4 NA Antimicrobial [159]
pluvialis

PEG: Polyethylene glycol; SKTI: Soybean Kunitz trypsin inhibitor; TSP: Total soluble protein; H5HA:
Hemagglutinin-Influenza A virus; TSP: Total soluble protein, HBsAg: Hepatitis B surface antigen; HBcAgII:
Angiotensin II fusion to hepatitis B virus (HBcAg); HPV16 E7: Human papillomavirus 16 E7 protein; ctxB-pfs25:
Plasmodium falciparum surface protein (Pfs25) fused to cholera toxin (CtxB); pfs25 and pfs28: Plasmodium falci-
parum surface protein 25 and 28; c.r.pfs48/45: Plasmodium falciparum surface protein 48/45; AMA1/MSP1-GBSS:
Apical major antigen or major surface protein fused to granule bound starch synthase; CTB-D2: fibronectin-binding
domain D2, fused to the cholera toxin B subunit protein; hGAD65: Human glutamic acid decarboxylase; CSFV
E2: classical swine fever virus structural protein E2; «CD22: Immunotoxin protein; 83K7C: Human IgG1 mon-
oclonal antibody 83K7C against the PA83 anthrax antigen; DAB: dry algal biomass; HSV8 scfv: single-chain
variable regions antibody against Herpes simplex virus glycoprotein D; HSV8-Isc: Large single-chain antibody
directed against Herpes simplex virus glycoprotein D; huBuChE: A fusion protein containing luciferase and
the human butyrylcholinesterase; AISD: Acquired immunodeficiency syndrome: FWB: Fresh weight biomass;
IL-2 and PfCelTOS: PfCelTOS fused to human interleukin-2; sTRAIL: Tumor factor-related apoptosis inducing
ligand; IFN-B1: Human interferon 31; VEGF: Human vascular endothelial growth factor; HMGB1: High mobility
group protein B1; hEGF: Human epidermal growth factor; ALFPm3: Anti-Lipopolysaccharide factor isoform
3; CelK1: Bacterial endoglucanase (CelK1, Glycohydrolase, family 5) enzyme; hGH: human growth hormone,
M-SAA: Bovine mammary-associated amyloid; hMT-2: Metallothionein-2; IFN-«2a: Human interferon-o; IF:
Human protein intrinsic factor; WSSV VP28: White spot syndrome virus protein; TOoAMP4: Taraxacum officinale
antimicrobial peptide 4; hLF: Human lactoferrin; HER-2 Human Epidermal Growth Factor Receptor-2; MUC1:
Mucin-like glycoprotein 1; WT1: Wilms’ Tumor Antigen; MAM-A: Mammaglobin-A; LTB:RAGE: Receptor of
Advanced Glycation End products fused to E. coli heat-labile enterotoxin B subunit; GP1: Complex viral proteins
from Zaire ebolavirus; HA: Recombinant hemagglutinin from A/Puerto Rico/8/34 (HIN1) influenza virus; f{GH:
flounder growth hormone.

5. Viral-Based Expression Vectors for Recombinant Protein, Vaccine,
and Biopharmaceutical Production

Currently, biotechnology and genetic engineering is harnessing numerous viruses
or their component parts to produce heterologous proteins for human and animal use.
Given the expression of epitopes from influenza A virus can be fused with the hepatitis
B core antigen in Nicotiana benthamiana plants, generation of virus-like particles (VLPs)
in insect cells for the human papilloma virus as a vaccine-delivery vehicle for genetic
material can generate an immune response in the human body, as recently developed
for a COVID-19 vaccine [160-162]. Furthermore, polymerases and reverse-transcriptases
from viral origins, in addition to elements such as transcriptional promoters, terminators,
silencing suppressors, and internal ribosomal entry sites, form part of a molecular toolbox
for genetic engineers, biologists, and biotechnologists.
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The common approach for generating viral-based expression vectors involves inserting
a determinate viral genome sequence into an expression vector downstream of a cell-type-
specific promoter. The coding sequence of a heterologous gene is then inserted into the viral
genome sequence as part of a viral polyprotein or downstream to a subgenomic promoter.
The construct is then transferred to host cells for transcription and subsequent translation
processes by host molecular machinery [163]. During the last decade, the design, generation,
and use of viral-based expression vectors for producing heterologous proteins have gained
increasing scientific interest, mainly in the plant biotechnology field. To achieve this goal,
expression strategies have focused on RNA and DNA plant viruses, of which tobamovirus,
comovirus, potexvirus, and geminivirus are the most exploited genera.

Developing and applying this approach has followed an interesting path. First, by cre-
ating first-generation expression vectors or full virus strategies based on expression of the
gene of interest (GO), this approach has also produced its own viral genes and subsequent
translation as an individual antigenic or fusion protein on the C-terminal of the capsid
protein (CP). Using these vectors, several immunogens have been produced, reaching
up to 10% of the total soluble protein (TSP) in Nicotiana benthamiana plants. However,
stability is negatively related to insert size, hence the proteins larger than 30 KDa are poorly
expressed in a chimeric CP form and epitopes should be 25 amino acids at maximum
length [164-166]. These drawbacks slowed the development of second-generation viral vec-
tors, whereby using a full virus was replaced with a deconstructed virus genome containing
essential elements for replication and non-viral sequence integration to accomplish other
functions, such as replicon formation using T-DNA delivered via A. tumefaciens. Using
Agrobacterium for DNA delivery offers considerable advantages given the efficient transfer
capacity by infiltration of plant leaves. Plants species using this approach include spinach,
sunflower, red beetroot, and N. benthamiana, presenting maximum yields up to 50% of TSP
in a 4-5 day period where the size of the GO can be up to 2 Kb and proteins of 80 KDa can
be produced [167-169].

Special attention should be directed toward DNA virus-based vectors, specifically
those applying elements from geminivirus, a twinned icosahedral virus with a single-strand
DNA (ssDNA) arranged in one (monopartite) or two components (bipartite) encoding
proteins essential for the replication process, pathogenicity, suppression of plant gene
silencing, and intercellular and long-distance movement of the virus [170,171]. In general,
these vectors are based on a transient expression system, the advantages of which include
rapid product expression, high production rate, flexibility, and scalability. A geminivirus
engineered for biopharmaceuticals is Bean Yellow Dwarf Virus (BeYDV), which has been
modified to leverage its Rep protein under independent promoter control. With this strat-
egy, diverse BeYDV-based expression vectors have been engineered and an assortment
of antigens and monoclonal antibodies have been generated [172-174]. For microalgae,
the geminiviral vector pBYR2e was used for expression of the receptor-binding domain
(RBD) from SARS-CoV-2 and fibroblast growth factor (bFGF) in two freshwater microalgal
species. Yields reached up to 1.61 ug/g and 1.14 ug/g for RBD when expressed in C.
reinhardtii and C. vulgaris, respectively [35]. Conversely, Berndt et al. (2021) reported expres-
sion of RBD-fused GFP in C. reinhardtii. Interestingly, the protein targeted three different
cellular localizations: (i) in the endoplasmic reticulum-Golgi pathways; (ii) secreted out of
the cell into the culture media; and (iii) directed to the chloroplasts. In the latter, although
under higher expression, the protein appeared to be truncated by ~5 kDa at the amine
end, whereas the end targeted to the ER was produced with the expected size and correct
amino acid sequence. For obtaining proteins, the transgene was placed into the pBR9 and
pOpt vectors; in particular, the pBR9 vector containing the sh ble zeocin resistance selection
marker with a food and mouth disease virus (FMDV) 2A self-cleaving sequence placed
between the coding sequences, resulted in accumulation of two separate proteins [175].

Another geminivirus-based vector, named Algevir, has been developed with diverse
antigenic proteins and epitopes expressed in the marine microalgae Schizochytrium sp.,
which was engineered using the Rep protein and origin of replication (Ori) from the bego-
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movirus Ageratum enation to produce and replicate circular DNA carrying the GO and AlcR
gene, as well as the AlcA promoter from Aspergillus nidulans to obtain ethanol-induced
expression. This innovative system has produced viral and bacterial proteins at a maximum
level production of 1.25 mg/g fresh biomass for GP1 from Zaire ebolavirus [79]. Table 3
shows the viral-based vectors used for biopharmaceutical production in microalgae. How-
ever, yields produced in microalgae with a nuclear approach and using viral-based vectors
do not fully outcompete those produced in chloroplasts whereby targets allow production
of 3.28 mg/L of culture medium [176]. The strategy based on protein production in this
organelle requires a long time and construction of detailed vectors containing specific
sequences for integration by homologous recombination. Here, optimizing viral-based vec-
tors is needed to increase the protein yield and improve stability, which requires transient
expression as a primary approach given that some transgene products may become toxic
for host cells, leading to very low yields under stably transformed lines. Alternatively, mi-
croalgae viruses can be naturally used to drive gene expression at different infection stages
and viral elements can be explored throughout the design process of novel viral-based
vectors or when improving current models. Updating the functions of viral genes and the
genome composition is an important requirement for executing a rational design in which
regulatory elements, such as promoters, terminators, or replication proteins, help reach
strong GO expression. Finally, exploring the possibility of directly purifying recombinant
proteins using elements from lytic viruses presents an alternative approach [177].

Table 3. Virus-based vectors used for biopharmaceutical production.

Type of

Chlorella vulgaris

Microalgae Host . Name Viral Elements Protein Expressed References
Transformation
The GP1 from Zaire
ebolavirus and LTB
Cauliflower mosaic virus: RAGE (23-54 amino acids)
. 35S promoter The ZK1, ZK2, ZK3 from the
Schizochytrium Transient 35S terminator E protein from Zika virus
nuclear/Inducible  Algevir . . [79,115,155,156]
sp. expression Ageratum enation virus: fused to LTB
P Replication protein “Rep” The multiepitope protein BCB
Origin of replication “Ori” comprised epitopes from
HER-2, MUC1, WT1, MAM-A
fused to LTB
Chlamydomqlnus Cauliflower mosaic virus:
reinhardtii
- 35S promoter
Tomato bushy stunt virus:
RNA silencing suppressor P19
Bean Yellow Dwarf Virus:
Transient nuclear pBYR2e Short intergenic region SIR The RBD from SARS-CoV-2 [35]

Long intergenic region LIR The bFGF

C1/C2 Replication protein and
replication protein A
Tobacco mosaic virus Q)
5’untranslated region

LTB: Bacterial toxin B subunit of the heat-labile E. coli enterotoxin; RAGE: Receptor of Advanced Glycation End
products; ZK1: amino acids LDKQSDTQYVCKRTLVDR; ZK2: amino acids FSDLYYLTM; ZK3: amino acids
LKGVSYSLCTAAFTFTKI; HER-2 Human Epidermal Growth Factor Receptor-2; MUCT: Mucin-like glycoprotein
1; WT1: Wilms’ Tumor Antigen; MAM-A: Mammaglobin-A; RBD: Receptor Binding Domain; SARS-CoV-2: Severe
Acute Respiratory Syndrome Coronavirus 2; bFGF: Fibroblast Growth Factor.

6. Design of a Viral-Based Vector for Microalgae Use

In the virosphere, many species are capable of infecting microalgae. In addition
to triggering high mortality rates, such species can reprogram host metabolism, includ-
ing photosynthesis and important cycling processes, such as central carbon metabolism,
phosphorus, nitrogen, and sulfur [178].

To date, a total 63 virus that infect eukaryotic microalgae have been isolated and cul-
tured in the laboratory, whereby 50.79% contain dsDNA as genomic material, 15.8% ssDNA,
1.58% dsRNA, and 22.2% ssRNA, whereas 7.93% have not yet been classified [163,179].
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Recently, a list of 10 isolated and characterized viruses was published by Sandaa et al.
(2022) [180]. These viruses can infect marine haptophytes species. Here, a rational design
of a microalgal-specific viral vector to achieve higher protein yields, using viral elements
that naturally infect microalgae, could be a promising strategy.

In a study published by Kadono et al. (2015) [181], a set of five potential promoter
regions located upstream of the replication-associated protein (VP3) or structural protein
(VP2), coding genes for three marine diatom-infecting viruses (DIVs), were evaluated
and compared in the Pennales diatom Phaeodactylum tricornutum as a heterologous host
(Table 4). The gene-encoding fucoxanthin chlorophyll a/c-binding protein (fcp) was used as
an endogenous promoter and eGFP as a protein reporter. In addition, the extrinsic promoter,
such as Cauliflower mosaic virus 355 (CaMV35S), cytomegalovirus (CMV), and nopaline
synthase gene (nos) promoter, were also used. The results show the novel promoter
CIP1 mediated significantly higher transcription and translation rates according to mRNA
transcripts and flow cytometry analysis, respectively. Further, the abundance of eGFP
mRNA transcripts in the stationary phase were higher than those found in the log phase
under both low and standard nutrient culture conditions.

Table 4. Molecular elements from viruses infecting microalgae tested for the expression of recombi-
nant proteins.

Viral Genomic

Viral Size Type of Transformation  Protein Heterologous

Element Name Source (bp)  Expression Method Expressed Host Reference
Pennales diatom
Biobalistic eGFP Phaeodactylum
C1P1 . 502 Stable tricornutum
ClorDNAV
Electroporation Sh ble Chlu(nydomolr'ms
Promoters reinhardtii [81]
CIP2 474
CdP1  CdebDNAV 477 o Pennales diatom
Stable Biobalistic eGFP Phaeodactylum
TPl TnitDNAV o4 tricornutum
TnP2 424

ClorDNAV: Chaetoceros lorenzianus-infecting DNA virus; CdebDNAV: Chaetoceros debilis-infecting DNA virus;
TnitDNAV: Thalassionema nitzschioides-infecting DNA virus; eGFP: enhanced green fluorescence protein; Sh ble:
bleomycin-resistant gene.

In addition to DIVs, other viruses can help explore their genetic elements and design
a novel viral-based vector, particularly those with ssDNA or dsRNA genomes. Among
them, viral species infecting the most commonly studied microalgal, such as the genus
Chlorella, may offer a useful genetic toolbox. For example, the Paramecium bursaria Chlorella
virus 1 (PBCV-1), a large dsDNA virus (>300 kb) infecting the green microalgae Chlorella
variabilis NC64A, is now a model system for studying DNA virus/algal interactions, which
has also been tested for biomass saccharification with subsequent bioethanol production
and proteins involved in cell wall degradation [182-185]. Another virus fully sequenced
that infects the Chlorella genus with potential biotechnology application are those that
exclusively multiply in Syngen 2-3 or SAG 3.83 cells, which could lead to specific protein
expression in microalgae strains. The prototype viruses are only Syngen viruses—NE5
(OSy-NE5) and Acanthocystis turfacea chlorella virus (ATCV-1) [186,187].

7. Challenges and Perspectives

In recent years, the current pandemic has pushed progress of several biomedical
technologies, e.g., RNA vaccines and adenovirus-based vaccines. Based on these advances,
what are the key insights from the field of algae-based biopharmaceuticals? Biopharma-
ceuticals using algae are considered a promising alternative for improving global health.
Algae offer low production costs and some species are already used at industrial levels
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in the food industry and thus are considered safe for use as delivery vehicles, especially
oral formulations. However, although the proof of concept for using algae to produce
and even deliver biopharmaceutical has been reported by several groups, a number of
challenges remain to be addressed in this field, including improving recombinant protein
yield productivity.

Another critical path that deserves research attention in developing algae-made bio-
pharmaceuticals is related to regulation. Defining the main guidelines for specific reg-
ulations applied to this type of biological agent is a major priority task. Performing
clinical trials requires translating prototypes generated in academic labs to facilities with
good laboratory practices that can approve and perform clinical trials. Moreover, im-
plementing GMP-compliant processes in cooperation with pharmaceutical companies is
urgently needed.

The current pandemic has increased support from several countries to invest in
biomedical research and strengthen the developmental path for drugs and biologics.
For example, several developing and emerging countries are increasing funding for re-
search on innovative platforms for biopharmaceuticals production, including Thailand and
México. We consider that the innovative green platforms required to produce biopharma-
ceuticals are a promising niche that could be accelerated by such initiatives. However, this
should be a mid-term goal considering that conventional production systems with well-
established regulatory frameworks will be the priority for such countries to provide rapid
solutions for immediate needs. As biopharmaceuticals are inherently more complex than
conventional chemical drugs, they demand a more complicated manufacturing process
with varying quality and demands for extensive processes and product understanding.
In addition, downstream processing represents another bottleneck. For algae, eliminat-
ing large amounts of lipids present in total extracts should be studied and the impact of
differential glycosylation compared with mammalian glycosylation is another aspect that
deserves attention.

Although the good manufacturing practice (GMP) standards of various regulatory
authorities and international organizations are very similar and appropriate in addressing
the manufacturing challenges, introducing innovative platforms always presents chal-
lenges. This challenge is exacerbated in developing or emerging countries that require
affordable biopharmaceuticals. For instance, a recent study by Rahalkar et al. (2021) re-
vealed that, in several emerging countries, the lack of standardized biosimilar development
criteria and regulatory convergence across agencies led to challenges in multi-country
biosimilar development, limiting our ability to introduce new, cheaper biosimilars into the
market [188]. Unfortunately, for biopharmaceuticals produced in algae, this remains an
ongoing challenge.

Although using viral vectors improves efficiency in expression systems, using Agrobac-
terium presents the need for complex purification steps to eliminate bacterial endotoxins.
Therefore, expanding stable transformation systems to express viral replicons under an
inducible approach is a possible solution to this limitation. Avoiding antibiotic-resistant
markers is another challenge when designing vectors. Alternative markers, such as nutrient-
selective markers, are accruing more interest. Another possibility is developing oral for-
mulations subjected to less strict regulations. It is clear that this field is still in its infancy;
thus, exploring new constructs optimized for model species, especially C. reinhardtii, are
required. Special emphasis on developing vectors based on new algae viruses is crucial.

8. Concluding Remarks

Although using viral-based expression systems in algae is still new, this technology
has immense potential to revolutionize the algae-based biopharmaceuticals field by offering
higher yields and shorter production times compared with chloroplast and nuclear stable
transformation methods. The following decade will be critical, as technology will benefit
from refreshed interest when supporting biomedical research in response to the COVID-19
pandemic. Research and development goals should be focused not only on generating
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prototypes in academic labs but also on critical regulatory issues to ensure the success of
new products that enter the market and ultimately benefit human health, especially in
developing and emerging countries. On February 2022, Medicago, a Canadian company,
and GlaxoSmithKline (GSK) announced approval by the Health agency in Canada of
COVIFENZ®, a COVID-19 vaccine produced in plants. This is a milestone, as it is the
first vaccine produced using a green platform approved for human use. Will algae-based
products reach the same success? The following decade will be crucial in addressing
this goal.
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Abstract: The underexplored biodiversity of seaweeds has recently drawn great attention from
researchers to find the bioactive compounds that might contribute to the growth of the blue economy.
In this study, we aimed to explore the effect of seasonal growth (from May to September) on the
in vitro antioxidant (FRAP, DPPH, and ORAC) and antimicrobial effects (MIC and MBC) of Cystoseira
compressa collected in the Central Adriatic Sea. Algal compounds were analyzed by UPLC-PDA-
ESI-QTOF, and TPC and TTC were determined. Fatty acids, among which oleic acid, palmitoleic
acid, and palmitic acid were the dominant compounds in samples. The highest TPC, TTC and FRAP
were obtained for June extract, 83.4 & 4.0 mg GAE/g, 8.8 £ 0.8 mg CE/g and 2.7 &+ 0.1 mM TE,
respectively. The highest ORAC value of 72.1 4= 1.2 uM TE was obtained for the August samples, and
all samples showed extremely high free radical scavenging activity and DPPH inhibition (>80%). The
MIC and MBC results showed the best antibacterial activity for the June, July and August samples,
when sea temperature was the highest, against Listeria monocytogenes, Staphylococcus aureus, and
Salmonella enteritidis. The results show C. compressa as a potential species for the industrial production
of nutraceuticals or functional food ingredients.

Keywords: Cystoseira compressa; microwave-assisted extraction; green extraction; biological activity;
seaweed; seasonal variations; nutraceuticals; fatty acids

1. Introduction

Among seaweeds, the brown macroalgae (Phaeophyceae) have been identified as an
outstanding source of phenolic compounds, from simple phenolic acids to more complex
polymers such as tannins (mainly phlorotannins). Algal phlorotannins, a group of phenolic
compounds restricted to the polymers of phloroglucinol, present a heterogeneous and
high molecular weight group of compounds (from 126 Da to 650 kDa) which are verified
in terrestrial plants [1,2]. The phlorotannins play an important role in the cellular and
ecological growth and tissue healing of alga but also show strong antioxidant, antimicrobial,
cytotoxic, and antitumor properties [3—6].

Brown fucoid algae of the genus Cystoseira sensu lato (Sargassaceae) consist of 40 species
of large marine canopy-forming macroalgae found along the Atlantic-Mediterranean
coasts [7,8]. So far, a total of 214 compounds have been isolated from sixteen Cystoseira

Mar. Drugs 2022, 20, 64. https:/ /doi.org/10.3390/md20010064 43

https:/ /www.mdpi.com/journal /marinedrugs



Mar. Drugs 2022, 20, 64

species, and the chemical constituents of Cystoseira spp. were found to contain fatty acids
and derivatives, terpenoids, steroids, carbohydrates, phlorotannins, phenolic compounds,
pigments and vitamins [7]. The chemical composition of the alga depends on numerous
ecological factors such as temperature, salinity, UV irradiation, collecting season, depth,
geographic location, thallus development, etc. However, their individual and synergistic
effect on the brown alga chemical profile and biological activity is still relatively unknown.
Recent studies showed that seasonality and thallus vegetative parts significantly affect the
nutritional and chemical profile of alga [9]. It is considered that higher nutritional and
phenolic content, higher polyunsaturated fatty acid (PUFA) content, higher vitamin and
mineral content, as well as the antiproliferative properties of brown algae from brown
fucoid algae were obtained during hot and dry summer seasons and higher sea tempera-
tures [10-13]. On the other hand, no seasonal effect was recorded for the pigment profile
and fucoxanthin content, nor total phenolic content and antimicrobial activity of the genera
Padina, Colpomenia, Saccharina or Dictyota [14,15]. So far, there are no reports on seasonal
variations in chemical profile nor the biological activity of Cystoseira spp.

Cystoseira spp. composition suggests their high nutritional value with potential ap-
plications in the nutraceutical industry. A range of 29-46% of PUFA, a low n-6 PUFA /n-3
PUFA ratio as well as favorable unsaturation, atherogenicity, and thrombogenicity indices
were observed in several Cystoseira species [16]. Compounds from Cystoseira species are
important sources of nutraceuticals and may be considered as functional foods, such as
extracts of C. tamariscifolia and C. nodicaulis that were able to protect a human dopaminergic
cell line from hydrogen peroxide-induced cytotoxicity and inhibit cholinesterases, while
those from C. crinita showed significant cytotoxic activity against human breast adenocarci-
noma (MCF-7 cells), inducing apoptosis and autophagy [17,18]. Besides non-volatiles, the
essential oil constituents of C. compressa and their seasonal changes have been identified
and among them for a large number of compounds a broad range of biological activities
have been already proved [19]. So far, over 50 biological properties have been attributed
to compounds found in genus Cystoseira, and the most reported are antioxidant, anti-
inflammatory, cytotoxic, anticancer, cholinesterase inhibition, antidiabetic, and antiherpetic
activities [7,20-24]. Phlorotannins are regarded as responsible for high antioxidant activity
(e.g., free radical scavenging ability) [1,25-27]. Besides, there is little information on the
antimicrobial activity of Cystoseira spp. extracts against major foodborne Gram-positive
and Gram-negative bacteria [28].

The aim of this study was to investigate the chemical composition of C. compressa,
one of the most widely distributed algae in the Adriatic Sea, to determine changes in its
antioxidant and antimicrobial activity over the seasonal growth (May—September) when
the algae are in the growing and reproductive phases, and the development of dense
thallus occurs.

2. Results and Discussion
2.1. Total Phenolic Content, Total Tannin Content and Antioxidant Activity

Seaweed extracts were screened for total phenolic content (TPC), total tannin content
(TTC) and antioxidant activity measured by ferric reducing/antioxidant power (FRAP),
2,2-diphenyl-1-picrylhydrazyl radical scavenging ability (DPPH) and the oxygen radical
absorbance capacity (ORAC).

The results of TPC and TTC for C. compressa are shown in Figure 1. The results for
TPC varied from 48.2 & 0.5 to 83.4 & 4.0 mg GAE/g. The highest TPC was found in June
samples. On the other hand, the TTC values ranged from 2.0 £ 0.3 t0 8.8 + 0.8 mg CE/g
with the highest value found also in June, followed by the extract from May. The FRAP
values, shown in Figure 2, ranged from 1.0 = 0.0 to 2.7 £ 0.1 mM TE. Similar to TPC and
TTC, the highest FRAP result was obtained for June, showing the reducing activity of
>2.5 mM TE. TPC and FRAP results were in high correlation (0.956; p < 0.01). The ORAC
results are shown in Figure 2. The seaweed extracts were 200-fold diluted for ORAC assay.
Among the investigated samples, the highest ORAC value of 72.1 + 1.2 uM TE was found
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in the August extract, with extracts from May having the second best. June and July extracts
had the lowest ORAC values, more than 3-fold lower in comparison to the August extract.
The DPPH radical inhibitions (in percentages) are shown in Figure 2. The extract from
May had the highest inhibition (90.2%) while the August extract had the lowest inhibition
(77.3%). The activity of other extracts was similar, around 85%. In the growing season,
the sea temperature was the lowest in May (18.3 °C) and it rose every month till August
when it peaked at 26.9 °C. Finally, a decrease in the temperature by 2.2 °C was observed in

September (Table 1).

100 TPC (mg GAE/g) TTC (mg CE/g)

%0 12 4

80 10 - a a

70

6 81

50 & -

40 b

30 4 4 -
20 N

2
10
0 0 -
May June TJuly August September May June Tuly August September

Figure 1. Total phenolic content (TPC) and total tannin content (TTC) of C. compressa extracts from
May to September. a-d {ifferent letters denote statistically significant difference (n = 4).
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Figure 2. FRAP, ORAC and DPPH inhibition results for C. compressa extracts from May to September.
a-d Jifferent letters denote statistically significant difference (1 = 4).
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Table 1. Sea temperature and salinity recorded during the harvest of the algal samples.

May June July August September
Temperature (°C) 18.3 21.8 224 26.9 24.7
Salinity (PSU) 374 38.1 38.3 38.3 38.3

The TPC of alga varies with seasonal changes of sea temperature, salinity, light inten-
sity, geographical location and depth, as well as other biological factors such as age, size,
the life cycle of the seaweed, presence of herbivores [1]. In this study, the geographical
location and depth were eliminated as a factor as samples were collected from the same
area and depth each month. The TPC, TTC and antioxidant activity results showed no
correlation to the sea temperature and salinity. If the growth of alga is considered, in
June when the TPC, TTC and FRAP were the highest, C. compressa had a fully developed,
densely ramified thalli with aerocysts. In May the thalli are not yet fully developed, while
in July-September it is less dense, aerocysts appear in fewer numbers [29].

The TPC of Cystoseira species was previously investigated and researchers reported a
strong effect of harvesting location and seasonal changes, especially temperature. Mancuso
etal. [12] investigated TPC in C. compressa from eight locations along the Italian coast and
confirmed the change of TPC with geographical location. The TPC ranged between different
locations from 0.1 to 0.5% of algal dry weight (DW). The authors observed the increase in
TPC with the rise of sea temperature (measured at different locations). Accordingly, the
highest TPC of 0.53% DW was recorded at 28 °C. In contrast, Mannino et al. [30] investigated
the effect of sea temperature seasonal variation on the TPC of C. amentacea. They harvested
algae once in every season (winter, spring, summer and autumn) and measured the sea
temperature. The authors observed the highest TPC in winter (0.8% DW) when the sea
temperature was the lowest. In summer and autumn, when the sea temperatures were
above 20 °C, the TPCs were the lowest, 0.4 and 0.37% DW, respectively. In their study,
the TPC values showed a negative correlation with sea temperature. Cystoseira compressa
extracts, from Urla (Turkey) [31], were screened for TPC, total flavonoid content (TFC),
antioxidant and antimicrobial activity. The highest TPC of 1.5 mg GAE/g and TFC of
0.8 mg QE/g were found for hexane extract while the antioxidant activity of the hexane
extract measured by DPPH radical inhibition was only 21.2%, more than four-fold lower
than results in our study for hydroalcoholic extracts. In comparison, the methanolic extracts
(similar polarity like ethanol) showed the TPC and TFC of 0.2 mg GAE/g and 0.3 mg QE/g,
respectively and two-fold lower DPPH inhibition.

Abu-Khudir et al. [18] evaluated the antioxidant, antimicrobial, and anticancer ac-
tivities of cold methanolic extract, hot methanolic extract, cold aqueous extract, and hot
aqueous extract from C. crinita and Sargassum linearifolium. The highest TPC was found
for the cold methanolic extract of C. crinita, 15.0 = 0.58 mg GAE/g of dried extract, which
is more than two-fold lower than the amount detected in the September extract from our
study which contained the lowest TPC. The authors also found a high content of fatty acids
(44%) and their esters in C. crinita cold methanolic extract. Both seaweeds showed similar
DPPH and ABTS radical scavenging activity with C. crinita cold methanolic extract having
1Csp of 125.6 pg/mL and 254.8 pug/mL, respectively. De La Fuente et al. [32] extracted C.
amentacea var. stricta with dimethyl sulfoxide (DMSO) and 50% ethanol for determining
TPC, TFC and antioxidant activity of extracts by DPPH radical scavenging, FRAP, OH
scavenging, and nitric oxide (NO) scavenging methods. The TPC and TFC of DMSO
extracts were 65.9 ug GAE/mg and 15.8 ug QE/mg, 3.2- and 5.1-fold higher than ethanolic
extracts. Similar to our results, both investigated extracts had DPPH radical scavenging
activity higher than 90%. Furthermore, the DMSO extracts showed a reducing activity of
almost 90% while ethanolic extract showed a higher OH radical scavenging activity. Both
extracts showed very low cytotoxicity, enabling their possible use as nutraceuticals.

Oucif et al. [20] screened six seaweed species (including C. compressa and C. stricta) for
TPC, DPPH radical scavenging activity and reducing power. The highest TPCs were found
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for C. compressa methanolic and ethanolic extracts, 10.24 £ 0.09 and 15.70 & 0.72 mg GAE/g
DW, respectively. Cystoseira compressa ethanol extract had over 90% inhibition activity for
DPPH radical and the highest reducing power, which can be compared with our results.
Mhadhebi et al. [24] determined TPC, DPPH and FRAP in C. crinita, C. sedoides and C.
compressa extracts. Among the three alga, C. compressa extract had the highest TPC of
61.0 mg GAE/g, which is comparable to our results, the lowest DPPH ICsj of 12.0 ug/mL,
and the highest FRAP value, 2.6 mg GAE/g.

2.2. Antimicrobial Activity

The results of minimal inhibitory concentration (MIC) and minimal bactericidal con-
centration (MBC) of the C. compressa extracts against common foodborne pathogens are
shown in Table 2. Gram-positive bacteria were more susceptible to seaweed extracts than
Gram-negative bacteria. The lowest MIC results were found against L. monocytogenes, for
June, July, and August samples with the lowest MBC in June, and against S. aureus in July
and August with the same MBC. There was no difference in MIC and MBC values for E. coli
among the investigated months. June, July, and August extracts had the lowest MIC values
for S. enteritidis. The results showed higher antimicrobial activity from June to August
when the sea temperature was the highest, against all bacteria.

Table 2. Results of the minimal inhibitory concentration (MIC, mg/mL) and minimal bactericidal
concentration (MBC, mg/mL) of the seaweed extracts against foodborne pathogens (1 = 3).

May June July August September
MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

Escherichia coli 10 10 10 10 10 10 10 10 10 >10
Salmonella enteritidis 10 10 5 10 5 10 5 10 10 >10
Enterococcus faecalis 10 10 10 10 10 10 5 10 10 10
Listeria monocytogenes 10 >10 2.5 2.5 2.5 5 2.5 5 5 >10
Staphylococcus aureus 10 >10 5 5 2.5 2.5 2.5 25 10 10
Bacillus cereus >10 n.d. 10 >10 10 >10 10 >10 >10 n.d.

n.d.—not determined

Alghazeer et al. [33] performed microwave-assisted extraction (MAE) on P. pavonica
and C. compressa. Flavonoid-rich extracts (110.92 £ 11.38 mg rutin equivalents /g for C.
compressa) were tested for antibacterial activity against multidrug-resistant (MDR) isolates
of S. aureus subsp. aureus, Bacillus pumilus, B. cereus, Salmonella enterica subsp. enteric, and
enterohemorrhagic E. coli using the well diffusion method, MIC and MBC. Cystoseira com-
pressa extract showed stronger antibacterial activity than P. pavonica with inhibition zones
against 14 tested isolates. The largest inhibition zones were 20.5 mm for S. aureus and B.
cereus, 31 mm for S. enterica and 17 mm for E. coli. Furthermore, C. compressa extract had the
lowest MIC (31.25 pug/mL) and MBC (62.5 ug/mL) values against S. aureus and S. enterica.
Against B. cereus, it had an MIC value of 62.5 pg/mL and an MBC value of 125 pug/mL. The
highest MIC (125 pug/mL) and MBC (500 ng/mL) values were found against E. coli. Maggio
et al. [28] evaluated the antibacterial activity of eight brown seaweeds, six belonging to
the genus Cystoseira (including C. compressa) and two belonging to the Dictyotaceae family,
against E. coli, Kocuria rhizophila, S. aureus and a toxigenic and MDR S. aureus using the
disk diffusion method. None of the seaweed extracts inhibited the growth of E. coli. Cys-
toseira compressa and Carpodesmia amentacea extracts showed antibacterial activity against
K. rhizophila, S. aureus and MDR S. aureus. Abdeldjebbar et al. [34] tested the antibacterial
effect of C. compressa and P. pavonica acetonic extracts against E. coli and S. aureus. The
antibacterial activity was measured by disk diffusion method and MIC determination.
Cystoseira compressa extract had 14 mm inhibition diameter for E. coli, showing better an-
tibacterial activity than P. pavonica (12 mm). However, MIC values were not detected for
C. compressa against both bacteria. Padina pavonica extract had an MIC of 50 uL for tested
strains. Both extracts had a 10 mm inhibition diameter for S. aureus. The authors also tested
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the synergy of these two extracts at a 1:1 ratio. The mixture showed significant synergistic
effect against E. coli and S. aureus with 16 and 12 mm inhibition diameters, respectively.
The antibacterial activity of a C. crinita cold methanolic extract was evaluated by the disk
diffusion method [18]. The extract showed the highest inhibition zones for E. coli, Klebsiella
pneumoniae, Proteus mirabilis, Bacillus subtilis, S. aureus and Streptococcus aureus, with 10.5,
12.8,10.2,12.6,13.3 and 11.2 mm, respectively.

Cystoseira compressa extracts [31] showed moderate activity against E. coli, S. aureus,
Streptococcus epidermidis, E. faecalis, Enterobacter cloacae, Klebsiella pneumonie, B. cereus and
P. aeruginosa. In this study, the authors found the lowest MIC value of 32 pug/mL for both
methanolic extract against S. epidermidis and chloroform extract against E. cloacae. Dulger
and Dulger [21] tested C. compressa water and ethanol extracts against methicillin-resistant S.
aureus (MRSA). Ethanol extract had the lowest MIC of 3.2 mg/mL and MBC of 6.3 mg/mL.

In the above-mentioned studies, the chemical content of the investigated algae was not
correlated with the antimicrobial activity, however, it is evident that Cystoseira spp. shows
some potential to be used nutraceuticals and therapeutic purposes.

2.3. Chemical Analysis by UPLC-PDA-ESI-QTOF

A quali-quantitative analysis of the polar compounds from C. compressa extracts
was achieved by LC-ESI-QTOF-MS analysis in negative ion mode. The base peak chro-
matograms obtained are shown in Figure 3. A total of 49 compounds were identified and
the results are shown in Table 3, along with their retention time, observed and theoretical
m/z, error (ppm), score (%), molecular formulae and in source fragments. In all cases,
the score remained higher than 90% and the error lower than 5 ppm. All the compounds
we tentatively identified according to Bouafif et al. [35] who previously found most of
them in Cystoseira and PubChem database. Furthermore, the amount of each compound is
expressed as a percentage calculated based in the areas for each extract.
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Figure 3. Chromatograms of the HPLC-qTOF-MS analyses of C. compressa.
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Table 3. The compounds detected in investigated C. compressa samples analyzed by UPLC-PDA-ESI-

QTOF.
° RT Observed Theorical Error Score Molecular In Source . May June July August September
N (min) (m/z) (m/z) (ppm) (%) Formula Fragments Tentative Compound %) (%) (%) (%) (%)
1a,9b-Dihydrophenanthro
1028 3430367 3430368 —03 9418  CyHyNO - [910-bloxirene-2,3,47,89- 476 450 454 496 6.51
hexacarbonitrile
2029 2010244 2010247 —15  98.89 CyH1p0p - Tetrahydroxyethoxy)ethane- 6.67 617 658 672 7.90
1,1,1,2-tetrol
3032 1410162 1410161 07 9101  CHNgO, - Diazidoacetic acid 197 202 240 201 1.74
101.0230;
89.0227; )
4 035 1810707 1810712 -28 100 CeHy06 T D-Sorbitol 311 357 134 234 1.83
59,0121
5 040 3170506 3170509 —09 9044  CpHyuOyp 209.0890 D-glucaric acid derivate 113 0.88 057  0.67 0.80
Threonyl-histidyl-
6 042 3841510 3841519 —23 9229  CysHyNsO; - glitamic 009 011 006 007 0.10
acid
10,11-Dihydroxy-9,12-
7 1656 2872211 2872222 —38 9591  CieHypOy - dioxooctadecanoic 019 019 020 017 020
acid
8 1690 2751999 2752011 44 9648  CigHaOs 231.2098;  Stearidonicacid (C18:4n3) 15 042 049 032 0.06
253.0915 isomer a
231.2092; o A
9 1697 2752007 2752011 15 9768  CisHasO» 177.0854 Steand‘“?lcaCld}§C18-4“'3) 021 028 056 032 0.08
255.2322; isomer
249.1835; 13-ketooctadecadienoic
10 1697 2932112 2932117  —17 9264  CisHyOs ey tooctadecadic 007 009 024 031 013
111708 2872211 2872222  —38 9591  CigHsOs %g%‘}g@ Dihydroxyhexadecanoic ~ 0.01 001 002  0.03 0.03
: acid isom_er a
12 1713 3092056  309.2066  —3.2  96.09 CisH3004 279.2287 6'9'0““52?51‘““9‘1‘0‘“ 002 004 001 008 0.00
279.2300; § )
13 1718 2952276 2952273 10 100 CisH0s 275.2019; 9/10-Epoxyoctadecenoic 05 13 007 013 0.08
2552325 acid (vernolic acid)
255.2321; amma-Linolenic acid
141720 2772159 2772168 —32 9136 CisHyOs 239.2030; 8a 010 022 029 022 0.08
2272013 isomer a (C18:3n-6)
273.1859; 24-Keto-1,25-
15 1722 4293009 4293005 09 9164  CyHpOy ey dihydroxyvitamin 001 057 058 005 0.02
- D3
16 1726 2471689 2471698 36 9496  CigHanOs 2330085 >OTrilsopropylbenzoic 005 002 002 024 026
) 10,16-
17 1735 287.2212 2872222 35  90.62  CigH3Oy4 %g%‘{gg Dihydroxyhexadecanoic 001 001 0.3  0.15 0.09
) acid isomer b
18 1737 1991694 1991698 20 9011  CpHyuO, 1811002 Lauric acid 090 085 092 081 0.83
19 1738 2972426 2972430  —13 9884  CisHaOs a2 10-Oxooctadecanoicacid 35 039 034 037 0.40
20 1740 2431952 2431960 —33 9078  CyyHpOs 197.1907 3-hydroxymyristicacid 008 007 007 010 0.09
249.1833; 13-ketooctadecadienoic
21 1742 2932112 2932117 —17 942 CisHzOs Sl tooctadecad 004 010 011 029 0.04
2711716;
22 1743 4272827 427.2848  —49  90.28 Cy7Hy0;4 188.0842; Hydroxyprogesterone 000 017 024 002 0.01
135.0441 caproate
273.1843; 24-Keto-1,25-
23 1746 4293000 4293005 09 9164  CyHypO, ey dihydroxyvitamin D3 000 004 008 001 nd.
: isomer b
279.2295; 9,10-Epoxyoctadecenoic
24 1748 2952262 2952273 —37 9413  CysHypOs 2752025 acid isomer b (vernolic 034 043 039 040 041
5 acid)
25 1751 2692110 2692117 26 9863  CieHsOs 251.2336 3-Oxohexadecanoicacid ~ 0.07 016 001 026 011
188.0832;
26 1751 2251857 2251855 09 9599  CiyHyO, 213.1870; Myristoleic acid 235 214 226 215 222
175.0757
225.1861: Hexadecanoic acid
27 1753 2552319 2552324 20 9141  CyHpO, ey (palmitic acid) isomera  0.10 005 004  0.03 0.04
- (C16:0)
-~ 231.2093; Stearidonic acid (C18:4n-3)
28 1757 2752007 2752011 15 9768 CigHayO, e eacd { 025 035 067 069 033
255.2289; R
29 1758 2772152 2772168 58 9951 C15H300, 239.2001; gamma-Linolenic acid 000 001 001 001 0.00
2271989 isomer b (C18:3n-6)
30 1759 21318458 2131855 —3.6 9241  Ci3HyO, - Tridecanoic acid 120 119 115 112 115
271.1659;
31 17.62 4272839 4272848  —21  96.07 CayHyoO4 188.0827: Hydroxyprogesterone nd. 013 021 002 0.01
135.0442 caproate isomer b
32 1762 2572108 2572117  —35 9516  CisHsOs 22 H-Hydroxypentadecanoic 15 g9 009 007 0.11
. acid
33 1763 2512010 2512011 04 100 C16H2s02 2008y 70-hexadecadienoicacid 077 084 080 080 091
279.2364; 10-Oxooctadecanoic acid
34 1764 2972429 2972430 03 9733  CysHaOs ey ctadecar 056 063 058 053 0.56
35 1766 2392001 2392011 42 977  CisHuOs Ao Myristoleicacid methyl 527 523 500 489 492
255.2318; s
36 1774 2772162 2772168  —22 9951 C15H300, 239.1991; gamma-Linolenic acid 108 141 192 247 217
2272015 isomer ¢ (C18:3n-6)
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Table 3. Cont.

o RT Observed Theorical Error Score Molecular In Source . May June July August September
N (min)  (miz) Gnlz)  (ppm) (%) Formula Fragments Tentative Compound (0" (o) (%) (%) %)
37 1771 3012158 3012168 33 9956  CapHyOs 2852285 ’i;i‘iiii’i“fé‘;g‘éfc;f 065 065 109 081 075
38 1773 3012156 3012168 40 9812  CaHyOs 283.2287; f;i‘:;iﬁ’%“fé‘;g‘;;gf 062 063 106 080 0.74
39 1777 2272001 2272011 44 936  CiyHuOs - Tetradecanoic acid (C14:0) 504 519 534 517 522
40 1781 2712266 2712273 26 9775  CigHnOs 253.0954; Hydroxy-palmiticacid 047 041 045 056 0.66

2252211 yAroxy-p:
41 1785 2532156 2532168 —47 9647  CigHaOs . Palmitolelc acid fsomera 1565 1193 1145 1157 1174
21794 2412170 2412168 08 100 Ci5sH30, 2232081  Pentadecanoic acid (C15:0)  3.68 389 387 372 367
267.2340; Octadeca-10,12-dienoic
431797 2792314 2792324 36 9825  CHypO, 2752057 5200 €l 107 114 129 131 127
o A H - epa ecenoic acl
44 1801 2672318 2672324 22 9996  CiyHypO, CEe s 373 399 367 378 3.60
45 1808 2552321 2552324 12 999 16H3nO2 2272015 decan d 1046 1046 1024 992 9.83
CigHO ((ggfrﬁﬂii‘fgiﬁéffo>
46 1812 2812486 2812481 18 9688  CisHaOn - leic acid (C18:1n-9) 1587 1506 1539 1533 1512
47 1822 2692476  269.2481  —56  99.96 Cy7H30, 255.2325 Hept“fg%‘;lc acid 530 523 518 508 495
48 1833 2832618 2832637 —19 9921  CigHaOs - Odade;ac’;g)iccag%(“earic 544 492 501 511 524
49 1854 3112944 3112950 2.0  90.87  CaHyO; P Arachidic acid 068 062 067 066 0.68

The most dominant compound tentatively identified was oleic acid (C18:1n-9) with
a content more than 15% in all tested samples, highest in May. The other two dominant
compounds were palmitoleic acid (C16:1n-7) and palmitic acid (C16:0) also showing highest
content in the May extract. Except for highly represented fatty acids, w-3 eicosapentaenoic
acid (EPA) was also found, with the highest content in July.

Low molecular weight phenolic compounds were not identified. This does not confirm
that the phenolics are not present, but the main phenolics in algae are probably present as
tannins (phlorotannins) that cannot be determined by HPLC-ESI-TOEF-MS because they
cannot be ionized due to their high molecular weight. Maggio et al. [28] reported citric
acid, isocitric acid, vanillic acid methyl ester, vanillic acid sulfate, gallic acid, dihydroxyben-
zoic acid, 2-hydroxy-6-oxo-6-(2-hydroxyphenoxy)-hexa-2,4-dienoate, phloracetophenone,
bromo-phloroglucinol, vanillylmandelic acid and exifone in C. compressa. The compounds
were identified without quantification. Previously, vanilic acid, hydroxybenzoic acid, gallo-
catechin, carnosic acid, phloroglucinol, and hydroxytyrosol 4-O-glucoside were identified
as main phenolics in fucoidan algae Sargassum sp. [36].

Jerkovi¢ et al. [37] investigated fucoidal brown alga Fucus virsoides and found 42.28%
oleic acid, 15.00% arachidonic acid and 10.51% myristic acid in its fatty acid composi-
tion. The authors used high performance liquid chromatography-high-resolution mass
spectrometry (HPLC-ESI-HRMS) to determine the composition of less polar non-volatile
compounds. The major compounds tentatively identified belonged to five groups, steroids,
terpenoids, fatty acid glycerides, carotenoids, and chlorophyll derivatives. Fatty acid
glycerides were dominant, which is comparable to our study.

Ristivojevi¢ et al. [38] identified the bioactive compounds responsible for the radi-
cal scavenging and antimicrobial activities of Undaria pinnatifida and Saccharina japonica
methanolic extracts using the high-performance thin layer chromatography (HPTLC)-
bioautography assay and ultra-high-performance liquid chromatography (UHPLC)-LTQ-
MS/MS combined. They reported eicosapentaenoic, stearidonic and arachidonic acids
as major compounds accountable for these activities. Their findings are in accordance
with previous reports on PUFAs having antimicrobial activity against bacteria, viruses and
fungi [39,40].

PUFAs, such as EPA, docosahexaenoic acid (DHA) and linolenic acid (LNA), showed
in vitro antibacterial activity against Helicobacter pylori, S. aureus, Methicillin-resistant S.
aureus (MRSA), Vibrio vulnificus, and Streptococcus mutans, inhibiting bacterial growth or
altering their cell morphology [40]. To deactivate microbial cells, PUFAs directly affected
the cell membranes, enhanced free radical generation, and increased the formation of
cytotoxic lipid peroxides and their bioactive metabolites increasing the leukocytes” and
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macrophages’ phagocytic action [39]. EPA and DHA extracts showed antimicrobial activity
against foodborne pathogenic bacteria, L. monocytogenes, B. subtilis, Enterobacter aerogenes,
E. coli, S. aureus, S. enteritidis, S. typhimurium, and P. aeruginosa [41]. The authors reported the
lowest MIC value of 250 pg/mL for DHA extract against P. aeruginosa. A low MIC value of
350 ug/mL was found for EPA extract against L. monocytogenes, B. subtilis and P. aeruginosa,
and for DHA extract against L. monocytogenes and B. subtilis. Besides, Cvitkovi¢ et al. [42]
investigated the extraction of lipid fractions from C. compressa, C. barbata, F. virsoides, and
Codium bursa. In agreement with our results, the dominant fatty acids in all seaweeds
were palmitic, oleic and linolenic fatty acids. Cystoseira compressa and C. barbata had the
highest amounts of omega-3 EPA and DHA. Cystoseira compressa had 20.35% oleic acid,
17.66% arachidonic acid, 14.86% linoleic acid, 11.92% palmitic acid and 8.72% linolenic acid.
Bacteria S. aureus can be inhibited by most free fatty acids: Lacey and Lord [43] seeded this
bacterium on human skin and then applied LNA to the skin which resulted in the rapid
death of the seeded bacteria. EPA (C20:5n-3) was found to successfully inhibit the growth
of S. aureus and B. cereus with a 64 mg/L MIC value [44]. Oleic acid was confirmed in vitro
and in vivo to effectively eliminate MRSA by disrupting its cell wall [45].

3. Materials and Methods
3.1. Sample Collection

Cystoseira compressa samples were collected off the south coast of the island Ciovo in the
Adriatic Sea from May to September 2020 (43.493389° N, 16.272505° E). Sampling was done
throughout a lagoon at 25 points in a depth range of 20 to 80 cm. The sea temperature and
salinity were measured during sampling using a YSI Pro2030 probe (Yellow Springs, OH,
USA). A sample of this species is deposited in the herbarium at the University Department
of Marine Studies in Split.

3.2. Pre-Treatment and Extraction

Prior to the extraction, harvested algal samples were washed with tap water to remove
epiphytes. Samples were then freeze-dried (FreeZone 2.5, Labconco, Kansas City, MO,
USA) and ground. Based on the previous research [46] seaweeds were extracted using
MAE in the advanced microwave extraction system (ETHOS X, Milestone Srl, Sorisole,
Italy). Seaweeds were mixed with 50% ethanol, using 1:10 (w:v) algae to solvent ratio and
extracted for 15 min at 200 W and 60 °C. The extracts were further centrifuged at 5000 rpm
for 8 min at room temperature and the supernatant was filtered. The ethanolic solvent was
evaporated at 50 °C and the rest of the extracts freeze dried.

3.3. Determination of Total Phenolics, Total Tannins and Antioxidant Activity

The crude algal extracts were dissolved in 50% ethanol prior to analyses in the con-
centration of 20 mg/mL. Folin-Ciocalteu method [47] was used for determining the TPC.
Briefly, 25 uL of the extract was mixed with 1.5 mL distilled water and 125 uL Folin—
Ciocalteu reagent. The solution was stirred and 375 pL 20% sodium carbonate solution and
475 uL distilled water was added after one minute. Samples were left in the dark at room
temperature for 2 h. The absorbance was read using a spectrophotometer (SPECORD 200
Plus, Edition 2010, Analytik Jena AG, Jena, Germany) at 765 nm. Results were expressed as
gallic acid equivalents in mg/g of freeze-dried extract (mg GAE/g).

The TTC was measured according to Zhong et al. [36] with some modifications. Briefly,
25 uL of the sample, 150 uL 4% (w/v) ethanolic vanillin solution, and 25 pL 32% sulfuric
acid (diluted with ethanol) were added to the 96-well plate and mixed. The plate was
incubated for 15 min at room temperature and absorbance was read at 500 nm using the
microplate reader (Synergy HTX Multi-Mode Reader, BioTek Instruments, Inc., Winooski,
VT, USA). The TTC results were expressed as mg catechin equivalents per g of dried extract
(mg CE/g).

The reducing activity was measured as FRAP (ferric reducing/antioxidant power) [48].
Briefly, 300 uL of FRAP reagent solution was pipetted into the microplate wells, and
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absorbance at 592 nm was recorded. Then, 10 pL of the sample was added to the FRAP
reagent and the change in absorbance after 4 min was measured. The change in absorbance,
calculated as the difference between the final value of the absorbance of the reaction mixture
after a certain reaction time (4 min) and the absorbance of FRAP reagent before sample
addition, was compared with the values obtained for the standard solutions of Trolox.
Results were expressed as micromoles of Trolox equivalents per liter of extract (uM TE).

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging ability of extracts was
also measured in 96-well microplates [49]. DPPH radical solution with the initial absorbance
of 1.2 (290 uL) was pipetted into microplate wells, and absorbance was measured at 517 nm.
Then, 10 puL of the sample was added to the wells and the decrease in the absorbance was
measured after 1 h using the plate reader. The antioxidant activity of extracts was expressed
as DPPH radical inhibition percentages (% inhibition).

The oxygen radical absorbance capacity (ORAC) method [50,51] was performed to
determine the antioxidant capacity of extracts by monitoring the inhibition of the action of
free peroxyl radicals formed by the decomposition of 2,2-azobis (2-methylpropionamide)-
dihydrochloride (AAPH) against the fluorescent compound fluorescein. Briefly, 150 puL
of fluorescein and 25 puL of the sample in 1:200 dilution (or Trolox in the case of standard
compound, or puffer in the case of blank) were pipetted into microplate wells and ther-
mostated for 30 min at 37 °C. After 30 min, 25 uL. of AAPH was added and measurements
were performed at excitation and emission wavelengths of 485 and 520 nm every minute
for 80 min. The results were expressed as M of Trolox Equivalents (uM TE).

3.4. Determination of the Antimicrobial Activity

The foodborne pathogens Escherichia coli ATCC 25922, Salmonella enteritidis ATCC
13076, Enterococcus faecalis ATCC 29212, Listeria monocytogenes ATCC 7644, Staphylococcus
aureus ATCC 25923, and Bacillus cereus ATCC 14579 were used in this study.

The microdilution method was used to determine the extracts” MICs against foodborne
pathogens. The extracts were dissolved in 4% DMSO (10 mg/mL) and diluted with Mueller—
Hinton broth (MHB). Then, 100 pL of the mixture was added to the first well of the 96-well
microtiter plate. Two-fold dilutions were done in the next wells (10-0.16 mg/mL). The
50 L of prepared inoculum (1 x 10° colony forming units (CFU)/mL determined by
using the growth curves of bacteria in the log phase) was added to each well and plates
were mixed on a microtiter plate shaker for 1 min at 600 rpm (Plate Shaker-Thermostat
PST-60 HL, Biosan, Riga, Latvia). Positive control (50 uL of inoculum and 50 uL of broth
media), negative control (50 uL of broth media and 50 puL of extract), blank (100 uL of broth
media) and 4% DMSO were also tested. After 24 h of incubation, 20 pL of the indicator of
bacterial metabolic activity, 2-p-iodophenyl-3-p-nitrophenyl-5-phenyl tetrazolium chloride
(INT, in 2 mg/mL concentration) was added to each well. Plates were mixed on a plate
shaker and incubated for 1 h in the dark. MIC values were read visually as the lowest
concentration of the extract at which there was no detection of bacterial growth seen as the
reduction of INT to red formazan [52].

MBC of the seaweed extracts was determined as the lowest concentration at which
no microbial growth was detected on agar plates after subcultivation of bacterial suspen-
sion pipetted from wells where MIC was determined and from wells with higher extract
concentrations [53].

3.5. Compound Analysis by UPLC-PDA-ESI-QTOF

Dried extract (3 mg) of algae was dissolved in 1 mL of MeOH/H,O 1/1 v/v. The
analysis of compounds from algae was carried out with the use of an ACQUITY Ultra
Performance LC system equipped with a photodiode array detector with a binary solvent
manager (Waters Corporation, Milford, MA, USA) series with a mass detector Q/TOF micro
mass spectrometer (Waters) equipped with an electrospray ionization (ESI) source operating
in negative mode at the following conditions: capillary voltage, 2300 kV; source temper-
ature, 100 °C; cone gas flow, 40 L/h; desolvation temperature, 500 °C; desolvation gas
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flow, 11,000 L/h; and scan range, m/z 50-1500. Separation of individual compounds was
carried out using an ACQUITY UPLC BEH Shield RP18 column (1.7 pm, 2.1 mm x 100 mm;
Waters Corporation, Milford, MA, USA) at 40 °C. The elution gradient test was carried
out using water containing 1% acetic acid (A) and acetonitrile (B), and applied as follows:
0 min, 1% B; 2.3 min, 1% B; 4.4 min, 7% B; 8.1 min, 14% B; 12.2 min, 24% B; 16 min, 40%
B; 18.3 min, 100% B, 21 min, 100% B; 22.4 min, 1% B; 25 min, 1% B. The sample volume
injected was 2 uL and the flow rate used was 0.6 mL/min. The compounds were monitored
at 280 nm. Integration and data elaboration were performed using MassLynx 4.1 software
(Waters Corporation, Milford, MA, USA) [54].

3.6. Statistical Analyses

The results of antioxidant analyses were expressed as mean =+ standard deviation and
antimicrobial results as a mean of 3 replicas. Analysis of variance (one-way ANOVA) was
used to assess the difference between TPC, TTC and antioxidant assays, followed by a least
significance difference test at 95% confidence level to evaluate differences between sets
of mean values [55]. Pearson’s correlation coefficient was used to determine the relation
between the variables. Analyses were carried out using Statgraphics Centurion-Ver.16.1.11
(StatPoint Technologies, Inc., Warrenton, VA, USA).

4. Conclusions

The results obtained for the brown fucoidal macroalgae C. compressa from the Adriatic
Sea indicated that it was a good source of compounds. The TPC and TTC content reflected
a variation over the growing season, with the highest values in June. The detected FRAP
showed high correlation with TPC and TTC content. The DPPH values were >80% inhibi-
tion over the whole sampling period, while the highest antioxidant activity with regards to
ORAC was in August when the sea temperature was the highest. No evident correlation
existed between the temperature and salinity change and TPC, TTC or antioxidant activity.
From June to August, higher antimicrobial activity against foodborne pathogens was ob-
served, especially against L. monocytogenes, S. aureus and S. enteritidis. Further investigations
are needed to gain insight into the effect of abiotic factors, growth and thallus development
of the alga on its biological potential and to discover the compounds responsible for the
different biological activities.
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Abstract: Fucosterol (24-ethylidene cholesterol) is a bioactive compound belonging to the sterol group
that can be isolated from marine algae. Fucosterol of marine algae exhibits various biological activities
including anti-osteoarthritic, anticancer, anti-inflammatory, anti-photoaging, immunomodulatory,
hepatoprotective, anti-neurological, antioxidant, algicidal, anti-obesity, and antimicrobial. Numerous
studies on fucosterol, mainly focusing on the quantification and characterization of the chemical
structure, bioactivities, and health benefits of fucosterol, have been published. However, there is no
comprehensive review on safety and toxicity levels of fucosterol of marine algae. This review aims
to discuss the bioactivities, safety, and toxicity of fucosterol comprehensively, which is important
for the application and development of fucosterol as a bioactive compound in nutraceutical and
pharmaceutical industries. We used four online databases to search for literature on fucosterol
published between 2002 and 2020. We identified, screened, selected, and analyzed the literature using
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses method and identified
43 studies for review. Despite the potential applications of fucosterol, we identified the need to fill
certain related research gaps. Fucosterol exhibited low toxicity in animal cell lines, human cell lines,
and animals. However, studies on the safety and toxicity of fucosterol at the clinical stage, which are
required before fucosterol is developed for the industry, are lacking.

Keywords: fucosterol; seaweed; algae; toxicity; in vivo; in vitro

1. Introduction

Fucosterol is abundant and one of the dominant sterols in marine macroalgae [1]. The
purest form of fucosterol and its potency were first identified and observed in the brown
macroalga Fucus vesiculosus by Heilbron et al. [2]. Fucosterol is a stigmasterol bond isomer
expressed by the empirical formula Cp9HygO. The fucosterol content in macroalgae ranges
from 4 to 95% of the total phytosterol content [3]. Brown macroalgae contain higher levels
of fucosterol than green and red macroalgae. The fucosterol content in brown macroalga
Ecklonia radiata ranged between 312.0 ug/g dry weight in leaves and 378.1 ug/g dry
weight in stipes (98.6 and 98.9% of total sterols, respectively) [4]. In the brown macroalgae
Himanthalia elongata, Undaria pinnatifida, and Laminaria ochroleuca, fucosterol was observed
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predominantly in 83-97% of the total sterol content [5]. Fucosterol was also reported to
be dominant in Stephanocystis hakodatensis (formerly Cytoseira hakodatensis) and Sargassum
fusiforme, which contained 65.9% and 67% of fucosterol, respectively [6].

Brown macroalgae are widely used as food and herbal medicine in Southeast Asia
and several European countries. In Europe, brown macroalgae have been used to treat
goiter and obesity [7]. In East Asia, brown macroalgae from the genera Laminaria, Un-
daria, and Sargassum (formerly Hizikia) are widely consumed daily and used as herb
medicine [8-12]. Hence, the bioactive properties of brown macroalgae have drawn the
attention of researchers. Previous studies have investigated fucosterol properties and their
potential bioactivities. The antioxidant effect of fucosterol was reported by Lee et al. [13].
Furthermore, Jung et al. [14] investigated the anti-inflammatory properties of fucosterol
in LPS-stimulated conditions. Fucosterol has the potential to inhibit particulate-induced
inflammation and oxidative stress in the alveolar cell line A549. Through regulation of
the FoxO signaling pathway, fucosterol exhibits anti-obesity characteristics by suppress-
ing adipogenesis in 3T3-L1 preadipocytes [15]. In addition, fucosterol protects human
neuroblastoma cell line SH-SY5Y cells from amyloid-induced neurotoxicity [16] and af-
fects human lung cancer cells by inducing apoptosis and cell cycle arrest and targeting
the Raf/signaling mitogen-activated protein kinase/extracellular-signal-regulated kinase
(MEK/ERK) pathway [17]. Based on these studies, fucosterol can potentially be developed
for use in nutraceutical and pharmaceutical fields. However, before further developing
fucosterol properties, information on the safety and toxicity of fucosterol is required to
comprehend the optimum and sustainable benefits of fucosterol as a functional agent.
This study reviews the current scientific literature regarding the bioactivity, safety, and
toxicity of fucosterol extracted from marine macroalgae. In addition to the bioactivity
of fucosterol, we investigated the safety and toxicity of fucosterol in various organisms,
including bacteria/fungi, animal cell lines, human cell lines, and animals. Through this
review article, we express our hope that the applications of fucosterol from marine algae
can be further developed in the nutraceutical and pharmaceutical industries.

2. Results and Discussion

Studies on the bioactivity, safety, and toxicity levels of fucosterol from marine macroal-
gae conducted from 2002 to 2020 were reviewed, and an increasing trend was observed
(Figure 1). This indicates that fucosterol has drawn additional research attention in re-
cent years.
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Figure 1. Number of publications on the safety and toxicity of fucosterol published in each year.
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Articles discussing the bioactivity, safety, and toxicity of fucosterol were categorized
with respect to the various organisms or cells whose treatment they describe (Figure 2).
Published studies on the safety and toxicity of fucosterol from marine algae have focused
on its effects on bacteria and fungi (21%), animal cell lines (14%), human cell lines (38%),
and animals (26%). The safety and toxicity of fucosterol have been studied both in vitro and
in vivo. No clinical study of fucosterol has been conducted to date. Therefore, the investi-
gation of the safety and toxicity of fucosterol at the clinical stage might be challenging.

Bacteria and fungi
Animal cell lines
Human cell lines

Animal

Clinical

0 2 4 6 8 10 12 14 16 18

Number of publication

Figure 2. Numbers of publications on safety and toxicity of fucosterol categorized according to the treated organisms or cells.

The numbers of publications on the safety and toxicity of fucosterol from various
sources of macroalgae are shown in Figure 3. Sixteen marine algae species belonging to
Dictyotaceae, Sargassaceae, Alariaceae, Lessoniaceae, and Fucaceae families have been
studied in relation to their fucosterol bioactivity, safety, and toxicity on bacteria, fungi,
animal cells, human cells, and animals. Among the 16 marine algae, Sargassum fusiforme
(formerly Hizikia fusiformis) has become the greatest marine macroalgal source for fucosterol
that has been studied. Over the last 10 years, studies on the bioactivities and nutritional
and pharmacological properties of S. fusiforme have increased steadily. Most of the studies
on the bioactivity of S. fusiforme have focused on its antioxidant (15.09%), anticancer and
antitumor (15.09%), anti-inflammatory (11.32%), photoprotective (11.32%), and neuropro-
tective (11.32%) properties [18]. Figure 3 shows that the study of fucosterol in S. fusiforme
has focused on its antioxidant, anti-osteoarthritic, anti-inflammatory, anti-photoaging, an-
tidiabetic, hepatoprotective, and algicidal effects. Ecklonia cava subsp. stolonifera (formerly
Ecklonia stolonifera) is the second most frequently reported macroalgal species that has
been studied for its fucosterol content. Ecklonia species have been known as potential
source of bioactive compounds [19]. Studies on the safety and toxicity levels of fucosterol
obtained from Ecklonia stolonifera were mostly conducted on animal cell lines, human cell
lines, and animals. Fucosterol from Ecklonia stolonifera has been studied for its antidiabetic,
anti-obesity, anti-neurological, and hepatoprotective effects. The safety and toxicity levels
of fucosterol obtained from Ecklonia cava subsp. stolonifera were mostly studied in animals.
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Figure 3. Numbers of publications on safety and toxicity of fucosterol classified according to sources of macroalgae.

2.1. Characteristics and Structure of Fucosterol

Generally, fucosterol could be obtained by extracting dry powder of macroalgae using
MeOH, EtOH, or n-hexane solvents [13,20-24]. The extracts were then partitioned via
solvent fractionation [13,25]. After solvent dissolution under reduced pressure, the organic
extracts were fractionated using silica gel column chromatography with a mixture of
solvents of increasing polarity [14,22,23,26]. The fraction was eluted using a solvent to
remove fatty acids, which were then analyzed further [26].

Currently, fucosterol analysis and identification are carried out using physical proper-
ties and spectroscopic methods, including "H-NMR and '*C-NMR, as well as via compari-
son with published data, and thin-layer chromatography (TLC) analysis [20]. According to
the molecular formula of fucosterol, one hydroxy group must be attached to C-28 in an
R or S configuration. An olefin proton signal and two sets of two olefin signals indicate
the presence of a tri-substituted double in the fucosterol side chain [22]. Infrared (IR)
absorption peaks of fucosterol at 3400 and 1600 cm~! were attributed to the hydroxyl and
olefin groups, respectively. Fucosterol derivatives, namely 24R,28R- and 245,28R-epoxy-24-
ethylcholesterol, and 24R-saryngosterol have also been used in octadecyl silica gel (ODS)
column chromatography [21]. The structure of fucosterol is shown in Figure 4.
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Figure 4. Chemical structure of fucosterol.

2.2. Bioactivity of Fucosterol

Fucosterol of marine macroalgae exhibited antidiabetic, anti-obesity, anti-osteoarthritic,
immunomodulatory, anticancer, anti-inflammatory, anti-photoaging, hepatoprotective,
anti-neurological, antioxidant, and antimicrobial activities (Figure 5).
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Figure 5. Bioactivities, safety, and toxicity levels of fucosterol derived from macroalgae.

2.2.1. Antidiabetic Activity

Diabetes is a chronic disease that occurs when the pancreas does not produce enough
insulin or when the body cannot use insulin effectively. One of the antidiabetic effects
of fucosterol obtained from Eisenia bicyclis and Ecklonia cava subsp. stolonifera is char-
acterized by inhibition of enzymes, such as rat lens aldose reductase (RLAR), human
recombinant aldose reductase (HRAR), « -glucosidase, and PTP1B. The docking simu-
lations clearly demonstrated negative binding energy for fucosterol (—8.2 kcal mol~!
for RLAR and —8.5 kcal mol~! for HRAR), implying a higher affinity and stronger bind-
ing competence for the active site of the enzyme [20]. These results were confirmed by
Jung et al. [27], who stated that Ecklonia stolonifera-derived fucosterol reduced insulin
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resistance by decreasing PTP1B expression and activating insulin signaling pathways.
Fucosterol from Sargassum fusiforme also showed strong PTP1B inhibition at low concentra-
tions [28]. Streptozotocin-induced diabetic rats treated with fucosterol from Pelvetia siliquosa
via an orally administered dose of 30 mg/kg showed a decrease in serum glucose levels
and inhibition of its accumulation. However, orally administered doses of 300 mg/kg are
required for epinephrine-induced diabetic rats to inhibit blood glucose levels and degrade
glycogen [29]. These findings illustrate that fucosterol extracts from Eisenia bicyclis, Ecklonia
cava subsp. stolonifera, Sargassum fusiforme, and Silvetia siliquosa have antidiabetic potential
that can be developed in the future.

2.2.2. Anti-Obesity Activity

In addition to being antidiabetic, fucosterol also exhibits anti-adipogenic or anti-
obesity properties. Adipocytes have important cardiovascular-related roles; therefore,
understanding their development and regulation is important for treating obesity and re-
lated diseases. Obesity is associated with hypercholesterolemia, diabetes, and other chronic
diseases. Hypercholesterolemia is associated with a higher incidence of liver damage, espe-
cially non-alcoholic fatty liver disease (NAFLD) [30]. As reported by Jung et al. [25], follow-
ing treatment with fucosterol extracted from Ecklonia cava subsp. stolonifera, lipid accumula-
tion in 3T3-L1 pre-adipocytes decreased because the expression levels of adipocyte markers,
proteins peroxisome proliferator-activated receptor (PPAR), and CCAAT/enhancer-binding
protein (C/EBP), decreased [25]. Similar results were reported by Lee et al. [15], who
found that fucosterol of Ecklonia cava subsp. stolonifera inhibits adipogenesis of 3T3-L1
preadipocytes via modulation of the FoxO signaling pathway.

2.2.3. Anti-Osteoarthritis Activity

The anti-osteoarthritis activity of fucosterol has been demonstrated both in vitro and
in vivo [21,31,32]. Anti-osteoarthritis is a biological activity characterized by the ability of
a compound to reduce or prevent bone disease. Sargassum fusiforme-derived fucosterol has
been shown to increase proliferative activity in osteosarcoma MG63 cells for the treatment
of bone-absorbing metabolic bone diseases, including osteoporosis and periodontitis [21].
Similar results were observed in ovariectomized rat osteoporosis and fucosterol of Sar-
gassum fusiforme triggered bone regeneration and activation of bone formation [31], and
Bang et al. [32] tested fucosterol in vitro and reported that fucosterol from Undaria pinnat-
ifida inhibited osteoclast differentiation. Through this biological activity, fucosterol may
play an important role in preventing osteoporosis and may be useful as a supplement.

2.2.4. Immunomodulatory Activity

In immunomodulation, regulating many immune cells through signaling molecules
to enhance the immune system, is necessary. Based on previous studies, several marine
metabolites have been reported to have regulatory effects on the immune system [33].
Fucosterol is one of the compounds that is regarded as a candidate immunomodulator,
as reported by Park et al. [34] in vitro and in vivo; fucosterol from Sargassum fusiforme
can increase the secretion of tumor necrosis factor alpha (TNF-«), NO production, and
phagocytosis activity. Generally, fucosterol has the potential to regulate immune function
and may offer positive therapeutic effects in immune system diseases.

2.2.5. Anticancer Properties

Certain studies about the anticancer properties of fuscosterol extracted from marine
macroalgae, such as Sargassum carpophyllum, Turbinaria conoides, Dictyota ciliolata, and
Padina sanctae-crucis, have been published [21,35-39]. Based on the study by Jiang et al. [39],
commercial fucosterols exhibit anticancer activity by inhibiting the PI3K/Akt/mTOR
signaling pathway in cervical cancer cell lines. In addition, fucosterol from Sargassum
fusiforme has been observed to slow the progression of human ovarian cancer [35] and
inhibit the proliferation of osteosarcoma-derived cell MG63 [21]. Tang et al. [22] isolated
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steroids from Sargassum carpophyllum using activity-guided fractionation to determine the
effect of fucosterol and other active substances on cancer cell lines. This activity is indicated
by ICsp, which is the concentration that results in 50% inhibition of cell growth [37].
They found that fucosterol has an ICsj value of 7.8 ng/mL against HL-60 cancer cells.
A compound can exhibit one of three types of cytotoxicity: (1) potential cytotoxicity, if
1Cs50 < 100 pug/mL, (2) moderate cytotoxicity, if 100 g/mL < ICsyp < 1000 ug/mL, and it
can be (3) non-toxic, if IC5p > 1000 ug/mL. Agents from a group of potentially cytotoxic
compounds can be utilized as anticancer drugs, while moderately cytotoxic compounds
can be used for chemoprevention to stop cancer cell growth [40]. According to the National
Cancer Institute (NCI), a compound is classified as having anticancer properties if its ICsg
is <20 ug/mL. Published research studies prove that fucosterol as a metabolite compound
in macroalgae has anticancer properties; however, further clinical studies are required.

2.2.6. Anti-Inflammatory Activity

Inflammation is a biological response to noxious stimuli. It is a protective response
involving immune cells such as macrophages, blood vessels, molecular mediators such as
NO, pro-inflammatory cytokines (TNE-¢, interleukin-1f (IL-1§3), and interleukin-6 (IL-6)),
and prostaglandins [41]. Previous studies have identified anti-inflammatory compounds
in macroalgae. Fucosterol derived from the methanolic extract of the brown alga Eisenia
bicyclis and Undaria pinnatifida exhibits anti-inflammatory properties by suppressing the
production of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) in
LPS-stimulated RAW 264.7 macrophages [14,42]. Fucosterol also inhibited t-BHP-induced
ROS production and suppressed iNOS and COX-2 expression. Furthermore, E. bicyclis
has strong anti-inflammatory properties with the potential to inhibit NO and ROS pro-
duction, as well as the NF-«B pathway [14]. Fucosterol from Padina boryana was reported
to have anti-inflammatory properties via the regulation of NF-«kB/MAPK and involve-
ment of Nrf2/HO-1 pathways in PM-induced inflammation/oxidative stress in RAW
264.7 macrophage cells [43]. Furthermore, fucosterol extracted from Sargassum aquifolium
(formerly Sargassum binderi) decreased ROS levels in PM-induced HaCaT cells and human
lung epithelial cells [15,44]. Another study also showed inhibition of hypoxia-inducible
factor through the PI3K/Akt pathway in keratinocytes (HaCaT) cells induced by cobalt
chloride (CoCl,). Based on the research conducted, fucosterol from brown macroalgae has
the potential to be developed further in the pharmacological field.

2.2.7. Anti-Photoaging Effect

Photoaging is a result of chronic ultraviolet irradiation, which is one of the most
harmful environmental factors affecting the skin. Recently, studies on marine compounds
as safe anti-photoaging alternatives have been published by Hwang et al. [23]. They
reported that fucosterol obtained from the brown alga Sargassum fusiforme was observed
to have anti-photoaging properties. Fucosterol therapy decreased ultraviolet B (UVB)-
induced production of matrix metalloproteinase-1 (MMP-1), IL-6, p-c-Jun, and p-c-Fos
and increased type I and transforming growth factor-1 (TGF-1) procollagen expression
in normal human dermal fibroblast cells. In addition, fucosterol derived from Sargassum
fusiforme was observed to regulate the expression of MMPs and type-I pro-collagen in UV-
irradiated HaCaT cells by modulating, microtubule associated protein kinase (MAPK) [45].
These findings suggest that fucosterol extracted from Sargassum fusiforme is a potential
candidate for the prevention and treatment of skin aging.

2.2.8. Hepatoprotective Effect

The liver is the largest organ in the abdominal cavity and performs critical physi-
ological functions. Acute liver failure is caused by liver injury, which is mainly caused
by viral infections, drugs, food additives, alcohol, or radioactivity [46]. Fucosterol has a
potent hepatoprotective effect by increasing GSH levels and decreasing ROS production,
thereby preventing liver damage and increasing liver enzyme levels alanine aminotrans-
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ferase/ aspartate aminotransferase (ALT/AST) [47]. Fucosterol is a dual-LXR agonist that
regulates the expression of key genes involved in cholesterol homeostasis in several cell
lines without causing triglyceride accumulation in the liver [48,49]. In addition, a study
by Mo et al. [50] showed that fucosterol can relieve acute liver injury induced by ConA by
inhibiting P38 MAPK/PPARY/NF-kB signaling, suggesting that fucosterol is a promising
potential therapeutic agent for acute liver injury.

2.2.9. Anti-Neurological Disease

Neurological disorders are diseases of the nervous system, such as brain tumors,
epilepsy, Parkinson’s disease, stroke, and Alzheimer’s disease (AD) [51]. In a study con-
ducted by Yoon et al. [24], fucosterol extracted from Ecklonia cava subsp. stolonifera showed
the presence of cholinesterase inhibitors against AchE and BchE. BChE was inhibited by
fucosterol and 24-hydroperoxy 24-vinylcholesterol, with ICs values of 421.72 £ 1.43 and
176.46 £ 2.51 uM, respectively. The effect of the compound on amyloid-induced neuro-
toxicity can be used to determine the potential of the compound as an anti-AD [16,52].
Consequently, Padina australis-derived fucosterol reduced intracellular amyloid levels and
increased neuroglobin mRNA expression in amyloid-induced SH-SY5Y cells [16]. Fu-
costerol extracted from Ecklonia cava subsp. stolonifera co-infusion attenuated cognitive
impairment-induced sAB1.4 in aging mice via the downregulation of GRP78 expres-
sion [52]. Furthermore, the anti-AD properties of fucosterol from macroalgae have also
been reported by Jung et al. [53] and Wong et al. [54]. Research on effects of fucosterol
against Parkinson’s disease has been described by Paudel et al. [55], and it was found to
exhibit a mild dopamine D4 antagonist effect by inhibiting the dopamine agonist effect by
32% at 100 uM. Furthermore, fucosterol extracted from Sargassum fusiforme has also been
reported to inhibit epilepsy and act as an antidepressant. The group treated with 20 mg/kg
fucosterol showed a significant increase in the hippocampal brain-derived neurotrophic
factor (BDNF) levels (p < 0.05). Published studies show that fucosterol from marine algae
can be an alternative compound for the treatment of neurological diseases.

2.2.10. Antioxidant Activity

Excessive ROS formation can trigger oxidative stress, which causes cell damage and
changes cell functions. Antioxidants are required to maintain a balance and prevent nega-
tive effects from excessive ROS formation. Based on the literature reviewed, macroalgae
showed antioxidant activity, which can be useful for preventing excessive ROS formation.
Fucosterol from Sargassum fusiforme exhibited antioxidant properties by downregulating
serum transaminase activity in CCl-intoxicated rats. Sequentially, sGOT and sGPT ac-
tivity decreased by 25.57% and 63.16%, respectively. In addition, fucosterol treatment
of CCl4-intoxicated rats also increased hepatic cytosolic SOD, catalase, and GSH-px [13].
Oktaviani et al. [56] reported that fucosterol from Hizikia fusiformis prolonged the lifespan
of Caenorhabditis elegans (Nematoda). Based on these studies, fucosterols extracted from
macroalgae are potential candidates for antioxidants that can be used in functional foods
and medicines.

2.2.11. Antimicrobial Activity

Antimicrobial activities can be defined as the process of inhibiting or destroying
the growth of microorganisms, especially pathogenic microorganisms. The antimicrobial
properties, including antibacterial and antifungal properties of marine macroalgae, are
associated with various groups of bioactive lipids, such as fucosterol. The results of
the study by Tyskiewicz et al. [57] showed that fucosterol from Fucus vesiculosus at a
concentration of 1.0% completely inhibited the germination of macroconidia in Fusarium
culmorum (Fungi, Ascomycota). Furthermore, when macroconidia were exposed to low
doses of fucosterol (0.05-0.2%), their growth was inhibited, and structural degradation
occurred. Furthermore, fucosterol from Sargassum carpophyllum cultured with Pyricularia
oryzae (Fungi, Ascomycota) mycelia caused abnormal morphological changes [22]. Previous
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studies confirmed the antibacterial and antifungal activity of 3,6,17-trihydroxy-stigmasta-
4,7,24(28)-triene, fucosterol, and 14,15,18,20-diepoxyturbinarin compounds from Turbinaria
conoides, with MICs ranging from 2 to 16 ng/mL, against Staphylococcus aureus, S. epidermidis,
Escherichia coli, Pseudomonas aeruginosa, Aspergillus niger, and Candida albicans [58]. The
antibacterial properties of Sargassum longifolium fucosterol were also tested against the
human pathogen Vibrio parahaemolyticus and the fish pathogens V. vulnificus, V. harveyii,
and Aeromonas hydrophililla. Interestingly, among these bacteria, only P. fluorescens was not
susceptible to the effect of fucosterol [59]. Overall, fucosterol could potentially be a strong
and promising antimicrobial agent.

2.3. Safety and Toxicity of Fucosterol in Bacteria and Fungi

Several studies on fucosterol in bacteria and fungi have been published [22,57,58].
From these articles, data extraction was performed, as shown in Table 1.

Table 1. Studies on safety and toxicity of fucosterol extracted from macroalgae, tested in bacteria and fungi.

Bacterl.a/ Extrac.t or Sources Method Concentration Toxicity Ref.
Fungi Chemical
Pyricularia oryzae  Fucosterol extract Sargasstm Screening Nd Affected the [22]
carpophyllum morphology
Staphylococcus S . Broth dilution Inhibited bacteria
epidermidis Fucosterol extract  Turbinaria conoides susceptibility assay 2-256 ug/mL growth [58]
. . Lo . Broth dilution Inhibited
Aspergillus niger  Fucosterol extract  Turbinaria conoides susceptibility assay 2-256 ug/mL fungal growth [58]
Candida albicans Fucosterol extract  Turbinaria conoides BrOt}} ‘44““0“ 2-256 ug/mL Inhibited [58]
susceptibility assay fungal growth
Escherichia coli Fucosterol extract  Turbinaria conoides BrOt}} ‘44““0“ 2-256 ug/mL Inhibited bacteria [58]
susceptibility assay growth
Staphylococcus Fucosterol extract  Turbinaria conoides BrOt}} ‘44““0“ 2-256 pg/mL Inhibited bacteria [58]
aureus susceptibility assay growth
Pseudomonas Fucosterol extract  Turbinaria conoides BrOt}} ‘44““0“ 2-256 ug/mL Inhibited bacteria [58]
aeruginosa susceptibility assay growth
Inhibited
Fusarium Commercial Determined on a o fungal growth
culmorum fucosterol Nd liquid RB medium 0.05-1.0% and caused 571

total degradation

Nd: not determined.

According to Tang et al. [58], fucosterol isolated from Sargassum carpophyllum showed
low toxicity, with ICsp = 250 pug/mL, and was able to induce morphological changes in
Pyricularia oryzae. Furthermore, fucosterol extract from Turbinaria conoides was used to test
the level of growth inhibition in bacteria (S. aureus, S. epidermidis, E. coli, and P. Aeruginosa)
and fungi (C. albicans and A. niger). In the tested bacteria, the MIC values ranged from
8 to 16 pg/mL, which indicated that fucosterol was able to inhibit the growth of the tested
bacteria well. In addition, fucosterol showed the highest growth inhibition in C. albicans,
with MIC = 8 ug/mL. Furthermore, research by Tyskiewicz et al. [57] showed that at a
concentration of 1.0% fucosterol was able to optimally inhibit the growth of F. culmorum
macroconidia. Moreover, macroconidia showed shorter length and structural degradation
at lower fucosterol concentrations (0.05-0.2%).

From these studies, we conclude that fucosterol can potentially be developed as a new
agent for combating the problem of infection due to bacteria and fungi that are pathogenic
because of its excellent biological activity as an inhibitor of bacteria and fungi. Based
on our literature review, only the genera Turbinaria and Sargassum have been studied
for the treatment of pathogenic bacteria and fungi. No other genera have been reported
with respect to their safety and toxicity in bacteria and fungi. Further research on other
bacteria and fungi species is required to comprehensively elucidate the safety and toxicity
of fucosterol in bacteria and fungi.
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2.4. Safety and Toxicity of Fucosterol in Cell Lines

Several studies have demonstrated safety and toxicity in human cell lines [17,27,28,35-
38,47,53,60-62] and animal cell lines [15,42,43,45,54,55]. The safety and toxicity of fucosterol

in human and animal cell lines are summarized in Table 2.

Table 2. Studies on safety and toxicity of fucosterol extracted from macroalgae, tested in human and animal cell lines.

Cell Lines Extrac.t or Sources Method Concentration Toxicity Ref.
Chemical
RAW 264.7 macrophage . MMT assay and 12.5, 25, and Increased cell ,
cells Fucosterol extract  Padina boryana ;oo for 23 h 50 ug/mL viability 1431
A549 human lung Sargassum 3.125, 6.25,12.5, Low toxicity and
. K PP MMT assay and X
epithelial cells Fucosterol extract  aquifolium (formerly incubated for 24 h 25,50, and increased cell [44]
exposed to CPM Sargassum binderi) 100 pug/mL viability
Chinese hamster ovary Human
(CHO) cells, rat Undaria pinnatifida monoamine Had no effects on
basophil leukemia Fucosterol extract and Eis ﬁ ia bicuclis oxidase (t1MAO) 500 pM the viability of [55]
(RBL) cells, U373 cells, ¢ & inhibition and the cells
and BA /F3 cells functional assay
Human dermal Sargassum MMT assay and 3.125, 6.25,12.5, Not toxic and
fibroblasts (HDF) and Fucosterol extract  aquifolium (formerly incubated f}; 3h 25, 50, and increased cell [60]
HaCaT cells Sargassum binderi) 100 pg/mL viability
Human recombinant Docking Inhibited PTP1B
PTPIB Fucosterol extract  Sargassum fusiforme simulation 0to2mM and‘ [28]
a-glucosidase
Had no effects on
RAW 264.7 Fucosterol extract Undaria pinnatifida Western ].JIOt 10, 25, or 50 uM the viability of [42]
macrophages analysis
the cells
. Ecklonia cava subsp. No significant
Mrurldnie 3T3;Ll Fucosterol extract  stolonifera (formerly Weitelr n ?IOt 25 and 50 uM effects up to [15]
preadipocytes Ecklonia stolonifera) anatysis 50 uM
[-Site amyloid L;ﬂag:kﬁz;azﬂa Kinetics and
precursor protein Fucosterol extract subsp. stolonifera molecular 0,5.0, 20, and Inhibited BACE1 53]
cleaving enzyme 1 costerof extrac uosp- . docking 100 uM and not toxic )
(formerly Ecklonia . .
(BACE1) . simulation
stolonifera)
Insulin-resistant HepG2 Ecklun'uz cava subsp. MMT assay and 12.5, 25, 50, 100, No significant
(human Fucosterol extract  stolonifera (formerly incubated for 2 h and 200 LM effect [27]
hepatocarcinoma) cells Ecklonia stolonifera) H up to 100 uM
Ecklonia cava subsp.
HepG2 cells induced stolonifera (fqrmerly MMT assay and 0, 25, 50 and L(?w toxicity and
X Fucosterol extract Ecklonia . increased cell [47]
t-BHP and tacrine . incubated for 2 h 100 uM s
stolonifera)and viability
Eisenia bicyclis
. Sargassum fusiforme Low toxicity and
HaCaT CSH.S induced Fucosterol extract (formerly Hizikia .MMT assay and 1,2,5,and 10 uM increased cell [61]
cobalt chloride (CoCl,) . . incubated for 2 h s
fusiformis) viability
Had no effects on
C8-B4 microglial cells Fucosterol extract Padina australis .MMT assay and 12,24, 48,96, and the viability of [54]
incubated for 4 h 192 uM
the cells
Colon carcinoma
(HT-29), colorectal
adenocarcinoma Sargassum MMT assay and 4.5,18, 36, and ..
(Caco-2), and breast Fucosterol extract angustifolium incubated for 4 h 72 ug/mL Low toxicity 1381
ductal carcinoma (T47D)
cell lines
Oral carcinoma (KB),
epithelial carcinoma of
the larynx (Hep-2), Dictyota ciliolata
MCE-7, cervix Padina sanctae-crucis, MMT assay and Only inactive
adenocarcinoma (SiHa), Fucosterol extract and Turbinaria incubated for 2 h Nd on HEK-293 [37]

and a human cell
embryonic kidney cell
line (HEK-293)

tricostata
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Table 2. Cont.

Cell Lines Extrac.t or Sources Method Concentration Toxicity Ref.
Chemical
Dalton’s Lymphoma Lo . Trypan blue 100 and .
Ascites (DLA) cells Fucosterol extract Turbinaria conoides viability assay 200 pg/mL Not toxic [36]

Decreased cell
1.55,3.12, 6.25, viability in cancer
12.5, 25, 50, and cell and low [17]
100 pg/mL toxicity in
normal cell

Lung cancer cell and Commercial Nd MMT assay and
human normal cell fucosterol incubated for 24 h

. Decreased cell
Human cancer cell lines

. viability in HT29
(HT29 and HCT116) Commercial Nd lMMT assay and 5and 10 uM cells, but no effect [62]
and CCD-18Co fucosterol incubated for 24 h in HC d
fibroblasts in FICT116 an
CCD-18Co
. . 7.55,15.1,30.2,
Human‘ promyelocytic Commercial Nd 'MMT assay and 60.4, and Not toxic 163]
leukemia cells (HL-60) fucosterol incubated for 4 h
120.8 uM
27'-
Human ovarian cancer Commercial . . . 0, 20, 40, 60, 80, .
(ES2 and OV90) cells fucosterol Nd dhchloroﬂuorescm and 100 uM Not toxic 135]
lacetate assay
HaCaT cells and . Had no effects on
monkey kidney Commercial Nd .MMT assay and 0.5,1,and 5 uM the viability of [45]
fucosterol incubated for 3 h
COS-7 cells the cells

Nd: not determined.

In a study involving the use of commercial fucosterol for the treatment of RAW
264.7 macrophage cell line stimulated by particulate matter (PM), Jayawardena et al. [43]
demonstrated the inhibition of NO production levels by observing inflammatory mediators,
such as iNOS, COX-2, and pro-inflammatory cytokines (i.e., IL-6, interleukin-1f (IL-1§3),
and tumor necrosis factor-o (TNF-«)), including prostaglandin E2 (PGE2)). Furthermore,
the effect of fucosterol was amplified by the decreased expression of mitogen-activated
protein kinase (MAPK) and NF-«B signaling pathway molecules and ROS regulation.
Fernando et al. [44] showed that increasing concentrations (>100 pg/mL) of Chinese fine
dust PM (CPM) in A549 cells significantly increased ROS levels and caused cell death.
CPM-induced A549 cells treated with fucosterol of Sargassum aquifolium at a concentration
of 3.125-50 pg/mL caused an increase in cell viability of up to 94.98 + 1.26%, and the
ICsp value was estimated to be 21.74 & 0.67 ug/mL [60]. In addition, Sargassum aquifolium-
derived fucosterol was also reported to increase cell viability in HaCaT and HDF cells and
yielded non-toxic results.

Another study reported that the addition of fucosterol isolated from Sargassum
fusiforme in HaCaT cells induced by 500 uM CoCl, increased cell viability up to 56%
at a concentration of 10 uM [61]. Furthermore, as reported by Choi et al. [47], there was no
effect on HepG2 cells after treatment with the crude extract of fucosterol up to a concentra-
tion of 100 uM. However, in HepG2 cells induced by t-BHP and tacrine, fucosterol showed
low toxicity and increased cell viability. In addition, LPS-induced RAW 264.7 macrophages
treated with fucosterol of Undaria pinnatifida showed an unclear toxic effect because the 3-(4,
5-dimethyl thiazole-2-yl)-2, 5-diphenyltetrazolium bromide MTT test results showed that
fucosterol did not affect cell viability at a concentration of 10-50 uM [42]. These findings are
similar to those of Wong et al. [54] at concentrations ranging from 12 to 192 uM, fucosterol
of Padina australis did not have a significant cytotoxic effect on C8-B4 cells when compared
with control (untreated cells) (approximately 100% cell viability).

Research conducted by Paudel et al. [55] on activity of fucosterol from Undaria pinnati-
fida and Eisenia bicyclis reported that there was no visible effect of the crude fucosterol extract
on MAO-A and MAO-B (half-maximal inhibitory concentration (ICsg) > 500 uM). MAO
is a catecholamine-degrading enzyme with a long-standing therapeutic profile; MAO-A
and MAO-B are isoenzymes. In addition, the results of the functional assay showed that
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fucosterol did not show agonist activity at any of the receptors tested. Moreover, the crude
extract of fucosterol can potentially inhibit PTP1B and «-glucosidase with an ICsj value
of 50.58 + 1.86 uM [28], and BACE1 with an ICg, value of 64.12 + 1.0 uM [53] without
causing side effects.

In a report by Lee et al. [15], treatment with fucosterol from Ecklonia cava subsp.
stolonifera of 3T3-L1 preadipocytes had no effect on inhibiting cell proliferation up to a
concentration of 50 uM [15]. This finding is complemented by previous investigations that
stated that the survival of HepG2 cells was not affected up to a concentration of 100 uM
Ecklonia cava subsp. stolonifera-derived fucosterol for 24 h. However, cell survival was
reduced to 48 h at a concentration of 200 uM. Based on these results, they recommended
that additional in vitro studies on the anti-diabetic activity of fucosterol be carried out
using non-toxic concentrations of 50, 25, and 12.5 uM [27].

The cytotoxicity of fucosterol in various human cancer cells has been widely pub-
lished [17,62,64,65]. According to Mao et al. [17], commercial fucosterol inhibited the
growth of all human lung cancer cells tested with ICs( values ranging from 15 to 60 uM.
However, interestingly, fucosterol showed low toxicity in all normal cells with ICsy > 100 M,
which indicated that fucosterol can selectively inhibit lung cancer cell growth, induce cell
cycle arrest, and target the Raf/MEK/ERK signaling pathway. Other studies have shown
that commercial fucosterol reduces cell viability and enhances the cytotoxic effect of 5-Fu
in HT29 cancer cells without affecting normal colon fibroblasts (CCD-18Co). Studies on the
toxicity of fucosterol on HL-60 [63]; ES2 and OV90 [35], HT-29, Caco-2, and T47D [38]; KB,
Hep-2, MCF-7, and SiHa [37] yielded low to no toxicity results in DLA cells [36].

In previous studies, the safety and toxicity of fucosterol in human and animal cell
lines have been extensively investigated. Most of the studies focused only on the brown
seaweeds of genera Sargassum, Undaria, Turbinaria, and Ecklonia. Based on the literature
reviewed, other genera, such as Ulva and Enteromorpha, have not been tested in cell lines.
Fucosterol from these genera has been reported to have biological activity, but its safety
and toxicity levels in cell lines have not been reported. Therefore, the mechanisms of other
genera in cell lines should be investigated further.

2.5. Safety and Toxicity of Fucosterol in Animals

Several studies on the safety and toxicity of fucosterol isolated from marine macroalgae
in animals have been published. The brown seaweed Ecklonia cava subsp. stolonifera [56,57]
and Hizikia fusiformis or Sargassum fusiformis [31,34,56,66] were the most frequently dis-
cussed. A summary of the safety and toxicity of fucosterol in animals is presented in
Table 3.

The research of Mo et al. [50], complements the data about the anti-diabetic and anti-
obesity properties of fucosterol that inhibits necrosis and apoptosis in a process mediated by
PPARYy activation and inhibition of NF-B, which reduces inflammatory factors. Fucosterol
also inhibits apoptosis and autophagy by upregulating Bcl-2 via PPARy, thereby decreasing
functional Bax and Beclin-1. Park et al. [34] reported that administration of 200 mg/kg body
weight to mice increased splenocyte proliferation and NO production without cytotoxicity.
Based on the research by Oktaviani et al. [56], fucosterol from Sargassum fusiforme showed
low toxicity because it significantly affected the survival of C. elegans (1.54-fold and 1.23-fold
increase), at a concentration of 0.05 mg/mL.

Some studies have been conducted to test the effect of fucosterol on the nervous
system. Oh et al. [52] reported no toxicological response induced by the administration
of fucosterol derived from Ecklonia stolonifera when it was injected at 10 mol/h into the
dorsal hippocampus for four weeks. After training of aging rats, there was an increase in
latency to reach the platform. Furthermore, Zhen et al. [66] showed no neurotoxic effect at
the same dose levels administered after 0.5 and 4 h. Conversely, fucosterol from Sargassum
fusiforme, showed no neurotoxic activity at the doses used in the forced or tail suspension
tests (10, 20, 30, and 40 mg/kg). Lee et al. [31] found that all doses of fucosterol from
Sargassum fusiforme had no toxic effects in OVX mice. The results of the study showed that
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fucosterol treatment significantly improved the loss of bone density caused by ovariectomy.
Furthermore, the research conducted by Choi et al. [47] showed that there were no deaths or
gross appearance abnormalities, and no fucosterol-induced abnormal behavioral changes,
seizures, or death over 24 h due to Ecklonia cava subsp. stolonifera and Eisenia bicyclis.
However, pretreatment with fucosterol at doses of 25, 50, and 100 mg/kg body weight
markedly attenuated this cytotoxic effect of tacrine. In addition, the hepatoprotective effect
of fucosterol at the highest dose (100 mg/kg body weight) resulted in serum ALT levels
similar to those of the control group, suggesting that fucosterol has the potential to reduce
tacrine-induced hepatotoxicity. The published results of fucosterol studies indicate that
the number of in vivo tests involving algal metabolites is very limited. The experimental
model that has been used thus far has focused on mice. Therefore, we propose that future
research should focus on determining the full in vivo potency of fucosterol.

Table 3. Studies on safety and toxicity of fucosterol extracted from macroalgae, tested in animals.

Animal g(lt::it;; Sources Method Concentration Toxicity Ref.
Dorsal
Ecklonia cava hippocampus Increased the
E18 aging rats Fucosterol extract subsp. stolonifera injected by 10 umol/h latency to reach [52]
P fucosterol for the platform
4 weeks
Increased splenocyte
C57BL/6 mice Fucosterol extract Sargassum Oral 50, 100, Priiléﬁ::f:gfll\;gd [34]
fusiforme administration and 200 mg/kg X . -
production with no
cytotoxicity
Administered by
Balb/e mice Fucosterol extract ;Z;g;;:;? via gastric 0'(1) fr?n];{fsi & Not neurotoxic [66]
intubation route
Oral, for 7 weeks
Ovariectomized Sargassum beginning 25,50, and .
(OVX) rats Fucosterol extract Fusiforme 12 weeks 100 mg/kg Had no toxic effects [31]
post-operation
Measured on both
Ry L Up to 0.1 mg/mL
Cae Zloe r};ﬁ?lm Fucosterol extract if;g;;::ﬁ blj(i;}I:/Ic Zi:;ii?r? in 2% dimethyl Low toxicity [56]
& fucosterol & sulfoxide (DMSO)
. Ecklonia cava
Institute of subsp. stolonifera Oral. for 200 pL fucosterol
Cancer Research  Fucosterol extract p- o .. (25, 50, and No mortality [47]
. and Eisenia 3 consecutive days
(ICR) mice bicyclis 100 mg/kg)
Inhibited
BALB/c mice Commercial Nd Oral, administered 25,50, or ConA-induced acute 1501
weighing fucosterol daily for 3 days 100 mg/kg liver injury

significantly

3. Materials and Methods
3.1. Literature Search

The preferred reporting items for systematic reviews and meta-analyses (PRISMA)
method [67] were used for the collection, identification, screening, selection, and analysis
of the studies reviewed. A literature search was performed using four databases: PubMed,
Science Direct, Wiley, and Web of Science. The search criteria included scientific articles on
fucosterol published between 2002 and 2020. The keywords used in the literature search
were “fucosterol” and “bioactivites OR “biological activities” OR “safety” OR “toxicity”
OR “characteristics” OR “structure” OR “cell lines” OR “microalgae” OR “macroalgae” OR
“plant” OR “bacteria” OR “fungi” OR “invertebrates” OR “animals” OR “human.” The
total number of articles found was 1251, which, upon further screening by checking the
title and keywords and removing similar articles, was decreased to 621.
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3.2. Selection Criteria

In the second screening stage, a total of 532 articles from the initial 621 articles were
excluded after screening, based on in-depth observations of the abstract content of the
articles. The second screening yielded 89 articles that met the criteria. Of the 89 articles,
additional in-depth observations of the full text of all the articles were made. A total of
46 articles remained after this stage 3 screening. Upon completion of this final stage, a total
of 38 publications and 5 additional articles through manual reference tracing were included
in the final data collection and further analyzed. All stages of systematic screening of the
articles are shown in Figure 6.

Records identified through Additional records
database searching identified through other
(n=1251) sources
[ | | [ |
PubMed Science Direct Wiley Web of Science
(n=322) (n=288) (n=108) (n=>533)
[ | | [

A 4

Records after checking the title and keyword

(n=621)
\4
Records excluded,
Records screened .
C > with reason
(n=621) (after checking the abstract)
\4
Full-text articles excluded,
Full-text articles assesed for o| with reason (after checking
eligibility (n = 89) the fulltext and journal
quality) (n =46)

v

43 studies included in
systematic review

Figure 6. Summarized search method based on PRISMA.

3.3. Data Extraction

During the final selection, data were drawn from 43 studies on fucosterol. The data
collection process was based on two main themes: (1) the characteristics of the articles,
and (2) the criteria used to determine the bioactivity, safety, and toxicity of fucosterol.
Specifically, the following features were extracted: year of publication, name of journal,
geographic area where the research was conducted, author affiliation, publisher, biological
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activity of fucosterol, source of fucosterol, method used, experimental model, concentration
of fucosterol, safety and toxicity of fucosterol.

4. Conclusions

Our review revealed that fucosterols derived from macroalgae can potentially be ap-
plied in the nutraceutical and pharmacological industries based on its bioactivities, safety,
and toxicity. Fucosterol derived from brown macroalgae exhibits potentially beneficial
activities; however, certain research gaps should be addressed. Despite the uncovered
biological activities, most studies remain at a preliminary stage, and some of them have
not included the study of safety and toxicity to organisms; hence, more in-depth studies
are required. The studies of bioactivity, safety, and toxicity of fucosterol have been carried
out mostly at the in vitro level (52%), and only 26% have been conducted at the in vivo
level using a mouse model. An in vivo experiment can provide fundamental data for
understanding the mechanism of nutraceutical and pharmacological properties of sterol
before it is used in clinical trials. However, we did not find any clinical studies on fu-
costerol published between 2002 and 2020. Studies on the safety and toxicity levels of
fucosterol at the clinical stage are very important for the development of this sterol for
the nutraceuticals and pharmaceutical industry. Brown macroalgae (Phaeophyta) are a
major source of fucosterol. A total of 2071 species belonging to the class Phaeophyta have
been recorded [68]. However, the study of fucosterol in brown macroalgae continues to
be limited to only certain species. Hizikia fusiformis/Sargassum fusiforme and Ecklonia cava
subsp. stolonifera are the two species with the highest number of publications. Additional
studies on other Phaeophyta species are required to elucidate the fucosterol content in
specific algal classes. Future comprehensive research on fucosterol, including the study
of macroalgae sources, chemical characterization, pharmacokinetic mechanisms, in vitro,
in vivo, and clinical experiments will elucidate the role of fucosterol as a potent bioactive
compound derived from marine sources.
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Abbreviations

Abbreviations

5-Fu, 5-fluorouracil; AchE, acetylcholinesterase; ALT, alanine aminotrans-
ferase; AR, aldose reductase; RLAR, rat lens aldose reductase; AST, aspartate amino-
transferase; BACE1, (3-secretase 1; BchE, butyrylcholinesterase; Bcl-2, B-cell lymphoma-2;
ConA, concanavalin A; COX-2, cyclooxygenase-2; ERK, extracellular-signal-regulated
kinase; EtOAc, ethyl acetate; FoxO, forkhead box protein O; GRP78, glucose regula-
tory protein 78; GSH, glutathione; GSH-px, glutathione peroxidase; HAB, harmful algal
blooms; HDL, high density lipoprotein; HO-1, heme oxygenase-1; HRAR, human recom-
binant aldose reductase;IC5 half-maximal inhibitory concentration; IL-6, interleukin-6;
IL-1B, interleukin-13; iNOS, inducible nitric oxide synthase; LDL, low density lipopro-
tein; LPS, lipopolysaccharide; LXR, liver X receptor; MAO, monoamine oxidase; MAPK,
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microtubule associated protein kinase; MEK, mitogen-activated protein kinase; MIC,
minimum inhibitory concentration; MMP-1, matrix metalloproteinase-1; MMPs, matrix
metalloproteinases; mRNA, messenger RNA; MTT, (3-(4, 5-dimethyl thiazole-2-yl)-2, 5-
diphenyltetrazolium bromide); mTOR, mammalian target of rapamycin; NF-«B, nuclear
factor-kB; NGM, nematode growth medium; NO, nitric oxide; Nrf2, nuclear factor ery-
throid 2-related factor 2; P53, protein 53; p-c-Fos, phospho-c-Fos; p-c-Jun, phospho-c-Jun;
PI3K/Akt, phosphatidylinositol 3-kinase/protein kinase B; PM, particulate matter; PPAR,
proteins peroxisome proliferator-activated receptor; PPARy, peroxisome proliferator- acti-
vated receptor gamma; PTP1B, protein tyrosine phosphatase 1B; Raf, mitogen-activated
protein kinase; ROS, reactive oxygen species; sGOT, serum glutamic oxaloacetic transam-
inase; sGPT, serum glutamic pyruvic transaminase; SIRT1, sirtuin 1; SOD, superoxide
dismutase; t-BHP, tert-butyl hydroperoxide; TGF-1, transforming growth factor-1; TLC,
thin layer chromatography; TNF-«, tumor necrosis factor alpha; UVB, ultraviolet B.
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Abstract: Over the last decade, algae have been explored as alternative and sustainable protein
sources for a balanced diet and more recently, as a potential source of algal-derived bioactive peptides
with potential health benefits. This review will focus on the emerging processes for the generation
and isolation of bioactive peptides or cryptides from algae, including: (1) pre-treatments of algae for
the extraction of protein by physical and biochemical methods; and (2) methods for the generation of
bioactive including enzymatic hydrolysis and other emerging methods. To date, the main biological
properties of the peptides identified from algae, including anti-hypertensive, antioxidant and anti-
proliferative/cytotoxic effects (for this review, anti-proliferative/cytotoxic will be referred to by
the term anti-cancer), assayed in vitro and/or in vivo, will also be summarized emphasizing the
structure—function relationship and mechanism of action of these peptides. Moreover, the use
of in silico methods, such as quantitative structural activity relationships (QSAR) and molecular
docking for the identification of specific peptides of bioactive interest from hydrolysates will be
described in detail together with the main challenges and opportunities to exploit algae as a source of
bioactive peptides.

Keywords: in silico; biotechnology; cryptides; anti-hypertensive; antioxidant; anti-cancer

1. Introduction

The world’s population is estimated to reach 9 billion by 2050 and there is continuing
pressure on the current agricultural and food production systems to meet the increased
food demands without damaging the environment [1,2]. Algae (macro- and microalgae)
have become an attractive source of raw protein for the food industry [3] due to a poten-
tial protein content which often exceeds that of other common protein sources such as
milk and soy (which contain approximately 40% protein on a dry weight basis) [4]. For
example, the dry weight yield of protein in dried algal biomass can be up to 47% in the
macroalgae Pyropia sp. [5] or 65% in the microalga Chorella sp. [6]. Thus, the production
of algae offers excellent opportunities to increase food production without increasing
deforestation or encroaching upon natural habitats while benefitting from an all-year har-
vest for algae [3]. In contrast to protein from milk (0.13 ton/acre/annum) and soybean
(0.41-0.81 ton/acre/annum), macro and microalgae biomass can produce high protein
yields ranging between 1.62 and 6.1, and 4.1 and 7.3 ton/acre/annum for macroalgae and
microalgae, respectively [7].

Algal proteins are also a source of bioactive peptides, also named cryptides, as these
compounds have the ability to exert direct physiological effects once they are released

Mar. Drugs 2022, 20, 317. https:/ /doi.org/10.3390/md20050317 75

https:/ /www.mdpi.com/journal /marinedrugs



Mar. Drugs 2022, 20,317

from their parent proteins where they remain inactive [8]. Similar to endogenous pep-
tide hormones (e.g., those derived from proopiomelanocortin, insulin and angiotensin),
bioactive peptides derive from parent polypeptide sequences through a series of controlled
and specific proteolytic cleavages [9]. In some cases, several different sequences with a
hormone-like action can be derived from the same parent polypeptide through differential
cleavage [9]. Although numerous bioactive peptides with potential health benefits, e.g.,
anti-hypertensive properties, have been isolated from macro- and microalgae, there are
technical challenges associated with the production and commercialization of bioactive
peptides that still need to be addressed.

This review aims to provide a comprehensive summary of the main approaches for
the generation and isolation of bioactive peptides from algae. The review will focus mainly
on novel uses of pre-treatment methods for the extraction of protein from algal biomass by
physical and biochemical methods, as well as the enzymatic hydrolysis and other emerging
methods for the release of bioactive peptides from algae. The main biological properties of
these peptides (anti-hypertensive, antioxidant, and anti-cancer) and the structure—function
relationships of known peptide sequences from algae will also be discussed in relation to
their hypothesized mechanisms of action. Moreover, the recent developments in bioinfor-
matics or in silico tools helping in the identification of these structures and their health
benefits will also be discussed together with the main challenges and opportunities of
bioactive peptides from algae.

2. Process of Generation and Isolation of Bioactive Peptides

The initial extraction of protein from raw biomass by the use of pre-treatments is
needed as the first step for further protein processing for the generation and subsequent
isolation of bioactive peptides.

2.1. Pre-Treatments of the Algal Biomass

Although algae are described in the literature as biomass rich in proteins, the com-
plex structures of the carbohydrate-rich algal cell walls prevent immediate access to these
compounds, and thus, algae must be pre-treated by either physical or biochemical meth-
ods to allow the release of proteins from the biomass [10]. Amongst all the physical
methods available, the application of physical methods, such as pulsed electric fields
(PEF), ultrasound-assisted extraction (UAE) and microwave-assisted extraction (MAE),
has shown promising results in algae. Other enzyme-based methods use the application
of high specific-activity enzyme preparations to degrade the cell walls [11]. The specific
pre-treatments must be tailored and optimized on the basis of the algal species studied in
order to achieve high yields of proteins. For example, the macroalgae Chondrus crispus has
a cellulose microfibril base cell wall and a carrageenan matrix and thus, the extraction of
protein from this macroalgae requires an enzymatic mixture with high carrageenase and
cellulase activities [12,13].

2.1.1. Physical Pre-Treatments

PEF is based on exposing cells to a high-strength electric field, inducing the forma-
tion of transient pores in the cell walls in a process known as electroporation [14]. The
disruption of the cell walls by PEF can also lead to the formation of permanent or tran-
sient pores, allowing the mass transfer of small molecular weight compounds including
protein extraction [15] to the outside of the cells and into the solution [16]. Pore sizes may
also be further influenced by PEF duration, for instance, the pore radius for short pulses
(5 us) was approximately 0.8-1.6 nm, while when using longer pulses (10 us) the pore
radius increased up to at least approximately 5 nm, which was considered as irreversibly
formed [17]. To date, PEF has been primarily used as a method to extract lipids from algae
in connection with biofuel manufacture [17]. Vanthoor-Koopmans, Wijffels, Barbosa and
Eppink [4] reported that small peptides and free amino acids present in the cell or created
during the PEF process may be released from the biomass following PEF, while larger
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peptides and proteins were retained within the cell. Thus, according to the authors, adding
a protein solubilization step will benefit these extraction processes. This solubilization
can be achieved by adding surfactants and/or increasing the pH to untangle proteins,
increasing their solubilization and extraction ratios [4,18]. The yield of the extracted pro-
tein from Nannochloropsis spp. doubled when using alkaline solvents (pH 8) compared to
water; however, the recovery of proteins from the biomass was still low compared to other
physical extraction procedures, such as UAE [19]. PEF has been described as a promising
method for the extraction of proteins from the macroalga Ulva ohnoi [20]. The authors
achieved a 3-fold increase in the yield of proteins from U. ohnoi of with the application of
PEF. Similarly, in the case of Arthrospira platensis, a microalgae species with high protein
content, PEF treatment followed by soaking the biomass in water increased the extraction of
the intracellular proteins (c-phycocyanin) 12.7-fold compared to the control [21]. Parniakov,
Barba, Grimi, Marchal, Jubeau, Lebovka and Vorobiev [19] emphasized the advantages of
PEF in relation to power usage and cost-effectivity of the treatments, although the yields of
protein extraction were lower compared to UAE pre-treatments. The power consumption
of PEF was approximately 100 k] /kg at 20 kV/cm for 6 ms, while in the case of UAE it was
250 kJ /kg at 200 W for 10 min [19].

UAE is based on the generation of high-frequency ultrasonic waves in a liquid, which
generates a great number of bubbles that collapse (cavitation) and release a burst of energy
that can disrupt the algal cell walls [22]. Advantages of this technology include the possi-
bility to combine its application with various solvents, targeting the extraction of different
compounds from the biomass, as well as an increased extraction efficiency in terms of
reduced times and energy of extraction compared to conventional solvent extraction pro-
cesses [23]. For example, the use of UAE with a subsequent alkaline treatment allowed the
extraction of 57% of the total proteins from Ascophyllum nodosum [24]. Moreover, the use of
ultrasounds enabled 2.29-fold higher yields of protein extraction compared to conventional
methods from the microalga A. platensis [25].

MAE has also been used to extract protein from algae [26]. MAE uses oscillating
electric fields which cause vibrational friction of polar molecules in the cells, which allows
heating of the sample to occur. The main advantage of MAE is that a small amount of or
even no solvents are required, as well as the fast extraction times of this technique compared
to conventional methods [27,28]. Juin, Chérouvrier, Thiéry, Gagez, Bérard, Joguet, Kaas,
Cadoret and Picot [26] used MAE to extract water-soluble proteins from Porphyridium
purpureum, focusing mainly on the extraction of phycobilin proteins. The authors reported
that MAE improves the extraction yields of compounds and significatively reduced the
time of extraction to seconds compared to the hours needed to generate similar extraction
yields when using traditional solving extraction methods. Moreover, MAE appeared to
be more efficient in protecting thermolabile compounds during the process of extraction,
as the application of high temperatures for prolonged periods of time needed during
conventional solvent extraction may have a negative impact on these compounds once they
are extracted [29].

2.1.2. Enzymatic Pre-Treatments

One of the key advantages of enzymatic pre-treatments over other mechanical methods
is the relatively low temperatures required, allowing the release of both peptides and
proteins from algae with minimal or no damage to their structures [30]. However, the high
variability of the composition of the algal cell walls between species requires will require
the customization and optimization of these enzymatic treatments [11]. For example, a
mixture of trypsin, collagenase, lysozyme, and autolysin was useful as a pre-treatment to
disrupt the cell walls of Chlamydomonas reinhardtii [31]. Autolysin was the most efficient
enzyme as an enzymatic treatment and showed to be preferable to other chemical and
mechanical methods such as solvents and sonication [31]. Moreover, the authors also
reported that longer pre-treatments resulted in the total lysis of the cells advantageously
resulting in increased extraction yields of cellular compounds measured as proteins and
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lipids [31]. Other pre-treatments using cellulase followed by protein hydrolysis with
bromelain were effective when extracting proteinaceous concentrates from Fucus spiralis,
increasing its extraction yields by 1.5-fold compared to those achieved by using bromelain
alone [32]. The protein content of Macrocystis pyrifera and Chondracanthus chamissoi was
increased by disrupting the carbohydrate matrix of the algae by using cellulase, increasing
the yields of protein extraction [33]. As expected, optimum enzymatic conditions also
varied between both macroalgae, achieving protein extraction yields of approximately 75%
from M. pyrifera by an optimized enzymatic treatment with cellulase (1:10, enzyme:seaweed
ratio) for 18 h and yields of 36% from C. chamissoi using the same enzyme:seaweed ratio
for 12 h [33]. Moreover, Fleurence, Massiani, Guyader and Mabeau [13] reported that a
mix of carrageenase/cellulase has a 10-fold higher extraction efficiency over the use of
just carrageenase alone in C. crispus. Similarly, mixtures of agarase/cellulose achieved a
3-fold increase in protein extraction from G. verrucosa, while in the case of P. palmata, the
combined xylanase/cellulase had similar protein extraction yields to those of control [13].

2.2. Generation of Bioactive Peptides

Once the protein is extracted from the biomass, the classical method for the generation
of bioactive peptides uses proteases to break peptide bonds and generate hydrolysates
containing a complex mix of peptides [34]. Enzymes exert their action by cleaving se-
quence motifs within a protein. The preferred cleavage sites of each of these enzymes are
summarized in Table 1.

Table 1. Characteristics of proteases used for the generation of bioactive peptides.

Enzyme Name Type of Enzyme pH Range  Temperature Cleavage Preference References
Trypsin Serine protease 7.8 37-42°C Positively charged amino acids; R and K [35]
Chymotrypsin Serine protease 7.8 37-42°C Hydrophobic amino acids; Y, F and W [36]
Pepsin Aspartic protease 1.25-2.5 37-42°C Positively charged amino acids; R and K [37]
Serine » e o Broad range specificity however, propensity for
Alcalase endopeptidase 6.5-10 60-75°C cleaving aromatic amino acids [38-40]
o Cysteine ) quad range specificity, c'leav‘ing peptide bonds Of I?asic
apain endopentidase 6-7 65°C amino acids, L or G. Papain will not accept V at position 1 [41]
pep and at position 2 prefers large hydrophobic amino acids
. Cysteine g oo Broad range specificity with preferred cleavage site at
Bromaline endopeptidase 458 35-55°C the C terminus of K, A, Y and G [42]
Mixture of endo-
Protamex and exo-proteases 6-9 30-65 °C Broad cleavage range as it is a mixture of proteases [43,44]
from Bacillus sp.
Elastase Serine protease 9 37°C Preferred cleavage at the C-terminus of A, V, S, G, [45]
LandI
Thermolysin Metalloproteinase 5-8.5 65-85 °C Preferred cleavage at the N-terminus of F, V, I, L, Mand A [46]

Amongst all the proteases, trypsin, chymotrypsin and pepsin have been the most
widely used enzymes for the generation of bioactive peptides. Trypsin has a specific
binding affinity for positively charged side chains of the amino acids lysine and arginine.
Trypsin’s cleavage site is on the C-terminal side of the amino acid residues. Hydrolysis
is decreased with the presence of acidic amino acids on either side of the cleavage site.
Cleavage will not occur if a proline residue is present on the carboxyl side of the cleavage
site [35]. Chymotrypsin is another serine protease which is itself activated by trypsin
cleaving the bond at residues 15 and 16 (arginine and isoleucine). The chymotrypsin
enzyme catalyzes the hydrolysis of proteins by cleaving the molecules at hydrophobic
amino acid residues, such as the L-isomers of tyrosine, phenylalanine, and tryptophan.
It also has the capability of acting on amides and esters of susceptible amino acids [47].
The use of these enzymes can result in the one key advantages of this approach, which
is the reproducibility of the process such that similar proteins and hydrolysates products
are generated.
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Emerging technologies have also been used to hydrolyze protein extracts and generate
bioactive peptides from algae and other food products and by-products [48,49]. Amongst
them, subcritical water (SCW) processing has been gaining attention as both a green extrac-
tion and protein hydrolysis method [50-52]. SCW does not require the use of expensive and
lengthy reaction times and it can be a method of extracting compounds from highly insolu-
ble media which are ecologically damaging by-products from industries, such as poultry
waste [53], hog fur [54] and fisheries waste [55]. In fact, SCW production of bioactive
peptides also significantly reduces the processing time of hydrolysis of collagen by a factor
of almost 300 when using enzymatic methods such as collagenase [56] to up 5 min [57].
The use of SCW to produce amino acids and peptides from waste and under-utilized by-
products could give these industries a new revenue stream while mitigating the ecological
and economic issues currently associated with the disposal of these by-products [58].

The SCW process maintains water in subcritical conditions inside the reaction chamber
by using oven temperatures ranging from >100 °C to <374 °C and an internal pressure of
<22 MPa, stimulating the formation of hydronium (H3O0") and hydroxide ions (HO™) that
allow water to interact as a basic or acidic catalyst [52]. The pressure applied during SCW
will cause the unfolding and loss of secondary, tertiary, and quaternary structures of the
protein, while the ions will interact with the amino acids [49]. The amino acids that are
particularly vulnerable to hydrolysis by SCW are aspartic acid and glutamic acid, affected
by the weak acidic conditions as their carboxyl group becomes a proton donor for the
hydrolysis of the peptide bond next to it [52]. Ahmed, Mulla, Al-Ruwaih and Arfat [57]
reported that using sequential pressure pretreatment of 300 MPa for 15 min increased the
degree of hydrolysis for proteins when being hydrolyzed with alcalase [57], an enzyme
that cleaves the carboxyl side of the amino acids E, L, Y, Q and E [58]. This indicates that
the application of high pressure leads to a certain degree of protein unfolding, potentially
increasing access of the enzyme to substrate cleavage sites [57]. A similar study using
soy protein performed by Meinlschmidt et al. [59] showed similar enhanced digestibility
following exposure to a pressure of 100 MPa in the presence of the enzyme flavourzyme
for 15 min. Under these conditions, when the pressure exceeds 100 MPa the enzyme itself
starts to become denatured by the pressure, and its activity is lost [59].

SCW appears to have some cleavage specificity for bonds adjacent to aspartyl residues,
with some 44% of the peptides produced from subcritical water-mediated hydrolysis of BSA
containing an N-terminal aspartic [52]. Moreover, peptide production from the microalgae
A. platensis was optimal at 160 °C, while temperatures of over 220 °C produced an intense
degradation of these proteins and the release of free amino acids rather than peptides,
with no distinguishable bands when analyzing the hydrolysates by denaturing protein
electrophoresis [49,55]. SCW has also been explored for the production of amino acids
at temperatures of 240 °C [60,61], while temperatures reaching 260 °C will result in the
degradation of amino acids to organic acids and ammonia [61]. These data illustrate the
need for careful control of temperature during SCW processing to ensure the appropriate
release of protein and peptides rather than terminal degradation.

After the proteins have been processed and hydrolyzed to generate bioactive peptides,
one or several purification processes are frequently applied to isolate these molecules
further. Overall, most authors used one or several steps of molecular weight cut-off filtration
(MWCO) to fractionate the compounds of the hydrolysates based on their molecular
weight [62]. Thereby, Megias et al. [63] used 5 kDa membranes to remove, concentrate and
purify peptides in the hydrolysate by removing larger unhydrolyzed protein fractions and
the protease enzymes themselves, as these compounds will be collected and discarded in the
retentate. Further purification techniques can also be applied including chromatographic
techniques, mainly reversed-phase high-performance liquid chromatography (RP-HPLC)
and ultra-performance liquid chromatography (UPLC) depending on the level of purity
desired in the final product. Previous studies generating bioactive peptides from the
macroalga Ulva spp. applied MWCO followed by preparative RP-HPLC at wavelengths of
214 nm, to detect peptide bonds, and 280 nm, indicative of the presence of aromatic amino
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acids [64]. These and other purification strategies to isolate bioactive peptides from algae
have been recently reviewed in detail by Lafarga et al. [62].

3. Biological Activities and Modes of Action of Algal Peptides

The generation of bioactive peptides is gaining momentum due to the wide range
of biological properties attributed to these compounds that have been extensively re-
viewed [34,62]. Thus, this section will briefly mention a few examples of the anti-hypertensive,
antioxidant, and anti-cancer activities from algae described in the recent scientific literature,
also focusing on relating these described activities to their proposed mechanism of action
and tools used for these analyses.

3.1. Antihypertensive Peptides

Cardiovascular disease (CVD) is one of the leading causes of mortality in the world
today and hypertension is a significant risk factor for CVD. The regulation of blood pressure
is mainly maintained by the renin angiotensin pathway. Briefly, the renin angiotensin
system works by the secretion of renin into the blood system from the kidneys. Renin then
binds the peptide angiotensinogen and forms angiotensin I. The angiotensin converting
enzyme (ACE) binds and cleaves angiotensin I and transforms it into the highly potent
vasoconstrictor angiotensin II, thus increasing blood pressure [65].

Fitzgerald et al. [66] extracted protein from the macroalgae P. palmata and performed
an enzymatic hydrolysis with papain, identifying within the hydrolysate the peptide
IRLIIVLMPILHA which potently inhibited the enzyme renin. Moreover, when this peptide
sequence undergoes an in vitro digestion process, the gastrointestinal enzymes cleaved
the peptide resulting in the production of the di-peptide IR with high anti-renin activity.
In a follow up in vivo study using spontaneously hypertensive rats (SHR) and dosing
with oral gavage, captopril reduced the blood pressure by 29 mm Hg, while the P. palmata
hydrolysate reduced it by 34 mm Hg and IRLIIVLMPILHA peptide showed a reduction of
34 mm Hg [67].

ACE is a highly druggable target and several widely prescribed antihypertensive
agents (e.g., captopril) are ACE inhibitors [68]. These inhibitors function by preventing
the ACE-mediated conversion of angiotensin I into angiotensin II, preventing an increase
in blood pressure. Captopril is a proline-based synthetic analog of a peptide present in
snake venom that is a competitive inhibitor of ACE [69]. However, drugs like captopril,
enalapril and lisinopril have serious adverse side effects that include dry cough, skin
rashes, renal failure, and congenital malformations amongst others [70,71]. Thus, there
is a growing interest in isolating new peptides with ACE inhibitory activity from natural
sources, including those in food [72].

Multiple peptides with ACE inhibitory properties have been isolated from protein
extracts from the microalgae C. vulgaris and A. platensis followed by enzymatic hydrolysis
with pepsin [73]. In vivo tests evaluating the efficiency of peptides in SHR revealed that
the oral administration of the tetrapeptide IAPG—isolated from A. platensis—resulted
in a decrease in systolic blood pressure by approximately 50 mm Hg within 1 h of its
ingestion [73]. The tripeptide FAL—isolated from Chlorelli—was less potent in the SHR
model, leading to a decrease of approximately 40 mm Hg within 2 h of ingestion. Moreover,
the physiological effects of both IAPG and FAL in the SHR were sustained for 4 h post-
ingestion [73].

Using a similar approach, Sun et al. [74] prepared hydrolysates from the macroalga
Ulva intestinalis protein using trypsin, pepsin, papain, x-chymotrypsin and alcalase, and
determined the in vitro activity of these hydrolysates when inhibiting ACE. The authors
determined that trypsin-derived hydrolysates had the greatest inhibitory effect and identi-
fied the peptides FGMPLDR and MELVLR as those responsible for this effect. The authors
also performed molecular docking with AutoDock 4.2 to reveal that while both peptides
were bound to the active site, the mode of binding was different [74]. FGMPLDR inter-
acted with Glu123, Ala354, Ala356, Glu384, and Arg522 and in particular with Ala354 and
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Glu384 which are both present in the S1 pocket of ACE, interacting with a well-known ACE
inhibitor, lisinopril. In contrast, MELVLR was predicted to interact with Asn70, Glu143,
GIn281, His383, and Lys511, with GIn281 and Lys511 of particular importance and located
in the S2 pocket of the active site of ACE [74].

To our knowledge, there are not many studies with bioactive peptides from algae
linking their structure to a proposed mechanism of action. Zarei et al. [75] studied the
ACE inhibitory mechanism of action of the bioactive peptides YLLLK, WAFS and GVQE-
GAGHYALL identified from palm kernel cake. The authors noted concentration-dependent
effects on enzyme inhibition, consistent with the presence of more than one binding site for
the peptides and potentially multiple modes of inhibition [75]. Moreover, differences were
appreciated in the way that these peptides achieved their activity, as some peptides showed
variable degrees of degradation upon pre-incubation with ACE. The authors concluded
that the peptide YLLLK acted as a competitive inhibitor and exhibited a higher number
of total interactions with ACE compared to the other two peptides [75]. The action of the
peptide YLLLK at the ACE active site visualized using molecular docking is represented in
Figure 1. Ni, Li, Liu and Hu [69] determined that the ACE inhibition of the yeast peptide
TPTQQS was caused by non-competitive interactions by displacing the Zn cofactor from
the active site of the enzyme so the reaction cannot occur. The majority of the peptide is
attached outside of the active site; however, the tail end of the peptide containing the serine
6 residue is what comes into contact and sequesters the zinc ion by forming a coordination
bond with it [69].

@ @ ®

Figure 1. Automated molecular docking of the peptide YLLLK at the ACE active site. ACE hydropho-
bic residues are represented in green, positively charged residues in blue, and negatively charged
residues in red; hydrogen bonds are purple arrows, polar residues are in turquoise color, and other
residues and the zinc atom are represented automatically. Image obtained from Zarei, Abidin, Auwal,
Chay, Abdul Haiyee, Md Sikin and Saari [75] originally published by MDPIL.

3.2. Antioxidant Properties

Free radicals are short-lived and highly reactive chemical species that contain unpaired
electrons [76]. Although reactive oxygen species (ROS) are formed during normal metabolic
processes, they may also be formed due to exposure to exogenous factors such as ionizing
radiation and UV light [77]. Free radicals can oxidatively modify nucleic acids, proteins,
lipids, and sugars. An increased presence of these modified forms has been associated
with an increased risk of various human diseases (e.g., cancer, Alzheimer’s disease) [78].
Antioxidant mechanisms are present in most organisms and act to reduce or eliminate the
levels of common ROS [77]. While many of the most effective mechanisms are enzyme-
based (e.g., superoxide dismutase and catalase). Many small molecules (e.g., vitamin C,
glutathione) also play a role in maintaining the overall redox balance in the cell [79]. While
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both natural and synthetic antioxidants have been added to foodstuffs, the potential toxicity
of synthetic antioxidants, e.g., GHT has prompted the exploration of the use of peptides as
antioxidant agents [77,79,80]. It is generally accepted that large peptides have less radical
scavenging or antioxidant potential than small peptides [81]. Peptides have been reported
to exert their antioxidant activity through direct metal chelation, ROS scavenging and
inhibition of lipid peroxidation cascades [82].

A peptide from the microalgae Isochrysis zhanjiangensis has shown to have potent
antioxidant capabilities towards alcohol-induced injury in cultured liver hepatoma cells
(HepG2) [83]. This peptide was produced by in vitro gastro digestion using pepsin, trypsin
and chymotrypsin resulting in the active sequence of NDAEYGICGEF [83]. The treatment of
cells with this peptide resulted in increased levels of the enzymes superoxide dismutase
and glutathione. The antioxidant capabilities of the peptide appear to be related to a
combination of the following factors: its molecular weight, hydrophobic amino acids (A,
G, I) and aromatic amino acids (F, Y) in the sequence [83]. Other antioxidant peptides
identified from C. vulgaris include VECYGPRPQF, which showed antioxidant capacity
26-fold higher (197 ng/mL Trolox equivalent) than trolox when tested by ORAC [84]. This
peptide was found to slow oxidation by up to 10-fold compared to the control (PBS). The
authors hypothesized that the Cu?* chelating properties of this peptide were likely the
main mechanism of action of antioxidant activity [84].

3.3. Anti-Cancer Properties

Peptides, due to their small size and chemical nature, can penetrate cell membranes
without a build-up of toxic levels as seen with protein/antibodies. These compounds
have shown high affinity and specificity while having low interactions with other medical
treatments. However, there are limitations to overcome for their use, mainly related to the
process of delivery of the peptide, as these compounds have regularly low bioavailability
when taken orally, resulting in rapid clearance of the peptides. Peptides also have low levels
of activity when compared to traditional drug treatments for cancer [85]. However, the
peptide treatments have multiple problems mainly associated with the lack of specificity of
the drugs that are not able to differentiate between carcinogenic and healthy cells. Moreover,
when the chemotherapeutic agents are bound to a transport molecule, the breakage of these
bounds can also reduce the efficacy of the peptides. Furthermore, the ability we have to
currently treat multiple cancers is also dependent on the resistance of the cancer to the
chemotherapeutic agents, which is a growing problem [86].

Limited studies are available on the anti-cancer properties of peptides derived from
algae. Sheih, Fang, Wu and Lin [84] hydrolyzed protein by-products from the industrial
processing of C. vulgaris and identified the peptide VECYGPNRPQF as an anti-proliferative.
This peptide only had anti-proliferative effects on the human gastric cancer cell line AGS,
but not on the other cell lines studied including human normal lung cell WI38, human
colon adenocarcinoma cells C2BBel, human hepatoblastoma cell lines HepG2, human
cervical epithelioid carcinoma cells Hela, and mouse BALB/c macrophage RAW 264.7 cells.
The authors hypothesized that this peptide could have specific anti-cancer activity when
treating certain tumor cells [84]. The peptide halted the cell cycle where the cell is given the
chance to be either repaired by the TP53 mechanism or undergo apoptosis [87]. Moreover,
the number of cells in the G1 phase decreased, while the Sub G1 phase category increased,
indicating that the cells entered an apoptotic pathway following 48 h of incubation [84].

Anti-proliferation effects have been recorded from peptides produced by trypsin
hydrolysis of proteins from Porphyra haitanesis [88]. The peptides generated were tested
using five human cancer cell lines tested: MCF-7 (breast cancer), HepG2 (liver cancer
cells), SGC-7901 (gastric cancer), A549 (lung cancer) and HT-29 (colon cancer), using the
chemotherapeutic drug fluorouracil (5-FU) as a control. Four fractions (by size kDa) were
obtained from the hydrolyzed peptides, and the peptide VPGTPKNLDSPR was reported
as that with the highest antiproliferative activity, even significantly more potent than 5-FU
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in a HepG2 cell model [88]. Mechanically, this peptide appeared to interfere with the cell
cycle and promoted apoptotic cell death in HepG2 and MCF?7 cells [88].

The efficacy of several algal peptides in oncological treatments and their mechanisms
of action have been elucidated. Kahalalides are an assortment of depsipeptides ranging
in size from 31 carbon tripeptides to 75 carbon tridecapeptides. The peptide was firstly
found in the mollusk Elysia rufescens and it was further discovered to be present in the
algae Bryopsis pennata consumed by the mollusk and acting as a defense mechanism against
predators [89]. Amongst all the Kahalalides, the one showing the most promise in cancer
treatment is the largest peptide, Kahalalide F (KF) C75H124N14016 [90,91]. KF has shown its
potential benefits for cancer treatment in both in vitro and in vivo preclinical trials. Sudrez,
Gonzélez, Cuadrado, Berciano, Lafarga and Mufioz [90] studied the mechanism of action
of KF to determine its cytotoxic action against neoplastic cells. The authors used prostate
(PC3, DU145, LNCaP) and breast cancer (SKBR-3, MCF7, BT474, MDA-MB-231) cell lines.
The ICsp of KF for all the cell lines was around 0.3 uM, except in the case of PC3 which
was 0.07 uM. Moreover, the authors also showed that the cytotoxic response of KF appears
quickly, within 15 min. KF’s mechanism of action differs from that of other antineoplastic
drugs as it does not cause apoptosis, but generated an ATP depletion and swelling of
the cells or oncosis [90,92]. KF has a similar mechanism of action to that of maitotoxin, a
peptide that causes oncosis as its action linked to the function of the calcium ion channels
of the cells [92]. Although maitotoxin is one of the most potent marine peptides known to
date, its action is non-selective, and it is responsible for a particular human intoxication
syndrome, namely ciguatera fish poisoning [93]. In this regard, KF could be a better fit for
anti-cancer treatments as it has displayed tumor-selective properties in testing and has low
toxicity [94].

4. Application of Novel Bioinformatic Tools

Bioinformatic tools are routinely used in peptide and protein analysis. In the context
of the production of peptides via protein hydrolysis, online peptide cutters can simulate
the cleavage of peptide sequences by various enzymes [95]. Toxicological and allergenic
properties may also be predicted, using tools such as ToxinPred [96] and AllerTOP [97],
respectively. Moreover, the BIOPEP database [98] compiles the reported activities of
various peptide sequences. In silico methods being used to identify bioactivity in peptides
include the use of quantitative structure-activity relationships (QSAR) and molecular
docking, aiming to identify the mechanism of action underlying the biological functions of
these peptides.

4.1. QSAR

One of the main challenges arising when producing a hydrolysate from a mix of
proteins is to be able to elucidate which one of the multiple structures present in the
hydrolysate is responsible for the biological effects appreciated during in vitro or in vivo
tests and establish their mechanisms of action. When studying antioxidant peptides and
only considering dipeptides, there can be potentially 400 different structural combinations
accounting for all the possible combinations of 20 amino acids. However, when studying
oligopeptides (2-20 amino acids in length) [99], this variability can reach levels of over
1.07 x 10%° possible structural combinations and thus, the use of bioinformatic methods,
such as QSAR, can support the identification of bioactive peptides [100].

QSAR is an in silico method which takes peptides and their biological activity from
pre-existing databases, such as BIOPEP, aiming to understand the link between these
structures and their activity towards different biological targets [101]. The process flow of
QSAR is represented in Figure 2.
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Figure 2. Process flow of QSAR applied to bioactive peptides. Content of the image adapted from
Nongonierma and FitzGerald [101].

When sourcing bioactive peptides of interest in a QSAR model it is important to note
that some peptides work in different ways of inhibiting their targets, such as competitive,
non-competitive, and un-competitive ways. If a particular peptide library lacks the specific
type of inhibitory action of these peptides then it completely skews the ability of the
QSAR to estimate ICsg [101]. These peptides are used to create a model which aims to
identify the key commonalities of the structure and composition of these peptides and
link their composition to a bioactivity of interest. A portion of the peptides from the data
set is randomly selected and left out of the training set; these are the test set and will
be used at a later stage of the process. These peptides are used to identify the causative
structure that allows for these interactions to occur, allows the identification of peptides
with the most advantageous structural features, and establishes prediction scores for these
structures [101]. These known peptides teach the software what to look for when unknown
peptides are plugged into the equation to be identified and the peptides used to create the
QSAR model should be a similar size to the peptides being analyzed [101].

Kumar et al. [102] researched novel ACE inhibitory peptides and the massive variation
in these results due to the variable length of peptides with ACE inhibitory activity. This
author chose the libraries where peptides with the same mechanisms of action for a partic-
ular bioactivity were classed by size, and QSAR models should be produced for each class
to increase the accuracy of the results. The authors classified ACE inhibitory peptides as
<3 amino acids, small peptides as 4-6 amino acids, medium peptides as 7-12 amino acids
and large peptides as >12 amino acids [102].

Different scales and descriptors can be used to accurately define the features that
make a certain peptide bioactive. The correct choice of descriptors is important as an
excessive number of descriptors will cause background noise, causing an overfitting of
data and loss of predictive accuracy [103]. These descriptors are usually physiochemical
characteristics, such as the scale described by Hellberg et al. [104] which uses 29 physio-
chemical descriptors to analyze the amino acids. The authors grouped these descriptors
into three main components known as the 3 Z approach which explains hydrophilicity (Z;),
steric properties (Z;) and electronic properties (Z3) [104]. This approach was improved
further by Sandberg et al. [105] when characterizing 87 amino acids by adding two further
components—Z, and Zs—to describe other properties of the amino acids, such as heat of
formation, electronegativity and electrophilicity.

From these rankings, multiple regression models can be performed to evaluate the
bioactive potency of peptides on the basis of the interaction between the peptide and its
target. These tests are normally performed against a positive control, such as glutathione
for antioxidant peptides, and if the tested compounds score similar or even higher than
the control, those compounds may have a better potential for in vitro testing [101]. After
the model has been run and the ICs predicted, these data require validation using the test
set of peptides that were set aside at the beginning. Moreover, the models will have to be
confirmed by testing the highest-ranking peptides against a laboratory-based assay and
ensuring that the ICsj predicted by the model matches the experimental data [101]. If the
model predicted the activity accurately, then the peptides which are of interest to be tested
will be ranked by potency, synthesized, and experimentally tested to compare the results
with those of the QSAR model [101].
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The third step in the process of making a QSAR is the selection of a mathematical
model to relate the physiochemical characteristics and position of the amino acids in the C
and N terminus of the tested peptides with those of the peptides with known bioactivity.
The models chosen are usually partial least square regression (PLSR), iterative double
least square (IDLS), artificial neural networks (ANN) and multiple linear regression (MLR).
When using these models, it is important that the model chosen accounts for whether the
peptides being screened for activity will be of the same length as those described in the
training set or if they account for peptides with a variety of different sizes [100,101].

4.2. Molecular Docking

Molecular docking is a stage to further identify the interactions between the target
and substrate, complementing the QSAR modeling as it will provide three-dimensional
interactions between the ligand; in this case, the peptide and the target to which the peptide
is binding to help to understand further their inhibitory effects [106].

Angiotensin-converting enzyme (ACE) has been a focus of molecular docking studies
in relation to cardiovascular diseases to further understand the action of peptides working
within its domains. Mirzaei et al. [107] used the crystal structure of human ACE complexed
with inhibitor lisinopril as a template for docking studies using the software HADDOCK
(see Figure 3). The authors removed all water molecules and the inhibitor from the structure
while retaining the zinc and chloride atoms in their active site before proceeding with the
docking [107]. As previously stated, a disadvantage of QSAR is that it can be dependent
on the amount of information granted to it by the database. An example of this is not
identifying if the peptide is competitively binding to the active site or if it is having another
effect on the enzyme in its entirety. Using molecular docking on the highest-ranking
peptides from QSAR will show their overall binding affinity to the active site; this will
hopefully mitigate any problems caused by the lack of information from these databases
before synthesizing the highest-ranked peptides and final laboratory confirmatory testing.

Figure 3. Representation of the molecular docking results (3D and 2D) of the ACE-inhibitory peptides
VL-9 (A) and LL-9 (B). Color codes are as follows: blue (Van der Waals bonds), orange (salt bridge)
and green (conventional hydrogen bond). Image originally published by Mirzaei, Mirdamadi, Ehsani
and Aminlari [107] in Elsevier.

5. Opportunities and Challenges

There are huge market opportunities for algae as a source of protein due to the
environmental benefits [108] associated with its production as well as their untapped
potential as source of food and food ingredients for the growing world’s population.
However, there are still challenges, mainly related to the creation of optimum, reproducible,
and sustainable protein extraction processes, mainly limited by the variable composition
of the biomass as well as the presence of rigid cell walls of a variable chemical nature.
Moreover, all the pre-treatments of the biomass, and the new emerging technological
treatments, will have to demonstrate its economic viability in order to be adopted by
industry, allowing to scale-up production and expand the use of these approaches.

In addition, further studies evaluating the activity and the chemical structure of pep-
tides will be necessary to build upon current peptide libraries. The choice of peptide library
is extremely important for the validity of the QSAR for testing unknown peptides and
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molecular docking studies. There are massive opportunities in the search for new peptide
alternatives to be used as nutraceuticals with fewer adverse side effects than conventional
treatments for multiple diseases. However, further studies and clear mechanisms of action
have to be elucidated for these applications to achieve their potential.
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Abstract: This review highlights the underexplored potential and promises of marine bioactive
peptides (MBPs) with unique structural, physicochemical, and biological activities to fight against
the current and future human pathologies. A particular focus is given to the marine environment
as a significant source to obtain or extract high-value MBPs from touched /untouched sources. For
instance, marine microorganisms, including microalgae, bacteria, fungi, and marine polysaccharides,
are considered prolific sources of amino acids at large, and peptides/polypeptides in particular, with
fundamental structural sequence and functional entities of a carboxyl group, amine, hydrogen, and a
variety of R groups. Thus, MBPs with tunable features, both structural and functional entities, along
with bioactive traits of clinical and therapeutic value, are of ultimate interest to reinforce biomedical
settings in the 21st century. On the other front, as the largest biome globally, the marine biome is the
so-called “epitome of untouched or underexploited natural resources” and a considerable source
with significant potentialities. Therefore, considering their biological and biomedical importance,
researchers around the globe are redirecting and/or regaining their interests in valorizing the marine
biome-based MBPs. This review focuses on the widespread bioactivities of MBPs, FDA-approved
MBPs in the market, sustainable development goals (SDGs), and legislation to valorize marine biome
to underlying the impact role of bioactive elements with the related pathways. Finally, a detailed
overview of current challenges, conclusions, and future perspectives is also given to satisfy the
stimulating demands of the pharmaceutical sector of the modern world.

Keywords: marine biome; marine bioactive peptides; natural resources; bioactivities; pharmacology;
biomedical; therapeutic attributes

1. Introduction

MBPs have gained significant research interests as robust alternatives to synthetic
counterparts, becoming less effective with high drug-resistant issues. Therefore, naturally
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occurring sources with medicinal and pharmacological potentialities are ideal, owing to the
ease in accessibility, free availability, natural abundance, being carbon neutral, and having
fewer side effects than chemical-based synthetic formulations. Moreover, the growing
technological advancement, scientific awareness, legislative authorities, and a broader
variability of technological and analytical endorsement all support the exploitation of
treasure of natural and underexploited sources from the marine biome [1,2]. In this context,
the utilization of sustainable sources and the development of green technologies could be
the key to going green. The value of “going green” has clearly transformed the pursuit
of sustainable, recyclable, and socioeconomic friendlier products to fulfill the economic
pressure by considering the high cost-effective ratio benefit. Therefore, the divergence from
nonrenewable to renewable natural resources is fetching the center of interest in biomedical
establishments. Technological legislation is a driving force and should be considered
with care to develop green strategies for the cleaner obtainment of high-value biologically
active products [1]. Several approaches are in practice to develop a state-of-the-art bio-
based platform for various technological applications in bio- and non-bioindustries of the
modern world. Green biotechnology has a noteworthy potential, of course in combination
with 12 principles of green chemistry, to eradicate the generation of wasteful protection
and deprotection steps [3]. The combination of green chemistry principles and modern
biotechnology along with the employment of natural resources is urgently required to
establish a sustainable future production and exploitation of the above-mentioned products.

MBPs are characteristically accessible from numerous natural sources, including ma-
rine biome, though in different extents with unique functionalities. Among several marine-
derived compounds, MBPs are greener alternatives and have been broadly considered and
utilized as pharmaceutically resourceful ingredients for numerous health determinations.
Therefore, MBPs are being used to develop novel formulations in the biomedical, pharma-
ceutical, cosmeceutical, and nutraceutical industries. Owing to their advantageous features,
such as robust affinity, functional reactivity, specificity, selectivity, etc., MBPs offer practical
and positive replacements, compared with their synthetic counterpart formulations and
chemical drugs [4,5]. Regardless of advantageous features, MBPs have been considered
from diverse standpoints, i.e., based on (1) taxonomic sources, (2) biosynthesis pathways,
(3) source of extraction, (4) ring and linear structures, (5) active fractions and compositional
variations, (6) biologically active precursor molecules, etc. [2]. Irrespective of the category
type, MBPs are protein-based specific fragments that solely depend on the activity based
on the composition and amino acid sequence in that particular fragment [6]. However, the
MBP activity indeed depends on the extraction and purification technique [2,7,8]. Thus
far, an array of production, extraction, and purification approaches have been developed
and exploited for MBPs [9-11]. From the above examples, an appropriately established
methodology plays a significant role in the quality and quantity of the end-product of
interests, specifically MBPs. It is also imperative to consider innumerable manipulating
factors that can influence the complete performance of the entire isolation, extraction, and
purification process and the overall product yield. For example, the source material’s
physiochemical composition, matrix characteristics, material’s pretreatment considerations,
solvent grade, type and concentration, reaction pH and temperature, pressure, reaction
time, etc., are key influencing factors that should be considered before designing and
running the experimental protocols [9]. The process efficacy of the entire extraction process
and the end-product relies on (1) input parameters, (2) consideration of the nature of the
substrate materials from the source, (3) interplay between the procedure and the substrate
materials, and (4) chemistry of MBPs [2].

Considering the above critiques and opportunities herein, we sought to highlight the
value, challenges, and opportunities that exist in MBPs with potent bioactivities and thera-
peutic potentialities. Following a brief introduction, a standardized initial methodological
literature screening and inclusion/exclusion criteria were adopted to justify the scientific
and literature theme. The next section concerns the marine biome and its potent MBPs with
superior performance. The latter half of the paper addresses the generalized overview of
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bioactivities with biomedical and pharmaceutical potentialities to understand the funda-
mental impact and role of bioactive elements with related pathways. The FDA-approved
MBPs in the market and MBPs with clinical trials, as well as sustainable development
goals (SDGs) and legislation to valorize marine biome, are discussed. Finally, a detailed
overview of current challenges, conclusions, and future perspectives is given to satisfy the
stimulating demands of the pharmaceutical sector of the modern world.

2. Review of Methodological Approach: Inclusion/Exclusion Criteria

The summarized review contents and given examples are well justified by using a
standardized methodological approach that is based on screening the initial literature and
inclusion/exclusion criteria. In this study, inclusion/exclusion criteria were also considered
important to justify the most recent and relevant literature as per the conceptualized theme
of the research. Following the initial screening step, the studies meticulously correspond-
ing with the title theme were included in this discussion unless otherwise excluded to
avoid the literature redundancy. Careful literature search queries were made in the Scopus
and PubMed literature databases using any or many of the following terms: bioactive
compounds from marine sources, bioactive peptides from marine sources, and biomedical
applications of marine peptides. The active search filters were article title, abstract, and
keywords. The literature screening results attained from the Scopus database are shown in
Figure 1. The literature search queries were executed on 21 March 2021 and 25 April 2021
at Scopus, while for PubMed database search, the simultaneous search queries were per-
formed on 21 March 2021 and 25 April 2021 at PubMed. Table 1 summarizes the literature
screening results attained from the PubMed database.

Table 1. The literature screening results attained from the PubMed database. Data were extracted
from https:/ /pubmed.ncbinlm.nih.gov/, access on 25 April 2021.

Search Terms

Total Number of Articles Published and Filtered with Best Match Term on

Total Articles

2021 2020 2019 2018 2017 All Past Years
Bioactive compounds 995 74 172 147 97 101 404
from marine sources
Bloactlvc'e peptides from 307 15 41 50 36 34 129
marine sources
Biomedical applications 76 3 10 15 1 6 31

of marine peptides
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Figure 1. The literature screening results attained from the Scopus database. The letters A-C
characterize the search terms: (A) bioactive compounds from marine sources; (B) bioactive peptides
from marine sources; (C) biomedical applications of marine peptides. The letters [al]-[c1] correspond
to the number of articles from all years in that specific category of search term, [b2]-[c2] represents
the number of articles published in different journals, and [a3]-[c3] represents the number of articles
based on territory. Data were extracted from https:/ /www.scopus.com, access on 25 April 2021.

3. Marine Biome—A Rich Source of MBPs

The marine biome represents the aquatic region and is considered the prime aquatic
biome in the world with a plethora of untouched or underexploited sources of high-value
interests, having around 500,000 to 10 million marine species [12]. Owing to the difficulty
in reaching the lower/deeper zones of the marine biome, several MBPs have yet to be
explored to identify and characterize marine biome; thus, marine biome constitutes a rich
source of novel compounds with superior performance. As a major component of the
biosphere, the aquatic biome covers almost 70% of the earth’s surface [13]. The aquatic
biome is broadly divided into two central regions—namely, (1) freshwater regions and
(2) marine regions. The freshwater regions of the aquatic biome comprise ponds/lakes,
streams/rivers, and wetlands, while the marine region comprises neritic, oceanic, and
benthic biomes. Other marine biome zones include intertidal, estuaries, and coral reefs.
These alone have the highest biodiversity of all marine biomes. Considering all marine
biomes, marine-originated species embrace about half of the total global biodiversity,
with a considerable potential to extract products of interest. Thus, several marine biome
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sources have been broadly discovered and utilized to obtain novel bioactive compounds,
e.g., MBPs. The aquatic organisms are classified into three basic categories: (1) plankton,
including phytoplankton (bacteria and algae) and zooplankton (tiny animals that feed on
phytoplankton); (2) nekton (invertebrates such as shrimp and vertebrates such as fish);
(3) benthos (sponges, clams, sea stars, etc.).

Owing to this massive biodiversity, the marine biome is proved to be a highly ad-
vantageous and acceptable natural source that can fulfill the growing ecological and so-
cioeconomic demands. Moreover, marine-based natural resources and/or their extracted
bioproducts are easily accessible, have high bioactive efficacy, and exert no/fewer side
effects [2], compared with the similar representative from synthetic formulations. In the
marine biome, the complex habitat environment and the extreme living conditions, such as
ultraviolet light exposure, variation in saltiness, thermal conditions of the environment,
and limited /excessive nutrient availability, are the contributory aspects to produce MBPs.
In consequence, the marine resources including microorganisms such as microalgae sur-
vive these extreme environments by rapidly acclimatizing to the new and surrounding
atmosphere [14]. Such quick environmental adaptions further assist them to produce more
stable and highly effective metabolites, which are biologically active and not common in
other similar synthetic counterparts. Owing to their high protein content, microalgae and
other marine sources are considered potential sources to produce both elementary proteins
and therapeutic peptides [15]. Furthermore, seeing the enormous marine biome potential
for industrial sections, the principle of “going green” has scrutinized this substitute search
to eco-friendly, ecological, and sustainable materials with comparable socioeconomic bene-
fits. The expansion of distinguishing practices or approaches to improve the cutting-edge
platforms also supports the green agenda. The synergistic use of marine-derived natural
resources, along with green and modern biotechnology, must be considered to unveil a
sustainable production of high-value-added products with highly requisite features [2].

4. Marine Bioactive Peptides (MBPs)

The amino-acid-based organic substances joined by covalent bonds (e.g., amide or
peptide bonds) are termed bioactive peptides (BPs). Based on the natural source, some
peptides exist freely. However, the majority of the peptides are surrounded or encoded
with respective parent protein molecules. In later cases, the pretreatments in the presence
of related enzymes, such as proteolytic enzymes, facilitate the release of BPs in an efficient
manner [2,16,17]. Such pretreatments cause the hydrolysis of the cell walls or cell mem-
branes, as applied. Thus, the deployment of highly effective and suitable pretreatment
supports the retrieval of intracellularly captured bioactive constituents, which are mainly
not easy to extract via conventional extraction procedures [2]. Following enzyme facilitated
pretreatment, once the encrypted peptides are released from their respective source materi-
als, the amino acid composition and sequence govern the activity [17]. However, owing to
the similar peptide length that ranges between 2 and 20 amino acids, most of the BPs share
their structural and physicochemical features [18]. The broad bioactivity spectra of MBPs,
such as antimicrobial, antiviral, anticancer, anticoagulant, antidiabetic, cardioprotective,
immunomodulatory, neuroregenerative, appetite suppressing, etc. [19-24], have attracted
the attention of biomedical, pharmaceutical, and nutraceutical sectors, with the hope that
they can be used as a new frontier to diagnose, treat, or prevent various pathologies in
human. Based on the evidence derived from the literature, some of the MBPs and/or their
representative biologically active byproducts have gained considerable commercial values
and seized the pharmaceutical market. From the perspective of the market status and
share, ziconotide and brentuximab vedotin are two important representatives of MBPs
and peptide derivatives, and both have successfully reached the market. The premier,
Ziconotide (Prialt®), was obtained from a marine cone snail. It was the first peptide from
the marine biome approved by the Food and Drug Administration (FDA) USA in 2004 to
exploit and use against analgesics [25]. Later in 2011, FDA also approved another marine-
derived drug, Adcetris®, to manipulate and use against cancer. Since then, numerous other
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MBPs have been evaluated for various phases of clinical related trials in the United States
and Europe [13]. Figure 2 shows various marine sources along with their representative
products or byproducts that have been either accepted or granted to enter the clinical
trials. The commercial value of these therapeutic protein-based products was around USD
174.7 Billion in 2015. With a recent hike in interests, it is anticipated that this value will
reach/cross USD 266.6 Billion in 2021 [26]. Several other marine-based peptides with

different bioactivities and applications are summarized in Table 2.

3 Carbohydrates
Peptides

Microalgae

Single-celled
organisms

Bagremycins  pjcitrones
2-Alkyl-4-hydroxyquinolines
Amphidinol 22

Figure 2. Various marine sources, along with their representative products or byproducts that have

been either accepted or granted to enter the clinical trials.
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5. Bioactivities—An Overview

As mentioned earlier, the marine biome having millions of macro- and microspecies
(both animal and plants) is becoming highly significant [49,50]. This is also because the
marine is considered a prolific source of structurally and functionally diverse MBPs at
large, and MBPs in particular. The pharmacological activities, such as antimicrobial,
antiviral, anticancer, anticoagulant, antidiabetic, cardioprotective, immunomodulatory,
neuroregenerative, appetite suppressing, and many other MBPs, have been described in the
literature [14-19,51,52]. Anticancer, anti-inflammatory, immunomodulating, antioxidant,
hepatoprotective, and neuroprotective activities of phycobiliproteins from cyanobacteria
and red algae are reported [15,53]. According to one estimate, the marine biome offers
around 8000 species of red algae, which are highly enriched with several MBPs. An array
of cyanobacterial-based MBPs, e.g., polypeptide or a hybrid of polyketide-polypeptide, are
obtained via polyketide synthase and nonribosomal peptide synthase [54] and comprise
exceptional characteristics, e.g., amino and/or hydroxy acids, heteroaromatic ring systems,
and extended polyketide-derived units [55]. Likewise, several other BP-based functional
entities, e.g., microcystin (a cyclic peptide), majusculamide 8 (depsipeptide), etc. have
been isolated and/or extracted from marine-based blue-green algae [56,57]. Ghalamara
et al. [58] proposed and extracted bioactive peptides-enriched and bioactive fractions from
codfish blood, which shows notable antimicrobial properties and inhibits Escherichia coli
growth [58].

Even though marine organisms at large, and microalgae, in particular, are highly
enriched with diverse MBPs, their application as antimicrobials against human pathogens
and diseases in aquaculture is still in its early stages [59]. With ever-rising heavy drug
resistance and/or emergence/reemergence of new resistant microbial infections, there is
a dire need to develop robust classes of natural antibiotics in combination with MBPs to
treat the emerging/reemerging bacterial pathogens [60]. Diverse natural compounds with
potent antimicrobial properties have been described in algae that belong to a wide range of
chemical classes, including fatty acids, indoles, acetogenins, phenols, terpenes, and volatile,
halogenated hydrocarbons [61]. Macro- and microalgae have grown to produce MBPs to
pledge pathogenic bacteria [62], which are considered ubiquitous to their environment.
Under the current scenario, effective treatment for a multi-drug-resistant S. aureus has
become a challenge and extremely worrying concern [63]. Therefore, an alternative, novel
antimicrobial agent is highly demanded.

Cancer is a multifaceted disease in which abnormal cells divide overpoweringly and
abolish normal body tissue. Owing to its molecular variations and consequential cellular
effects, it has expanded extensive courtesy in terms of public health. Cancer involves
several types that cause adversative consequences, e.g., leading to the growth of a cell mass
with the capability to penetrate adjacent normal tissues and move to new locations via a
mechanism known as metastasis (Figure S1) [64,65]. Figure S2 shows a detailed metastasis
to new locations in (A) lungs and (B) brain shown in Figure S1. MBPs can attack the
cancerous cells membrane by the processes called either necrosis or apoptosis that may
cause cell death. In necrosis, the peptides target the negatively charged molecules on the
cancer cell membrane and cause cell lysis, while in the case of apoptosis (Figure 3), they
cause disruption of the mitochondrial membrane [66-68]. Amphipathic peptides have
shown notable bioactivities and can easily be obtained from various marine-based natural
resources [5,69]. Amphipathic peptides can be used to strengthen the natural defense
against invasive pathogens. The prospective therapeutic application of MBPs has been
established because of their wide-ranging bioactivity spectrum and the likelihood of not
inducing resistance [70]. Initiation of extrinsic apoptotic activity pathways and inhibition
of angiogenesis is an excellent example of killing action of MBPs. Owing to their capability
to work synergistically, most of the MBPs, expressly antitumor peptides, are considered
highly active in combination with the old style, but in practice, they are chemotherapeutic
agents [5].

100



Mar. Drugs 2022, 20,208

]
® ¢ ® ® ® ® °
° ° » [} .
® e @ L [

® ®

o . ® e 2 o . ® ® o
®

® ® 6}
® ® L] ® °

Cell death
0 @a®
2 Caspgse =9
OO I
® ® Pro-caspase

®Apoptosis

Figure 3. Anticancer potentialities of MBPs to abolish cancer cells and avoid metastasis via apoptosis
mechanism. Created with BioRender.com and extracted under premium membership.

Based on the structural characteristics, they are mainly categorized into (1) cysteine-
rich and f-sheet peptides, e.g., - and  -defensins; (2) x-helices comprising peptides, e.g.,
LL-37 cathelicidin, cecropins, magainins, etc.; (3) peptide structures that are rich in glycine,
proline, tryptophan, arginine, histidine, etc.; (4) peptides comprising a single disulfide bond,
e.g., bactenecin. Further examples in the literature regarding some particular peptides
having anticancerous activities are given in Table 2. Microalgal peptides with antiatheroscle-
rotic activity have also been recognized, as described by Fan et al. [71]. Atherogenesis is
an artery wall syndrome that encompasses several progressions, including cell adhesion,
migration, differentiation, proliferation, and cell interaction with the extracellular matrix
till the formation of atherosclerotic plaques, controlled by a complex network/cascade of
cytokines and growth regulatory peptides. Besides the above-mentioned model examples,
several other biological activities, such as anticoagulant, antidiabetic, cardioprotective,
immunomodulatory, neuroregenerative, appetite suppressing, and others have fascinated
researchers and strengthened the marine pharmacology sector [72-74]. Oxidative stress
is a foremost reason for inflammatory events implicated in many of the above-mentioned
diseases (e.g., neurodegenerative, cardiovascular, cancer, diabetes, etc.) [72,74].
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6. FDA-Approved MBPs in the Market and Clinical Trials

Owing to the unique structural and multifunctional attributes, an array of MBPs have
attained FDA-approved status, as already verified with numerous bioactivities, such as
antimicrobials (antibacterial, and antifungal), antiviral, anticancer, antioxidant, antihyper-
tensive, anticoagulant, antithrombotic, immunomodulatory, cholesterol-lowering activities,
etc. The market-available MBP-based products have been developed using a unique combi-
nation of pristine counterparts and compositional alternation, as appropriate for medicinal,
nutraceutical, and pharmaceutical uses. A plethora of BPs have been extracted from marine
sources, treated, and purified, though using different materials and methods. However,
a small fraction of those BPs have been legalized to move for clinical phase assessment,
and even a few have accomplished to reach in the market. To avoid literature redundancy,
selected FDA-approved MBPs are summarized in Table 3 with detailed information. In
contrast, several other marine-derived biologically active compounds/products, including
Pliditepsin, PM00104, Kahalalide F, Hemiasterlin, Spisulosine, Pseudopterosin A, Sali-
nosporamide A, Tetrodotoxin, Conotoxin G, Bryostatin 1, and Plinabulin, are under clinical
trials (phases I-III) [21,22,75-77].
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7. Sustainable Development Goals (SDGs) and Legislation to Valorize Marine Biome

The sustainable development goals (SDGs) are blueprints that urge to attain better
tomorrow and a more sustainable future. Moreover, a highly efficient transformation of
innumerable marine resources into high-value entities, such as MBPs, as per SDGs, is of
supreme interest. The potential of marine pharmacology pointedly subsidizes accomplish-
ing 14 out of 17 of the United Nations (UN) SDGs (available online: https://sdgs.un.org/
-Last (accessed on 27 April 2021)). More specifically, with particular reference to SDG 14,
“life below water” is a central theme for the sighting of biodiversity and the sustainable
use of marine-based natural resources. Promotion of resource efficiency and technological
development contribute to SDG 12 (Responsible Consumption and Production) and SDG 9
(Industry, Innovation, and Infrastructure). Therefore, in order to achieve SDG 3, with good
health and well-being theme, the well-developed and effectively deployed policy frame-
works and regulations or a combination of SDG measures are much needed, including the
expansion of new products in the medical and pharmaceutical industries. The establish-
ment of partnerships between governments, industry, civil society, and the scientific sector
contributes to SDG 17 (Partnerships for the Goals). As confirmed most recently by Agenda
2030, the ecosystem-based approach is vital to “conserve and sustainably use the oceans,
seas and marine resources for sustainable development” (SDG 14). At the sea-basin level, a
close regional alliance of Member States within pertinent regional sea conventions helps
synchronize the regional execution and valuation of ocean-related SDGs.

European Union (EU) legislation supports marine spatial planning (MSP) to balance
the maritime economy while protecting and valorizing biodiversity. Several complemen-
tary policies have been regulated, i.e., the regulation of fisheries through the Common
Fisheries Policy (CFP), EU Biodiversity Strategy to 2020, EU Regulation 1143/2014 on
Invasive Alien Species, and the control of the input of nutrients and chemicals into waters
through the Water Framework Directive (WFD), etc. The EU Marine Strategy Framework
Directive, the environmental pillar of the EU maritime policy, introduced the principle
of ecosystem-based marine spatial planning and provided a supportive framework for
national initiatives toward spatial planning, designed for achieving good status for the
environment. In summary, successful execution of the Marine Directive will be dynamic if
the Integrated Maritime Policy is to be delivered as intended. To provide further insight on
the current policy frameworks and regulations, some of the EU directives and legislation
are summarized in Table S1.

8. Conclusions, Current Challenges, and Future Considerations

In summary, marine biotechnology and pharmacology have infinite potential to for-
mulate/synthesize new MBPs that show a dynamic role in bio- and non-bioindustries
of the modern world. MBPs obtained by following green chemistry agenda principles
using naturally existing sources from marine biomes such as microalgae have succeeding
merits, including natural abundance, ease in availability throughout the year, materials
renewability and sustainability, carbon-neutral aspects, re-processibility with a zero-waste
SDG agenda, facile synthesis options with possibilities to scale up, net positive and high
cost-effective ratio, no or minimal consumption of harsh chemicals/reagents, and no or
less toxic contaminants/byproducts, etc. Nonetheless, colossal steps have already been
reserved and taken in the past years; however, focused and genetically positioned re-
search is necessary to further strengthen the marine pharmacology consideration for a
better tomorrow.

Regardless of ever-growing scientific awareness and technological advancement, sev-
eral challenges still exist to address valorize MBPs from marine origins. These include
(1) reachability ease to the unexplored biodiversity, (2) standardized procedural isolation
(regardless of the source variability), (3) cost-effective handling of the extracted products,
(4) stability maintenance under standardized environment for any or many products at the
same time (regardless of the compositional variability), (5) possible scale-up probability,
(6) sustainable marketing and commercialization, all of which are vital challenges and
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should be considered with care. A considerable amount of information is available in
the literature about numerous potential aspects of marine biotechnology and pharmacol-
ogy. However, substantial critiques are still unresolved, which necessitate future studies.
Despite contemporary scientific advancements in marine biotechnology, extensive research
with verified employability of marine sources is needed in this line of research.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md20030208/s1, Figure S1: Schematic representation of cancer metastasis to new locations.
Cancer involves several types that cause adversative consequences, e.g., leading to the growth of
a cell mass with the capability to penetrate and move to adjacent normal tissues. In metastasis,
cancer cells break away from where they first formed (primary cancer site), travel through the blood
stream, and form new tumors (metastatic tumors) in other parts of the body (secondary cancer site).
Created with BioRender.com and extracted under premium membership. Figure S2: A detailed
metastasis to new locations (A) lungs and (B) brain, with reference to the model locations marked
in Figure S1. Created with BioRender.com and extracted under premium membership. Table S1:
EU directives and legislation that support current policy frameworks and regulations in the field of
marine environmental policy.
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Abstract: This study aims to explore novel extraction technologies (ultrasound-assisted extraction
(UAE), microwave-assisted extraction (MAE), ultrasound-microwave-assisted extraction (UMAE),
hydrothermal-assisted extraction (HAE) and high-pressure-assisted extraction (HPAE)) and extrac-
tion time post-treatment (0 and 24 h) for the recovery of phytochemicals and associated antioxidant
properties from Fucus vesiculosus and Pelvetia canaliculata. When using fixed extraction conditions
(solvent: 50% ethanol; extraction time: 10 min; algae/solvent ratio: 1/10) for all the novel technolo-
gies, UAE generated extracts with the highest phytochemical contents from both macroalgae. The
highest yields of compounds extracted from F. vesiculosus using UAE were: total phenolic content
(445.0 & 4.6 mg gallic acid equivalents/g), total phlorotannin content (362.9 + 3.7 mg phloroglucinol
equivalents/g), total flavonoid content (286.3 + 7.8 mg quercetin equivalents/g) and total tannin
content (189.1 £ 4.4 mg catechin equivalents/g). In the case of the antioxidant activities, the highest
DPPH activities were achieved by UAE and UMAE from both macroalgae, while no clear pattern
was recorded in the case of FRAP activities. The highest DPPH scavenging activities (112.5 £ 0.7 mg
trolox equivalents/g) and FRAP activities (284.8 £ 2.2 mg trolox equivalents/g) were achieved from
F. vesiculosus. Following the extraction treatment, an additional storage post-extraction (24 h) did not
improve the yields of phytochemicals or antioxidant properties of the extracts.

Keywords: seaweed; innovative technology; extraction; polyphenol; nutraceuticals

1. Introduction

Macroalgae are a diverse group of organisms with over 19,000 species identified
worldwide [1], and only 5% of them are currently exploited at an industrial level for
food applications [2]. Globally, the macroalgal sector was valued at USD 10.31 billion
in 2018, and at an annual growth rate of 8.9% this market is predicted to be valued at
USD 22.13 billion by 2024 [3]. This valuable biomass is mainly exploited as food (85%),
while the remaining 15% is exploited for the generation of high value compounds with
multiple applications as pharmaceuticals, nutraceuticals and cosmeceuticals that surpass in
economic value any other use or application currently being considered for macroalgae [4].

The increased economic value and research interest in macroalgal compounds as
pharmaceuticals, nutraceuticals and cosmeceuticals relies on the unique and wide variety
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of health benefits associated with their consumption. Macroalgae are able to adapt rapidly
to abiotic and biotic stressors of the marine environment by producing secondary metabo-
lites with unique chemical structures [5,6]. Thereby, abiotic stress (i.e., changes in water
level, solar radiation and/or temperature) may lead to an increased production of reactive
oxygen species and free radical species that may damage the structure and metabolism
of algae in the long term [5,7]. As a defence mechanism, the stressed macroalgae pro-
duce high amounts of antioxidant compounds, such as polyphenols [5,6]. Polyphenols
encompass a wide variety of antioxidant compounds and chemical classes that can be
quantified in the biomass as total phenolic content (TPC), total flavonoid content (TFC),
total tannin content (TTC), and in the case of brown macroalgae, total phlorotannin con-
tent (TPhC) [8]. These compounds have strong antioxidant properties, playing a major
role in the prevention or treatment of several diseases or disorders, including obesity,
diabetes, cancer and cardiovascular diseases, amongst others [5,6]. Brown macroalgae
F. vesiculosus and P. canaliculata tested in this study are native species of Ireland which
have reported a high amount of polyphenols and polysaccharides with potential health
properties [9,10]. Moreover, Chater et al. [11] reported that ethanol extracts of selected
seaweeds showed significant inhibition of lipase in a model gut system, suggesting their
potential in weight management.

Polyphenols from macroalgae are typically extracted using conventional technologies,
by macerating the biomass in organic solvents (methanol, ethanol, and acetone) at room
temperature or heating the mixtures for several hours or days [12]. Further processing of
the polyphenol extracts is also required at a later stage, aiming to eliminate carbohydrates
that are normally tightly bound to these compounds using one or several purification
processes [13]. The exploitation of TPC, TEC, TTC and TPhC at an industrial level requires
processing the biomass to extract high yields of these compounds with low or minimal
damage to their antioxidant properties, while minimising the co-extraction of carbohy-
drates or total sugar contents (TSC). Novel technologies, mainly UAE, MAE, UMAE, HAE
and HPAE, and natural deep eutectic solvents have gained momentum as more efficient
and environmentally friendly procedures for the extraction of multiple compounds from
macroalgae, as seen in the recent scientific literature [8,14-17]. Novel extraction tech-
nologies and protocols are regularly described as being efficient, achieving high yields of
targeted compounds, while minimising energy consumption, the time of extraction and the
need for organic solvents, thus improving the sustainability of these procedures as well as
the safety of the operators during these extraction processes [16,18,19]. Most of the litera-
ture available on polyphenols from macroalgae focuses on the chemical characterisation of
the polyphenols extracted [20-22], on using novel extraction technologies to optimise the
yields of compounds extracted [12,23,24], or comparing the efficiency of novel technologies
against conventional protocols [25]. However, limited studies are available comparing the
efficiency of several novel extraction technologies for the extraction of polyphenols and
antioxidants from brown macroalgae [14].

The overarching objective of the study was to identify the best novel extraction
technology (while keeping solvent type, concentration and extraction time constant) to
recover polyphenols with high antioxidant properties from macroalgal biomass. To achieve
this, the study aimed to explore (1) multiple novel extraction technologies (UAE, MAE,
UMAE, HAE and HPAE) using fixed extraction conditions (solvent: 50% ethanol; extraction
time: 10 min; algae/solvent ratio: 1/10) and (2) the effect of extraction time post-treatment
(0 and 24 h) on the extraction of polyphenols (TPC, TFC, TTC and TPhC) and carbohydrates
(TSC), as well as the antioxidant properties (DPPH and FRAP) of the extracts generated
from brown macroalgae F. vesiculosus and P. canaliculata.

2. Results and Discussion
2.1. Effect of Technologies on the Yields and Phytochemical Contents of Extracts

The extraction yields, expressed as mg of dried solids extracted per g of biomass by
each novel extraction technology with or without additional extraction time post-treatment
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(0 and 24 h), are represented in Figure 1. In general, the yields of compounds extracted
were higher from F. vesiculosus (yields ranging from 173.33 to 354.67 mg dried extract
per g macroalgae) compared to P. canaliculata (147.00 to 240.33 mg dried extract per g
macroalgae). Additionally, 24 h extraction of the samples following the technological
treatments did not improve the extraction yields from both macroalgae. Overall, the yields
of compounds extracted from both macroalgae were the highest using UMAE (354.67 + 2.33
and 240.33 & 1.20 mg dried extract per g macroalgae for F. vesiculosus and P. canaliculata,
respectively), followed by UAE (316.33 & 4.63 from F. vesiculosus and 214.33 4 2.60 from
P. canaliculata), while variable results were achieved for the other technologies explored.
HPAE achieved the lowest yields from both F. vesiculosus (184.00 4= 0.58 mg dried extract/g
macroalgae) and P. canaliculata (155.00 & 2.31 mg dried extract/g macroalgae).
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Figure 1. Yields of extract obtained from F. vesiculosus (a) and P. canaliculata (b) following control,
ultrasound-assisted extraction (UAE), microwave-assisted extraction (MAE), ultrasound—-microwave-
assisted extraction (UMAE), hydrothermal-assisted extraction (HAE) and high-pressure-assisted
extraction (HPAE) treatments. Results are expressed as average =+ standard deviation (1 = 4). Different
letters indicate statistical differences (p < 0.05) on the yields of macroalgal extract between the different
technological treatments incubated for 0 h (lower case letters) or 24 h (upper case letters). Statistical
differences between the extraction yields following different extraction times post-treatment (0 or
24 h) within the same extraction treatment are reflected in the figure as ns (non-significant), * p < 0.05
and ** p < 0.01.
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The effect of different extraction technologies and extraction time on the extraction of
phytochemicals (TPC, TPhC, TFC, TTC and TSC) from F. vesiculosus and P. canaliculata is
presented in Table 1. There was a significant variation in the extraction of each phytochem-
ical depending on the macroalgal species, technological treatments and extraction times. In
general, extracts from F. vesiculosus contained the highest levels of TPC, TPhC, TFC, TTC
and TSC compared to P. canaliculata. The differences in the recovery of phytochemicals
between both species could be attributed to inter-species differences; however, the effect of
technological treatments on both species was similar. Garcia-Vaquero et al. [7] reported
huge variation in the TPC, TSC and other relevant phytochemicals produced by the brown
macroalgae Laminaria digitata, Laminaria hyperborea and Ascophyllum nodosum collected in
Ireland every season for up to 2 years. Thus, the levels of TPC, TPhC, TFC, TTC and TSC
extracted in this study may be strongly influenced by the initial concentration of these
compounds in the biomass. Moreover, Harnedy and FitzGerald [26] mentioned that strong
cell walls containing variable types and amounts of polysaccharides depending on the
macroalgal species were one of the main obstacles hindering an efficient extraction of
compounds from macroalgae. Thus, the type of polysaccharides and ionic interactions
taking place with other cell wall constituents will be strongly influenced by the macroalgal
species studied [27,28], affecting the yields of compounds extracted depending on the
macroalgal species.

Results are expressed as average + standard deviation (1 = 3). The units of the
phytochemical compounds analysed are expressed as follows: TPC (mg gallic acid equiv-
alents (GAE)/g dried weight extract), TPhC (mg phloroglucinol equivalents (PGE)/g
dried weight extract), TFC (mg quercetin equivalents (QE)/g dried weight extract), TTC
(mg catechin equivalents (ChE)/g dried weight extract) and TSC (mg glucose equivalents
(GIcE)/ g dried weight extract). Different letters indicate statistical differences (p < 0.05) on
the recovery of compounds at extraction times post-treatment 0 or 24 h for each individual
macroalgal species. Differences between extraction times 0 and 24 h within the same
technological treatment are represented in superscripts in the table: ™ (not-significant),
*(p <0.05), ** (p < 0.01) and *** (p < 0.001).

When exploring the extraction of the samples post-treatment with different novel
extraction technologies, an additional extraction of the samples for 24 h did not enhance
the phytochemical contents of the extracts (see Table 1). The extraction of the samples
for 24 h was performed under refrigeration conditions (4 °C) to avoid any damage to the
antioxidant properties of the extracts during prolonged extraction times. An additional
release of compounds may have occurred during the extraction of the samples, although the
overall recovery of compounds in the extracts may even decrease due to the precipitation
of solubilised compounds in ethanolic solutions during the extraction process [29].
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Focusing on the use of novel technologies without additional extraction time, overall,
UAE achieved the highest yields of phytochemicals from both F. vesiculosus and P. canalicu-
lata. UAE generated extracts containing the highest yields of TPC (445.0 + 4.6 mg gallic
acid equivalents (GAE)/g dried extract), TPhC (362.9 4 3.7 mg phloroglucinol equivalents
(PGE) /g dried extract), TFC (286.3 & 7.8 mg quercetin equivalents (QE)/g dried extract),
and TTC (189.1 & 4.4 mg catechin equivalents (ChE)/g dried extract) from F. vesiculosus.
This technology also achieved the highest yields of TPC (250.6 4+ 6 mg GAE/g), TPhC
(203.9 £ 4.9 mg PGE/g), TFC (122.6 £+ 3.4 mg QE/g) and TTC (79.5 £ 4.6 mg ChE/g) from
P. canaliculata. UAE has been previously used to extract polyphenols and antioxidants
from brown macroalgae, although the extraction yields and antioxidant properties may
vary depending on the UAE technology used, the extraction conditions and the biomass
(species, season and place of collection). Vazquez-Rodriguez et al. [30] optimised UAE for
the recovery of polyphenols and carbohydrates from the brown macroalgae Silvetia com-
pressa. The authors reported high TPhC (10.82 mg PGE/g) using maximum ultrasound
power and medium polarity solvents (62.5% ethanol solution) [30]. Ummat et al. [24]
reported high yields of TPC (572.3 £ 3.2 mg GAE/g), TPhC (476.3 &+ 2.2 mg PGE/g)
and TFC (281.0 & 1.7 mg QE/g) extracted from F. vesiculosus using UAE during 30 min
and 50% ethanol as an extraction solvent. Hassan, Pham and Nguyen [23] explored
UAE (60 min, 60 °C and 60% ethanol as extraction solvent) for the extraction of TPC
(9.07 + 0.49 mg GAE/g), DPPH (16.11 + 1.69 mg TE/g) and FRAP (9.03 + 0.58 mg TE/g)
from Padina australis. Previous studies have reported that the algal cell wall contains vari-
able types and amounts of complex polysaccharides depending on the type of macroalgal
species, which is one of the main obstacles hindering an efficient extraction of compounds
from them [26,31]. Additionally, the amount of bioactive in macroalgae is also influenced
by the geographical location and harvesting season [7]. Therefore, to recover highest yield
of bioactive, a specific extraction strategy focusing on extraction parameters and UAE
conditions as well as harvesting season for each individual algal species is important.

MAE in the current study showed a significantly low value of TPC compared to the
other novel technologies used in this study, but higher than the control. MAE exhibited
23.6% and 17.8% higher TPC than the control but up to 12% and 18% lower TPC than
other technologies for F. vesiculosus and P. canaliculata, respectively. MAE in the current
study did not show any advantage compared to the other novel technologies used in this
study. In the case of P. canaliculata, it generated the extracts with the lowest levels of TFC
(94 + 8 mg QE/g) and TTC (36 4= 4 mg ChE/g), with concentrations comparable to those
of the control samples (83 = 8 mg QE/g and 34 £+ 2 mg ChE/g). Amarante et al. [32],
using optimised MAE conditions (75 °C, 5 min and 57% ethanol), achieved low yields of
TPhC (9.8 & 1.8 mg PGE/g extract) from F. vesiculosus comparable to those achieved using
conventional solvent extraction (11.1 + 1.3 mg PGE/g extract). However, Yuan et al. [12]
recovered high yields of TPC from brown macroalgae (A. nodosum, Laminaria japonica,
Lessonia trabeculate and Lessonia nigrecens) by MAE using a UWave-2000 reactor for mi-
crowave irradiation (2.45 GHz) at 110 °C for 15 min (5 min climbing and 10 min holding).
The low extraction yields of phytochemicals in the current study may be due to opera-
tional limitations of the power of the MAE used (250 W). Similar to these results, while
exploring MAE to extract phytochemicals from A. nodosum, the maximum yields of TPC
(1790.93 4 112.11 mg GAE/100 g biomass) were achieved by applying 600 W of microwave
power for 5 min compared to treatments at 250 and 1000 W [14].

UMAE did not improve the extraction yields of phytochemicals compared to UAE
in F. vesiculosus, while in the case of P. canaliculata, UMAE achieved levels comparable to
those of UAE, with high yields of TPC (238 4= 3 mg GAE/g), TPhC (194 + 2 mg PGE/g)
and TFC (114 &+ 3 mg QE/g). The efficiency of ultrasounds and microwave extraction
forces combined seems to be influenced by the macroalgal species studied. UMAE has been
previously explored for the extraction of multiple compounds from terrestrial crops, such as
soluble dietary fibre from coffee silverskin [33], pectin from potato pulp [34], and lycopene
from tomatoes [35], while limited literature is available on the use of UMAE in macroalgae.
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To our knowledge, Garcia-Vaquero et al. [14] was the first report analysing the application
of UMAE to extract phytochemicals from A. nodosum. The authors achieved extracts with
the highest contents of TSC (10409 £ 229.11 mg glucose equivalents (GIcE)/100 g biomass)
and TPC (2605.89 £ 192.97 mg GAE/100 g biomass) by using UMAE compared to UAE
and MAE.

Extracts generated by HAE achieved high levels of TPC (433.2 + 6.2 mg GAE/g) and
TPhC (353.3 £ 5.1 mg PGE/g) from F. vesiculosus, comparable to those achieved using
UAE. Moreover, HAE was the most efficient method to recover TSC from F. vesiculosus
(239.4 £ 2.9 mg GIcE/g) and P. canaliculata (175.7 £ 9.0 mg GIcE/g). Similar to these
results, Rajauria et al. [8] reported the efficiency of HAE (85-121 °C, 15 min using 60%
methanol as a solvent) to recover TPC, TPhC and TSC from brown macroalgae Laminaria
saccharina, L. digitata and Himanthalia elongata. In the case of carbohydrates, HAE (120 °C,
80.9 min) obtained extracts containing high yields of fucose-containing polysaccharides
from L. hyperborea (2782 mg fucoidan/100 g biomass) [36]. The efficiency of HAE to
disrupt cell walls of multiple algae and increase the extraction of compounds has also been
demonstrated for multiple carbohydrates, i.e., Lemus et al. [37] used HAE (121 °C, 3 h)
to extract agar from red macroalgal species Pterocladia capillacea, Gelidium floridanum and
Gelidium serrulatum, with extraction yields ranging from 31.7 to 33% of the total biomass.
HAE (103 kPa, 15 min) was also used by Lee et al. [38] to extract agar from multiple
Gracilaria spp.

The application of HPAE did not have a significant advantage when exploring the
extraction of phytochemicals from both F. vesiculosus and P. canaliculata. HPAE achieved
high yields of TFC (110.7 & 5.6 mg QE/g) from P. canaliculata comparable to those levels
achieved by UAE and UMAE. To our knowledge, there are no data on the efficiency
of this method for the extraction of TFC. However, the efficiency of HPAE has been
demonstrated for the extraction of other compounds from algal matrices, such as lipids from
the microalgae Chlorella saccharophila [39]. Moreover, Li et al. [40] used a combination of high
pressure homogenisation and HAE for the extraction of sulphated polysaccharides from
the brown macroalga Nemacystus decipients, achieving yields of sulphated carbohydrates of
approximately 17%.

Opverall, all the tested novel technologies extracted significantly higher amounts of phy-
tochemicals from F. vesiculosus and P. canaliculata compared to control samples (treated by
maceration), except in the case of TSC. The extraction yields of TSC from F. vesiculosus and
P. canaliculata achieved in the current study may be related to the type of polysaccharides
(such as laminarins and fucoidans) produced by the biomass and how these compounds
interact with the polarity of the solvent during the process of extraction [11,41,42]. Variable
results are available in the literature in relation to the extraction of TSC using ethanolic
solutions from multiple biological matrices. Zhang et al. [43] optimised the extraction of
phytochemicals and antioxidant activities from Asparagus officinalis L root cultivars and
reported maximum recovery of TPC, TFC, and TSC when using 75.23% ethanol at 51 °C,
solid:liquid ratio 1:50 and 73.02 min of extraction. In the case of macroalgae, Vazquez-
Rodriguez et al. [30] optimised the UAE of TPhC and TSC from the macroalgae Silvetia
compressa. The authors achieved extracts with the highest yields of TSC using 25% ethanol,
while solvents of high polarity increased the extraction of TPhC at 50 °C, 3.8 W/cL of
ultrasonic power density, and 30 mL of solvent per g of seaweed [30]. However, Fo-
ley et al. [44] reported the use of 80% ethanol as an optimum solvent for the extraction
of sulphated polysaccharides from A. nodosum at 70 °C for 12 h of extraction. Despite
the potential applications of polyphenols from macroalgae, their widespread industrial
applications have been hindered as these compounds are difficult to separate, purify and
characterise [13]. Carbohydrates are normally co-extracted and tightly bound to phenols,
carotenoids and phytosterols [13,45], and thus, these polysaccharides need to be eliminated
to improve the purification processes of polyphenols. As previously mentioned, the low
co-extraction of TSC in this study for all the novel technologies explored, with exception of
HAE, may indicate that the use of 50% ethanol as a solvent of extraction combined with
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the technologies achieving high yields of polyphenols may be a promising strategy when
targeting these compounds, reducing subsequent purification steps.

2.2. Effect of Novel Technologies on the Antioxidant Capacity of the Extracts

The antioxidant properties (DPPH and FRAP) of the extracts obtained by using
multiple extraction technologies and extraction times from F. vesiculosus and P. canaliculata
are represented in Figure 2. There was a significant variation in the antioxidant properties
of the extracts depending on the macroalgal species, novel technology and extraction time
used. Overall, extracts from F. vesiculosus had higher DPPH (ranging from 95 to 112 mM
trolox equivalents (TE)/g dried extract) and FRAP (236285 mM TE/g) compared to those
of P. canaliculata, ranging from 80-95 and 21-80 mM TE/g for DPPH and FRAP, respectively.
Similarly to the phytochemicals analysed in this study, additional extraction of the samples
for 24 h post-treatment did not improve the antioxidant properties of the extracts generated
by any novel technology.
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Figure 2. Antioxidant properties DPPH (a,b) and FRAP (c,d) of extracts obtained from F. vesiculosus and P. canaliculata by
using novel extraction technologies and extraction times post-treatment (0 and 24 h) versus control treatment. Results
are expressed as average + standard deviation (n = 3). Different letters indicate statistical differences (p < 0.05) on the
antioxidant properties of the macroalgal extracts between the different technological treatments incubated either at 0 h
(lower case letters) or 24 h (upper case letters). Statistical differences between the extraction yields following different
extraction times (0 and 24 h) within the same extraction treatment are reflected in the top figure as: * p < 0.05, ** p < 0.01 and

4 <0001

All the extraction technologies generated extracts with higher antioxidant activities
(DPPH and FRAP) compared to the control group. Moreover, the different novel extraction
technologies applied had a similar effect on the antioxidant properties of the extracts
generated from both F. vesiculosus and P. canaliculata. The highest DPPH antioxidant
activities were achieved in extracts generated by UAE and UMAE (ranging from 110 to
112 mM trolox equivalents (TE)/g in F. vesiculosus and 94-94 mM TE/g in P. canaliculata)
followed by HAE and HPAE (106-107 mM TE/g in F. vesiculosus and 89-90 mM TE/g in
P. canaliculata), and the lowest DPPH radical scavenging activities were achieved in the
extracts obtained by MAE (97 & 0.1 mM TE/g in F. vesiculosus and 83 + 0.6 mM TE/g in
P. canaliculata).

In the case of FRAP, the extracts obtained by different technological treatments did not
behave in the same way in both macroalgae. In F. vesiculosus, the extracts generated by MAE
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had the lowest FRAP activities (255 + 3 mM TE/g), with no differences in FRAP activity
between the other extracts achieved by any the other novel technologies, ranging from 277
to 285 mM TE/g, despite the fact that the phytochemicals analysed in these samples signif-
icantly varied amongst the treatments. In the case of P. canaliculata, the extracts containing
maximum FRAP activity were those generated by UAE (80 4+ 3 mM TE/g), followed by
HPAE (53 = 2 mM TE/g), and the lowest FRAP activity (ranging from 34-39 mM TE/g)
was achieved in extracts generated by MAE, UMAE and HAE without statistical differences
amongst the treatments despite their different phytochemical composition.

To understand the relationship between the phytochemical composition of the extracts
and their antioxidant properties in F. vesiculosus and P. canaliculata, correlation matrices
were analysed in Figure 3. Both antioxidant activities (DPPH and FRAP) were positively
and significantly correlated with each other in both macroalgal species, as well as with the
levels of TPC, TPhC, TEC and TTC. In the case of F. vesiculosus, the antioxidant properties
of the extracts were not correlated with TSC, and in P. canaliculata TSC was only correlated
with the levels of DPPH. These results are in agreement with previous studies associating
the polyphenol contents of macroalgae with high antioxidant properties [7,46-48]. Thereby,
macroalgae react to environmental stressors by increasing the production of antioxidant
phytochemicals to avoid any structural and metabolic changes due to the increased levels of
oxidising agents (free radicals and other reactive species) [46]. Several studies have linked
an increased production of TPC and antioxidant activities of macroalgae during spring
and summer seasons as a defence mechanism against oxidative stress [7,47,48]. Thus, the
amount of phytochemicals and associated antioxidant activity in macroalgae are strongly
influenced by the environmental conditions and the seasons they are harvested. Moreover,
studies extracting TPC, TPhC, TFC and TTC have also focused on the antioxidant activity
of these compounds, as it is essential for the potential use of polyphenols for high value
applications as pharmaceuticals, nutraceuticals and cosmeceuticals [5,6,49].
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Figure 3. Correlation matrices of the composition and antioxidant properties in extracts obtained from (I) F. vesiculosus and
(II) P. canaliculata. The sign of the correlations is colour coded (blue = + and red = —) and the strength of the correlations
(0-1) relates to the size of each square and depth of each colour. Abbreviations in the figure are as follows: total phenolic
content (TPC), total phlorotannin content (TPhC), total flavonoid content (TFC), total tannin content (TTC), total sugar
content (TSC), 1,1-diphenyl-2-picryl-hydrazil radical scavenging activity (DPPH) and ferric reducing antioxidant power

(FRAP). The statistical significance of the correlations is indicated in the figure as * p < 0.05, ** p < 0.01, *** p < 0.001.

Principal component analysis (PCA) was also performed to obtain an overview of
the similarities and differences in the phytochemical and antioxidant composition of the
extracts produced from F. vesiculosus and P. canaliculata following different extraction
technological treatments and extraction times (see Figure 4). The two principal components
(PC) extracted from the data set explained a combined 68.44% of the variation of the data.
PC1 explained 52.99% of this variation and clustered all phytochemical and antioxidant
properties from both macroalgae together with the application of UAE in the right side of
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PC1. The second component explained the remaining variability of the data set and clearly
separated the recovery of TSC from both macroalgae together with HAE treatment. These
results agree with the previous literature, emphasising the efficiency of multiple HAE
protocols for the extraction of carbohydrates from multiple macroalgal species [8,36,37].
Thus, the use of methods achieving high yields of phytochemicals (TPC, TPhC, TFC and
TTC) and antioxidant properties, such as UAE combined with 50% ethanolic solutions, as
indicated by the results of this study, may be the most promising strategy to target the
extraction of polyphenols from F. vesiculosus and P. canaliculata while decreasing the co-
extraction of undesirable carbohydrates, reducing the use of further purification strategies
for the commercial exploitation of these compounds.
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Figure 4. Principal component analysis (PCA) scatter plot representing the scores for the extraction
technologies and extraction time applied for the extraction of phytochemicals (total phenolic content
(TPC), total phlorotannin content (TPhC), total flavonoid content (TFC), total tannin content (TTC)
and total sugar content (TSC)) and antioxidants (DPPH and FRAP) from macroalgae, FV (F. vesiculosus)
and PC (P. canaliculata).

3. Materials and Methods
3.1. Macroalgal Biomass and Processing

Brown macroalgae F. vesiculosus and P. canaliculata were collected during November
2017 by Quality Sea Veg in Co Donegal (Ireland). The biomass was washed to remove
epiphytes, sand and other debris, chopped and oven dried (55 °C, 5 days). Oven-dried
samples were ground and sieved to a uniform particle size (1 mm), vacuum-packed and
stored in a cool and dry place for further extraction experiments.

3.2. Extraction Procedures

The macroalgal biomass was mixed with ethanol solutions (50% v/v) at a biomass/
solvent ratio of 1:10 w/v, and the mixtures were stirred for 10 min prior to the extraction
processes. The mixtures were then subjected to novel extraction techniques including
ultrasound-assisted extraction (UAE), microwave-assisted extraction (MAE), ultrasound-
microwave-assisted extraction (UMAE), hydrothermal-assisted extraction (HAE) and high-
pressure-assisted extraction (HPAE). All the extraction procedures were performed in
duplicate and repeated twice (n = 4). UAE treatments were performed using a semi-
industrial UIP500hdT 26 kHz (Hielscher Ultrasound Technology, Teltow, Germany) at 100%
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ultrasonic amplitude. MAE was performed in a microwave oven (Panasonic NN-CF778S0,
Bracknell, UK; 2450 MHz) at 250 W. UMAE was performed by coupling the aforementioned
devices, UIP500hdT 26 kHz and Panasonic NN-CF77850 2450 MHz, keeping the ultrasonic
power (100%) and microwave power (250 W) constant through the extraction process.
HAE was performed using an autoclave (Tomy SS-325, Tomy Seiko, Tokyo, Japan) at
100 °C and 15 psi. HPAE was performed in the HPP Tolling facility (Dublin, Ireland)
using a 200 L Hiperbaric HPP (Hiperbaric, Burgos, Spain) at 600 MPa. All the extraction
procedures were performed at fixed extraction time (10 min), solvent (50% ethanol solution)
and macroalgae:solvent ratio (1:10 w/v) based on previous optimisation protocols for the
recovery of polyphenols from brown macroalgae [24]. Selection of 50% ethanol as an
extraction solvent in this study was based upon previous findings wherein 50% ethanolic
solution resulted the highest recovery of total phenols from macroalgae compared to 30%
and 70% ethanol solutions [24]. Control samples were performed at room temperature
using a magnetic stirring plate (IKA® C-MAG HS 7, Staufen, Germany) for the same
duration as the technological treatments (10 min).

After the process of 10 min extraction (fixed for each extraction method), the samples
were either processed immediately (termed as—0 h extraction samples) or stored for an
additional 24 h (termed as—24 h extraction samples) in closed containers under refrigera-
tion at 4 °C. The objective of storing the extracts for 24 h after the extraction process was to
evaluate if more phytochemicals leach out from treated algal cell wall or if they degrade,
which would have an impact on total antioxidant activity of the extracts. After each ex-
traction period (0 or 24 h), the samples were filtered through Whattman® number 3 (GE
Healthcare, Buckinghamshire, UK) and the ethanol of the extracts was evaporated under
vacuum (Rotavapor R-100, Biichi Labortechnik AG, Flawil, Switzerland). The extracts were
freeze-dried (FreeZone 6, Labconco Corporation, Kansas City, MO, USA) until constant
dry weight (94.82 + 0.14% dry weight). The extracts were then vacuum packed and stored
at —20 °C for further analyses. The extraction yields for each treatment and extraction
time were calculated using the formula: Extraction yield (mg/g) = weight of dry extract
(mg)/weight of dry sample (g).

3.3. Phytochemical Analyses

All the phytochemical analyses of the extracts were performed in triplicate (1 = 3).
All the freeze-dried extracts were dissolved in ethanol, a stock concentration of 1 mg/mL
was prepared and used in analyses. All standards used in this study were purchased from
Sigma-Aldrich (Arklow, Co. Wicklow, Ireland).

3.3.1. Total Phenolic Content (TPC) and Total Phlorotannin Content (TPhC) Analyses

TPC and TPhC were determined following the Folin-Ciocalteu reagent method as
described by Rajauria et al. [50]. A total of 100 uL of sample/standard was mixed with
2 mL of sodium carbonate solution (Na;COj solution, 2% w/v). Following 2 min extraction,
100 pL of Folin—Ciocalteu’s solution (1 M) was added to all the mixtures and the reaction
was incubated for 30 min at room temperature in dark conditions. The absorbance of the
reactions was read at 720 nm in a spectrophotometer (UVmini-1240, Shimadzu, Kyoto,
Japan). Distilled water (instead of extract or standard) along with other reagents was used
as blank and gallic acid (>97.5% purity) and phloroglucinol (>99% purity) at concentrations
of 25-300 mg/L were used as standards for TPC and TPhC, respectively. TPC results were
expressed as mg GAE/g and TPhC as mg PGE/g.

3.3.2. Total Flavonoid Content (TFC)

TFC was determined following the protocol described by Liu et al. [51] with slight
modifications. Briefly, 250 pL of sample/standard was mixed with 1.475 mL of distilled
water and 75 pL of sodium nitrite solution (NaNO, solution 5% w/v) and the reaction was
allowed to stand for 6 min. A total of 150 uL of aluminium chloride hexahydrate solution
(AICl3-6H,0 solution 10% w/v) was added, mixed thoroughly and allowed to stand for
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5 min. Following extraction, 0.5 mL of sodium hydroxide solution (NaOH solution 1 M)
was added and the absorbance of the reactions was read at 510 nm in a spectrophotometer.
Distilled water (instead of extract or standard) along with other reagents was used as blank
and quercetin (>95% purity) was used as standard at concentrations of 30-150 mg/L. TFC
results were expressed as mg QE/g.

3.3.3. Total Sugar Content (TSC)

TSC was determined by the phenol-sulphuric acid method as described by [52] with
minor modifications. Briefly, 100 uL of sample/standard was mixed with 100 pL of phenol
solution (0.8% w/v), followed by 2 mL of concentrated sulphuric acid (HpSO4 95-98%). The
mixtures were allowed to stand for 10 min at room temperature and later incubated at 30 °C
in a water bath for 20 min. The absorbance of the reaction was read in a spectrophotometer
at 490 nm. Distilled water was used as blank and D-glucose (>99.5% purity) as a standard
at concentrations of 50-250 mg/L. TSC results were expressed as mg GIcE/g.

3.3.4. Total Tannin Content (TTC)

TTC was analysed following the protocol as described by Liu et al. [51]. A total of
50 pL of sample was mixed with 1.5 mL of a methanolic solution of vanillin (4% w/v) (99%
purity, Sigma-Aldrich, Arklow, Co. Wicklow, Ireland) and 750 uL of hydrochloric acid (HCI
37% w/v). The solutions were mixed thoroughly and incubated in dark conditions at room
temperature for 20 min. The absorbance of the reaction was read in a spectrophotometer at
500 nm. Distilled water was used as blank and (+)-catechin hydrate (>98% purity) was used
as standard at concentrations of 15-150 mg/L. TTC results were expressed as mg ChE/g.

3.4. Antioxidant Analyses
All the antioxidant analyses of the extracts were performed in triplicate (1 = 3).

3.4.1. 1,1-Diphenyl-2-Picryl-Hydrazil (DPPH) Radical Scavenging Activity

DPPH assay was performed following the protocol as described by Sridhar and
Charles [53]. A total of 700 pL of a methanolic DPPH solution (100 uM) was added to
700 pL of sample/standard, incubating the mixtures at room temperature in the dark for
20 min. The absorbance of the reactions was measured against blank (methanol without
DPPH solution) at a wavelength of 515 nm in a spectrophotometer. Trolox (97% purity)
was used as standard at concentrations ranging from 10-150 mM /L. DPPH results were
expressed as mM TE/g.

3.4.2. Ferric Reducing Antioxidant Power (FRAP) Assay

FRAP assay was performed following the method described by Benzie and Strain [54].
Fresh FRAP working solutions were prepared by mixing 300 mM acetate buffer, pH 3.6;
10 mM 2,4,6-Tri(2-pyridyl)-s-triazine in 40 mM hydrochloric acid and 20 mM Iron(III)
chloride hexahydrate in the ratio of 10:1:1, v/v/v. A total of 2.5 mL of pre-heated FRAP
working solution (37 °C) was added to 83 uL of sample/standard and the mixtures were
incubated 10 min in dark conditions at room temperature. The absorbance of the reactions
was measured at 593 nm in a spectrophotometer against a reagent blank (FRAP working
solution). Trolox was used as standard at concentrations of 10-150 mM /L. FRAP results
were expressed as mM TE/g.

3.5. Statistical Analyses

The influences of the macroalgal species, extraction technology and extraction time
post-treatment on the extracted phytochemicals (TPC, TPhC, TFC, TSC and TTC) and
antioxidant activities (DPPH and FRAP) were analysed by multivariate general linear
model in SPSS version 24.0. The differences were further analysed by either Tukey’s
HSD post hoc tests or Student’s t-test. Differences were considered to be significant at
p-values < 0.05. The relationships between the composition of the extracts and their
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antioxidant properties were explored in R version 4.0.2 [55]. The statistical packages
“ggplot2” and “corrplot” were used to generate the correlation matrix [56] and “cor.mtest”
produced the p-values for the Pearson’s correlation matrix. The variance in the data set
was further analysed by principal component analysis (PCA) using Equamax rotation with
Kaiser normalisation extracting the weight for each component with eigenvalues higher
than 1 using SPSS version 24.0.

4. Conclusions

The yields of compounds extracted from F. vesiculosus (173.33 to 354.67 mg dried extract
per g macroalgae) were higher when compared to P. canaliculata (147.00 to 240.33 mg dried
extract/g macroalgae). The yields were influenced by the technology used and, overall,
the highest were achieved using UMAE (354.67 + 2.33 for F. vesiculosus and 240.33 + 1.20
for P. canaliculata), followed by UAE (316.33 + 4.63 and 214.33 + 2.60 for F. vesiculosus
and P. canaliculata, respectively). Following the extraction treatment, additional extraction
(24 h) did not improve the yields of phytochemicals or the antioxidant properties of the
extracts, indicating possible precipitation or degradation loss of the compounds dissolved
for prolonged periods of time in ethanolic solutions. When analysing the extraction of
phytochemicals using multiple novel technologies without additional extraction after
extraction, overall UAE achieved the highest yields of most phytochemicals from both
F. vesiculosus (445.0 £+ 4.6 mg GAE/g, 362.9 + 3.7 mg PGE/g, 286.3 + 7.8 mg QE/g, and
189.1 + 4.4 mg ChE/g) and P. canaliculata (250.6 &= 6 mg GAE/g, 203.9 + 4.9 mg PGE/g,
122.6 £+ 3.4 mg QE/g and 79.5 + 4.6 mg ChE/g). Moreover, UMAE also achieved high
yields of TPC, TPhC and TFC from P. canaliculata. Overall, the extraction procedures using
50% ethanol as solvent achieved low TSC yields, except when using HAE, from both
macroalgae. In the case of the antioxidant properties, the extracts with the highest DPPH
radical scavenging activities were extracted by UAE and UMAE and the lowest by MAE
from both F. vesiculosus and P. canaliculata. Meanwhile, strong variations were appreciated
depending on the extraction technology and macroalgal species considered in the case of
FRAP activity. Both DPPH and FRAP were positively correlated with the levels of TPC,
TPhC, TFC and TTC in both macroalgal species. This study evaluated the effectiveness
of multiple extraction technologies for the recovery of phytochemicals (keeping a fixed
solvent type, concentration and extraction time) from macroalgae. Further, studies are
needed optimising the use of novel extraction technologies, varying extraction time and
the polarity of the extraction solvents targeting multiple compounds from macroalgae in
order to establish efficient extraction protocols to allow the future commercialisation of
these compounds. Moreover, further chemical characterisation of the extracted compounds
as well as confirmation of their biological effects in vivo will also be needed in order
to commercialise these compounds. Based on the results of this study, the use of UAE
combined with 50% ethanolic solution as an extraction solvent could be a promising
strategy targeting the extraction of TPC, TPhC, TFC and TTC, while reducing the co-
extraction of undesirable carbohydrates from both F. vesiculosus and P. canaliculata, with
promising applications when using these compounds as pharmaceuticals, nutraceuticals
and cosmeceuticals.
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Abstract: Different classes of phytochemicals were previously isolated from the Red Sea algae Hypnea
musciformis as sterols, ketosteroids, fatty acids, and terpenoids. Herein, we report the isolation of three
fatty acids—docosanoic acid 4, hexadecenoic acid 5, and alpha hydroxy octadecanoic acid 6—as well
as three ceramides—A (1), B (2), and C (3)—with 9-methyl-sphinga-4,8-dienes and phytosphingosine
bases. Additionally, different phytochemicals were determined using the liquid chromatography
coupled with electrospray ionization high-resolution mass spectrometry (LC-ESI-HRMS) technique.
Ceramides A (1) and B (2) exhibited promising in vitro cytotoxic activity against the human breast
adenocarcinoma (MCF-7) cell line when compared with doxorubicin as a positive control. Further
in vivo study and biochemical estimation in a mouse model of Ehrlich ascites carcinoma (EAC)
revealed that both ceramides A (1) and B (2) at doses of 1 and 2 mg/kg, respectively, significantly
decreased the tumor size in mice inoculated with EAC cells. The higher dose (2 mg/kg) of ceramide
B (2) particularly expressed the most pronounced decrease in serum levels of vascular endothelial
growth factor -B (VEGEF-B) and tumor necrosis factor-« (TNF-«) markers, as well as the expression
levels of the growth factor midkine in tumor tissue relative to the EAC control group. The highest
expression of apoptotic factors, p53, Bax, and caspase 3 was observed in the same group that received
2 mg/kg of ceramide B (2). Molecular docking simulations suggested that ceramides A (1) and
B (2) could bind in the deep grove between the H2 helix and the Ser240-P250 loop of p53, preventing
its interaction with MDM2 and leading to its accumulation. In conclusion, this study reports the
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cytotoxic, apoptotic, and antiangiogenic effects of ceramides isolated from the Red Sea algae Hypnea
musciformis in an experimental model of EAC.

Keywords: ceramides; MCF-7; Ehrlich ascites carcinoma; VEGF-B; TNF-«; midkine; apoptosis; p53;
LC-ESI-HRMS; Hypnea musciformis

1. Introduction

Of the three classifications of macroalgae, the chemistry of red algae is more diverse
than that of green or brown algae. Therefore, red algae are considered the most important
source of many biologically active metabolites in comparison with other algal classes [1,2].
The genus Hypnea is one of the widest spread red algae, with economic importance as a
source of carrageenan [3]. The Hypnea species were extensively assessed for their biological
activities. Methanolic extract of Hypnea flagelliformis was subjected to the 1,1-diphenyl-2-
picrylhydrazyl (DPPH) free radical scavenging assay, and it showed a stronger antioxidant
activity compared with the standard quercetin [4]. Likewise, the ethyl acetate fraction
showed a significantly higher total phenolic content, DPPH-scavenging activity, HyO,
scavenging activity, and lipid peroxidation inhibition than its crude extract, fractions of
n-hexane and dichloromethane, and other methanolic fractions of Hypnea valentiae. This
study introduced the red seaweeds Hypnea sp. to be used as food supplements for increasing
shelf-life in the food industry and combating carcinogenesis [5]. Methanol extract of
Hypnea valentiae inhibited acetylcholinesterase (AChE), and this neuroprotective action
is considered a first line in the treatment of dementia [6]. Bitencourt and his colleagues
observed that a lectin isolated from the red marine alga Hypnea cervicornis possessed
antinociceptive and anti-inflammatory activity via interaction with the lectin carbohydrate-
binding site. Additionally, the lectin did not show visible signs of toxicity at effective
doses [7]. The methanolic extract of the algea Hypnea esperi from the Suez Canal region
showed potent antibacterial activity toward Gram-positive bacteria that correlated to long
chain fatty acids of more than 10 carbon atoms in length, which induced lysis of bacterial
protoplasts. In addition, H. esperi also exhibited anticoagulant activity by delaying the blood
clotting to 120 s in comparison with the control blood’s 40-s clotting time [8]. Moreover,
several fatty acids such as palmitic, oleic, pentacosanoic, and hexacosenoic acids, as well as
sesquiterpene and sterols, were reported in Hypnea [9]. The previously isolated compounds
from the genus Hypnea can be classified into three categories; sterols and ketosteroids,
terpenoids, and polymers as polypeptides and polysaccharides [10-15]. Although many
biological studies were performed, less research work was performed for the isolation of
these pure active compounds. Our study was oriented toward finding out other classes
of bioactive compounds that attributed to the previously mentioned pharmacological
activities of Hypnea sp.

The sphingolipid-signaling pathway is a novel anticancer target system. It has been
suggested that sphingolipids play fundamental roles in the regulation of cancer pathogenesis
and development [16]. Ceramide serves as a central mediator in sphingolipid metabolism
and signaling pathways, regulating many essential cellular responses [17]. Many drugs used
in the treatment of cancer are themselves ceramide generators. This property contributes in
part to their apoptosis-inducing effects [18]. Consequently, targeting the ceramide-signaling
pathway by activating ceramide downstream receptors, inhibiting ceramide-metabolizing
enzymes, or exogenously increasing the ceramide levels comprise the novel targets for cancer
treatment [19]. In the current work, we aimed to assess the potential antitumor and apoptotic
activities of two novel ceramides isolated from Hypnea musciformis.
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2. Results and Discussion
2.1. Metabolic Analysis Profile

The metabolic analysis profile produced by the LC-HR-ESI-MS technique (Figures S1 and S2)
manifested different metabolites (Table 1 and Figure 1) that were detected by comparing
their detected masses with those recorded in some databases (e.g., the Dictionary of Natural
Products (DNP) and Metabolite and Chemical Entity (METLIN)). The mass accuracy was
calculated by ((detected mass — expected mass)/expected mass) x 10° and expressed in
parts per million (ppm) error [20]. Sterols with cholesterol nucleui were the most com-
mon chemical class isolated from Hypnea musciformis. Other bioactive metabolites were
identified as ptilodene, an antimicrobial and anti-inflammatory icosanoid [21], agardhi-
lactone, an oxylipin with epoxide ring showing anticancer activity [22,23], and oxytocic
prostaglandin-E2, which induces labor [24]. Additionally, a phytosphingosine base that ex-
hibited antiphlogistic and antimicrobial activity against Gram-positive and Gram-negative
bacteria, viruses, and fungi [25,26] was detected. Therefore, the above-mentioned biological
activity may have been related to the identified metabolites.

Table 1. Metabolic profiling (LC-ESI-HRMS) of methanolic crude extract of Hypnea sp.

. Ret. . Mass
No. Polarity Time mlz MZmine Detected  Expected Error Name Source Ref.
Mode . 1D Mass Mass
(min) (ppm)
Red alga
1 Positive 12.70 399.3255 292 398.3182 398.3185 —0.75 Diketosteroid Hypnea [10]
musciformis
6a-Hydroxy- Red
2 Positive 12.70 399.3255 292 398.3182 398.3185 —0.75 cholesta-4,22-diene- algaHypnea [11]
3-one musciformis
Cholesta-5,22-diene- Red alga
3 Positive 12.70 399.3255 292 398.3182 398.3185 —0.75 38 Hypnea [13]
-ol-7-one flagelliformis
5B -Cholest-3-ene- Red
4 Positive 12.70 399.3255 292 398.3182 398.3185 —0.75 7 11-dione algaHypnea [10]
’ musciformis
. Red alga
5  Positive 1249 3853465 326 3843392 384.3392 0.00 Ch"lesga'_S'fz'd‘e“' Hypnea [13]
p-o flagelliformis
2. Red alga
6 Positive 12.49 385.3465 326 384.3392 384.3392 0.00 Hypnea [13]
Dehydrocholesterol . .
flagelliformis
7 Positive 8.44 318.3005 108 317.2932 317.2930 0.63 Phytosphingosine Fungi [25]
PGE2 Red alga
8 Negative 6.33 349.2013 1839 350.2085 350.2093 —2.28 P : Gracilaria [24]
rostaglandin-E2
verrucosa
Red
9 Positive 6.99 333.2064 1326 332.1991 332.1988 0.90 Ptilodene algaPtilota [21]
filicina
Red alga
10 Negative 6.78 331.1914 1751 332.1987 332.1988 —0.30 Agardhilactone Agardhiella [22]
subulata
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Figure 1. Structures of the identified metabolites listed in Table 1.

2.2. Identification of Isolated Compounds

Ceramide A (1) (Figure 2) was obtained as a white powder, and its molecular for-
mula was determined to be C43HgzNNaO, by ESI-HRMS with m/z 700.5921 [M + Na]*
(Figure S3), calculated as 700.6220, representing 3 degrees of unsaturation. The 'H NMR
and '3C NMR spectral data of ceramide A (1) are listed in Table 2 (Figures S4 and S5). The
backbone of a ceramide nucleus was recognized by the presence of an amide group at
Oy 7.26 ppm/dc 175.74 ppm and multiplet peaks of a long methylene chain at
on 1.12-1.32 ppm/éc 29.2-29.7 ppm. An oxygenated methylene was determined at dy
3.75,4.08 ppm/éc 61.9 ppm. Two oxygenated methine groups as well as a nitrogen-bearing
methine were determined at dyy 4.08 ppm/Jc 74 ppm, 6y 4.23 ppm/Jc = 72.5 ppm, and
on 3.9 ppm/éc 54.4 ppm, respectively. Four olefinic peaks were detected at ¢ 129, 134.1,
123.1, and 136.3 ppm and Jy 5.51, 5.67, and 5.08 ppm. The length of the fatty acid chain
was analyzed by HRMS after performing a protocol of methanolysis [27]. The HRMS
showed a molecular ion peak at m/z 369.3231 [M + H]* (Figure S6), calculated as m/z
369.3290, indicating a Cy; fatty acid with a molecular formula of Cy3Hy503, recognized
as 2-hydroxy docosanoic acid methyl ester, while the long chain base was recognized
as 1,3-dihydroxy-2-amino-9-methyl-icosene-4,8-diene. Straight chains of both the fatty
acid and sphingosine base ended with terminal methyl groups of a normal form at dy
0.88 ppm/dc 14 ppm. Finally, ceramide A (1) could be identified as a ceramide with alpha-
hydroxylated unsaturated fatty acid and long chain of 9-methyl-sphinga-4,8-diene base
possessing 25, 2'R, 3R relative configurations. The configuration of the ceramide moieties
was assigned by comparing its physical data, optical rotation [cx]zDz +6.7 ¢ 0.23, CHCl3),
TH-NMR, and ®C-NMR (measured in CDCl3) with analogs, using deuterated chloroform
as an NMR solvent as reported in the literature [28,29]. The structure of compound 1
was determined to be 2'-hydroxy-N-[(2S,2'R,3R AE,8E)-1,3-dihydroxy-9-methyl-icosene-4,8-
diene-2-yl]-docosanamide which, to the best of our knowledge, is a new compound.
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Figure 2. Chemical structures of isolated compounds 1-6.

Ceramide B (2) (Figure 2) was obtained as a white powder, and its molecular formula
was determined to be C33H7,NOs by ESI-HRMS with m/z 584.4410 [M + H]* (Figure S7),
calculated as 584.5176, representing two degrees of unsaturation. The 'H NMR and '3C
NMR spectral data are listed in Table 2 (Figures S8 and S9). The backbone structure of
compound 2 was identified as a ceramide. The core of a ceramide nucleus was confirmed
by the presence of an amide group at dc 175.1 ppm/édy 8.58 ppm and an overlapped long
methylene chain at dc 29.6 ppm/dy 1.22-1.29 ppm. An oxygenated methylene group
as well as a nitrogen-bearing methine group were determined at dy 4.40, 4.5 ppm/dc
61.7 ppm and 0y 5.11 ppm/dc 52.6 ppm, respectively. Three groups of oxygenated methine
were detected at ¢ 72.1,72.7, and 76.4 ppm and Jy; 4.61, 4.28, and 4.35 ppm. Additionally,
two olefinic peaks were determined at oy 5.47 ppm/édc 130.0 ppm. Terminal methyl
groups of a normal type were detected at éc 13.9 ppm/Jy 0.85 ppm. The length of the
fatty acid chain was determined on the basis of the results of its oxidative methanolysis
followed by peak detection by HRMS, which showed a molecular ion peak at m/z 313.2709
[M + HJ* (Figure S10), calculated as m/z 313.2743, indicating a methyl ester of C1g.; fatty
acid with a molecular formula of C19H3703. Therefore, the fatty ester methyl ester moiety
was recognized as 2-hydroxy-10-nonadecenoic acid methyl ester, which was confirmed by
GC-MS analysis (Figure S11). At last, ceramide B (2) could be identified as a ceramide with
2’-hydroxy monounsaturated fatty acid and a long chain phytosphingosine base possessing
25,2'R,35,4R,9'Z relative configurations. The configuration of the ceramide moieties was
assigned by comparing its physical data, optical rotation [cx]zD2 +7.70 (c 0.27, pyridine),
'H-NMR, and 3C-NMR (measured in C5D5N) with the analogs using deuterated pyridine
as an NMR solvent, as reported in the literature [27]. The structure of ceramide B (2) was
determined to be 2'-hydroxy-N-[(25,2'R,35,4R,9'Z)-1,3,4-trihydroxy-nonadecan-2-y1]-10-
heptadecenamide which, to the best of our knowledge, is a new compound.
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Table 2. The 'H (400 MHz) and '3C (100 MHz) NMR spectroscopic data of isolated compounds 1, 2,
and 3 (0 in ppm, ] in Hz).

Compound 1 (CDCl3) Compound 2 (C5D5N) Compound 3 (C5D5N)
No su (ppm) sc (ppm) No. su (ppm) sc (ppm) No. sH (ppm) sc (ppm)
Ha: 3.75 (m)Hb: Ha: 4.50 (m)Hb:

1 4.08 (m) 61.9 1 4.44 (m) 61.7 1 4.48 (m) 62.1

2 3.9 (m) 54.4 2 5.11 (m) 52.6 2 5.05 (m) 53.7

3 4.08 (m) 74.0 3 4.35 (m) 764 3 4.38 (m) 76.6

4 5.51 (m) 129 4 4.28 (m) 72.7 4 4.27 (m) 73.0

5 5.67 (m) 134.1 5 1.92 (m) 33.7 5 1.93 (m) 33.8

6 2.1 (m) 325 6 1.7 (m) 255 6 2.22 (m) 26,5

7 2.07 (m) 27.5 7-16 1.22-1.29 (m) 29.6 7-16 1.25 (m) 29.5-29.9

8 5.08 (brt, ] =12) 123.1 17 1.34 (m) 31.8 17 1.68 (m) 32.0

9 - 1363 18 0.85 (3H, m, J = 8) 139 18 1.36 (m) 22.8
10 1.95(t, ] = 8) 39.7 1/ — 175.1 19 0.85 (t, ] = 8) 14.1

11-19 1.12-1.38 (m) 29.2-29.7 2! 4.61 (m) 72.1 1 — 173.4

20 1.12-1.32 (m) 31.9 3/ 2.03 (m) 35.7 2/ 245 (t,] = 8) 36.8
21 1.12-1.32 (m) 22.6 4/ 2.25 (m) 32.1 3/ 1.81 (m) 26.3
22 0.88 (t, ] = 8.8) 14.0 5/ 1.92 (m) 275 413/ 1.25 (m) 29.5-29.9
23 1.57 (s) 159 6 1.7 (m) 22,5 14/ 1.68 (m) 32.0

1 — 175.7 7' 1.25 (m) 225 15/ 1.36 (m) 22.8

2/ 423 (1) 725 8/ 2.08 (m) 26.4 16/ 0.85 (t, ] = 8) 14.1

3/ 1.76 (m) 345 of 5.47 (m) 130.0 NH 8.50 (d, ] = 8) —

4 1.40 (m) 25.1 10/ 5.47 (m) 130.0

5/-19/ 1.12-1.38 (m) 293-297 11 2.08 (m) 26.4
/.

20/ 1.12-1.38 (m) 31.9 ﬁ/ 1.22-1.29 (m) 29.6

21’ 1.12-1.38 (m) 226 17/ 1.34 (m) 318

22/ 0.88 (t,] =8.8) 14.0 18 0.85 (m, | =8) 13.9
NH 727 (d,]=12) — NH 8.58 (d, ] = 8) —

Ceramide C (3) (Figure 2) was obtained as a white powder, and its molecular formula
was determined to be C33H7)NO4 by ESI-HRMS. The mass spectrum of compound 3
displayed a molecular ion peak with n1/z 556.5660 [M + H]* (Figure S12), calculated as
556.5305, representing one degree of unsaturation. The 'H NMR and 3C NMR spectral
data of ceramide C (3) are listed in Table 2 (Figures S13 and S14). The backbone structure
of compound 3 was determined to be a ceramide, as explained above. In addition, the
length of the fatty acid was analyzed by HRMS after its methanolysis. The HRMS showed
a molecular ion peak at m/z 271.9316 [M + H]* (Figure S15), calculated as m/z 271.2637,
indicating a Cy¢ fatty acid with a molecular formula of C17H3503. Therefore, the fatty acid
methyl ester moiety was recognized as a palmitic acid methyl ester. Consequently, ceramide
C (3) can be identified as a ceramide with non-hydroxylated saturated fatty acid and a long
chain phytosphingosine base possessing 25,35,4R relative configurations. The structure
of ceramide C (3) was determined to be N-[(25,3R 4R)-1,3,4-trihydroxy-octadecan-2-yl]
hexadecanamide. The configuration of the ceramide moieties was assigned by comparing
its physical data, optical rotation [oc]zD2 +14.30 (c 0.25, pyridine), and 'H and '3C NMR data
with the reported data in the literature.
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It was found that it was previously isolated under the name (25,3S,4R)-2-N-(palmitoyl)-
phytosphingosine from Armillaria mellea [30]. However, it is worth mentioning that ce-
ramide 3 is the first report of this ceramide in Hypnea musciformis. Furthermore, it was
denoted as ceramide C in our biological study.

Other known compounds 4-6 (Figure 2) were identified as docosanoic acid (4) (Figure 516),
hexadecanoic acid (5) (Figure S17), and alpha hydroxy octadecanoic acid (6) (Figure S18)
by comparing the NMR data with the literature [30].

2.3. In Vitro Cytotoxic Activity of Isolated Ceramides A (1), B (2), and C (3)

The anticancer activity of ceramides was previously reported against different malignant
cell lines [31-35]. The selection of the human breast adenocarcinoma (MCF-7) cell line was
based on the global prevalence of breast cancer as well as common side effects of anticancer
drugs that may be relatively ineffective against some phases [36]. From Table 3, it was noticed
that ceramides A (1) and B (2) showed higher in vitro cytotoxic activity than ceramide C (3)
against the MCE-7 cell line. Both ceramides A (1) and B (2) exhibited a promising in vitro
cytotoxic activity with ICsy of 11.07 + 0.23 uM and 10.17 £ 0.15 uM, respectively, when
compared with doxorubicin as a positive control with ICs of 8.65 4= 0.03 uM. The weak
in vitro cytotoxic activity of ceramide C could be attributed to the absence of an olefinic group
and hydroxy fatty acid, in addition to a fatty acyl chain of a shorter length.

Table 3. ICs5, values (uM) of ceramides A (1), B (2), and C (3) against human breast cancer MCF-7 cell
line using doxorubicin as a positive control.

Compound Human Breast MCEF-7 Cell Line ICs (uM)
Ceramide A (1) 11.07 + 0.23 *
Ceramide B (2) 10.17 £ 0.15 *
Ceramide C (3) 19.34 + 046 *

Doxorubicin 8.65 £ 0.03

* Significantly different compared with positive control doxorubicin. Each data point represents the mean =+ SD of
three independent experiments (significant differences at p < 0.05).

The 2-hydroxy fatty acid, like the 2-hydroxy oleic acid, possessed antitumor activity
against several types of cancer. Aside from this, the hydroxylation of fatty acids at C2 made
some cancer cells sensitive to the antitumor drug [37]. Therefore, further assessment of the
in vivo cytotoxic activity of ceramides A (1) and B (2) was performed.

2.4. The Antitumor Effects of Isolated Ceramides A (1) and B (2) in a Mouse Model of Ehrlich
Ascites Carcinoma (EAC)

2.4.1. Effect of the Investigated Ceramides on Liver and Kidney Function Markers

The serum levels of the liver enzymes alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), as well as the kidney markers urea and creatinine, were determined
in all the study groups to assess the possible toxicity of the investigated ceramides in the
liver and kidneys. The results showed slightly higher levels of kidney and liver markers in
the EAC control group and all the treated groups in comparison with the normal group but
with no significant differences, indicating that the investigated doses of ceramide A (1) and
ceramide B (2) had no detected toxicity in either the liver or kidneys (Table S1). No other
toxic effects were detected in the experimental mice. There were also no observed changes
in the behavior of the treated mice nor a marked increase in their mortality rates.

2.4.2. Effect of the Investigated Ceramides on the Tumor Weight

In accordance with the findings of the in vitro study, all groups treated with either
ceramide A (1) or ceramide B (2) showed a significant decrease in tumor weight compared
with the Ehrlich ascites carcinoma (EAC) control group (p < 0.001) (Figure 3).
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Figure 3. Effect of treatment with ceramide A and ceramide B at two dose levels (1 mg/kg and
2 mg/kg L.P) on the tumor weight in EAC-bearing mice. Values are expressed as mean + SD. All
data were analyzed using ANOVA followed by a Bonferroni post hoc test. *** Significantly different
compared with the EAC control group at p < 0.001.

2.4.3. Effect of the Investigated Ceramides on the Serum Levels of Vascular Endothelial
Growth Factor B (VEGF-B) and Tumor Necrosis Factor (TNF-o) and the Expression of
Midkine (MDK) in the Tumor Tissue

The serum levels of vascular endothelial growth factor B (VEGF-B) and the tumor
necrosis factor (TNF-o) were assessed by ELISA (Figure 4). Both markers were significantly
increased in the EAC control group compared with the normal group (p < 0.001). The levels
of VEGF-B were significantly decreased upon treatment by ceramide A (1) (1 and 2 mg/kg)
and ceramide B (2) (1 mg/kg) (p < 0.01). The most significant decrease in the levels of
VEGEF-B in comparison with the EAC control group was recorded in the group treated by
2 mg/kg of ceramide B (2) (p < 0.001) (Figure 4A). Similarly, the levels of TNF-« showed
a significant decrease in all treated groups: p < 0.05 in groups 3, 4, and 5 (1 and 2 mg/kg
of ceramide A (1) and 1 mg/kg of ceramide B (2)) and p < 0.01 in group 6 (2 mg/kg of
ceramide B (2)) (Figure 4B).

The levels of expression of midkine (MDK) in the tumor tissue were determined by
real-time PCR. MDK was significantly upregulated in the EAC control group compared
with the normal level (p < 0.001). The expression levels were significantly decreased in the
groups treated with both doses of ceramide A (1) (1 and 2 mg/kg) and the lower dose of
ceramide B (2) (1 mg/kg) (p < 0.01). The group treated with the higher dose of ceramide
B (2) (2 mg/kg) showed the most significant downregulation of MDK compared with the
EAC control group (p < 0.001) (Figure 5).
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Figure 4. Effect of treatment with ceramide A and ceramide B at two dose levels (1 mg/kg and
2 mg/kg LP) on the serum levels of (A) vascular endothelial growth factor B (VEGEF-B) and (B) tumor
necrosis factor-« (TNF-a). Values are expressed as mean 4 SD. All data were analyzed using ANOVA
followed by a Bonferroni post hoc test. * Significantly different compared with the normal group
at p < 0.05. # Significantly different compared with the normal group at p < 0.01. ## Significantly
different compared with the normal group at p < 0.001. * Significantly different compared with the
EAC control group at p < 0.05. ** Significantly different compared with the EAC control group at
p < 0.01. ** Significantly different compared with the EAC control group at p < 0.001.
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Figure 5. Effect of treatment with ceramide A and ceramide B at two dose levels (1 mg/kg and
2 mg/kg L.P) on the expression of midkine (MDK) in the tumor tissue. Values are expressed as mean
+ SD. All data were analyzed using ANOVA followed by a Bonferroni post hoc test. # Significantly
different compared with the normal group at p < 0.05. # Significantly different compared with the
normal group at p < 0.01. ## Significantly different compared with the normal group at p < 0.001.
** Significantly different compared with the EAC control group at p < 0.01. *** Significantly different
compared with the EAC control group at p < 0.001.

The VEGF members are key promotors of angiogenesis and lymphangiogenesis in
malignancies. The level of VEGEF-B in plasma was reported as a sensitive marker in breast
cancer [38]. Overexpression of VEGF-B was found to promote metastasis in patients with
pulmonary [39] and bladder [40] cancers. A higher expression of VEGF-B was also cor-
related with multiple tumors and positive vascular invasion in hepatocellular carcinoma
patients [41]. Zhu et al. [42] suggested that downregulation of VEGF-B signaling may
enhance the antitumor effect of resveratrol against pancreatic cancer. VEGE-B acts through
binding to vascular endothelial growth factor receptor-1 (VEGFR1), leading to downstream
activation of the angiogenetic and proliferative pathways including P38 mitogen-activated
protein kinase (p38 MAPK), extracellular signal-regulated kinase (ERK)/MAPK, protein
kinase B/serine threonine protein kinase (PKB/AKT), and phosphoinositide 3-kinase
(PI3K) [43,44]. On the other hand, the role of TNF-« in cancer has been extensively inves-
tigated. It is known to be a double player that has a marked effect in tumor progression
on one hand but also may act as a pro-apoptotic agent through activation of the c-Jun
N-terminal kinase (JNK) pathway [45,46]. TNF-o is a major pro-inflammatory cytokine
secreted by tumor-associated macrophages (TAMs) and by breast cancer cells. It is in-
volved in all stages of the development of breast cancer, including tumor cell proliferation,
epithelial-to-mesenchymal transition, metastasis, and recurrence [47]. Higher serum levels
of TNF-oc were reported in breast cancer patients compared with healthy individuals [48].
Additionally, the levels of TNF-o showed a correlation with the tumor stage in breast cancer
patients [49-51]. TNEF-« also activates nuclear factor kappa B (NFkp) and induces Jagged1
expression, leading to activation of Notch signaling [52]. In a recent study conducted on
a mammary carcinoma model, downregulation of TNF-a was associated with reduced
VEGE, interleukin 6 (IL-6), interferon y (IFN-7), Jagged1, and shutting the Notch signaling
pathway associated with enhanced apoptosis and declined angiogenesis [53].

MDXK is a heparin-binding growth factor that is abnormally expressed in many human
cancers, and it was found to mediate several tumor physiological processes involving
cell growth, metastasis, migration, and angiogenesis. MDK is considered a key player in
cancer progression and is proposed as a potential therapeutic target [54]. MDK expression
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is induced by cytokines and growth factors, mainly by TNF-« [55], and it acts through
activating the NFkf3 and MAPK/PI3K proliferative pathway [54]. In clinical studies,
MDK was considered a potential prognostic biomarker in solid tumors [56]. In breast
cancer patients, it was suggested as both a diagnostic and a prognostic biomarker [57,58].
Interestingly, MDK is a potent proangiogenic factor that promotes tumor angiogenesis [59]
and is thought to play a role in controlling the plasma bioavailability of VEGF-A [60]. MDK
was also suggested to be implicated in the hypoxia-induced tumor angiogenesis [54,61]. The
metastatic effects of MDK are most probably mediated by its combined proinflammatory,
angiogenic, and mitogenic functions [62-64].

It is noteworthy that the group treated with the higher dose (2 mg/kg) of phytosph-
ingosine ceramide B (2) expressed the most pronounced decrease in all the biochemically
determined markers relative to the EAC control group, as mentioned above. The serum
levels of VEGF-B and TNF-«, as well as the expression levels of MDK in the mice treated
with 2 mg/kg of ceramide B (2), revealed the least significant difference compared with
the normal (negative control) group (p < 0.05). This agrees with the findings of Kwon
et al. [65], who reported that a phytosphingosine derivative exhibited an anti-angiogenic
effect through markedly decreasing VEGF-induced proteolytic enzyme production, VEGF-
induced chemotactic migration, and capillary-like tube formation.

2.4.4. Effect of the Investigated Ceramides on the Expression of the Apoptotic Markers p35,
Bax, and Caspase 3 as Determined by Immunohistochemistry in the Tumor Tissue

Treatment with ceramide A (1) and B (2) at both doses augmented the expression
of p53, with a significant difference from the control EAC group (p < 0.001) (Figure 6).
Similarly, the expression of Bax was raised after treatment with both ceramides at the given
doses (1 at 2 mg/kg), with a significant difference compared with the control EAC group
(p < 0.001). The highest expression was observed in the group that received ceramide B (2)
(2 mg/kg) (Figure 7).

Ceramlde A (1 mg/kg) Ceramlde AQ mg/kg)

b "!",
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f £ ‘% ,ﬁ
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Figure 6. Cont.
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Figure 6. Effect of treatment with ceramide A and ceramide B at two dose levels (1 mg/kg and
2 mg/kg L.P) on the expression of p53. (A) Representative photomicrographs of p53 assessed
immunohistochemically on day 21 in EAC-bearing female mice (40 x magnification). (B) Optical
density of positive immunohistochemical reactions (brown), determined using Image]. Values are
expressed as mean £ SD. All data were analyzed using ANOVA followed by a Bonferroni post hoc
test. *** Significantly different compared with the EAC control group at p < 0.001.
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Figure 7. Effect of treatment with ceramide A and ceramide B at two dose levels (1 mg/kg and
2 mg/kg LP) on the expression of p53. (A) Representative photomicrographs of Bax, assessed
immunohistochemically on day 21 in EAC-bearing female mice (40 x magnification). (B) Optical
density of positive immunohistochemical reactions (brown) determined using Image]. Values are
expressed as mean + SD. All data were analyzed using ANOVA followed by a Bonferroni post hoc
test. *** Significantly different compared with the EAC control group at p < 0.001.

The relationship between ceramide and p53 is very complex, and the mechanisms
underlying their coregulation are diverse and not fully characterized [66]. The p53 protein
was established as a tumor suppressor [67]. It has been assumed that p53 exerts its effect by
inducing apoptosis [68]. Cancer research was concerned with both the p53 and ceramide
pathways in the regulation of cell growth, cell cycle arrest, and apoptosis [69]. Therefore,
the present study investigated the connection between exogenous ceramide uptake and the
levels of p53.

An association between p53 and ceramide was observed upon investigation of the
cellular response to folate stress. Stressing the A549 cells caused p53-dependent activation
of de novo ceramide biosynthesis and C16-ceramide elevation followed by apoptosis [70].
Coadministration of C6-ceramide with vincristine caused apoptosis in multiple cell lines.
Significant activation of p53 was detected in these cells, leading to apoptosis [71]. C2-
ceramide was shown to induce cell death via elevation of p53, a subsequent increase in the
Bax/Bcl-2 ratio, and caspase activation [72].

Likewise, the expression of caspase 3 showed significant elevation compared with the
control EAC (p < 0.001) in all treatment groups (Figure 8). This finding is in agreement with
a previous study which reported that phytosphingosine can potently induce apoptotic cell
death in human cancer cells via activation of caspase 3, 8, and 9, mitochondrial translocation
of Bax, and the subsequent release of cytochrome c into the cytoplasm, providing a potential
mechanism for the anticancer activity of phytosphingosine [73]. Additionally, sphingosine
was reported to mediate apoptosis in various cancer cell lines through a caspase-dependent
mechanism as well as truncation of Bax, which promotes pro-death activity [74].
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Figure 8. Effect of treatment with ceramide A and ceramide B at two dose levels (1 mg/kg and
2 mg/kg LP) on the expression of caspase 3. (A) Representative photomicrographs of caspase
3, assessed immunohistochemically on day 21 in EAC-bearing female mice (40 x magnification).
(B) Optical density of positive immunohistochemical reactions (brown) determined using Image].
Values are expressed as mean + SD. All data were analyzed using ANOVA followed by a Bon-
ferroni post hoc test. ** Significantly different compared with the EAC control group at p < 0.01.
*** Significantly different compared with the EAC control group at p < 0.001.
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Ceramide is involved in the induction of apoptosis and growth arrest in breast can-
cer [75]. The mechanism of ceramide-induced apoptosis involves elevated ceramide levels
in the mitochondria, resulting in mitochondrial dysfunction, including a loss of cytochrome
¢ [76]. Mitochondrial apoptosis is dependent on the increased mitochondrial outer mem-
brane permeability. This permeability is enhanced by proteins such as Bax [77]. Therefore,
channel formation by ceramide is an upstream event to the induction of apoptosis [78].
Just after the passage of ceramides into the mitochondria, many pro-apoptotic proteins are
released into the cytoplasm, primarily cytochrome c [79]. Cytochrome c binds to Apaf-1
(apoptotic protease-activating factor-1). As a result, inactive procaspase-9 is cleaved into
active caspase-9. Caspase-9 stimulates caspase-3, which is the crucial step for the caspase
cascade in intrinsic apoptosis [80]. The start of intrinsic apoptosis is associated with a rise
in mitochondrial ceramide levels [81]. Moreover, exogenous ceramide addition to cells
induces apoptosis and DNA fragmentation [82]. Ceramide has been considered a crucial
performer in the extrinsic and intrinsic pathways of apoptosis. The extrinsic pathway is acti-
vated by the death receptors through interaction with their ligands or by inducing receptor
clusterization [83]. Acid sphingomyelinase catalyzes the hydrolysis of sphingomyelin into
ceramide, consequently generating ceramide-rich stages and the subsequent clusterization
of death receptors that enables the formation of a death-inducing signaling complex and
caspase activation [84].

2.5. Molecular Modeling

Ceramides have been considered a group of endogenous sphingolipids with the ability
to interfere with the signaling pathways both upstream and downstream of p53 [85]. Under
normal non-stressed conditions, the p53 transcription factor undergoes ubiquitination
by the E3-ligase mouse double minute 2 (MDM2). This process prepares p53 for the
proteasomal degradation. Disruption of the complex between p53 and MDM2 leads to
p53 accumulation, nuclear translocation, and activation of the downstream apoptotic
pathways [86]. The role of ceramides in the regulation of p53 has remained controversial
for a long time, with studies suggesting direct and indirect cross-talk. Recently, in 2018,
Fekry et al. from the University of North Carolina showed that Cjg-ceramides could
directly interact with p53 [87]. They provided experimental evidence that ceramides bind
in close proximity to the BOX V motif of p53, which is a part of the p53-MDM2 interface.
Consequently, this binding disrupts the p53-MDM2 binding, reducing the ubiquitination
and proteasomal degradation of p53. To gain insights into the molecular determinants
of the binding of our ceramides A (1) and B (2) into the putative binding site of p53, we
decided to perform a molecular docking simulation into the crystal structure of the human
p53 (2ME]J). Both molecules showed very similar docked poses to the one proposed by Fekry
et al. (Figure 9). In both cases, the central polar part of the compounds was oriented close
to the polar residues Arg280 and Asp281 at the base of the H2 helix, probably stabilized by
forming water-mediated H bonds. The two long hydrophobic tails of both compounds fit
in a complementary fashion into the deep groove between the H2 helix and the Ser240-P250
loop. To our delight, the C10 atom of the acyl chain of both ceramides was docked in close
proximity to Ser240 and Ser241. These residues have been proven by the aforementioned
research group, using MS-proteomics experiments, to participate in Cq¢-ceramide binding
to p53 [87]. Moreover, they used modified C¢-ceramide with a diaziridine group to show
that the ceramide C10 atom binds proximal to Ser240 and Ser241. Interestingly, a very
similar orientation of C10 was noticed in the top-ranked docking poses of both ceramides
A (1) and B (2).
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Compound 2

Figure 9. Proposed binding mode of ceramides 1 and 2 into the putative binding site of p53. The
surface of the protein is colored by atom type, with carbons in green. Important residues of the
binding site are labeled. Docked ligands are shown as cyan sticks.

3. Material and Methods
3.1. Plant Material

The red algae Hypnea musciformis was collected from Safaga at the Egyptian Red Sea
in August 2017, air-dried, and stored at low temperature (—24 °C) until further processing.
The plant was identified by Dr. Tarek Temraz of the Marine Science Department in the
Faculty of Science at Suez Canal University in Ismailia, Egypt. A voucher specimen was
deposited in the herbarium section of the Pharmacognosy Department of the Faculty of
Pharmacy at Suez Canal University in Ismailia, Egypt under registration number SAA-130.

3.2. Metabolic Profiling

Metabolic profiling was performed using the liquid chromatography coupled with
high-resolution electron spray ionization mass spectrometry technique (LC-HR-ESI-MS) as
previously mentioned [20]. The obtained metabolites were described by comparison with
several databases (e.g., DNP and METLIN).

3.3. Extraction and Isolation of Pure Compounds

The red algae Hypnea musciformis (430 g fresh weight) was freeze-dried, ground, and
soaked in methanol (3 x 2 L) at room temperature. Then, the combined methanol extracts
were evaporated under a vacuum, resulting in 32 g of green residue. The total methanol
extract was then fractionated by partitioning with different solvents in increasing order
of polarity several times to afford an n-hexane fraction (3.67 g), a chloroform fraction
(2.33 g), an ethyl acetate fraction (7.43 g), an n-butanol fraction (3.07 g), and finally an aque-
ous fraction. The ethyl acetate fraction (Hp-EA, 7.43 g) was chromatographed with SiO,
column chromatography using hexane:EtOAc:methanol (80:20:0 up to 0:75:25) gradient
elution, giving seven subfractions, Hp-EA-(1-7). Subfraction Hp-EA-4 (437 mg) was rechro-
matographed on silica gel using hexane:EtOAc:methanol (50:50:0 up to 0:90:10) gradient
elution, giving five subfractions, Hp-EA-4-(1-5'). One of the resultant subfractions, Hp-
EA-4-2', was applied to a sephadex LH-20 column eluted with CHCl3-MeOH (1:1), giving
3 subfractions, Hp-EA-4-2/-(1-3). Among them, ceramide A (1) (13 mg, white powder) was
afforded from subfraction Hp-EA-4-2"-2. Ceramide A (1) was finally purified on an open
ODS column using MeOH/H,O (8:2). Another subfraction, Hp—EA—4—2’ -3, was subjected to
silica gel column chromatography using EtOAc:methanol (95:5) to afford ceramide B (2)
(15 mg, white powder) and ceramide C (3) (6 mg, white powder). Regarding the chloro-
form fraction (Hp-C, 2.33 g), it was chromatographed with SiO, column chromatography
using hexane:EtOAc (100:0 up to 25:75) gradient elution, giving 3 subfractions, Hp-C-(1-3).
Subfraction Hp-C-1 (223 mg) was rechromatographed on silica gel using hexane:EtOAc
(90:10 up to 70:30) gradient elution, giving two subfractions, Hp-C-1-(1-2/). The first one,
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Hp-C-1-1/, afforded compound 4, white powder 10 mg in weight, while the second subfrac-
tion (Hp-C-1-2') was applied to a sephadex LH-20 column eluted with CHCl3-MeOH (1:1),
giving compound 5 (12 mg, white powder) and compound 6 (13 mg, white powder).

3.4. In Vitro Cytotoxic Activity of Ceramides A (1), B (2), and C (3)
3.4.1. In Vitro Cell Culture

The human breast adenocarcinoma (MCF-7) cell line was purchased from the American
Type Culture Collection (ATCC HTB-22), Minnesota, USA). The tumor cell lines were
maintained at the National Cancer Institute in Cairo, Egypt by serial subculturing. The cells
were subcultured on RPMI 1640 medium supplemented by 1% penicillin/streptomycin
and 10% fetal bovine serum [20].

3.4.2. Sulforhodamine-B Assay

The cytotoxic activity of three isolated ceramides A (1), B (2), and C (3) was determined
by a Sulforhodamine-B (SRB) assay. SRB is able to bind to the intracellular proteins, provid-
ing a sensitive index of the cellular protein content. It was assessed as previously described
in detail [20]. The experiment was repeated 3 times, and the ICsy values (concentration
that caused a 50% decrease in cell viability) were calculated. Doxorubicin was used as a
positive control with the same concentration range.

3.5. In Vivo Study

Two ceramides were chosen for further investigation in vivo: ceramide A (1) and
ceramide B (2). EAC is a spontaneous murine mammary adenocarcinoma model that has
extensively been used as a study model of breast cancer [88]. The effect of these ceramides
against EAC and their role in regulating vascular and apoptotic factors were tested.

3.5.1. Tumor Induction

Human breast cancer cell line MCF-7 and EAC cells were purchased from the Tumor
Biology Department at the National Cancer Institute of Cairo University. MCF-7 cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum, 1% L-glutamine, HEPES buffer, and 50 ug/mL gentamycin.
All cells were maintained at 37 °C in a fully humidified air atmosphere containing 5% CO,
and were subcultured twice a week. EAC served as the original tumor from which an ascites
variant was obtained. EAC cells were suspended in normal saline (2.5 x 10 cells/100 uL).
Cells were counted by a hemocytometer under the microscope. The mice were inoculated
intradermally with a 100-uL EAC suspension on the lower ventral side after shaving [89].

3.5.2. Study Design

The study involved 48 Swiss albino mice obtained from the Egyptian Organization
for Biological Products and Vaccines (Vacsera, Giza, Egypt) weighing 25-30 g. The mice
were housed in plastic cages at a 25 °C temperature under a normal light/dark cycle, with
water and food provided ad libitum. The mice were left for 1 week before the experiments
to adjust. They were randomly separated into 6 groups (8 mice each). The first group was
considered the normal group (negative control) and received Tween 80. The tumor cells
were injected in all 5 other groups (groups 2-6). Group 2 was considered the EAC control
group. Groups 3 and 4 received 1 mg/kg and 2 mg/kg of ceramide A (1), respectively.
Groups 5 and 6 were treated by 1 mg/kg and 2 mg/kg of ceramide B (2), respectively.
Ceramide A (1) and ceramide B (2) were dissolved in Tween 80 as a vehicle. The day of
tumor cell injection was considered day zero (0). Groups 3-6 were treated daily from day
7 until day 21. The in vivo study was in agreement with the Guide for the Care and Use
of Laboratory Animals. The study protocol was approved by the ethical committee of the
Faculty of Pharmacy at Suez Canal University (201605PHDAT1).
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3.5.3. Sample Collection

At the 21st day of EAC cell inoculation, the mice were anesthetized with thiopental
sodium (50 mg/kg). Blood samples were collected from the orbital sinus (retro-orbital
plexus). The blood samples were left to clot for 20 min, followed by separation of the serum
by centrifugation at 2000 x g for 15 min. The mice were sacrificed by cervical dislocation,
and the tumor discs were separated, weighed, and separated into two portions; one portion
of each tumor disc was fixed in 10% neutral buffered formalin for immunohistochemical
investigations, while the other portion was kept at —80 °C for PCR analysis.

3.5.4. Determination of Endothelial Growth Factor B (VEGF-B) and Tumor Necrosis
Factor-« (TNF-«) in the Serum by ELISA

The serum samples were stored at —20 °C and used for determination of the levels of
VEGE-B and TNF-a by ELISA kits ab213897 and ab181421, respectively (Abcam, Cambridge,
UK), according to the manufacturer’s instructions. The serum levels of the liver function
enzymes ALT and AST were assessed by colorimetric kits AL1031 and AS1061, respectively
(Biodiagnostic, Giza, Egypt). Similarly, the serum levels of the kidney markers urea and
creatinine were also determined calorimetrically via UR2110 and CR1250, respectively
(Biodiagnostic, Giza, Egypt).

3.5.5. Quantitative Real-Time PCR (q RT-PCT) for Assessment of the Expression of Midkine
(MDK) in Tumor Tissue

The total RNA was isolated from the tumor tissue by an SV total RNA isolation
system (Promega, Madison, WI, USA) according to the manufacturer’s instructions. The
extracted RNA was stored at —80 °C. The concentration and purity of the isolated RNA
were measured by a Nanodrop NA-1000 UV /Vis spectrophotomter (Thermo Fisher Scien-
tific Inc., Wilmington, DE, USA). A GoTaq® 1-Step RT-qPCR System (Promega, Madison,
WI, USA) and the two primers, 5-GTCAATCACGCCTGTCCTCT-3' (forward) and 5'-
CAAGTATCAGGGTGGGGAGA-3' (reverse), were used for determination of the MDK
expression. f-actin was marked as the housekeeping gene and was amplified using two
primers: 5-ACGGCCAGGTCATCACTATTG-3' (forward) and 5-CAAGAAGGAAGGCT
GGAAAAGA-3' (reverse). The 20-uL reaction mixture of each sample was composed of
4 uL of the RNA template, 1 uL of each of the forward and reverse primers, 0.4 pL of
GoScript™ reverse transcriptase (RT) mix for 1-step RT-gPCR, 10 pL of GoTaq® qPCR
master mix, 0.31 uL of supplemental CXR reference dye, and 3.29 uL of nuclease-free water.
The reaction was carried out in a StepOnePlus™ Real-Time PCR thermal cycler (Applied
Biosystems, Waltham, MA, USA). The program was formed of reverse transcription at
37 °C for 15 min, inactivation of the reverse transcriptase enzyme, and initial denaturation
at 10 min at 95 °C, followed by 40 cycles of denaturation at 95 °C for 10 s, annealing at
52 °C for 30 s, and extension at 72 °C for 30 s. The cycle threshold (Ct) of each reaction
was recorded, and the ACt was calculated against S-actin. The fold change of each sample
was calculated to be 27 AACt,

3.5.6. Inmunohistochemical Assessment of the Expression of Apoptotic Markers in the
Tumor Tissue

The tumor discs were fixed in 10% neutral buffered formalin overnight and then
embedded in paraffin. Deparaffinization was performed by adding xylene and ethyl
alcohol in decreasing concentrations from 100% to 70%. Antigen retrieval was performed
according to the Tris/EDTA buffer (pH = 9) antigen retrieval protocol. The EnVision™
FLEX HRP-labeled high-pH method was used for staining according to the manufacturer’s
protocol (Dako, Glostrup, Denmark). The primary polyclonal antibodies for p53, Bax, and
caspase 3 (Bioss Inc., Woburn, MA, USA) were diluted in PBS (normal phosphate buffered
saline) at a ratio of 1:250. Finally, Mayer’s hematoxylin was used for counterstaining.

Image] was used for the semiquantitative analysis of the immunohistochemical reac-
tions. The images were captured by an optical microscope with a 40 objective (Optika
B-352A, OPTICA, Via Rigla, Italy) coupled to a camera (HDCE30C) using its software and
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quantified using the Image] MacBiophotonics (National Institutes of Health, Bethesda, MD,
USA) software package developed by McMaster University (Hamilton, Ontario, Canada).
The expressions of p53, Bax, and caspase 3 were all assessed, and the percentages of stained
areas were calculated using the color deconvolution plugin.

3.5.7. Statistical Analysis

The values of the determined parameters were expressed as mean =+ standard deviation
(SD). Comparisons were performed by one-way ANOVA followed by a Bonferroni post hoc
test for multiple comparisons. Differences at p < 005 were considered statistically significant.

3.6. Molecular Modeling Study

Molecular Operating Environment (MOE) was used to dock both ceramides A (1) and
B (2) into the transcription factor P53 [90]. First, the crystal structures of P53 (2ME]) were
imported into the MOE graphical interface, and the protein was then prepared for docking
using the default parameters of the Protein Preparation module and the Protonate 3D tool.
Ligands were also sketched using MOE and minimized with the MMFF94 force field to
a gradient of 0.001 kcal/mol-A2. They were then docked into the putative binding site
of the P53 protein using the induced-fit protocol and the default parameters of the MOE
Dock module with the Triangle Matcher method. Residues Ser240 and Ser241 were used
to specify the binding site as reported in the literature. The default values of 30 docked
structures for each ligand were used. Poses were arranged according to the docking scores
and inspected visually.

4. Conclusions

From the methanolic extract of the Red Sea red algae Hypnea musciformis, two new
ceramides and another first reported one were isolated. Moreover, other chemical metabo-
lites were detected by using the LC-ESI-HRMS technique. Both new metabolites, ceramides
A (1) and B (2), exhibited significant in vitro cytotoxic activity against the human breast ade-
nocarcinoma (MCEF-7) cell line. The activity of ceramides A (1) and B (2) was investigated
in an EAC mouse model, where both ceramides at doses of 1 and 2 mg/kg significantly
decreased the tumor size, serum levels of VEGF-B and TNF-«, and expression of the
biomarker midkine growth factor in the tumor tissue, with significant upregulation of
the apoptotic factors p53, Bax, and caspase-3. Ceramide B (2), at a therapeutic dose of
2 mg/kg, showed the most potent antiangiogenic activity and the highest expression of
the investigated apoptotic factors. Molecular docking suggested the interaction of these
ceramides with the p53 transcription factor, leading to its accumulation and activation
of the downstream apoptotic pathways. The current study introduced two potentially
effective anti-cancer ceramides isolated from the Red Sea algae Hypnea musciformis, which
exhibited antiangiogenic and apoptotic effects in the experimentally induced mammary tu-
mor. The major limitation of this work is that the effects of the isolated ceramides were not
investigated on healthy cell lines, suggesting that further research is required to evaluate
the toxicity of those compounds and to determine their therapeutic indices.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/md20010063/s1, Figures S1 and S2: LC-ESI-HRMS chromatogram of crude extract of Hyp-
nea musciformis (positive and negative modes); Figure S3: ESI-HRMS chromatogram of ceramide
A (1); Figures S4 and S5: 'H NMR and 3C NMR spectra of ceramide A (1); Figure S6: ESI-HRMS
chromatogram of fatty acid methyl ester of ceramide A (1); Figure S7: ESI-HRMS chromatogram
of ceramide B (2); Figures S8 and S9: 'H NMR and '*C NMR spectra of ceramide B (2); Figure S10:
ESI-HRMS chromatogram of fatty acid methyl ester of ceramide B (2); Figure S11: GC-MS analysis of
fatty acid methyl ester of ceramide B (2); Figure S12: ESI-HRMS chromatogram of ceramide C (3);
Figures S13 and S14: '"H NMR and '3C NMR spectra of ceramide C (3); Figure S15: ESI-HRMS
chromatogram of fatty acid methyl ester of ceramide C (3); Figure S16: ESI-HRMS chromatogram
of compound 4; Figures S17 and S18: 'H NMR and *C NMR spectra of compound 4; Figure S19:
ESI-HRMS chromatogram of compound 5; Figures 520 and $21: "H NMR and '*C NMR spectra of
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compound 5; Figure $22: ESI-HRMS chromatogram of compound 6; Figure S23: 'H NMR spectra of
compound 6; Table S1: Liver enzymes and kidney markers in the study groups.
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Abstract: Seaweed polysaccharides represent a kind of novel gut microbiota regulator. The advan-
tages and disadvantages of using cecal and fecal microbiota to represent gut microbiota have been
discussed, but the regulatory effects of seaweed polysaccharides on cecal and fecal microbiota, which
would benefit the study of seaweed polysaccharide-based gut microbiota regulator, have not been
compared. Here, the effects of two Sargassum fusiforme polysaccharides prepared by water extraction
(SfW) and acid extraction (SfA) on the cecal and fecal microbiota of high-fat diet (HFD) fed mice were
investigated by 16S rRNA gene sequencing. The results indicated that 16 weeks of HFD dramatically
impaired the homeostasis of both the cecal and fecal microbiota, including the dominant phyla
Bacteroidetes and Actinobacteria, and genera Coriobacteriaceae, S24-7, and Ruminococcus, but did not
affect the relative abundance of Firmicutes, Clostridiales, Oscillospira, and Ruminococcaceae in cecal
microbiota and the Simpson’s index of fecal microbiota. Co-treatments with SfW and SfA exacerbated
body weight gain and partially reversed HFD-induced alterations of Clostridiales and Ruminococ-
caceae. Moreover, the administration of SfW and SfA also altered the abundance of genes encoding
monosaccharide-transporting ATPase, x-galactosidase, 3-fructofuranosidase, and f-glucosidase with
the latter showing more significant potency. Our findings revealed the difference of cecal and fecal
microbiota in HFD-fed mice and demonstrated that SfW and SfA could more significantly regulate
the cecal microbiota and lay important foundations for the study of seaweed polysaccharide-based
gut microbiota regulators.

Keywords: Sargassum fusiforme polysaccharides; high-fat diet; cecal microbiota; fecal microbiota; 16S
rRNA gene sequencing

1. Introduction

Gut microbiota is a population of microorganisms that colonizes the intestines. This
not only protects against pathogens, provides nutrients, and maintains the integrity of
the mucosal barrier, but also plays an important role in numerous diseases, such as in-
flammatory bowel disease, obesity, diabetes mellitus, metabolic syndrome, atherosclerosis,
non-alcoholic fatty liver disease, etc. [1-4]. Owing to sampling difficulties, most studies
chose to characterize the gut microbiota composition by sequencing the fecal samples, other
than the cecal contents [5,6]. The differences of cecal microbiota and fecal microbiota in mice
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and human volunteers have been compared by several research groups [7-9]. Guo et al.
reported that the relative abundance of an unidentified genus from the 524-7 family (524-7)
in cecal microbiota was much higher than that in fecal microbiota, and oral administration
of a marine carotenoid, fucoxanthin, significantly increased the abundance of 524-7 in cecal
microbiota but decreased the abundance of the genus in fecal microbiota [7]. Stanley et al.
found that fecal and cecal microbiotas showed qualitative similarities but quantitative
differences [8]. Marteau et al. compared the bacterial compositions within the human cecal
and fecal microbiota and found that the abundance of Bifidobacteria, Bacteroides, Clostridium
coccoides group, and Clostridium leptum subgroup were significantly lower in the cecum [9].
Therefore, comparative studies on the cecal and fecal microbiota in a specific situation are
necessary to better understand the characteristics of gut microbiota.

High-fat diet (HFD) feeding has been widely used as a model for studying metabolic
syndrome and gut microbiota dysbiosis [10,11]. Seaweed polysaccharides represent a
kind of promising natural product that alleviates HFD-induced metabolic syndrome and
promotes the healthy growth of gut bacteria [12]. In recent years, polysaccharides prepared
from Sargassum fusiforme, a well-known edible alga, have attracted extensive research
interest due to their potential biomedical application [13-17]. For example, our recent study
indicated five polysaccharides prepared from S. fusiforme could selectively regulate the
relative abundance of Oscillospira and Clostridiales in cecal microbiota of HFD-fed mice [16].
Cheng and colleagues prepared an S. fusiforme polysaccharide that could decrease the
relative abundances of the diabetes-related fecal microbiota [17]. However, the regulatory
effects of S. fusiforme polysaccharides on cecal microbiota and fecal microbiota, which
would be helpful for the study of seaweed polysaccharide-based gut microbiota regulators,
have not been compared.

In this study, two polysaccharides were prepared from S. fusiforme by water extraction
(SftW) and acid extraction (SfA), and their chemical structures were characterized according
to our recent report [16]. Then, the effects of 16 weeks of SfW and SfA administration on
the cecal and fecal microbiota of HFD-fed mice were investigated.

2. Results
2.1. Chemical Structures of Sargassum fusiforme Polysaccharides

The physicochemical properties of the two S. fusiforme polysaccharides prepared by
water extraction (SfW) and acid extraction (SfA) are shown in Table 1. The results indicated
that the chemical structures of SfW and SfA were quite similar. For example, they had
comparable contents of total sugar (70.0% vs. 62.4%) and sulfate group (28.5% vs. 31.3%),
and their average molecular weights were also very close. Moreover, the monosaccharide
compositions of the two polysaccharides were very similar. Both of them were mainly
composed of glucose, fucose, and galactose with small amounts of mannose, glucuronic
acid, and xylose, but the detailed molar ratio had a slight difference. For example, the
content of xylose in SfW was lower than that in SfA (0.14 vs. 0.03), while glucose was more
abundant in SfA (1.05 vs. 1.13).

Table 1. Physicochemical properties of Sargassum fusiforme polysaccharides.

Samples Total Sugar (%)

Monosaccharide (Molar Ratio) *

Sulfate (%) Mw (kDa)

Man Glc A Glc Gal Xyl Fuc
SfW 28.5 166/5.9 0.07 0.07 1.05 0.41 0.14 1
SfA 31.3 276/5.8 0.05 0.06 1.13 0.38 0.03 1

* Man, mannose; GlcA, glucuronic acid; Gle, glucose; Gal, galactose; Xyl, xylose; Fuc, fucose.

Here, 'TH NMR spectra of SfW and SfA are shown in Figure S1. The resonance signals
of the two polysaccharides at 3.0-5.5 ppm were ascribed to the typical distribution of
'H NMR signals of the polysaccharides [18]. The unresolved peaks at 5.3-5.5 ppm were
assigned to the anomeric protons of a-L-fucopyranosyl units [19]. The resonance signals of
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the two polysaccharides at 3.3-4.5 ppm were apportioned to the ring protons H-2 to H-5,
but the pattern was different from each other, and the chemical shifts at 1.1 and 1.4 ppm
were assigned to methyl groups of fucose units [20]. In addition, due to the complex and
heterogeneous structure of sulfated polysaccharides, the broadening and overlapping of
TH NMR peaks makes it difficult to completely describe their structural characteristics.

2.2. Effects of SfW and SfA on HFD-Induced Metabolic Disorders

The effects of SfW and SfA on HFD-induced metabolic disorders were evaluated
after 16 weeks of co-treatment with HFD and polysaccharides. As shown in Figure 1A,
16-week HFD feeding significantly increased the body weight of the mice compared to
that of the blank group, and co-treatment with SfW and SfA exacerbated body weight gain.
The fasting blood glucose level significantly increased after 4 weeks of HFD-feeding, and
only treatment with SfW at the fourth week reversed the increase (p < 0.05) (Figure 1B). In
OGTT, the blood glucose reached the maximal level at 30 min after the dextrose gavage,
and the blood glucose level of the control group was significantly higher than that of
the blank group (p < 0.001). The polysaccharides administration could not attenuate the
HFD-induced glucose intolerance (Figure 1C). Treatments with SfW and SfA did not protect
HFD-induced insulin resistance and epididymal fat weight gain (Figure 1D-F).
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Figure 1. Effects of SfW and SfA on (A) body weight, (B) fasting blood glucose, (C) OGTT, (D) ITT, (E) liver weight,
and (F) epididymal fat weight in HFD-fed mice. Values are mean 4 SD (n = 5-6). * p < 0.05, ** p < 0.01, *** p < 0.001 vs.
Blank. ### p < 0.001 vs. Control. Data sets in (A-D) were analyzed using unpaired two-tailed Student’s t-test. Data sets in

(E-F) were analyzed using one-way ANOVA followed by a Turkey’s test.

The effects of 16 weeks of HFD and polysaccharide administration on gut microbiota
in fecal samples and cecal contents of mice were analyzed by 16S rRNA high-throughput
sequencing. As shown in Figure 2A-B, HFD significantly decreased both the Chaol and
Simpson’s indices of cecal microbiota but showed negligible effect on the Simpson’s index
of fecal microbiota. Oral administration of SfW and SfA did not significantly improve
the decrease in «-diversity of fecal and cecal microbiota. The unsupervised principal
components analysis (PCA) plot at the phylum level showed that PC1 and PC2 were able
to explain 56% and 41.3% of the variation, respectively, and exhibited significant distinction
between the cecal and fecal microbiota of the blank group (Figure 2C). Polysaccharide
administration showed no significant regulatory effect on the dysbiosis of cecal and fecal
microbiota at the phylum level (Figure 2C). In detail, HFD significantly increased the
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relative abundance of Actinobacteria and decreased the abundance of Bacteroidetes and
Verrucomicrobia in both the cecal and fecal microbiota but only enriched Firmicutes and
Proteobacteria in fecal microbiota. SfW only presented a regulatory effect on Proteobacteria
in fecal microbiota (Figure 2H,]).
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Figure 2. Effects of SfW and SfA on the (A) Chaol diversity and (B) Shannon’s diversity indices of cecal and fecal microbiota
in HFD-fed mice. (C) PCA and (D) bar plots of cecal and fecal microbiota at the phylum level. The relative abundance of
(E) Actinobacteria, (F) Bacteroidetes, (G) Firmicutes, (H) Proteobacteria, (I) Verrucomicrobia, and (J) Tenericutes in cecal and
fecal microbiota. Values are mean £ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the corresponding blank group. Data sets in
(A), (B), (E-J) were analyzed using one-way ANOVA followed by a Turkey’s test. C-, cecal microbiota; F-, fecal microbiota.
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The effects of SfW and SfA on the cecal and fecal microbiota in HFD-fed mice were
also investigated at the genus level. As shown in Figure 3A, bacteria in these cecal and fecal
samples mainly consisted of 27 genera, including Coriobacteriaceae and S24-7. However,
the detailed composition of them between the cecal and fecal microbiota and between the
blank and control groups were different. The far distance between the F-Blank group and
F-SfW or F-SfA group in the clustering scheme suggested that HFD-induced dysbiosis
of cecal microbiota could be more significantly regulated by SfW and SfA. The PCA plot
at the genus level further confirmed the compositional difference between the cecal and
fecal samples (Figure 3B). HFD mainly altered the relative abundance of Coriobacteriaceae,
524-7, Ruminococcus, Clostridiales, Oscillospira, Ruminococcaceae, and Akkermansia in both the
cecal and fecal microbiota but only enriched Oscillospira in fecal microbiota (Figure 3C-I).
Notably, oral administration of SfW and SfA could partially alleviate the increase of
Clostridiales and Ruminococcaceae in fecal microbiota (Figure 3EH).
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Figure 3. Effects of SfW and SfA on the cecal and fecal microbiota in HFD-fed mice. (A) Heatmap and (B) PCA plots of
cecal and fecal microbiota at the genus level. The relative abundance of (C) Coriobacteriaceae, (D) S24-7, (E) Ruminococcus,
(F) Clostridiales, (G) Oscillospira, (H) Ruminococcaceae, and (I) Akkermansia in cecal and fecal microbiota. Values are mean
£ SEM. * p < 0.05, ** p < 0.01, ** p < 0.001 vs. the corresponding blank group. # p < 0.05 vs. the corresponding control
group. Data sets in (C-I) were analyzed using one-way ANOVA followed by a Turkey’s test. C-, cecal microbiota; F-,
fecal microbiota.

2.3. Effects of SfW and SfA on the Abundance of Genes Encoding Carbohydrate-Metabolizing
Enzymes in Cecal and Fecal Microbiota

The effects of S. fusiforme polysaccharides on the abundance of genes encoding
carbohydrate-metabolizing enzymes in the cecal and fecal microbiota of HFD-fed mice
were investigated using PICRUSt2 based on the 165 rRNA gene sequencing data. The
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results demonstrated that the HFD significantly decreased the abundance of genes en-
coding a-fucosidase (Figure 4A) and f3-glucuronidase (Figure 4G), and increased that of
monosaccharide-transporting ATPase (Figure 4B) and f-fructofur-anosidase (Figure 4E) in
both the cecal and fecal microbiota, but the alterations of genes encoding x-galactosidase
(Figure 4D) and f-glucosidase (Figure 4F) were only observed in fecal microbiota, and that
of -mannosidase (Figure 4H) was only presented in cecal microbiota. The administration
of SfW and SfA mainly regulated the abundance of genes encoding monosaccharide-
transporting ATPase, a-galactosidase, 3-fructofuranosidase, and 3-glucosidase with the
latter showed more significant potency. For example, SfA alleviated the increase of genes
encoding monosaccharide-transporting ATPase and 3-glucosidase (Figure 4B-F).
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Figure 4. Effects of SfW and SfA on functional gene of cecal and fecal microbiota in HFD-fed mice. (A) x-Fucosidase,
(B) monosaccharide-transporting ATPase, (C) aldose 1-epimerase, (D) x-galactosidase, (E) B-fructofuranosidase, (F) 3-
glucosidase, (G) B-glucuronidase, and (H) 3-mannosidase. Values are mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 vs.
the corresponding blank group. ## p < 0.01 vs. the corresponding control group. Data sets were analyzed using one-way
ANOVA followed by a Turkey’s test. C-, cecal microbiota; F-, fecal microbiota.

3. Discussion

Seaweed polysaccharides have various biological activities [11,13,21-25] and also
show potential to be developed as prebiotics that promote the healthy growth of gut
bacteria. Previous studies have compared the similarities and differences between the cecal
and fecal microbiota of animals and human volunteers [6-8]. However, the regulatory
effects of polysaccharides extracted from S. fusiforme (a common and widely eaten seaweed)
on the cecal and fecal microbiota of HFD-fed mice, which would benefit the study of
seaweed polysaccharide-based gut microbiota regulators, have not been compared. Here,
the impacts of 16 weeks of water and acid extracted S. fusiforme polysaccharides (SfW
and SfA) on the cecal and fecal microbiota of HFD-fed mice were investigated. We found
that the HFD significantly altered the dominant phyla Bacteroidetes and Actinobacteria,
and the dominant genera Coriobacteriaceae, S24-7, and Ruminococcus, but did not affect the
abundance of Firmicutes, Clostridiales, Oscillospira, and Ruminococcaceae in cecal microbiota
and the Simpson’s index of fecal microbiota. Co-treatments with SfW and SfA partially
reversed the dysbiosis of Firmicutes, 5$24-7, Ruminococcus, Clostridiales, and Ruminococcaceae.
The administration of SfW and SfA also altered the abundance of some genes encoding
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carbohydrate-metabolizing enzymes between cecal and fecal microbiota in 16-week HFD-
fed mice and demonstrated that cecal microbiota was more significantly regulated by
S. fusiforme polysaccharides.

Our recent study reported that five S. fusiforme polysaccharides prepared through
hot-water and acid extraction showed a wide range of molecular weight (10-698.3 kDa),
and the HCl-extracted polysaccharide (Sf-A) mainly consisted of glucose, fucose, and
galactose [16]. Cheng et al. prepared a 205.8 kDa S. fusiforme polysaccharide (SFF) by acid
extraction and the polysaccharide was mainly composed of fucose and galactose [17]. The
chemical structures of SfW and SfA were more similar to Sf-A than SFF, which may be
because they are sourced from the same supplier.

HFD has been demonstrated to adversely affect gut microbiota composition through in-
creasing the abundance of Firmicutes and Proteobacteria and decreasing Bacteroidetes [26-29].
The present study demonstrated that 16 weeks of HFD significantly increased the rel-
ative abundance of Actinobacteria and decreased the abundance of Bacteroidetes and
Verrucomicrobia in both the cecal and fecal microbiota but only enriched Firmicutes and
Proteobacteria in fecal microbiota. The discrepancy between the previous studies with our
findings indicates that HFD consistently decreases the abundance of Bacteroidetes in both
the cecal and fecal microbiota, but the impacts on other phyla depend on the sampling
position and the specific conditions of the animal models. Our recent study demonstrated
that four weeks of HFD feeding significantly increased the relative abundance of Coriobac-
teriaceae and Oscillospira in cecal microbiota [11], but in the present study, the abundance of
Oscillospira in cecal microbiota was not enriched by HFD, which may be explained by the
prolonged HFD treatment. These findings further deepen our understanding about the
impact of HFD on gut microbiota composition.

It is well known that microbiota composition varies in different parts of the gas-
trointestinal tract, and there are significant differences in the quantity and quality of
microorganisms in the cecum contents and feces [8]. According to a recent report, the
cecal and fecal microbiota exhibits different taxonomic structures, functional activities, and
metabolic pathways [30]. Guo et al. also reported that the abundance of Firmicutes in the
cecum of mice fed a normal diet was much higher than that in the feces, and 524-7 was
much lower in the cecal contents, which was highly consistent with the present study [9].
Here, we comprehensively compared the similarities and differences between the cecal and
fecal microbiota in 16-week HFD-fed mice, including the abundance of genes encoding
carbohydrate-metabolizing enzymes in cecal and fecal microbiota. HFD showed a more
significant influence on the x-diversity of cecal microbiota than that of fecal microbiota,
suggesting that cecal microbiota may be more suitable to represent the gut microbiota
composition. Some bacteria (Actinobacteria and Coriobacteriaceae) were significantly en-
riched in the cecal contents, while others (Firmicutes, Oscillospira, and Ruminococcaceae)
were enriched in the fecal samples, which may be associated with the different function
of the cecum and colon. For example, Coriobacteriaceae, a family within the phylum Acti-
nobacteria, are strictly anaerobic bacteria and contribute to the metabolism of bile salts,
steroids, and dietary polyphenols [31]. Ariangela et al. reported that the TNBS colitis
severity was most closely correlated with the composition of colonic mucus microbiome,
but not fecal or cecal microbiome [32], suggesting that the choice of sampling site depends
on the experimental design. Interestingly, SfA was mainly composed of glucose, fucose,
and galactose, and administration of SfA significantly decreased the abundance of genes
encoding «-galactosidase and -glucosidase, which may be ascribed to the interactions
between the polysaccharide and gut microbiota.

Previous studies reported the effects of several S. fusiforme polysaccharides on gut mi-
crobiota composition [11,17,33]. Chen et al. reported that 12 months of oral administration
of an S. fusiforme polysaccharide decreased the abundance of the phyla Firmicutes, Pro-
teobacteria, and the genera Lactobacillus and Helicobacter in small intestinal microbiota [33].
Cheng and colleagues found that 6 weeks of oral administration of an S. fusiforme polysac-
charide significantly decreased the relative abundances of several diabetes-related mi-
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crobiota in fecal samples, including Bilophila, Oscillibacter, and Mucispirillum [17]. Our
previous study reported that 4 weeks of S. fusiforme polysaccharide treatment significantly
altered the relative abundance of the phylum Bacteroidetes, and the genera Oscillospira,
Mucispirillum, and Clostridiales in cecal microbiota [11]. In the present study, 16 weeks of
SfW administration partially reversed HFD-induced alterations of Clostridiales and Ru-
minococcaceae in both the cecal and fecal microbiota. The differences in the regulatory
effects of S. fusiforme polysaccharides on gut micobiota may be explained by the structural
difference of polysaccharides, or difference in the animal model, and sampling position.
For example, the microbiota composition in the intestinal contents from the ICR mice was
investigated by Chen et al., while in the present study, we determined the microbiota
composition in fecal and cecal samples from the ICR mice.

4. Materials and Methods
4.1. Materials

The brown algae S. fusiforme was sourced from Qingdao, China, on August, 2018.
Standards of monosaccharides and 1-phenyl-3-methyl-5-pyrazolone (PMP) were purchased
from Aladdin Chemistry Co., Ltd. (Shanghai, China). Dextran standards were purchased
from American Polymer Standards Corporation (Mentor, OH, USA). Other reagents and
solvents were of analytical grade.

4.2. Preparation of Sargassum fusiforme Polysaccharides

As previously reported, S. fusiforme polysaccharides were prepared with slight modifi-
cations [11]. Briefly, dry S. fusiforme was cut into pieces and pre-treated with 95% ethanol
to remove the pigment. Polysaccharides were extracted from the residual materials by hot
water for 1 h and 0.1 M HCl at 60 °C for 1 h, respectively. The hot water-extracted polysac-
charide was further treated with 0.05 M MgCl, to eliminate the alginate, and ultra-filtered
to obtain the SfW. The HCl-extracted crude polysaccharide was dialyzed and precipitated
using ethanol to obtain the SfA.

4.3. Structural Analysis of Sargassum fusiforme Polysaccharides

The chemical analysis of SfW and SfA was based on previous studies [11]. The total
sugar content was measured by the phenol-sulfuric acid method using D-glucose as the
standard [34]. The content of sulfate was analyzed with the BaCl,-gelation method using
NaySOy as the standard [35]. The molecular weight analysis was conducted using High-
Performance Size Exclusion Chromatography using a Waters 2487 HPLC system with a
refractive index detector 2414 (Waters, Milford, MA, USA). The chromatography conditions
refer to previous studies [11]. The molar ratio of monosaccharide and fucose content was
determined by the PMP derivatization method with minor modification.

SfW and SfA fraction (100 mg) were dissolved in 0.55 mL of DO (99.9%) followed
by centrifugation and lyophilization, and the process was repeated three times. Finally,
the resulting polysaccharide was dissolved with 0.55 mL of D,O. "H NMR spectra were
recorded on AVANCE III NMR 600 MHz spectrometer (Bruker Inc., Billerica, MA, USA) at
25°C.

4.4. Animal Experiments

Twenty-two male C57 mice (Specific-pathogen-free grade, six-week-old) were pur-
chased from SPF (Beijing, China) Biotechnology Co., Ltd. (Beijing, China), and kept at the
Animal Center of Zhejiang, University of Technology. All mice were randomly divided
into four groups (the blank and control groups: 1 = 6; the SfW and SfA groups: n = 5) and
fed a normal diet for one week to stabilize all the metabolic conditions. Each group was
housed in one standard cage under a condition of 22 & 1 °C, a humidity of 55 & 5%, and a
12 h light/dark cycle. From the beginning of the experiment, mice in the control, SfW, and
SfA groups were fed with an HFD (TP23300, 60 kcal% fat, Trophic Animal Feed High-Tech
Co., Ltd, Nantong, China), and mice in the blank group were still fed a standard lab chow
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diet. The mice in the SfW and SfA groups had free access to 1 mg/mL of SfW and SfA
in drinking water, respectively, for a period of 16 weeks, and the other two groups were
treated with sterile water.

During the experiments, the body weight was measured weekly, and fasting blood
glucose was measured monthly via tail vein using a glucometer (Johnson and Johnson, New
Brunswick, NJ, USA) according to the instruction after fasting for 16 h. A sugar tolerance
test (OGTT) and insulin tolerance test (ITT) were measured at week 15 and 16, respectively,
and the feces were collected before the mice were dissected. All mice were sacrificed
from asphyxiation by carbon dioxide. The liver and epididymal fat were harvested and
their weight was measured. The cecum contents were collected and stored at —80 °C. The
protocol was approved by the Animal Ethics Committee of the Zhejiang University of
Technology, China. All efforts were made to minimize the suffering of the mice.

4.5. Gut Microbiota Analysis by 165 rRNA Gene Sequencing

Fecal samples and cecal contents were used for gut microbiota analysis by sequencing
the 16S rRNA genes. The DNA extraction, PCR amplification, sequencing, and data analysis
were conducted according to our previous study [11].

4.6. Statistical Analysis

The significance of the differences between the two groups was assessed using the
unpaired two-tailed Student’s t-test (Figure 1). Data sets that involved more than two
groups were assessed by one-way ANOVA followed by a Turkey’s test (Figures 1-4).
p values and the significance level are indicated in the associated figure legends for each
figure. Statistical analysis was performed with SPSS statistics software (Version 19.0).

5. Conclusions

In conclusion, we compared the microbiota composition in the cecal and fecal micro-
biota of 16-week HFD-fed mice and revealed that HFD dramatically altered the abundance
of Bacteroidetes and Actinobacteria, and Coriobacteriaceae, S24-7, and Ruminococcus in both
the cecal and fecal microbiota but did not affect the relative abundance of Firmicutes,
Clostridiales, Oscillospira, Ruminococcaceae in cecal microbiota and the Simpson’s index
of fecal microbiota. Co-treatments with SfW and SfA exacerbate body weight gain and
partially reverse HFD-induced alterations of Clostridiales and Ruminococcaceae and alter
the abundance of genes encoding monosaccharide-transporting ATPase, x-galactosidase,
B-fructofuranosidase, and f-glucosidase. Our findings provide important insights for the
study of seaweed polysaccharide-based gut microbiota regulators.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1660-339
7/19/7/364/s1. Figure S1 "H-NMR spectra of Sargassum fusiforme polysaccharides SFW and SfA.
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