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Abstract: Microalgae are known to produce a plethora of compounds derived from the primary
and secondary metabolism. Different studies have shown that these compounds may have allelo-
pathic, antimicrobial, and antipredator activities. In addition, in vitro and in vivo screenings have
shown that several compounds have interesting bioactivities (such as antioxidant, anti-inflammatory,
anticancer, and antimicrobial) for the possible prevention and treatment of human pathologies. Addi-
tionally, the enzymatic pathways responsible for the synthesis of these compounds, and the targets
and mechanisms of their action have also been investigated for a few species. However, further
research is necessary for their full exploitation and possible pharmaceutical and other industrial
applications. Here, we review the current knowledge on the chemical characteristics, biological
activities, mechanism of action, and the enzymes involved in the synthesis of microalgal metabolites
with potential benefits for human health.
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1. Introduction

Microalgae represent one of the most diverse groups of microorganisms in freshwater
and marine systems [1]. Microalgae are eukaryotic organisms that contribute 40% of global
productivity [2]. They are characterized by huge variety of species that grow in diverse
environments and live in extreme conditions, including high and low temperatures, light
intensity, pH, and salinity. Their cultivation is quite simple, with fast growth rates com-
pared to marine plants and macroorganisms. Thanks to their metabolic plasticity, they can
trigger the production of several compounds with possible applications in various biotech-
nology sectors (e.g., food, energy, health, the environment, and biomaterials) [3,4]. Marine
microalgae have attracted increasing interest due to the possibility of cultivating them in
large quantities in an eco-friendly and eco-sustainable way, thus overcoming the problem
of supply for chemical and bioactivity characterization and avoiding disruptive collection
practices required for macroorganisms. This is a property of particular significance, consid-
ering the rising need for new bioactive compounds for pharmaceutical applications due to
the increasing incidence of cancer, infectious diseases, viral infections, antibiotic resistance,
and the insurgence of other human pathologies [4].

Different classes of microalgal-derived compounds have been identified and several
have shown specific biological activities, such as anticancer [5,6] anti-inflammatory [3,7,8],
anti-diabetes [9], antioxidant [10], anti-tuberculosis [11] anti-epilepsy [12], anti- hyperten-
sive [10], anti-atherosclerosis [10], anti-osteoporosis [10], and immunomodulatory activi-
ties [13,14]. In addition, various authors have shown that different culturing conditions,
including incubation with predators, influence microalgal bioactivities [3,15] (the so-called
OSMAC approach: one strain many compounds) triggering the activation of specific
metabolic pathways [8,16–20].
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However, natural products from microalgae remain largely unexplored compared to
those obtained from land plants. The identification of bioactive compounds is a complex
task that requires multidisciplinary approaches. The continuous upgrading of analytical
and molecular techniques is important in this process and is a prerequisite for the targeting
of novel products by means of high-throughput strategies [21]. In the last decade, growing
public and private interests and investments in marine biotechnology have increased the
possibility of generating information and collecting huge amounts of data to enhance
a wider understanding of different cellular processes and biological phenomena. Addi-
tionally, marine biotechnology makes use of -omics methodologies (such as genomics,
transcriptomics, proteomics, metabolomics, metagenomics, and metatranscriptomics) as-
sociated to heterologous expression or genetic engineering to identify possible bioactive
species and increase the production of the desired products [22]. The number of potential
marine natural products (MNPs) isolated currently exceeds 32,000 with hundreds of new
compounds being discovered every year [23]. Microalgae are known to be excellent sources
of pigments, lipids, vitamins, toxins and other chemicals [24], with possible application in
different fields (Figure 1). Here, we discuss their application mainly in the biomedical field,
reviewing current knowledge on the isolated compounds.
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2. Microalgal Bioactive Compounds
2.1. Pigments

Microalgae produce a variety of pigments of various color shades and biological
activities. These include chlorophylls, carotenoids, xanthophylls, and phycobiliproteins.
Recent studies have revealed that these pigments play an important role in the prevention
of human disease and the maintenance of good health [25]. Saide et al. [6] also reviewed
that chlorophyll degradation products may be active, such as the compound Pheophorbide
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a. Pheophorbide a has attracted widespread attention in recent years as a non-invasive and
highly selective approach for cancer treatment. The review also reports other important
bioactivities shown for Pheophorbide a, such as antiviral, anti-inflammatory, antioxidant,
immunostimolatory and anti-parasite activities. The biosynthetic carotenoid pigment path-
way has been extensively studied. Diatoms show different metabolic features compared to
plants [26] and use unique pigments, that are not present in other species, for light harvest-
ing and photoprotection [27]. The biosynthetic carotenoid pathway is still not completely
understood, and the reactions and enzymes from violaxanthin to diadinoxanthin are still
hypothetical [28]. Lohr and Wilhelm 1999 and Dambek et al. 2012 [29,30] proposed the
hypothesized pathway of carotenoid biosynthesis in Phaeodactylum tricornutum. However,
there is a great interest in increasing carotenoid production and a recent study used genetic
transformation of this diatom to increase its carotenoid content [28].

2.1.1. Fucoxanthin

Fucoxanthin occurs abundantly in some macro- and microalgae and contributes to
more than 10% of the estimated total production of carotenoids in nature. This pigment has
been extensively investigated in microalgae for its role in photosynthesis. Fucoxanthin has
been isolated and structurally identified from microalgae and can reach in a freeze-dried
diatom a weight as high as 16.5 mg/g, which is 10 times higher than that in brown algae,
suggesting potential applications in human and animal food, health and cosmetics [31].
Fucoxanthin is a xanthophyll, which contains an oxygen atom and thus is less chemically
hydrophobic compared with the carotenes, which do not contain oxygen and are fat-
soluble and insoluble in water (Figure 2). It includes a typical allenic bond, epoxide group,
and conjugated carbonyl group in a polyene chain with antioxidant properties [31].

It has been found to have a number of therapeutic activities, including anti-obesity,
anticancer, antioxidant, and anti-diabetic effects. In the last few years, nutrigenomics
studies have focused on the exceptional ability of fucoxanthin in modulating the expression
of specific genes involved in cell metabolism. Moreover, fucoxanthin improves the produc-
tion of docosahexaenoic acid (DHA) [32]. Fucoxanthin exerts an anti-obesity activity by
modulating the increase of reactive oxygen species (ROS) and the down-regulation of lipid
metabolism genes. Fucoxanthin significantly reduces plasmatic and hepatic triglyceride
concentrations and positively influences cholesterol-regulating enzymes such as 3-hydroxy-
3-methylglutaryl coenzyme A reductase and acyl-coenzyme A [33]. In 2016, Jeong Hwa
Kim et al. evaluated the anti-obesity effects of Phaeodactylum tricornutum powder based on
a number of metabolic parameters in a model of diet-induced obesity (C57B/6 mice on a
high–fat diet). They found that a range of 771.1 and 1273.18 µg/g are present in 15–30%
of P. tricornutum. Fucoxanthin was micellized and transferred to the soluble fraction at
the ileum in an in vitro simulated digestion system [34]. In particular, they observed that
fucoxanthin restored adenosine monophosphate (AMP)-activated protein kinase (AMPK)
phosphorylation and inhibited the activities of lipogenic enzymes such as acetyl-CoA
carboxylase (ACC) and HMG-CoA reductase 3-hydroxy-3-methyl-glutaryl-coenzyme A
reductase (HMGCR) in the livers of high fat diet-fed mice (Table 1). These findings provide
an indication for new dietary anti-obesity therapies.
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In their review, Martínez et al. [5] reviewed that fucoxanthin was reported by different
authors to have anti-proliferative activity. Kotake-Nara et al. [35] found that fucoxanthin
was one of the most active anti-cancer compounds among 15 types of carotenoids examined
on three different prostate cancer cell lines (PC-3, Du145 and LNCaP). The percentage
of viable cells after 72 h when fucoxanthin was added at 20 µM was 14.9% for PC-3, 5%
for DU145 and 9.8% for LNCaP, respectively (determined by (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide or MTT assay, for further details on this bioassay see
Kotake-Nara et al., 2001). Recently, Neumann et al. [36] confirmed the antiproliferative
effects of fucoxanthin extracted from Phaeodactylum tricornutum. The authors showed that
fucoxanthin was able to reduce the metabolic activity of hepatocellular carcinoma (HepG2),
adenocarcinoma of cervix (HeLa) and colonrectal adenocarcinoma (Caco-2) cells in a dose
dependent manner (0.1, 1, 10 and 50 µg/mL). An inhibitory effect of up to 58% was
measured in HepG2 cells. In HeLa and Caco-2 cells, the effect was stronger than that of the
positive control with a final concentration of 5% dimethyl sulfoxide (DMSO). The authors
also demonstrated that fucoxanthin increased caspase 3/7 activity up to 4.6-fold (Table 1).

Several studies have reported an effective radical scavenging ability of fucoxanthin.
For example, Neumann et al. in 2019 [36] demonstrated antioxidant effects of fucoxan-
thin extracted from Phaeodactylum tricornutum on HeLa cells by using a 2,2-diphenyl-
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1-picryl-hydrazyl-hydrate assay (DPPH, for further details on this bioassay see Neu-
mann et al., 2019). They observed that fucoxanthin had an IC50 value (measure indicating
how much of a compound is necessary to inhibit cell proliferation by 50% in vitro) of
201.2 ± 21.4 µg/mL, while the value for ascorbic acid was 70.3 ± 18.7 µg/mL and for
astaxanthin 79.32 ± 18.10 µg/mL. Moreover, the authors demonstrated that a ferric antiox-
idant power FRAP assay (for further details on this bioassay see Neumann et al., 2019)
showed that fucoxanthin is equivalent to 64.74 ± 3.93 mmol Fe2+ per gram/dm, β-
carotene to 6.55 ± 0.33 per gram/dm and astaxanthin to 63.97 ± 6.79 mmol Fe2+ per
gram/dm. Finally, fucoxanthin was able to inhibit the oxidative burst in human progres-
sive multifocal leukoencephalopathy (PML) cells, scavenge radicals and increase the glu-
tathione/oxidized glutathione ratio (GSH/GSSG) (Table 1). Murakami et al. [37] screened
19 natural carotenoids for their structure-function relationship with respect to their radical
scavenging activity. They found that the presence of an allenic bond, as seen in fucoxan-
thin increases the ability to inhibit the formation of superoxide in human promyelocytic
HL-60 cells and of nitric oxide (NO) in mouse macrophage RAW 264.7 cells. Fucoxan-
thin significantly reduced reactive oxygen species (ROS) production and the viability of
oxidatively-damaged monkey kidney fibroblast cells [38], human HaCaT keratinocytes [39],
human hematoma HepG2 cells [40], and normal human hepatic L02 cells [41]. The an-
tioxidant effect of fucoxanthin has also been reported in vivo. When oxidative stress was
induced by a retinol deficiency in rats, fucoxanthin significantly reduced the lipid hy-
droperoxide levels of the plasma, liver, and liver microsomes [42]. Song Xia et al. [43]
characterized the production and the activity of fucoxanthin isolated from the marine
diatom Odontella aurita, demonstrating that fucoxanthin exhibited strong antioxidant prop-
erties, with an effective concentration for a 50% scavenging (EC50) of 1,1-dihpenyl-2-
picrylhydrazyl (DPPH) radical and 2,2′-Azino-bis (3-ethylbenzthiazoline-6-6sulfonic acid
(ABTS) radical of 0.14 and 0.03 mg/mL, respectively. Therefore, the results of this work
suggested that Odontella aurita could be a natural source of fucoxanthin for human health
and nutrition applications. Hosokawa et al. [44] demonstrated that fucoxanthin attenuated
hyperglycemia in KK-Ay mice, but did not affect blood glucose levels in lean C57BL/6J
mice. However, high-fat feeding could prompt obesity, hyperinsulinemia, high blood
glucose, insulin resistance, and non-alcoholic fatty liver disease in C57BL/6J mice [45].
Maeda et al. [46] and Park et al. [45] showed that fucoxanthin significantly lowered the
fasting blood glucose concentration, plasma insulin level, and insulin resistance index in
diet induced obese mice. Fucoxanthin might reverse alterations in the lipid metabolism and
insulin resistance induced by a high fat diet, at least in part, through reducing visceral fat
mass, hyperinsulinemia, hepatic glucose production, and hepatic lipogenesis, and altering
hepatic glucose-regulating enzyme activities [45]. Recently, Kawee-ai et al. [47] demon-
strated that fucoxanthin isolated from Phaeodactylum tricornutum might also be useful for
the prevention of obesity or diabetes by inhibiting carbohydrate-hydrolyzing enzymes and
lipid accumulation and could be used as an ingredient for a functional food or dietary
supplement (Table 1).

2.1.2. β-Carotene

β-carotene is one of the typical primary carotenoids and is a component of the pho-
tosynthetic apparatus, which makes it necessary for photosynthesis. Microalgal-derived
β-carotene has been reported to be more biologically active than synthetically produced β-
carotene and can be considered as a “natural” food additive [48]. The microalga Dunaliella
salina contains the highest amount of β-carotene (up to 10% of dry weight) compared to
other algae in a closed tubular photobioreactor setting [49] with Isochrysis sp. containing
the second highest amount [50]. Dunaliella salina is already commercially produced as a
source of β-carotene [51] for use as an additive in food and feed applications, as well as for
use in cosmetics and food supplements [52]. β-carotene is the most prominent member of
the group of carotenoids that are a major class of fat-soluble pigments and antioxidants,
and the intake of some carotenoids is associated with a reduced risk of disease through
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their involvement in cell signaling pathways. β-carotene, due to its antioxidant activity
and its nutritional value as pro-vitamin A [53], has been widely applied in relation to food
products and cosmetics.

β-carotene is a tetraterpenoid, consisting of 40 carbon atoms in a core structure of
conjugated double bonds substituted with 2 β-ionone rings (Figure 2). Due to its extended
system of 9 fully conjugated double bonds, β-carotene shows a major absorption peak in
the visible spectrum with a maximum at 450 nm, responsible for the orange to red color of
the compound. In biological systems, the predominant isomer is an all-trans β-carotene (E-
isomer). However, cis-isomers have been found in living organisms and food samples [54],
including 9-cis-, 13-cis-, and 15-cis- β-carotene (Z-isomers), in addition to several di- and
poly-cis analogues [53].

β-carotene is used to ameliorate the secondary effects of the hereditary photosensitivity
disorder erythropoietic protoporphyria, suggesting that carotenoids intercept the reaction
sequence that leads to the formation of single oxygen. Singlet oxygen quenching by
carotenoids occurs via physical or chemical quenching [55]. Physical quenching involves
the transfer of the excitation energy form 1O2 to the carotenoid, resulting in a ground state
oxygen and an excited triplet state carotenoid. In the process of physical quenching the
carotenoid remains intact and can undergo further cycles of singlet oxygen quenching.
β-carotene and other carotenoids (violaxanthin, zeaxanthin, astaxanthin) are the most
efficient natural 1O2-quenchers. Their quenching activity is closely related to the number
of conjugated double bonds present in the molecule [56]. β-carotene efficiently scavenge
peroxyl radicals, especially at a low oxygen tension, and contributes to the defense against
lipid peroxidation [57].

The antioxidant properties are related to the skin protective effects of β-carotene.
It has been demonstrated that β-carotene levels in the skin and serum can be increased
by supplementation with carotenoids derived from the alga Dunaliella salina [55]. In 2005,
Murthy et al., conducted a research study using albino rats of either sex of the Wister
strain, separated into five groups each of which maintained on the prescribed diet for a
period of 15 days. The authors demonstrated a protective role for β-carotene rich algae in
oxidative stress reduction (Table 1). Furthermore, β-carotene restores the activity of hepatic
enzymes like catalase, peroxidase and superoxide dismutase, which in turn protects vital
organs against xenobiotics and other damages. Treatments of rats with a toxin at 2 g/kg
of body weight significantly reduced the level of catalase, peroxidase and superoxide
dismutase by 84.88%, 118.11%, and 127.16%, respectively. However, pre-treatment of the
rats with 250 µg/Kg and 125 µg/Kg of carotenoids preserved catalase, peroxidase and
superoxide dismutase activities, findings which are comparable with the control values of
the enzyme [58].

Epidemiological studies indicate that the incidence of cancer may be slightly lower
among individuals with an above-average intake of β-carotene. Additionally, there is a cor-
relation between β-carotene serum levels and a diminished risk of different kinds of cancer.
Nishino et al. [59] completed two clinical trials where they demonstrated that β-carotene
may be the most promising candidate as a cancer preventive agent. β-carotene was tested
for its cancer-preventive activity in several interventional trials, e.g., two Linxian trials
(Linxian 1 and Linxian 2), the Alpha-Tocopherol beta-Carotene (ATBC) Cancer Prevention
Study, the β-carotene and Retinol Efficiency Trial (CARET), the Physicians’Health Study
(PHS) and the Skin Cancer Prevention Study (SCPS) [60]. On the contrary, it has been
shown in animal models that high doses of β-carotene affect the expression of a retinoic
acid receptor subtype which might be important in the context of carcinogenesis [59]. These
effects were more pronounced when the animals were additionally exposed to cigarette
smoke [60]. In a study published by Singh et al., Dunaliella salina was grown under different
stress conditions to enhance carotene production. The authors evaluated the cytotoxic
activity of carotene on a breast cancer cell line (MCF-7), treated with 250 µg/mL for
72 h and observed an increase in cytotoxicity associated with carotene accumulation [61].
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The contribution of β-carotene and other carotenoids to cancer prevention associated with
a carotenoid-rich diet remains unclear (Table 1).

However, carotenoids, when used in association with the chemotherapy agent 5-
fluorouracil facilitated a complete remission in colorectal cancer, rather than the partial
remission as observed when chemotherapy was performed in the absence of additional
metabolites [62].

2.1.3. Astaxanthin

Astaxanthin, a carotenoid belonging to the xanthophyll class, has attracted great
interest due to its antioxidant capacity and its possible role in reducing the risk of some
diseases (Figure 2). Astaxanthin occurs naturally in microalgae such as Haematococcus
sp., particularly the species H. pluvialis [63]. Haematococcus sp. is already commercially
produced as a source of astaxanthin [63]. It is an important colorant in the salmonid and
crustacean aquaculture feed industry, and in many countries it is also used as a dietary
supplement. Its shares many of the metabolic and physiological activities attributed to
carotenoids, including the presence of hydroxyl and carbonyl functional groups in the
ketocarotenoids making them excellent antioxidants [64]. Astaxanthin is derived from
β-carotene by 3-hydroxilation and 4-ketolation at both the ionone end groups. These
reactions are catalyzed by β-carotene hydroxylase and β-carotene ketolase, respectively.
Hydroxylation is widespread in higher plants, but ketolation is restricted to a few bacteria,
fungi, and some unicellular green algae.

It can play a diversity of roles, e.g., in the prevention of some human pathologies,
such as skin UV-mediated photo-oxidation, inflammatory processes, and even cancer [65].

Astaxanthin’s antioxidant capacities have been tested via in vitro lipid peroxidation
and radical scavenging models as well as an in vivo vitamin E-deficient rat model [66].
Exposure to physiological stress, air pollution, tobacco smoke, chemicals or ultraviolet
(UV) light, can improve the production of such agents. Oxidative damage has been linked
to aging, atherogenesis, ischemia-reperfusion injury, infant retinopathy, age-related mac-
ular degeneration, and carcinogenesis. Dietary antioxidants, such as carotenoids, might
help to prevent and fight several human diseases. Astaxanthin is very good at protect-
ing membranous phospholipids and other lipids against peroxidation [66]. Palozza et al.
demonstrated that the inhibitory effect of astaxanthin is comparable or superior to that
of α-tocopherol in an egg yolk phosphatidylcholine liposomal suspension exposed to
2,2′-Azobis (2-amidinopropane) dihydrochloride (AAPH) [66]. Ranga Rao et al. [67] con-
ducted a study to evaluate the bioavailability and antioxidant properties of carotenoids
from a microalgal biomass tested in a rat model. A microalgal biomass containing 200 µM
equivalent of β-carotene, astaxanthin and lutein per rat from Haematococcus pluvialis and
Botryococcus braunii biomass, respectively, was dispersed in olive oil and administered to
rats for a period of 15 days. The levels of these carotenoids in the plasma, liver and eye
were examined by high performance liquid chromatography and also confirmed by mass
spectroscopy. Astaxanthin accumulation in the group of rats fed with H. pluvialis was
higher when compared to the S. platensis and B. braunii groups. The results indicate that
astaxanthin from H. pluvialis has a better bioavailability and better antioxidant properties
compared to other carotenoids [68]. In 2003, Spiller conducted an investigation by means
of human safety study with a H. pluvialis algal extract with high levels of astanxanthin
and confirmed that 6 mg of astaxanthin per day from an H. pluvialis algal extract can be
safely consumed by a healthy adult (Table 1). These results indicate that astaxanthin is a
more powerful antioxidant than other carotenoids [68]. Liu B.H. [69] and Bennedsen [70]
conducted studies with Balb/cA mice. The authors investigated whether a dietary cell
extract of Haematococcus pluvialis containing 2–3% astaxanthin could affect the bacterial load
of Helicobacter pylori infected BALB/c A mice and whether it could induce a modulation of
cytokine production. The BALB/c mice after two weeks of infection with H. pylori were
orally fed with a cell extract of H. pluvialis (200 mg/kg body weight per day) for ten days.
At the conclusions of the experiments, the authors observed a reduced bacterial load and
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gastric inflammation after treatment with an astaxanthin-rich algal meal. These effects were
associated with a shift of the T-lymphocytes response from a predominant T helper type 1
(Th1) response dominated by Interferon gamma (IFN-γ) to a Th1/Th2 response with IFN-γ
and Interleukin-4 (IL-4). A study conducted in 2008 [71] showed for the first time that orally
administered total carotenoid and astaxanthin esters exert a dose dependent gastroprotec-
tive effect on acute, ethanol-induced gastric lesions in rats. Park et al. demonstrated that
8 mg of astaxanthin administered every day decreased one DNA damage biomarker while
subjects fed with 2 mg astaxanthin also showed lower plasma C-reactive concentrations,
demonstrating the anti-inflammatory action of astaxanthin in humans (Table 1). The im-
mune markers significantly enhanced by means of feeding with astaxanthin included T
cell and B cell mitogen-induced lymphocyte proliferation, NK cell cytotoxic activity, IFN-γ
and Interleukin-6 (IL-6) production, and lymphocyte function-associated antigen 1 (LFA-1)
expression [72].

In the literature there are numerous studies that report the importance of astaxanthin
in relation to diabetes. Generally, patients with diabetes mellitus show very high oxidative
stress levels, which are induced by hyperglycemia, due to dysfunction of pancreatic β-cells
and tissue damage. Uchiyama et al. demonstrated that astaxanthin could reduce the
oxidative stress caused by hyperglycemia in pancreatic β-cells and also improve glucose
and serum insulin levels [73]. Astaxanthin can protect pancreatic β-cells against glucose
toxicity (Table 1). It has also been shown to be an effective immunological agent in the re-
covery of lymphocyte dysfunctions associated with diabetic rats. Otton et al. demonstrated
that astaxanthin could be a good adjuvant in prophylaxis or the recovery of lymphocyte
dysfunctions associated with diabetic patients [74]. Additional studies have also shown
that astaxanthin prevents diabetic nephropathy through the reduction of oxidative stress
and renal cell damage [75]. Further, Mularczyk et al. [76] and Landon et al. [77] through
their reviews highlighted the effects of an astaxanthin extract from H. pluvialis against the
pathogenesis of diabetes and its chronic complications.

Astaxanthin has shown a significant anticancer activity when compared to other
carotenoids like canthaxanthin and β-carotene. Very recently, Faraone et al. summa-
rized in a review that astaxanthin can induce apoptosis through the down-regulation of
anti-apoptotic protein (Bcl-2, p-Bad, and survivin) and the upregulation of proapoptotic
(Bax/Bad and PARP) expression in neoplastic, colon, breast, prostate, and lung cells [78].
Palozza et al. demonstrated the growth-inhibitory effects of the astaxanthin-rich H. pluvialis
on colon cancer cells (HCT116), decreasing the expression of cyclin D1 and increasing p53
and some cyclin kinase inhibitors, including p21waf-1/CIP-1 and p27, which arrest cell cycle
progression (Table 1). Moreover, it may also promote apoptosis through a down-regulation
of the phosphorylation of protein kinase B (AKT), changes in the apoptosis-related pro-
teins, including Bax, Bcl-2, and Bcl-Xl, and in mitogen-activated protein (MAP) kinase
signalling [79].

2.1.4. Violaxanthin

Violaxanthin is an orange-colored natural xanthophyll, a derivative of β-carotene
which only differs for four peripheral groups: two-epoxy, at the positions 5, 6 and 5′, 6′and
two hydroxy-, at the positions 3 and 3′. The polar groups are bonded to the β-ionone ring
on two sides of each molecule (Figure 2).

In 2011, Pasquet et al. [80] demonstrated that Dunaliella tertiolecta dichloromethane
extract exhibited a strong anti-proliferative activity on human breast cancer cells (MCF-7)
and human prostate cancer cells (LNCaP) but not on human lung carcinoma (A549) and
human breast cancer cells (MDA-MB-231). Through high resolution mass spectrometry
and spectrophotometric analysis violaxanthin was identified as the most anti-proliferative
molecule present in the Dunaliella tertiolecta dichloromethane extract. Pasquet et al. showed
that the sub-fraction containing violaxanthin inhibited MCF-7 growth (with 72 h exposure)
at a concentration as low as 0.1 µg/mL and in a dose dependent manner from 0.1 µg/mL
to 40 µg/mL (Table 1). However, despite indications of early apoptosis (phophatidylserine
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translocation detected using annexin-V-Alexa 568 fluorochrome), the violaxanthin sub-
fraction did not cause any DNA fragmentation. Successively, Soontornchaiboon et al. [81]
assessed the anti-inflammatory activity and mechanism of action of violaxanthin purified
from Chlorella ellipsoidea using various assays, such as real-time polymerase chain reaction
(RT-PCR), Western blotting and electrophoretic-mobility shift assay (EMSA). The anti-
inflammatory effect of violaxanthin was demonstrated by the significant inhibition of nitric
oxide (NO) and prostaglandin E2 (PGE2) (Figure 3). Violaxanthin effectively inhibited
the LPS-mediated nuclear factor-κB (NF-κB) p65 subunit translocation into the nucleus,
suggesting that violaxanthin anti-inflammatory activity may be based on the inhibition of
the NF-κB pathway. The experiments showed that violaxanthin markedly inhibited NO
production in LPS (1 µg/mL)-treated RAW 264.7 cells in a dose-dependent manner and
this effect was maximal at 60 µM (Table 1).
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Figure 3. The effects of bioactive compounds extracted from microalgae involved in anti-
inflammatory mechanisms. NF-kB stands for nuclear factor-kappa B, IL for interleukin, TNF for
tumor necrosis factor, IFN for interferon, iNOS for inducible nitric oxide synthase, NO for nitric
oxide, COX-2 for cyclo-oxygenase-2 and PGE2 for prostaglandin E2.

2.1.5. Lutein and Minor Carotenoids

Lutein is a yellow colored 40 carbon-long chain structured xanthophyll pigment [82]
(Figure 2) and zeaxanthin is its stereoisomer, while neoxanthin has the characteristic struc-
ture of 5,6-monoepoxide and an allelic bond [83]. Lutein protects cells from ROS damage
under stress conditions and, indeed, has attracted great attention due to its potential role
in preventing or ameliorating age-related macula degeneration [82]. This antioxidant
activity is thought to be responsible for reducing injury due to oxidative and inflammatory
processes in cells and tissues. This carotenoid has also been proposed for the prevention of
certain cancers [84] and for the protection of skin from UV-induced damage [85]. Lutein has
been extensively used as a feed additive and a food coloration agent in industry [86]. Lutein
together with neoxanthin and zeoxanthin have scavenging properties [87]. Knowledge of
the biosynthetic pathways for lutein biosynthesis in microalgae is limited. It is now believed
that all types of carotenoids, including lutein, are obtained from common five-carbon (C5)
starting molecules isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP).
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These common metabolic precursors (IPP and DMAPP) might be derived from either one
of two independent pathways: (1) the cytosolic mevalonate (MVA) pathway starting from
Acetyl-CoA, or (2) the plastidic methylerythritol 5-phosphate (MEP) pathway starting from
pyruvate [88]. There are evidences that the precursors for microalgal carotenoids including
lutein biosynthesis proceed from the MEP pathway in Dunaliella salina, Chlorella vulgaris,
Scenedesmus sp. [88], and Haematococcus pluvialis [89].

Cha et al. at the same time evaluated the anticancer activity of violaxanthin from
Chlorella ellipsoidea [84] and lutein from Chlorella vulgaris, measuring their cytotoxicity and
apoptosis-inducing activity. The authors showed that extracts of Chlorella vulgaris inhibited
colon cancer (HCT116) cell growth in a dose-dependent manner, yielding IC50 values of
40.41 ± 4.43 µg/mL (Table 1). Kotake-Nara [83] demonstrated that neoxanthin reduces
the viability of human prostate cancer cells inducing apoptosis in PC3 characterized by
morphological changes, DNA fragmentation, an increased percentage of hypodiploid cells,
and a cleaveage of caspase-3 and PARP. The viability of the cells significantly decreased
after 72 h of incubation with 20 µM of neoxanthin, with the down-regulation of Bax and
BCl-2 expression and a diminution in the levels of procaspase-3 and PARP.

These two natural compounds are involved in epidemiological and intervention trials
that support a nutrient–health relationship in preventing age-related cataracts and macu-
lopathy [90]. In fact, in the literature, both zeaxanthin and lutein are reported to play an
important role in maintaining normal visual function [91]. Santocono [92] and co-workers
investigated the antioxidant activity of lutein and zeaxanthin by using chemilumines-
cence techniques and found that these carotenoids have a similar superoxide-scavenging
activity. Their investigation was conducted on SK.N.Sh human neuroblastoma and rat
trachea epithelial cells subjected to oxidative stress by exposure to UVA radiation. Human
neuroblastoma cells were irradiated with UVA for 30 min, 40 µM of carotenoids were
added immediately after irradiation, and DNA repair was observed for 2 h. (Table 1).
In the cell lines, irradiation with UVA resulted in time-dependent DNA damage. The ef-
fectivness of these carotenoids as antioxidants depends on a number of factors, but the
addition of carotenoids after UVA exposure influences the kinetics of DNA repair in a very
different manner.

Table 1. The table reports some of active pigments identified in microalgae. When available, mechanism of action,
concentration used and inhibitory concentration values (IC50) are reported.

Compound Microalgae Bioactivity Concentration Mechanism of Action Ref.

Fucoxanthin Phaeodactylm
tricornutum

Anti-obesity:
(C57B/6 mice a high-fat

diet).

In vivo: 771.1 and
1273.18 µg/g of diet for
15 and 30% PT powder.

Activation of AMPK and
HMGCR pathways. [34]

Anticancer:
(Caco-2, HeLa and

HepG2).

In vitro:
Dose–dependent

manner (0.1, 1, 10 and
50 µg/mL).

Increased the caspase
activity up to 4.6-fold. [36]

Antioxidant:
(Human primary blood

cells)

In vitro: IC50 value of
201.2 ± 21.4 µg/mL.

Inhibit the oxidative
burst in human PMLs,
scavenge radicals and
increase the GSH to

GSSH ratio.

[36]

Anti-diabetic:
(3T3-L1 cells)

In vitro: IC50 value of
0.68 mmol/L and

4.75 mmol/L

Inhibiting carbohydrate-
hydrolyzing enzymes

and lipid accumulation.
[47]

β-carotene Dunaliella
salina

Antioxidant:
(Albino rats of either sex

of the Wister strain
weighing 180–220 gm)

In vivo: 125 µg/Kg and
250 µg/Kg.

Restores the activity of
hepatic enzymes. [58]

Anticancer:
(MCF-7 breast cancer) In vitro: 250 µg/mL Remains unclear. [61]

Astaxanthin Haematococcus
pluvialis

Antioxidant:
(Thirty-five healthy

adults age 35–69 years)

In vivo: 6 mg/day Remains unclear. [68]



Int. J. Mol. Sci. 2021, 22, 4383 11 of 40

Table 1. Cont.

Compound Microalgae Bioactivity Concentration Mechanism of Action Ref.

Anti-inflammatory:
(young healthy adult

human female).
In vivo: 2 or 8 mg/daily.

Shifting the
T-lymphocyte response

from a Th1 response
dominated by IFN-γ to a

Th1/Th2 response
dominated by IFN- γ

and IL-4.

[72]

Anti-diabetic:
(C57BL/KsJ-db/db

mice).

In vivo:
10 mg/mouse/day.

Preservation of β cell
function. [73]

Anticancer:
(HCT116 colon cancer). In vitro: 25 µg/mL.

Increase of p53,
p21WAF-1/CIP-1 and p27
expression, decrease of

cyclin D1 expression and
AKT phosphorylation.

[79]

Violaxanthin Dunaliella
tertiolecta

Anticancer: (MCF-7,
LNcaP cell lines)

In vitro: From
0.1 µg/mL to 40 µg/mL.

Phophatidylserines
translocation. [80]

Chlorella
ellipsoidea

Anti-inflammatory:
(Raw 264.7 cell lines). In vitro: 60 µM Inhibition of NF-κB [81]

Lutein Chlorella
vulgaris

Anticancer:
(HCT116 cell lines).

In vitro: IC50 values of
40.41 ± 4.43 µg/mL.

Apoptosis-inducing
activity. [84]

Antioxidant: (human
neuroblastoma cells,
rat trachea epitelial

cells).

In vitro: 40–50 µM. Remain unclear [92]

2.2. Polyphenols

Polyphenols are a group of compounds of about 8000 known molecules which are
generally divided into ten different classes depending on their basic chemical structure [93]
and are broadly divided in four classes: phenolic acids, flavonoids, stilbenes, and lig-
nans [94]. Phenolic compounds are recognized as important natural antioxidants and
extraction of polyphenols from natural resources has received enormous recent attention.
Polyphenolic compounds isolated from marine algae exhibit a broad spectrum of beneficial
biological properties including antioxidant, anticancer, anti-microbial, anti-inflammatory,
anti-diabetic [95] and antiviral activities [96]. In this view, microalgal biomass exhibits great
potential for target bioactive compound accumulation. Polyphenols act as antioxidants
through single electron transfer and through hydrogen atom transfer [52]. Some studies
suggest that the content of phenolic substances in microalgae is lower than or equal to the
minimum amounts reported for terrestrial plants, and only include phenolic acids. The re-
cent explosion of interest in the bioactivity of polyphenols is due to their potential health
benefits as, for example, cardioprotective [97], anti-carcinogenic [98] and anti-diabetic [99]
compounds. In a recent study [100], Del Mondo et al. investigated the structural variety
and the beneficial activity of polyphenols, but they also highlighted the lack of genetic and
biochemical information on their biosynthetic route in microalgae. Investigations on the
polyphenol biosynthetic pathway in microalgae are required to further understand and
thus exploit microalgal phenolic compounds.

Li et al. screened 23 microalgal species [101], Hajimahmoodi et al. (2010) screened
another 12 species [102], Goiris et al. [52] screened 32 microalgae, and Safafar [87] screened
six species for possible antioxidant capacity and correlated this activity with polyphenol
content. These studies found that industrially-cultivated Tetraselmis suecica, Isochrysis
sp., Chlorella vulgaris, and Phaeodactylum tricornutum possessed the highest antioxidant
capacities and, thus, could be potential new sources of natural antioxidants. Recently,
Patil L. examined the antioxidant activity of Scenedesmus bajacalifornicus BBKLP-07 [103]
and they confirmed the presence of phenols using the Folin-Ciocalteu method (Table 2)
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of Singleton et al. [104]. The highest flavonoid content was observed in aqueous extracts.
Flavonoids play a crucial role in protecting cells from premature aging and disease by
shielding DNA, proteins and lipids from oxidative damage [105]. In addition, crude
extracts also showed anti-diabetic, anti-inflammatory and anti-microbial activities. Anti-
diabetic activity was demonstrated by the inhibition of α-amylase enzyme involved in
the digestion of carbohydrates, the anti-inflammatory activity by the analysis of different
molecular mediators (e.g., tumor necrosis factor TNF-α, interleukin 1, nitric oxide and
prostaglandin) and antimicrobial activity was found against the foodborne pathogenic
bacteria Escherichia coli, Salmonella typhi, Bacillus subtilis, and Staphylococcus aureus [103].

2.3. Polysaccharides

Polysaccharides are large molecules made by many smaller monosaccharides. Depend-
ing on which monosaccharides are connected, and which carbons in the monosaccharides
connect, polysaccharides can have a variety of forms. Polysaccharides have been studied for
a long time due to their characteristics, especially their chemical behaviour that is reflected
by their conformation. Polysaccharides produced by microalgae have already proved to
be promising agents in various fields, such as food, feed, pharmaceutical, and biomedical,
due to their anti-viral, anti-bacterial, anti-oxidant, anti-inflammatory and immunomod-
ulatory activity [106]. In microalgae, polysaccharide biosynthesis and polysaccharide
sulfation take place through the Golgi apparatus (GA) [107]. Polysaccharide sulfonation in
red microalgae was carried out by supplying Porphyridium cells with Na2

35SO4 cysteine.
Results suggested the role of cysteine as sulphur donor, with the intervention of the enzyme
sulfotransferase that catalyzes the attachment of sulfur to cell-wall polysaccharides.

Sulphated polysaccharides (sPS) from marine microalgae, principally the ones pro-
duced by Porphyridium, have been reported to have anti-viral activity. The mechanism
of action is not yet completely understood; the anionic nature of sPS makes them good
candidates to protect against viruses. In 1996, Hayashi et al. [108] showed that sPS inhibited
the penetration of viral particles into host cells (Table 2). In particular, they tested the
inhibitory effects of calcium spirulan and dextran sulphate on the replication of Human
immunodeficiency virus 1(HIV-1) and Herpes simplex virus (HSV-1) and demonstrated that
the concentration of calcium spirulan and dextran sulphate required for 50% inhibition
(IC50) was 9.3 and 9.6 µm/mL, respectively.

Raposo et al. [109] showed the antiviral applications of exopolysaccharied (EPS) from
marine microalgae, in particular against Herpes simplex and Varicella zoster viruses (HSVand
VZV), human cytomegaloviruses (HCMV), measles, mumps and flu viruses, and vaccinia
virus, a variola–related virus. In fact, the EPS from Porphyridium purpureum proved to be
active against Vaccinia and Ectromelia orthopoxvirus infection. In studies conducted with
HepG2 and VERO C1008 cells, IC50 was significantly lower (0.78 and 0.65 µg/mL respec-
tively) than the response to dextran sulfate (1.24 µg/mL) [110]. In 2014 Raposo et al. tested
the anti-microbial activity of the EPS from Porphyridium cruentum and reported that ethano-
lic extracts of this species showed some significant activity against Salmonella enteritidis.
Tannin-Spitz [111] demonstrated that sulfated polysaccharides from Porphyridium exhibited
antioxidant activity against the autoxidation of linoleic acid and inhibited oxidative dam-
age to 3T3 cells that might be caused by FeSO4 (Table 2). The sulfated EPS from Rhodella
reticulata also had antioxidant activity [112], with the crude polysaccharide being twice
as strong as α-tocopherol. Polysaccharides from marine microalgae, like Phaeodactylum
tricornutum and Chlorella stimatophora, had already been shown to have anti-inflammatory
activity against paw edema induced by carrageenan. The anti-inflammatory efficacy was
tested in vivo, by intraperitoneally injecting the crude polysaccharide in female rats and
mice, and in vitro, by evaluating the phagocytic activity in macrophages from mice [113].
Guzman et al. also demonstrated the direct stimulatory effect of P. tricornutum on im-
mune cells due to the positive phagocytic activity tested either in vitro or in vivo, and the
immunosuppressant activity of sulfated polysaccharides from extracts of Chlorella stig-
matophora. In 2007, Tabarsa et al. showed that the polysaccharides extracted from Chlorella
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vulgaris after fractionation appeared to stimulate macrophage cell lines (RAW264.7) via
induction of NO, PGE2 and pro-inflammatory cytokine production with enhanced expres-
sion of their mRNA [114]. High molecular weight over-sulfated EPSs from Porphyridium
inhibited neoplastic mammalian cell growth and the biomass of this marine microalgae
was shown to prevent the proliferation of colon cancer in rats [115]. Gardeva et al. [116]
showed that a sulfated polysaccharide derived from Porphyridium cruentum was active
against Griffi myeloid tumor in hamsters both in vivo and in vitro (Table 2). When tested
in vivo, this polysaccharide decreased transplantability in all experimental groups.

Table 2. The table reports some of active polyphenols and polysaccharides identified in microalgae. When available,
mechanism of action, concentration used and inhibitory concentration values (IC50) are reported.

Compound Microalgae Bioactivity Concentration Mechanism of Action Ref.

Polyphenols

Flavonoids and
alkaloid

Scenedesmus
bajacalifornicus

BBKLP-07
Antioxidant

In vitro: Radical
scavenging effects of
60.45 and 63.57% at

50 µg/mL.

Reduction of
methanolic solution of

colored free radical
DPPH by free radical

scavengers.

[103]

Anti-diabetic In vitro: IC50
80.21 µg/mL

Inhibitory activity of
α-amylase. [103]

Anti-inflammatory
In vitro: 67.35% protein

denaturation at
100 µg/mL

[103]

Polysaccharides

Calcium spirulan
and dextran

sulphate

Porphyridium
cruentum Anti-viral In vitro: IC50 9.3 and

9.6 µm/mL.

Inhibitory effect on the
replication of

HIV-1 and HSV-1.
[108]

Porphyridium
UTEX 637

Antioxidant:
(3T3 cells)

In vitro: 7.5 µg/well:
41.4% of inhibition.
19 µg/well: 65% of

inhibition.
37.5 µg/well: 79.7% of

inhibition.

Autooxidation of
linoleic acid,

and oxidative damage
to 3T3.

[111]

Chlorella
stigmatophora and

Phaeodactylm
tricornutum

Anti-
inflammatory:

Female C57BI mice

In vivo:
Intraperitoneally crude
polysaccharide extract

5 or 10 mg/kg.

Colloidal carbon
clearance (in vivo

assay)
Phagocytic activity

(in vitro assay)

[113]

Porphyridium
cruentum

Anticancer:
Golden Syrian race

Graffi Myeloid
tumor

In vitro: Dose
dependent manner at

different time.

Increased both,
spreading and

phagocytic activity of
peritoneal

macrophages in
healthy and GTBH in a

dose dependent
manner.

[116]

2.4. Lipids

Microalgae are known to be excellent producers of valuable lipids, such as fatty
acids, polar lipids, oxylipins, and steroids with possible applications as nutrient supple-
ments, as well as in the pharmaceutical, cosmeceutical and biofuel sectors. Approximately
2400 tons of microalgae biomass are marketable per year for health applications and the
market size of recommended omega-3 based pharmaceuticals alone represents 1.5 billion
dollars [117]. Lipid content in microalgae can reach 25% of dry weight, but can be increased
by applying different methodologies. Biological fatty acids are composed of a hydrocarbon
chain with one terminal carboxyl group (COOH).
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Lipids are generally amphipathic (part of their structure is hydrophilic and another
part is hydrophobic) and this property is the key for their role as fundamental components
of cellular and organelle membranes, as well as their industrial applications [118]. Several
studies have focused on implementing lipid production, via classical culturing parameter
modifications or via metabolic engineering, especially for biofuel applications [119,120].
Lipid synthesis has been extensively studied [119], even if metabolic pathways are not
completely characterized for all the microalgal classes. Various enzymes involved in lipid
synthesis have been often considered for genetic engineering modifications in order to
implement lipid production, especially for nutraceutical and biofuel applications [119].
Microalgal bioactivity screening and lipid activity evaluation identified different possible
applications for prevention and treatment of various human pathologies: anticancer, an-
tioxidant, anti-inflammatory, and others (Table 3). Regarding fatty acids, the two most
important long-chain omega-3 (ω-3) polyunsaturated fatty acids (PUFAs), such as eicos-
apentaenoic acid (EPA) and docosahexaenoic acid (DHA), have been found to have possible
beneficial activities for several pathologies, such as arteriosclerosis, hypertension, inflam-
mation, cancer, rheumatoid arthritis, and asthma microbial and viral infections, as well as
retinopathy and mental health [121–126]. For example, an EPA-enriched fraction from the
diatom Cocconeis scutellum Ehrenberg (Bacillariophyceae) had antiproliferative activity on
breast carcinoma (BT20) cells [127], with activation of caspase-3 and caspase-8, and cell
cycle progression block from S to G2-M phases [127]. Desbois et al., 2008 [128] isolated from
the diatom Phaeodactylum tricornutum the monounsaturated fatty acid (9Z)-hexadecenoic
acid (palmitoleic acid; C16:1 n-7) and the relatively unusual polyunsaturated fatty acid
(6Z, 9Z, 12Z)-hexadecatrienoic acid (HTA; C16:3 n-4) and tested them for antimicrobial
bioactivity. They found that palmitoleic acid inhibited the growth of staphylococcal species,
including multidrug-resistant Staphylococcus aureus (MRSA), and the growth of the food-
borne pathogen, Bacillus weihenstephanensis. HTA inhibited the growth of Gram-positive
and Gram-negative bacteria, such as S. aureus, Staphylococcus epidermidis and also two
marine bacteria, Planococcus citreus and Listonella anguillarum. Inhibitory concentration
(IC50) values were calculated for activities against S. aureus with values ranging from 10 to
20 and 20 to 40 µM for palmitoleic acid and HTA, respectively.

Gutiérrez-Pliego et al. [129] proposed microalgal n-3 fatty acids in substitution to fish
oil for the treatment of diabetes and prevention of the appearance of health complications
caused by inflammatory processes. They analysed the effects of supplementation with
n-3 fatty acids (EPA and DHA) extracted from microalgae (Chlorophyceae and Eustigmato-
phyceae) on the inflammatory markers from two different strains of mice, db/db and CD1.
They observed that this supplementation induced an increase of the cytokines IL17A, IL-12,
IL-4, IL-6, IL-10, and TGF-β, but a decrease of IFN-γ, TNF-α, and IL-5 in diabetic mice.

Table 3. The table reports active lipids identified in microalgae. When available, mechanisms of action, concentrations used
and inhibitory concentration values (IC50) are reported.

Compound Microalgae Bioactivity Concentration Ref.

Fatty acids

Palmitoleic acid and
hexadecatrienoic acid

(HTA)

Phaeodactylum
tricornutum

Antimicrobial: Palmitoleic acid
inhibited the growth of staphylococcal
species, including multidrug-resistant

Staphylococcus aureus MRSA.
HTA inhibited the growth of

Gram-positive and Gram-negative

In vitro: IC50 values of
palmitoleic acid and

HTA against S. aureus
were 10–20 and

20–40 µM, respectively

[128]
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Table 3. Cont.

Compound Microalgae Bioactivity Concentration Ref.

EPA-enriched fraction Cocconeis scutellum
Ehrenberg

Antiproliferative activity on breast
carcinoma (BT20) cells, activation of
caspases-3 and caspase-8, and cell
cycle progression block from S to

G2-M phases

In vitro: Tests at
0–1.7 and

0.1–4 µg/well
[127]

EPA and DHA

Chlorophyceae and
Eustigmatophyceae,
species names not

specified

Antidiabetes: increase of the cytokines
IL17A, IL-12, IL-4, IL-6, IL-10,

and TGF-β but the decrease of IFN-γ,
TNF-α, and IL-5 in diabetic mice

In vivo: 1 mg/g of
mouse weight. [129]

Polar lipids

Two
monogalactosyldiacyl
glycerolipids (MGDGs

Phaeodactylum
tricornutum

Pro-apoptotic activity on immortal
mouse epithelial cell lines (W2 cells).

In vitro: 52 µM and
64 µM [130]

Two MGDGs Tetraselmis chuii

Anti-inflammatory: reduce nitric
oxide (NO) production and inducible
nitric oxide synthase (iNOS) protein

levels in lipopolysaccharide
(LPS)-stimulated

RAW264.7 macrophage cells

In vitro: 50 µg/mL [131]

MGDGs and
digalactosyl

diacylglycerolipids
(DGDGs)

Nannochloropsis
granulata

Anti-inflammatory: reduce nitric
oxide (NO) production and inducible
nitric oxide synthase (iNOS) protein

levels in lipopolysaccharide
(LPS)-stimulated

RAW264.7 macrophage cells

In vitro: 50 µg/mL [132]

sulfoquinovosyl
diacylglycerolipids

(SQDGs)

Tetradesmus
lagerheimii,

Scenedesmus
producto-capitatus,

Pectinodesmus
pectinatus,

Tetradesmus
wisconsinensis

inhibit the glutaminyl cyclase (QC) In vitro: 0.2 mg/mL [133]

A synthetic sulfolipid
(Sulfavant) SQDG18

Thalassiosira
weissflogii

CCMP1336

It triggered an effective immune
response against cancer cells to

improve dendritic cell (DC)
maturation and increase

CD83-positive DC.
SQDG18 stimulated the production of

the pro-inflammatory cytokines
IL-12 and INF-γ

[134,135]

MGDGs
DGDGs Chlorella vulgaris

Antitumor: Epstein-Barr
virus-associated early antigen

(EBV-EA) activation on
Raji cells induced by

12-O-tetradecanoylphorbol-13-
acetate (TPA)

In vitro: 500–2500 mol
ratio/TPA [136]

SQDG Porphyridium
cruentum

Inhibition of the growth cancer
cell-lines on

human colon (DLD-1), breast (MCF-7),
prostate adenocarcinoma (PC-3) and

malignant melanoma (M4 Beu) cancer
cells;

In vitro: IC50:
20–46 µg/mL [137]

SQDG Porphyridium
cruentum

Inhibition of DNA
α-polymerase;

In vitro: IC50:
378 µg/mL [137]



Int. J. Mol. Sci. 2021, 22, 4383 16 of 40

Table 3. Cont.

Compound Microalgae Bioactivity Concentration Ref.

Lipid extracts
containing EPA, SQDG,

MGDG, DGDG and
others

Pavlova lutheri

Down-regulation of the production of
cytokine IL-6 in lipopolysaccharide

(LPS)-stimulated human
THP-1 macrophages;

Down-regulation of Toll-like receptor
8, Toll-like receptor 1,

TNF receptor-associated factor 5,
Mitogen-activated protein kinase 1;

Increase of Prostaglandin E receptor 1

In vitro: 3 µg/mL total
fatty acids [138]

Oil containing
eicosapentaenoic acid
(EPA), phospholipids

and glycolipids

Nannochloropsis
oculata

Glycolipids in the algal oil may
increase Long-chain

omega-3 polyunsaturated fatty acids
(LC n-3 PUFA) bioavailability

In vivo: 5 mL algal oil
per kg body weight

each day per 7 days in
rats

[139]

Oxilipins

PUAs (2-trans,4-trans-
decadienal,

2-trans,4-trans-
octadienal and
2-trans,4-trans-
heptadienal)

Pure compounds
from Sigma-Aldrich

Inc.
Anticancer (COLO 205 and A549 cells) In vitro: 2–10 µM [140]

2-trans-4-cis-7-cis-
decatrienal,

2-trans-4-trans-7-cis-
decatrienal and
2-trans-4-trans-

decadienal

Thalassiosira rotula,
Skeletonema costatum
and Pseudonitzschia

delicatissima

Anticancer (Caco-2 cells) In vitro: 11–17 µg/mL [141]

Oxylipin-containing
lyophilised (OLM)

biomass

Chlamydomonas
debaryana

Anti-inflammatory activities on a
recurrent 2,4,6-trinitrobenzenesulfonic

acid (TNBS)-induced colitis mice
model; significant decrease of TNF-α,

iNOS and COX-2

In vivo: 300 and
600 mg/kg [142]

Oxylipin 13-HOTE Chlamydomonas
debaryana,

Anticancer: UACC-62 (melanoma)
than towards HT-29

(colon adenocarcinoma) cells

In vitro: 68.2 ± 0.2 µM
(UACC-62)

>100 µM (HT29)
[142]

15-HEPE Nannochloropsis
gaditana

Anticancer: UACC-62 (melanoma)
than towards HT-29

(colon adenocarcinoma) cells

In vitro: 78.8 ± 4.6 µM
(UACC-62)

>100 µM (HT29)
[142]

Steroids

Ergosterol, 7-
Dehydroporiferasterol,
Ergosterol peroxide, 7-
Dehydroporiferasterol

peroxide,
7-oxocholesterol

Chlorella vulgaris
Anti-inflammatory (12-O-

tetradecanoylphorbol-13-acetate
(TPA)-induced inflammation in mice)

In vivo: 0.2–0.7 mg/ear [143]

Ergosterol peroxide Chlorella vulgaris

Anticancer (TPA tumor-promoting
effect in 7,12-

dimethylbenz[a]anthracene-initiated
mice)

In vivo: 2 µmol [143]

Ergosterol, 7-
Dehydroporiferasterol,

mixture
Dunaliella tertiolecta

Anti-inflammatory activity on
peripheral blood mononuclear cells
(PBMC; isolated from sheep) treated
with Concanavalin A (Con A) and

lipopolysaccharide (LPS); increase of
the anti-inflammatory cytokine

interleukin 10 (IL-10)

In vitro: 0.4 mg/mL
mixture; 0.8 mg/mL for

ergosterol alone
[144]
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Table 3. Cont.

Compound Microalgae Bioactivity Concentration Ref.

Ergosterol, 7-
Dehydroporiferasterol Dunaliella tertiolecta Neuromodulatory action was found in

selective brain areas of rats In vivo: 20–30 mg/kg [145]

24-Oxocholesterol
acetate,

Ergost-5-en-3β-ol,
Cholest-5-en-24-1,3-

(acetyloxy)-, 3β-ol and
others

Isochrysis galbana Antituberculosis

In vitro: Minimum
inhibitory

concentration of
50–60 µg/mL

[146]

Stigmasterol,
5β-Hydroxysitostanol Navicula incerta Anti-cancer in human hepatoma

HepG2 cells

40%, 43% and 54%
toxicity at 5, 10 and
20 µM, respectively

[147,148]

2.5. Glycolipids

The principal characteristic of a glycolipid is the presence of a monosaccharide or
oligosaccharide bound to a lipid moiety. The most common lipids in cellular membranes
are the glycerolipids and sphingolipids, which have glycerol or a sphingosine backbone,
respectively [149]. Glycolipids are located in the membrane of chloroplasts and thylakoids,
and are considered important signal and regulatory molecules [150,151]. They are mainly
composed by three classes including monogalactosyl diacylglycerols (MGDGs), digalac-
tosyl diacylglycerols (DGDGs) and sulfoquinovosyl diacylglycerols (SQDGs). MGDGs
present both anti-inflammatory and anti-cancer activities while SQDGs present immunos-
timulatory activities and inhibit the enzyme glutaminyl cyclase, which is involved in
Alzheimer’s disease.

Andrianasolo et al. [130] found two MGDGs in extracts of the diatom Phaeodactylum
tricornutum which showed in vitro pro-apoptotic activity on immortal mouse epithelial cell
lines (W2 cells). Two MGDGs from the microalga (Chlorophyta) Tetraselmis chuii and other
MGDGs and DGDGs from Nannochloropsis granulata (Ochrophyta, Eustigmatophyceae)
were able to reduce nitric oxide (NO) production and inducible nitric oxide synthase (iNOS)
protein levels in lipopolysaccharide (LPS)-stimulated RAW264.7 macrophage cells [131,132]
showing anti-inflammatory properties. SQDGs also showed interesting properties. In par-
ticular, sulfolipids extracted from the green microalgae (Chlorophyta) Tetradesmus lager-
heimii (formerly Scenedesmus acuminatus), Scenedesmus producto-capitatus, Pectinodesmus
pectinatus (formerly Scenedesmus pectinatus), and Tetradesmus wisconsinensis were able to
inhibit glutaminyl cyclase (QC) [133], an enzyme involved in Alzheimer’s disease progres-
sion [152] and were suggested as possible lead compounds against Alzheimer’s disease.
A synthetic sulfolipid derived from Thalassiosira weissflogii CCMP1336 (Bacillariophyta),
named SQDG18, was able to trigger an effective immune response against cancer cells to im-
prove dendritic cell (DC) maturation and increase CD83-positive DC. In addition, SQDG18
(Sulfavant) stimulated the production of the pro-inflammatory cytokines IL-12 and INF-γ
and was suggested as a potent vaccine adjuvant [134,135]. SQDG18 and its derivatives
were patented for possible use as vaccine adjuvants (EP3007725 A1; WO2014199297A1),
as they are suitable for co-administration with antigens in vaccines for bacterial and viral
diseases [153].

Crude sulfoglycolipidic fraction from Porphyridium cruentum showed antiprolifera-
tive activity on human colon (DLD-1), breast (MCF-7), prostate adenocarcinoma (PC-3)
and malignant melanoma (M4 Beu) cancer cells (20–46 µg/mL), inhibition of DNA α-
polymerase (IC50: 378 µg/mL), and inhibition of superoxide generation by activated
peritoneal mono nuclear cells (IC50: 29.5 µg/mL) [137]. Lipid extracts, including EPA,
SQDG, MGDG, and DGDG, from Pavlova lutheri induced the down-regulation of cytokine
IL-6 in lipopolysaccharide (LPS)-stimulated human THP-1 macrophages, Toll-like receptor
8, Toll-like receptor 1, TNF receptor-associated factor 5, Mitogen-activated protein kinase
1, and the increase of Prostaglandin E receptor 1 [138]. MGDG synthase (MGD), UDP-
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sulfoquinovose synthase (SQD1), and sulfoquinovosyltransferase (SQD2) sequences are
the enzymes which are suggested to be involved in MGDG and SQDG synthesis and have
been identified in several microalgal species [8,14].

2.6. Steroids

Steroids are all composed by 17 carbon atoms arranged in four rings conventionally
denoted by the letters A, B, C, and D-bonded to 28 hydrogen atoms [154]. Phytosterols have
been used as additives in many food products, such as spread, dairy products, and salad
dressing, and have received great attention because they are known to reduce cholesterol
concentration of blood and prevent cardiovascular disorders [155].

Isochrysis galbana, Nannochloropis gaditana, Nannochloropsis sp. and Phaeodactylum tri-
cornutum have phytosterol content ranging from 7 to 34 g per kg [156]; Pavlova lutheri,
Tetraselmis sp. M8 and Nannochloropsis sp. BR2 may have phytosterol ranging from
0.4–2.6% dry weight, while 5.1% dry weight of phytosterol could be achieved for P.
lutheri [157]. In particular, ergosterol, 7-dehydroporiferasterol, ergosterol peroxide, 7-
dehydroporiferasterol peroxide, and 7-oxocholesterol from Chlorella vulgaris had anti-
inflammatory activity in 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced inflamma-
tion model in mice (EC50 0.2–0.7 mg/ear), with ergosterol peroxide inducing 77% reduc-
tion in tumour progression at 2 µmol [143]. A mixture of sterols and single sterols from
Dunaliella tertiolecta were tested on peripheral blood mononuclear cells (PBMC; isolated
from sheep) treated with Concanavalin A (Con A) and lipopolysaccharide (LPS), and anti-
inflammatory capacity and induction of cytokins were evaluated. The mixture of ergosterol
and 7-dehydroporiferasterol showed a suppressive effect on cell proliferation, reduction of
pro-inflammatory cytokines production and the increase of the anti-inflammatory cytokine
interleukin 10 (IL-10) [144]. Ergosterol and 7-dehydroporiferasterol from D. tertiolecta orally
administered in rats also showed neuromodulatory activity in selective brain areas [145]. Fi-
nally, sterols from Isochrysis galbana showed anti-tuberculosis activity (Minimum inhibitory
concentration of 50–60 µg/mL against M. tuberculosis; [146]), while sterols (in particular,
Stigmasterol and 5β-Hydroxysitostanol) from Navicula incerta showed 40%, 43%, and 54%
toxicity at 5, 10, and 20 µM, respectively, in human hepatoma HepG2 cells [147].

2.7. Oxylipins

Oxylipins derive from the oxidation of polyunsaturated fatty acids and include
polyunsaturated aldehydes (PUAs), known as volatile oxylipins, and non-volatile com-
pounds which are other fatty acid derivatives with hydroxy-, keto-, oxo-, and hydroxy-
epoxy units. In particular, Miralto and co-workers [141] isolated for the first time three
PUAs (i.e., 2-trans-4-cis-7-cis-decatrienal, 2-trans-4-trans-7-cis-decatrienal and 2-trans-4-
trans-decadienal) from the marine diatoms Thalassiosira rotula, Skeletonema costatum and
Pseudonitzschia delicatissima (Figure 4). After their discovery, several other oxylipins were
identified [158,159] with several studies on their ecological role and effects on predators
(e.g., antipredator, allelopathic, antimicrobial activities) [160–174], along with possible
biotechnological applications [140,141]. In particular, Miralto et al. showed that 2-trans-4-
cis-7-cis-decatrienal, 2-trans-4-trans-7-cis-decatrienal and 2-trans-4-trans-decadiena had
anti-proliferative activity on colon carcinoma Caco-2 cells at 11–17 µg/mL and found
apoptosis induction by terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay. Successively, Sansone et al. (2014) tested 2-trans,4-trans-decadienal (DD),
2-trans,4-trans-octadienal (OD) and 2-trans,4-trans-heptadienal (HD) on the adenocarci-
noma cell lines lung A549 and colon COLO 205, and the normal lung/brunch epithelial
BEAS-2B cell line. DD was the strongest, while OD was the least active of the three PUAs.
The activated death signaling pathway was evaluated in A549, for which the activity was
stronger, and showed that cells treated with DD activated Tumor Necrosis Factor Receptor
1 (TNFR1) and Fas Associated Death Domain (FADD) by leading to necroptosis via caspase-
3 without activating the survival pathway Receptor-Interacting Protein (RIP). HD activated
the Fas/FADD/caspase pathway, while OD activated the TNFR1/FADD/caspase path-
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way and also RIP. An oxylipin-containing lyophilised (OLM) biomass, where the major
oxylipin constituent was (9Z,11E,13S,15Z)-13-hydroxyoctadeca-9,11,15-trienoic acid ((13S)-
HOTE), from Chlamydomonas debaryana had anti-inflammatory activities on a recurrent
2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis mice model [175]. In particular,
OLM induced a significant decrease of pro-inflammatory cytokines (e.g., tumor necrosis
factor TNF-α), cyclo-oxygenase-2 COX-2 and inducible nitric oxide synthase iNOS [175].
Oxylipins isolated from the microalgae Chlamydomonas debaryana (13-HOTE) and Nan-
nochloropsis gaditana (15-HEPE) had antiproliferative activity against UACC-62 (melanoma)
and HT-29 (colon adenocarcinoma) cells [142]. The oxylipins reduced ATP levels of both
cell lines, suggesting a possible link with the cytotoxicity. Finally, 13-HOTE was combined
with the anticancer drug 5-fluorouracil, inducing a synergistic activity on HT-29 cells.
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2.8. Proteins and Peptides

Various studies have shown that microalgal proteins/peptides can have different
bioactivities (e.g., antioxidant, anticancer, antihypertensive, anti-atherosclerotic, anti-UV
radiation and anti-osteoporosis [10,176]; Table 4). Few microalgal peptides have entered
the clinical phase and even fewer have reached the market. A successful example is
Dermochlorella®, an oligopeptide purified from the microalgae Chlorella vulgaris, which
helps to firm the skin, reduces the colour of the stretch marks, increases expression of
collagen, elastin, laminin and elafin, and restores skin elasticity [177]. Most of the peptides
from microalgae have been obtained by enzymatic hydrolysis treatment (e.g., using alcalase,
α-chymotrypsin, neutrase, papain, pepsin, pronase-E, and trypsin).

Antioxidant activities have been found for the peptide VECYGPNRPQF from the green
algae Chlorella vulgaris [178], which also exhibited gastrointestinal enzyme resistance and
did not show cytotoxicity in human lung fibroblast WI-38 cell lines. Antioxidant activities
have also been reported for the peptide LNGDVW from the green alga C. ellipsoidea [179],
and two peptides, NIPP-1 (PGWNQWFL) and NIPP-2 (VEVLPPAEL), from for the benthic
diatom Navicula incerta [180]. Regarding anticancer peptides, Sheih et al. [181] isolated the
peptide VECYGPNRPQF from C. vulgaris with strong antiproliferative activity (inhibitory
concentration value or IC50 70.7 ± 1.2 µg/mL; post-G1 cell cycle arrest) in gastric cancer
AGS cells without cytotoxicity in normal lung fibroblast WI-38 cells. The polypeptide
CPAP from Chlorella pyrenoidosa showed antiproliferative activity on human liver cancer
HepG2 cells (IC50 426 µg/mL). In addition, experiments of CPAP micro- and nanoencapsu-
lation demonstrated the resistance of CPAP to gastrointestinal enzymatic degradation [182]
Antihypertensive activity (by the inhibition of the angiotensin I-converting enzyme ACE in
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the renin-angiotensin aldosterone system) was observed for the peptide VECYGPNRPQF
from C. vulgaris [178] and two peptides, GMNNLTP and LEQ from the flagellate Nan-
nochloropsis oculata [183]. A Chlorella derived peptide also showed anti-UV effects on skin
fibroblasts after UVB irradiation by diminishing UVB-induced matrix metalloproteinases
MMP-1 and cysteine-rich 61 CYR61 mRNA expression [184] and, hence, was suggested
as UV protectant and anti-photoaging. Finally, the peptide MPDW isolated from Nan-
nochloropsis oculata showed interesting anti-osteoporosis activity by promoting osteoblast
differentiation, increasing expression of several osteoblast phenotype markers (e.g., alkaline
phosphatase ALP, osteocalcin, collagen type I, BMP-2, BMP2/4) and bone mineralization in
both human osteoblastic cells (MG-63) and murine mesenchymal stem cells (D1) [185].

Table 4. The table reports active peptides identified from microalgae, known mechanism of action and references.

Compound Microalgae Mechanism of Action Ref.

VECYGPNRPQF Chlorella vulgaris Superoxide radical quenching [178]
LNGDVW Chlorella ellipsoidea Free radical scavenging [179]

PGWNQWFL, VEVLPPAEL Navicula incerta Cytotoxicity in HepG2/CYP2E1 cells [180]
VECYGPNRPQF Chlorella vulgaris AGS cells [181]

polypeptide CPAP Chlorella pyrenoidosa HepG2 cells [182]
VECYGPNRPQF Chlorella vulgaris ACE inhibitor [178]
GMNNLTP; LEQ Nannochloropsis oculata ACE inhibitor [183]

VECYGPNRPQF Chlorella sp
Gene expression inhibition of vascular
adhesion molecules (E-selectin, ICAM,

VCAM, MCP-1 and ET-1)
[186]

Chlorella derived peptide Chlorella sp. Inhibition of MMP-1, CYR61 [184]

MPDW Nannochloropsis oculata
Increase of ALP, osteocalcin, collagen type I,

BMP-2, BMP2/4; phosphorylation of
MAPK/Smad pathways

[185]

Microalgal glycoproteins have also been reported, especially from Chlorella vulgaris,
with immunostimulant activity in vitro and in vivo [187]. Tanaka et al. (1998) found
that Chlorella glycoprotein (glycoprotein extract named CVS) induced antitumor effects
(MethA and MethI fibrosarcomas of BALB/c origin and EL-4 lymphoma of C57BL/6 origin
were used) against both spontaneous and experimentally induced metastasis in mice.
They observed antimetastatic immunity through T cell activation in lymphoid organs and
found that Chlorella glucoprotein enhanced the recruitment of these cells to the tumor sites.
A glycoprotein, named ARS2 and with the sequence VGEAFPTVVDALVA, was purified
from Chlorella vulgaris with antitumor activity on methylcholanthrene induced Meth A
fibrosarcoma cells of BALB/c origin [188]. Successively, Hasegawa et al. (2002) suggested
the involvement of the Toll-like receptor 2 in ARS2 antitumor activity [189] (Figure 5).

Microalgae have been shown to also produce particular peptides, such as taurine
(2-aminoethanesulfonic acid), first discovered in the bile of an ox (i.e., the name derives
from the Latin term Taurus), which have gained great nutritional and pharmaceutical
interest [190,191]. Taurine is an osmostress protectant in many marine metazoans and
algae [192] and has also recently become a common component in beverages, foods and
nutritional supplements [193] for its bioactive properties, including cardiovascular and
antihypertensive effects [194].



Int. J. Mol. Sci. 2021, 22, 4383 21 of 40

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 22 of 42 
 

 

Microalgae have been shown to also produce particular peptides, such as taurine (2-
aminoethanesulfonic acid), first discovered in the bile of an ox (i.e., the name derives from 
the Latin term Taurus), which have gained great nutritional and pharmaceutical interest 
[190,191]. Taurine is an osmostress protectant in many marine metazoans and algae [192] 
and has also recently become a common component in beverages, foods and nutritional 
supplements [193] for its bioactive properties, including cardiovascular and antihyperten-
sive effects [194]. 

 
Figure 5. Summary of main anti-cancer effects induced by microalgal compounds. ROS is the ab-
breviation for reactive oxygen species. 

2.9. Bioactive Polyketides and Macrolides 
Polyketides and macrolides from marine dinoflagellates have been widely studied, 

especially those coming from strains of the dinoflagellate genus Amphidinium [195]. Little 
is known about the biosynthesis of such polyketides since dinoflagellates feature extraor-
dinary big genome sizes [196], and the studies performed at the transcriptome level are 
insufficient to characterize the pathways involved in their biosynthesis even if some re-
lated transcripts can be detected [17,197]. Amphidinols (AMs) are a family of linear 
polyketides, the first compound of which was discovered 30 years ago [198]. All amphidi-
nols discovered so far have been tested for their antifungal activity. For instance, amphidi-
nol 2 and amphidinol 6 were found to be active against Aspergillus niger at 6 μg per disk 
[199]. Echigoya and co-workers observed strong antifungal activity on A. niger for AM2, 
AM4, and AM9 (44.3, 58.2 and 32.9 μg per disk, respectively), while the activity for AM10, 
AM11, AM12, and AM13 was rather low (>100–256.6 μg per disk) [200]. Amphidinol 18 
displayed strong activity against the fungus Candida albicans (MIC 9 μg/mL) while the 
antifungal activity of its amphidinol 19 was absent [201]. 

Satake et al. [202] isolated and described the largest amphidinol homologues, am-
phidinol 20 and amphidinol 21, but they did not observe antifungal activity in Aspergillus 
niger even at the highest concentration tested (15 μg per disk). The antifungal activity of 
amphidinol 22 was also low, with a MIC value of 64 μg/mL for C. albicans and A. fumigatus 
[203] (Table 5). 

Figure 5. Summary of main anti-cancer effects induced by microalgal compounds. ROS is the
abbreviation for reactive oxygen species.

2.9. Bioactive Polyketides and Macrolides

Polyketides and macrolides from marine dinoflagellates have been widely studied,
especially those coming from strains of the dinoflagellate genus Amphidinium [195]. Little
is known about the biosynthesis of such polyketides since dinoflagellates feature extraor-
dinary big genome sizes [196], and the studies performed at the transcriptome level are
insufficient to characterize the pathways involved in their biosynthesis even if some related
transcripts can be detected [17,197]. Amphidinols (AMs) are a family of linear polyke-
tides, the first compound of which was discovered 30 years ago [198]. All amphidinols
discovered so far have been tested for their antifungal activity. For instance, amphidinol
2 and amphidinol 6 were found to be active against Aspergillus niger at 6 µg per disk [199].
Echigoya and co-workers observed strong antifungal activity on A. niger for AM2, AM4,
and AM9 (44.3, 58.2 and 32.9 µg per disk, respectively), while the activity for AM10, AM11,
AM12, and AM13 was rather low (>100–256.6 µg per disk) [200]. Amphidinol 18 displayed
strong activity against the fungus Candida albicans (MIC 9 µg/mL) while the antifungal
activity of its amphidinol 19 was absent [201].

Satake et al. [202] isolated and described the largest amphidinol homologues, amphidi-
nol 20 and amphidinol 21, but they did not observe antifungal activity in Aspergillus niger
even at the highest concentration tested (15 µg per disk). The antifungal activity of amphidi-
nol 22 was also low, with a MIC value of 64 µg/mL for C. albicans and A. fumigatus [203]
(Table 5).



Int. J. Mol. Sci. 2021, 22, 4383 22 of 40

Table 5. This table includes the name of the different polyketides and macrolides, the dinoflagellates from which they were
originally isolated, their biological activity, the active concentration for the different assays and the references.

Compound Microalgae Bioactivity Concentration Ref.

Amphidinols 1, 2, 4,
5 and 6 (AM1, AM2,
AM4, AM5, AM6)

Amphidinium klebsii

Antifungal activity
against Aspergillus niger
Haemolytic activity on

human erythrocytes

In vitro disk assay: Minimum
effect concentration (MEC) value

4 to 6 µg/disk
In vitro Half maximum effective

concentrations (EC50 values):
50 nM (AM1)

910 nM (AM2)
185 nM (AM4)
230 nM (AM5)
580 nM (AM6)

[204]

Amphidinol 2 (AM2) Amphidinium klebsii

Anticancer activity
against colon cancer
cells HCT116, HT29,

and breast cancer cells
MCF7

Half maximal inhibitory
concentration (IC50) values:

6.18 µM (HCT116)
0.87 µM (HT29)
2.98 µM (MCF7)

[205]

Amphidinol 3 (AM3) Amphidinium klebsii

Antifungal activity
against Aspergillus niger
Haemolytic activity on

human erythrocytes

In vitro disk assay: MEC value
9 µg/disk

In vitro EC50 value:
250 nM

[206]

Amphidinol 7 (AM7) Amphidinium klebsii

Antifungal activity
against Aspergillus niger
Haemolytic activity on

human erythrocytes

In vitro disk assay: MEC value
10 µg/disk

In vitro EC50 value:
300 nM

[207]

Amphidinol 9 (AM9) Amphidinium carterae

Antifungal activity
against Aspergillus niger
Haemolytic activity on

human erythrocytes

In vitro disk assay: MEC value
10 µg/disk

In vitro EC50 value:
300 nM

[200]

Amphidinols 10, 11,
12 and 13 (AM10,
AM11, AM12 and

AM13)

Amphidinium carterae

Antifungal activity
against Aspergillus niger
Haemolytic activity on

human erythrocytes

In vitro disk assay: MEC value
>100 µg/disk

In vitro EC50 value:
>2000 nM

[200]

Amphidinols 14 and 15
(AM14 and AM15) Amphidinium klebsii

Antifungal activity
against Aspergillus niger
Haemolytic activity on

human erythrocytes

In vitro disk assay: MEC value
>60 µg/disk

In vitro EC50 value:
>50 µM

[199]

Amphidinol 17 (AM17) Amphidinium carterae

Antifungal activity
against Aspergillus

niger, and Candida kefyr.
Haemolytic activity on

human erythrocytes

In vitro disk assay: not
detectable antifungal activity

In vitro EC50 value:
>4.5 µM

[208]

Amphidinols 18 and 19
(AM18 and AM19) Amphidinium carterae Antifungal activity

against Candida albicans

In vitro growth inhibition assay:
MIC values

9 µg/mL (AM18)
Not detectable activity (AM19)

[201]

Amphidinols 20 and 21
(AM20 and AM21) Amphidinium carterae

Antifungal activity
against Aspergillus niger
Haemolytic activity on

human erythrocytes

In vitro disk assay: MEC value
>15 µg/disk

In vitro EC50 value:
1–3 µM (AM20)
>10 µM (AM21)

[202]

Amphidinol 22 (AM22) Amphidinium carterae

Antifugal activity
against Candida albicans

and Aspergillus
fumigatus

Anticancer activity
against several cancer

cell lines

Minimum inhibitory
concentration value (MIC):

64 µg/mL
In vitro: Half maximal inhibitory

concentration (IC50) values:
from 6 to 16 µM

[203]
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Table 5. Cont.

Compound Microalgae Bioactivity Concentration Ref.

Amphidinols A and B
(AM-A and AM-B) Amphidinium carterae Antifungal activity

against Candida albicans

In vitro growth inhibition assay:
MIC values

19 µg/mL (AM-A)
>150 µg/mL (AM-B)

[209]

Karantungiol A Amphidinium sp.

Antifungal activity
against NBRC4407

Aspergillus niger
Antiprotozoal activity

against Trichomonas
foetus

In vitro disk assay:
12 µg/disc

In vitro Antiprotozoal assay:
MIC 1 µg/mL

[210]

Amphidinolides H and
N (AMP-H and

AMP-N)
Amphidinium sp.

Anticancer activity
against L1210 murine
leukemia cells and KB

human epidermoid
carcinoma cells

Half maximal inhibitory
concentration (IC50) values:

0.48 ng/mL (AMP-H, L1210)
0.52 ng/mL (AMP-H, KB)

0.05 ng/mL (AMP-N, L1210)
0.06 ng/mL (AMP-N, KB)

[211]

Amphirionin 2 Amphidinium sp.

Anticancer activity
against colon cancer

Caco-2 and lung cancer
A549 cells

Half maximal inhibitory
concentration (IC50) values:

100 ng/mL (Caco-2)
600 ng/mL (A549)

[212]

Gambieric acids A and
B Gambierdiscus toxicus

Antifungal activity
against several fungal

strains

In vitro growth inhibition assay:
MIC values

0.2 to 6.25 µg/mL depending on
compound/strain

[213]

Goniodomin A Goniodoma
pseudogoniaulax

Antifungal activity
against Mortierella
ramannianus and
Candida albicans

Reduction on metabolic
rate of

BE(2)-M17 human
neuroblastoma cells

Growth inhibition at a
concentration of 0.5 µg/mL

In vitro: 50% decreased
metabolic rate after 6-h
incubation with 15 µM

[214,215]

Considering all these examples, the trend of the structure–bioactivity relationship
indicates that amphidinols possessing longer chains and sulfonate derivates denoted
weaker antifungal activities (Figure 6). The trend observed for their haemolytic activity
on human erythrocytes is similar, as observed by Echigoya and co-workers [200]. Sa-
take et al. [202] proposed membrane permeabilization (formation of channels) as the mode
of action, and two different models to explain the difference in bioactivity of amphidinols.
While short-chain amphidinols form a “spike” with a sterol molecule (such as choles-
terol in human cells or ergosterol in fungi) in order to penetrate the membrane forming a
barrel-stave channel, the long chain amphidinols are folded in a carpet-model bound to the
lipidic portion of the membrane bilayer. These models also explain why amphidinols with
voluminous polar substituents in the chain (as the sodium sulphate group OSO3Na−) do
not display strong bioactivity, since such moieties will be repelled by the lipidic fraction of
the bilayer.
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Two amphidinols have shown cytotoxic effects on cancer cells. For instance, amphidi-
nol 2 displayed anticancer properties against HCT116 (colon carcinoma), HT-29 (colon
adenocarcinoma) and MCF7 cancer cell lines (Table 5). After treatment with amphidinol
2, a 100-fold up-regulation of the early apoptotic markers cfos/cjun was also observed,
suggesting apoptosis as the mechanism of action [205]. Amphidinol 22 displayed cyto-
toxic activity against lung cancer A549, melanoma A2058, liver cancer HepG2, breast
cancer MCF7 and pancreas cancer MiaPaca2 cell lines, with IC50 values of 8 µM, 16.4 µM,
6.8 µM, 16.8 µM and 8.6 µM, respectively [203]. However, the mechanism of action for
amphidinol 22 was not studied. Other polyketides such as the amphirionin-2 (Figure 7)
have also displayed cytotoxic effects on cancer cells. Amphirionin-2 demonstrated potent
cytotoxicity against colon cancer cell line Caco-2 and lung cancer cell line A549 [212].
However, the closely related compound amphirionin-5 (Figure 7) was found to promote
the proliferation of cells instead of displaying cytotoxic activity [216]. This is an example
of two compounds belonging structurally to the same family, but presenting completely
opposite activities.



Int. J. Mol. Sci. 2021, 22, 4383 25 of 40Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 27 of 42 
 

 

 
Figure 7. (a) Amphirionin-2 and (b) amphirionin-5. Two polyketides from the same family, but 
opposite bioactivities. 

Amphidinolides are a family of cytotoxic macrolides isolated for the first time in the 
80′s from dinoflagellates belonging to the genus Amphidinium [217]. From the more than 
40 members which belong to this family of compounds, amphinolides N and H (Figure 8) 
exhibited the most potent activities, being extremely cytotoxic against L1210 murine leu-
kemia cells (IC50 values of 0.05 and 0.48 ng/mL), and KB human epidermoid carcinoma 
cells (IC50 values of 0.06 and 0.52 ng/mL) [211]. The activity of amphidinolide H was ex-
plained by a covalent binding mechanism on the actin Tyr200 subdomain, stabilizing the 
actin filament [218]. On the other hand, amphidinolide N seems to have a higher affinity 
for the mitochondria of malignant cells rather than for the cytoskeletal structures [211]. 

 
Figure 8. (a) Amphidinolides N; (b) Amphidinolides H. Amphidinolides with the highest cytotoxicity. 

Toxins with Potential Human Health Applications 
Dinoflagellates are also able to produce a large diversity of metabolites, including 

biologically active compounds that are potentially toxic, [219] and are in fact often associ-
ated to harmful algal blooms, accounting for 75% of the species responsible for such phe-
nomena [220]. Biosynthetic pathways for polyether ladder toxins (e.g., ciguatoxins, 
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Figure 7. (a) Amphirionin-2 and (b) amphirionin-5. Two polyketides from the same family, but oppo-
site bioactivities.

Amphidinolides are a family of cytotoxic macrolides isolated for the first time in the
80′s from dinoflagellates belonging to the genus Amphidinium [217]. From the more than
40 members which belong to this family of compounds, amphinolides N and H (Figure 8)
exhibited the most potent activities, being extremely cytotoxic against L1210 murine
leukemia cells (IC50 values of 0.05 and 0.48 ng/mL), and KB human epidermoid car-
cinoma cells (IC50 values of 0.06 and 0.52 ng/mL) [211]. The activity of amphidinolide H
was explained by a covalent binding mechanism on the actin Tyr200 subdomain, stabilizing
the actin filament [218]. On the other hand, amphidinolide N seems to have a higher affinity
for the mitochondria of malignant cells rather than for the cytoskeletal structures [211].
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Figure 8. (a) Amphidinolides N; (b) Amphidinolides H. Amphidinolides with the highest cytotoxicity.

Toxins with Potential Human Health Applications

Dinoflagellates are also able to produce a large diversity of metabolites, including
biologically active compounds that are potentially toxic, [219] and are in fact often asso-
ciated to harmful algal blooms, accounting for 75% of the species responsible for such
phenomena [220]. Biosynthetic pathways for polyether ladder toxins (e.g., ciguatoxins,
brevetoxins, maitotoxin, and yessotoxins) and linear polyether toxins (okadaic acid and
dinophysistoxins) have been studied, and their biosynthesis involves modular polyketide
and non-ribosomal peptide mega-synthetases able to catalyse processes such as polye-
poxide cascades, Favorskii-like rearrangements, acetate C1 carbon deletions, consecutive
acetate additions to a starter glycolate, Baeyer-Villiger oxidations, side-chain acetate re-
placements with glycine and aldol condensations between a backbone carbonyl and ac-
etate or malonate [221]. In humans, exposure to these toxins can lead to gastrointestinal
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and neurological syndromes (i.e., paralytic shellfish poisoning—PSP, amnesic shellfish
poisoning—ASP, diarrheic shellfish poisoning—DSP, neurologic shellfish poisoning—NSP,
and ciguatera fish poisoning—CFP) and even death [219]. However, several publications
have reported microalgal toxins as displaying important biological activities, which are or
could be of interest for possible human health applications (Table 6).

Table 6. This table includes the name of the different toxins, the dinoflagellates from which they were originally isolated,
their biological activity, the active concentration for the different assays and bibliographic references.

Compound Microalgae Bioactivity Concentration/dosing Ref.

Saxitoxin Alexandrium sp. Local anesthetic (Rat sciatic nerve) In vivo: 58 ± 3 nmol/mL (for
60 min analgesia) [222]

Neosaxitoxin Alexandrium sp. Local anesthetic (Rat sciatic nerve)
Bladder pain blocker (Human)

In vivo: 34 ± 2 nmol/mL (for
60 min analgesia)

In vivo: dose of 80 µg,
with successful prolonged pain

reduction in all the patients.

[222]

Gonyautoxins 2/3 Alexandrium sp. Chronic headache (Human)
In vivo: dose of 50 µg (70% of

the patients responded,
long lasting effect)

[223]

Tetrodotoxin Alexandrium tamarense

Acute, inflammatory and
neuropathic pain (animal models)
Several to moderate cancer-related

pain (human)

In vivo: several different doses/
application methods

In vivo: eight doses of 30 µg
(during 4 days) for prolonged

pain relief

[224,225]

Okadaic acid Porocentrum lima Antifungal activity on Aspergillus
niger and Penicillium funiculosum

Disc test: 10 µg/disc (inhibition
circle observed) [213]

Yessotoxin Protoceratium reticulatum

Cell death inducer in several
cancer cell lines (27 out of 58 cell

lines)
Antiproliferative activity on

BC3H1 myoblast cells
Antiproliferative activity on

RBL-2H3 and B16F10 melanoma
cells

Anti-Alzheimer activity

In vitro: nanomolar scale
concentrations, different

mechanisms
In vitro: 100 nM induced
autophagy in BC3H1 cells

In vitro: 10–100 nM drastically
reduced cell viability by

apoptotic cell death
In vitro: 1 nM reduced

β-amyloid deposition and Tau
protein hyperphosphorylation

[226–229]

Pectenotoxin 2 Dinophysis sp.

Antiproliferative activity of several
cancer cell lines, particularly

strong for COLO205 colon cancer
cells.

In vitro: LC50 value of 8 nM for
COLO205 [230]

Maitotoxin 3 Gambierdiscus belizeanus
Antiproliferative activity on

SH-SY5Y human neuroblastoma
cells

In vitro: IC50 value of 0.7 µM [231]

Gambierol Gambierdiscus toxicus
Immunomodulatory activity on

immune cells expressing K+

channels

In vitro Kv1.1–1.5 channel
inhibition: IC50 values at the

nanomolar scale
[232]

Brevetoxins 2, 3, 6, 9 Karenia brevis Antiproliferative activity on
leukemic cells Jurkat E6-1

In vitro: from 5 to 60 mM.
Brevetoxin 2 was the most
potent with IC50 5.6 mM

[233]

Brevenal Karenia brevis

Anti-Inflammatory activity on
adenocarcinoma cell line A549
Anti-Inflammatory activity on

murine macrophages RAW 264.7

0.1 and 1 nM reduced the level
of pro-inflammatory chemokine

IL-8
0.1 and 1 pM reduced the level
of pro-inflammatory cytokine

TNF-α

[234]

Gymnodimine Gymnodinium sp.

Anti-Alzheimer activity by
reduction on intracellular

amyloid-beta levels and reduction
of tau hyperphosphorylation

50 nM reduced β-amyloid
expression by 20.9 ± 0.6%
(3–7 days in culture) and

decreased tau
hyperphosphorylation

by 34–37%

[235]
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Most of the compounds present in Table 6 are known to induce harmful effects on
humans due to alterations on voltage-gated channels (sodium, potassium or calcium) of
human cells. Using a specific range of concentrations (safe windows) or derivatising toxic
active principles are two common approaches to avoid toxicity in active principles when it
comes to avoid failure during clinical trials and successfully develop drugs [236]. This is
the reason why toxins from marine microalgae should not be discarded as active principles
for potential future drugs.

For examples Halneuron® is a pain medication undergoing phase 3 clinical trials for
the treatment of chemotherapy-induced neuropathic pain on patients with cancer. Its active
principle is tetrodotoxin (Figure 9), which was also found in the dinoflagellate Alexandrium
tamarense [237] known to induce damage on skeletal muscle tissue and peripheral nerves,
being the major cause of intoxication and respiratory failure. These effects are observed
due to the mechanisms of the toxin, which blocks the influx of sodium ions in voltage-gated
sodium channels [238]. However, using the adequate doses, tetrodotoxin has been shown
to possess beneficial effects against acute, inflammatory and neuropathic pain in animal
models [224]. Clinical trials are also reported in the literature. The studies performed
consisted in multi-centre, randomized, double-blind, placebo-controlled, parallel-designed
trials to test the efficacy and safety of TTX on individuals older than 18 years to severe
cancer-related pain. The results found clinically relevant analgesic effects on cancer-related
pain with a favourable benefit-risk profile [225]. According to Wex Pharmaceuticals Inc.,
its pain medicine Halneuron® has been tested on more than 500 patients and showed
evidences of long duration of pain relief with minimal side effects (https://wexpharma.
com/; accessed on 21 April 2021).
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Another example of a toxin with possible pharmaceutical applications is yessotoxin
(Figure 10), a shellfish biotoxin responsible for diarrheic shellfish poisoning (DSP) and
found in the dinoflagellate Protoceratium reticulatum [239]. A potent long-term neurotoxic
effect was also reported in mice cerebellar neurons when they were exposed to yessotoxin
at concentrations as low as 25 nM. A Spanish patent reported the use of yessotoxin and
its derivatives on prevention of neurological diseases related to abnormal levels of tau
and β-amyloid proteins. At a concentration of 1 nM, it reduced the levels of intracellular
β-amyloid in cells of triple-transgenic mouse model of Alzheimer disease (3xTg-AD). It also
considerably reduced the hyperphosphorylation of tau [229]. In addition to anti-Alzheimer
tests, the antiproliferative effect on cancer cells was largely studied and the molecule was
found to restrain cell growth in several cancer cells (Table 6). The anti-allergic effect of the
molecule was also tested, but the results showed minor effects [228].
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Gymnodimine (Figure 11) produced by the dinoflagellate Gymnodinium sp. [240] is a
toxin that also presented anti-Alzheimer properties in vitro, reducing intracellular amyloid-
beta levels and tau hyperphosphorylation (Table 6). However, the concentration needed
was higher compare to yessotoxin (50 nM compared to 1 nM in the case of yessotoxin).
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Brevetoxins are potent marine neurotoxins closely related to ciguatoxins and associated
to gastrointestinal, neurological and cardiovascular harmful effects on humans [241,242].
However, brevenal (Figure 12) is one member of the family of the brevetoxins that have
demonstrated low in vitro toxicity against human/murine cell lines and potent anti-
inflammatory effects on adenocarcinoma cell line A549 and murine macrophages RAW
264.7 (Table 6). Brevenal reduced the lipopolysaccharide (LPS)-induced production of the
pro-inflammatory chemokine IL-8 (A549) at the nanomolar level and the production of
the pro-inflammatory cytokine TNF-α (RAW 264.7) at the picomolar level. Such findings
suggest the unexploited potential of brevenal for applications on pulmonary diseases [234].
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In general, the most important applications of toxins coming from marine dinoflagel-
lates are oriented to the fields of pain relief and neurological disorders related to β-amyloid
accumulation and tau hyperphosphorylation. Some toxins have also displayed antifun-
gal and antiproliferative (cancer cells) properties, but such activities seem to be rather
unspecific. For instance, okadaic acid showed antifungal activity [213] but it is known to
display cytotoxicity, neurotoxicity, immunotoxicity, embryotoxicity, and tumour promoting
properties as well [243].

3. Discussion

Microalgae have recently gained a lot of attention due to the production of high-added
value products with different possible health applications [244]. However, the cell targets
of these compounds and their mechanism of action are often completely unknown and
further research is necessary to unlock the biotechnological potential of these metabolites.
Importantly, various microalgae (e.g., Chlorella and Dunaliella) have generally received the
safe (GRAS) status, which implies that, according to the U.S. food and drug administration
(FDA), they are “safe to consume” [245].

The number of species for which the genome is available or that have been successfully
genetically modified remains extremely low. More genome sequencing, bioactivity screen-
ing, and species transformations are needed, especially for microalgae of commercial value.

The routine use of transgenic microalgae for the production of marketable products
(e.g., carotenoids, fatty acids, biofuel, vaccines and bioactives) is a great challenge for
the coming years. At present, highly advanced industrial biotechnology systems using
bacteria (e.g., Escherichia coli, Bacillus subtilis, Corynebacterium glutamicum, Lactobacillus spp.),
and yeasts and fungi (e.g., Saccharomyces cerevisiae, Aspergillus spp.) are in use as classical
metabolic engineering systems. Encouraging examples are the report of transgenic microal-
gae with enhanced ability to bind heavy metals by using a foreign metallothionein [246] for
bioremediation, the biological production of hydrogen by a genetically modified Chlamy-
domonas clone for biofuel generation, the production of human erythropoietin, fibrinectin,
interferon β1, proinsulin, vascular endothelial growth factor and high mobility group
protein B1 by Chlamydomonas with potential pharmaceutical applications [247], and the
implemented production of carotenoids and lipids for different applications [244,246,248].
Microalgae are considered to be an outstanding candidate for biomass production (nearly
77% of dry cell mass), photosynthesis processes for lipid fabrication, and the production of
biofuel [249,250].

Considering the physicochemical limitations and technological challenges reported
for the incorporation of bioactives into products, namely high instability, poor aqueous
solubility, and low bioavailability, encapsulation systems appear as an emerging and
significant tool to overcome such issues. Microalgae bioactives can have applications in
several areas, but, in some cases, without proper protection during processing and storage,
as well as, without suitable biopharmaceutical properties, the efficacy of their functionality
may be absolutely compromised. For this reason, microalgae encapsulation is another
intensively investigated field [251]. Many of the systems developed in this regard have
proven their effectiveness in terms of stability and bioavailability improvement, suggesting
they could also be applied for pharmaceutical or cosmetic purposes after in vitro and
in vivo biological activity determination. On the market, there are only few examples of
commercial products that claim to contain encapsulated microalgae bioactives, particularly
products based on astaxanthin from H. pluvialis [252] and carotenoids from the microalga
D. salina [253].

Different approaches have been used to implement the production of compounds of
interest, from culturing condition optimization, adaptive laboratory evolution (ALE), muta-
genesis, and genetic engineering techniques [3,254]. Large-scale production by microalgae
is more feasible compared to marine macroorganisms or terrestrial plants. Microalgae
are amenable to culturing, requiring few nutrients and light, in eco-friendly and eco-
sustainable manner, without negative impacts on the environment. However, costs are
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still high and productivity is sometimes very low. New technologies (e.g., finely regulated
culturing in tubular, flat plate, twin-layers, inclined tubular, helical and column photobiore-
actors; [255,256]) are focused on implementing production and reducing costs. In addition,
system biology and synthetic biology will give a great boost to this fast-growing sector, of-
fering further opportunities for producing active ingredients for different biotechnological
applications in pharmaceutical, nutraceutical, and cosmeceutical sectors.
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110. Radonić, A.; Thulke, S.; Achenbach, J.; Kurth, A.; Vreemann, A.; König, T.; Walter, C.; Possinger, K.; Nitsche, A. Anionic
Polysaccharides from Phototrophic Microorganisms Exhibit Antiviral Activities to Vaccinia Virus. J. Antivir. Antiretrovir. 2011, 2,
51–55. [CrossRef]

111. Tannin-Spitz, T.; Bergman, M.; van-Moppes, D.; Grossman, S.; Arad, S. (Malis) Antioxidant Activity of the Polysaccharide of the
Red Microalga Porphyridium Sp. J. Appl. Phycol. 2005, 17, 215–222. [CrossRef]

112. Chen, B.; You, W.; Huang, J.; Yu, Y.; Chen, W. Isolation and Antioxidant Property of the Extracellular Polysaccharide from Rhodella
reticulata. World. J. Microbiol. Biotechnol. 2010, 26, 833–840. [CrossRef]

113. Guzmán, S.; Gato, A.; Lamela, M.; Freire-Garabal, M.; Calleja, J.M. Anti-Inflammatory and Immunomodulatory Activities of
Polysaccharide from Chlorella stigmatophora and Phaeodactylum tricornutum: Anti-inflammatory and immunomodulatory activities.
Phytother. Res. 2003, 17, 665–670. [CrossRef]

114. Tabarsa, M.; Shin, I.-S.; Lee, J.H.; Surayot, U.; Park, W.; You, S. An Immune-Enhancing Water-Soluble α-Glucan from Chlorella
vulgaris and Structural Characteristics. Food Sci. Biotechnol. 2015, 24, 1933–1941. [CrossRef]

115. Geresh, S.; Mamontov, A.; Weinstein, J. Sulfation of Extracellular Polysaccharides of Red Microalgae: Preparation, Characterization
and Properties. J. Biochem. Biophys. Methods 2002, 50, 179–187. [CrossRef]

116. Gardeva, E.; Toshkova, R.; Minkova, K.; Gigova, L. Cancer Protective Action of Polysaccharide, Derived from Red Microalga
Porphyridium cruentum—A Biological Background. Biotechnol. Biotechnol. Equip. 2009, 23, 783–787. [CrossRef]

117. Gujar, A.; Cui, H.; Ji, C.; Kubar, S.; Li, R. Development, Production and Market Value of Microalgae Products. Appl. Microbiol.
Open Access 2019, 5, 162.

118. Thompson Thomas, E. Lipid. Available online: https://www.britannica.com/science/lipid (accessed on 3 March 2021).
119. Yi, Z.; Xu, M.; Di, X.; Brynjolfsson, S.; Fu, W. Exploring Valuable Lipids in Diatoms. Front. Mar. Sci. 2017, 4, 17. [CrossRef]
120. Mangas-Sánchez, J.; Adlercreutz, P. Highly Efficient Enzymatic Biodiesel Production Promoted by Particle-Induced Emulsification.

Biotechnol. Biofuels 2015, 8, 1–8. [CrossRef] [PubMed]
121. Peltomaa, E.; Johnson, M.; Taipale, S. Marine Cryptophytes Are Great Sources of EPA and DHA. Mar. Drugs 2017, 16, 3. [CrossRef]
122. Sapieha, P.; Stahl, A.; Chen, J.; Seaward, M.R.; Willett, K.L.; Krah, N.M.; Dennison, R.J.; Connor, K.M.; Aderman, C.M.; Liclican, E.;

et al. 5-Lipoxygenase metabolite 4-HDHA is a mediator of the antiangiogenic effect ofω-3 polyunsaturated fatty acids. Sci. Transl.
Med. 2011, 3, 69ra12. [CrossRef]

123. Hallahan, B.; Garland, M.R. Essential Fatty Acids and Mental Health. Br. J. Psychiatry 2005, 186, 275–277. [CrossRef]
124. Lafourcade, M.; Larrieu, T.; Mato, S.; Duffaud, A.; Sepers, M.; Matias, I.; De Smedt-Peurusse, V.; Labrousse, V.F.; Bretillon, L.;

Matute, C.; et al. Nutritional Omega-3 Deficiency Abolishes Endocannabinoid-Mediated Neuronal Functions. Nat. Neurosci. 2011,
14, 345–350. [CrossRef] [PubMed]

125. Weldon, S.; Mitchell, S.; Kelleher, D.; Gibney, M.J.; Roche, H.M. Conjugated Linoleic Acid and Atherosclerosis: No Effect on
Molecular Markers of Cholesterol Homeostasis in THP-1 Macrophages. Atherosclerosis 2004, 174, 261–273. [CrossRef] [PubMed]

126. Mullen, A.; Loscher, C.E.; Roche, H.M. Anti-Inflammatory Effects of EPA and DHA Are Dependent upon Time and Dose-Response
Elements Associated with LPS Stimulation in THP-1-Derived Macrophages. J. Nutr. Biochem. 2010, 21, 444–450. [CrossRef]

http://doi.org/10.1080/07388551.2021.1874284
http://www.ncbi.nlm.nih.gov/pubmed/33530761
http://doi.org/10.1016/j.foodchem.2006.06.022
http://doi.org/10.1007/s10811-009-9424-y
http://doi.org/10.1007/s00449-019-02099-5
http://www.ncbi.nlm.nih.gov/pubmed/30847556
http://doi.org/10.1590/S0074-02761999000500022
http://www.ncbi.nlm.nih.gov/pubmed/10464416
http://doi.org/10.1007/s10811-009-9406-0
http://doi.org/10.1089/aid.1996.12.1463
http://www.ncbi.nlm.nih.gov/pubmed/8893054
http://doi.org/10.3390/md11010233
http://doi.org/10.4172/jaa.1000023
http://doi.org/10.1007/s10811-005-0679-7
http://doi.org/10.1007/s11274-009-0240-y
http://doi.org/10.1002/ptr.1227
http://doi.org/10.1007/s10068-015-0255-0
http://doi.org/10.1016/S0165-022X(01)00185-3
http://doi.org/10.1080/13102818.2009.10818540
https://www.britannica.com/science/lipid
http://doi.org/10.3389/fmars.2017.00017
http://doi.org/10.1186/s13068-015-0247-6
http://www.ncbi.nlm.nih.gov/pubmed/25873996
http://doi.org/10.3390/md16010003
http://doi.org/10.1126/scitranslmed.3001571
http://doi.org/10.1192/bjp.186.4.275
http://doi.org/10.1038/nn.2736
http://www.ncbi.nlm.nih.gov/pubmed/21278728
http://doi.org/10.1016/j.atherosclerosis.2004.02.007
http://www.ncbi.nlm.nih.gov/pubmed/15136056
http://doi.org/10.1016/j.jnutbio.2009.02.008


Int. J. Mol. Sci. 2021, 22, 4383 35 of 40

127. Nappo, M.; Berkov, S.; Massucco, C.; Di Maria, V.; Bastida, J.; Codina, C.; Avila, C.; Messina, P.; Zupo, V.; Zupo, S. Apoptotic
Activity of the Marine Diatom Cocconeis scutellum and Eicosapentaenoic Acid in BT20 Cells. Pharm. Biol. 2012, 50, 529–535.
[CrossRef] [PubMed]

128. Desbois, A.P.; Lebl, T.; Yan, L.; Smith, V.J. Isolation and Structural Characterisation of Two Antibacterial Free Fatty Acids from the
Marine Diatom, Phaeodactylum tricornutum. Appl. Microbiol. Biotechnol. 2008, 81, 755–764. [CrossRef]

129. Gutiérrez-Pliego, L.E.; Martínez-Carrillo, B.E.; Reséndiz-Albor, A.A.; Arciniega-Martínez, I.M.; Escoto-Herrera, J.A.;
Rosales-Gómez, C.A.; Valdés-Ramos, R. Effect of Supplementation with n-3 Fatty Acids Extracted from Microalgae on
Inflammation Biomarkers from Two Different Strains of Mice. J. Lipids 2018, 2018, 1–10. [CrossRef]

130. Andrianasolo, E.H.; Haramaty, L.; Vardi, A.; White, E.; Lutz, R.; Falkowski, P. Apoptosis-Inducing Galactolipids from a Cultured
Marine Diatom, Phaeodactylum tricornutum. J. Nat. Prod. 2008, 71, 1197–1201. [CrossRef] [PubMed]

131. Banskota, A.H.; Gallant, P.; Stefanova, R.; Melanson, R.; O’Leary, S.J.B. Monogalactosyldiacylglycerols, Potent Nitric Oxide
Inhibitors from the Marine Microalga Tetraselmis Chui. Nat. Prod. Res. 2013, 27, 1084–1090. [CrossRef] [PubMed]

132. Banskota, A.H.; Stefanova, R.; Gallant, P.; McGinn, P.J. Mono-and Digalactosyldiacylglycerols: Potent Nitric Oxide Inhibitors
from the Marine Microalga Nannochloropsis granulata. J. Appl. Phycol. 2013, 25, 349–357. [CrossRef]

133. Hielscher-Michael, S.; Griehl, C.; Buchholz, M.; Demuth, H.-U.; Arnold, N.; Wessjohann, L.A. Natural Products from Microalgae
with Potential against Alzheimer’s Disease: Sulfolipids Are Potent Glutaminyl Cyclase Inhibitors. Mar. Drugs 2016, 14, 203.
[CrossRef] [PubMed]

134. Manzo, E.; Cutignano, A.; Pagano, D.; Gallo, C.; Barra, G.; Nuzzo, G.; Sansone, C.; Ianora, A.; Urbanek, K.; Fenoglio, D. A New
Marine-Derived Sulfoglycolipid Triggers Dendritic Cell Activation and Immune Adjuvant Response. Sci. Rep. 2017, 7, 1–10.
[CrossRef] [PubMed]

135. Manzo, E.; Fioretto, L.; Gallo, C.; Ziaco, M.; Nuzzo, G.; D’Ippolito, G.; Borzacchiello, A.; Fabozzi, A.; De Palma, R.; Fontana, A.
Preparation, Supramolecular Aggregation and Immunological Activity of the Bona Fide Vaccine Adjuvant Sulfavant, S. Mar.
Drugs 2020, 18, 451. [CrossRef]

136. Morimoto, T.; Nagatsu, A.; Murakami, N.; Sakakibara, J.; Tokuda, H.; Nishino, H.; Iwashima, A. Anti-Tumour-Promoting
Glyceroglycolipids from the Green Alga, Chlorella vulgaris. Phytochemistry 1995, 40, 1433–1437. [CrossRef]

137. Bergé, J.P.; Debiton, E.; Dumay, J.; Durand, P.; Barthomeuf, C. In Vitro Anti-Inflammatory and Anti-Proliferative Activity of
Sulfolipids from the Red Alga Porphyridium cruentum. J. Agric. Food Chem. 2002, 50, 6227–6232.

138. Robertson, R.; Guihéneuf, F.; Bahar, B.; Schmid, M.; Stengel, D.; Fitzgerald, G.; Ross, R.; Stanton, C. The Anti-Inflammatory Effect
of Algae-Derived Lipid Extracts on Lipopolysaccharide (LPS)-Stimulated Human THP-1 Macrophages. Mar. Drugs 2015, 13,
5402–5424. [CrossRef]

139. Kagan, M.L.; Levy, A.; Leikin-Frenkel, A. Comparative Study of Tissue Deposition of Omega-3 Fatty Acids from Polar-Lipid Rich
Oil of the Microalgae Nannochloropsis oculata with Krill Oil in Rats. Food Funct. 2015, 6, 185–191. [CrossRef]

140. Sansone, C.; Braca, A.; Ercolesi, E.; Romano, G.; Palumbo, A.; Casotti, R.; Francone, M.; Ianora, A. Diatom-Derived Polyunsatu-
rated Aldehydes Activate Cell Death in Human Cancer Cell Lines but Not Normal Cells. PLoS ONE 2014, 9, e101220. [CrossRef]
[PubMed]

141. Miralto, A.; Barone, G.; Romano, G.; Poulet, S.A.; Ianora, A.; Russo, G.L.; Buttino, I.; Mazzarella, G.; Laabir, M.; Cabrini, M.; et al.
The Insidious Effect of Diatoms on Copepod Reproduction. Nature 1999, 402, 173–176. [CrossRef]

142. Ávila-Román, J.; Talero, E.; De los Reyes, C.; Zubía, E.; Motilva, V.; García-Mauriño, S. Cytotoxic activity of microalgal-derived
oxylipins against human cancer cell lines and their impact on ATP levels. Nat. Prod. Commun. 2016, 11, 1871–1875. [CrossRef]
[PubMed]

143. Yasukawa, K.; Akihisa, T.; Kanno, H.; Kaminaga, T.; Izumida, M.; Sakoh, T.; Tamura, T.; Takido, M. Inhibitory Effects of Sterols
Isolated from Chlorella Vulgaris on 12-O-Tetradecanoylphorbol-13-Acetate-Induced Inflammation and Tumor Promotion in
Mouse Skin. Biol. Pharm. Bull. 1996, 19, 573–576. [CrossRef] [PubMed]

144. Caroprese, M.; Albenzio, M.; Ciliberti, M.G.; Francavilla, M.; Sevi, A. A Mixture of Phytosterols from Dunaliella tertiolecta Affects
Proliferation of Peripheral Blood Mononuclear Cells and Cytokine Production in Sheep. Vet. Immunol. Immunopathol. 2012, 150,
27–35. [CrossRef]

145. Francavilla, M.; Colaianna, M.; Zotti, M.; Morgese, M.G.; Trotta, P.; Tucci, P.; Schiavone, S.; Cuomo, V.; Trabace, L. Extraction,
characterization and In Vivo neuromodulatory activity of phytosterols from microalga Dunaliella tertiolecta. Curr. Med. Chem.
2012, 19, 3058–3067. [CrossRef]

146. Prakash, S.; Sasikala, S.L.; Aldous, V.H.J. Isolation and Identification of MDR–Mycobacterium Tuberculosis and Screening of
Partially Characterised Antimycobacterial Compounds from Chosen Marine Micro Algae. Asian Pac. J. Trop. Med. 2010, 3, 655–661.
[CrossRef]

147. Kim, Y.-S.; Li, X.-F.; Kang, K.-H.; Ryu, B.; Kim, S.K. Stigmasterol Isolated from Marine Microalgae Navicula incerta Induces
Apoptosis in Human Hepatoma HepG2 Cells. BMB Rep. 2014, 47, 433. [CrossRef] [PubMed]

148. Kim, S.K.; KANG, K.H.; Kim, Y.S. Pharmaceutical Composition for Preventing or Treating Liver Cancer Comprising Stigmasterol
and 5 beta-hydroxysitostanol Isolated from Navicula incerta. U.S. Patent 2014/0057884 A1, 27 February 2014.

149. Glycolipid. Available online: https://phys.libretexts.org/Courses/University_of_California_Davis/UCD%3A_Biophysics_24
1_-_Membrane_Biology/01%3A_Lipids/1.04%3A_Glycolipids (accessed on 3 March 2021).

http://doi.org/10.3109/13880209.2011.611811
http://www.ncbi.nlm.nih.gov/pubmed/22136301
http://doi.org/10.1007/s00253-008-1714-9
http://doi.org/10.1155/2018/4765358
http://doi.org/10.1021/np800124k
http://www.ncbi.nlm.nih.gov/pubmed/18570469
http://doi.org/10.1080/14786419.2012.717285
http://www.ncbi.nlm.nih.gov/pubmed/22973805
http://doi.org/10.1007/s10811-012-9869-2
http://doi.org/10.3390/md14110203
http://www.ncbi.nlm.nih.gov/pubmed/27827845
http://doi.org/10.1038/s41598-017-05969-8
http://www.ncbi.nlm.nih.gov/pubmed/28740080
http://doi.org/10.3390/md18090451
http://doi.org/10.1016/0031-9422(95)00458-J
http://doi.org/10.3390/md13085402
http://doi.org/10.1039/C4FO00591K
http://doi.org/10.1371/journal.pone.0101220
http://www.ncbi.nlm.nih.gov/pubmed/24992192
http://doi.org/10.1038/46023
http://doi.org/10.1177/1934578X1601101225
http://www.ncbi.nlm.nih.gov/pubmed/30508355
http://doi.org/10.1248/bpb.19.573
http://www.ncbi.nlm.nih.gov/pubmed/8860961
http://doi.org/10.1016/j.vetimm.2012.08.002
http://doi.org/10.2174/092986712800672021
http://doi.org/10.1016/S1995-7645(10)60158-7
http://doi.org/10.5483/BMBRep.2014.47.8.153
http://www.ncbi.nlm.nih.gov/pubmed/24286323
https://phys.libretexts.org/Courses/University_of_California_Davis/UCD%3A_Biophysics_241_-_Membrane_Biology/01%3A_Lipids/1.04%3A_Glycolipids
https://phys.libretexts.org/Courses/University_of_California_Davis/UCD%3A_Biophysics_241_-_Membrane_Biology/01%3A_Lipids/1.04%3A_Glycolipids


Int. J. Mol. Sci. 2021, 22, 4383 36 of 40

150. Harwood, J.L.; Guschina, I.A. The Versatility of Algae and Their Lipid Metabolism. Biochimie 2009, 91, 679–684. [CrossRef]
[PubMed]

151. Hölzl, G.; Dörmann, P. Structure and Function of Glycoglycerolipids in Plants and Bacteria. Prog. Lipid Res. 2007, 46, 225–243.
[CrossRef] [PubMed]

152. Morawski, M.; Schilling, S.; Kreuzberger, M.; Waniek, A.; Jäger, C.; Koch, B.; Cynis, H.; Kehlen, A.; Arendt, T.; Hartlage-Rübsamen,
M. Glutaminyl Cyclase in Human Cortex: Correlation with (PGlu)-Amyloid-β Load and Cognitive Decline in Alzheimer’s
Disease. J. Alzheimers Dis. 2014, 39, 385–400. [CrossRef]

153. Fontana, A.; Manzo, E.; Cutignano, A.; de Palma, R. Beta-glycolipids for use as adjuvants. U.S. Patent EP3007725 A1, 20 April
2016.

154. Clayton, R.B.; Kluger, R.H. Steroid. Available online: https://www.britannica.com/science/steroid (accessed on 3 March 2021).
155. Luo, X.; Su, P.; Zhang, W. Advances in Microalgae-Derived Phytosterols for Functional Food and Pharmaceutical Applications.

Mar. Drugs 2015, 13, 4231–4254. [CrossRef]
156. Ryckebosch, E.; Bruneel, C.; Termote-Verhalle, R.; Muylaert, K.; Foubert, I. Influence of Extraction Solvent System on Extractability

of Lipid Components from Different Microalgae Species. Algal Res. 2014, 3, 36–43. [CrossRef]
157. Ahmed, F.; Zhou, W.; Schenk, P.M. Pavlova lutheri Is a High-Level Producer of Phytosterols. Algal Res. 2015, 10, 210–217. [CrossRef]
158. Fontana, A.; d’Ippolito, G.; Cutignano, A.; Romano, G.; Ianora, A.; Miralto, A.; Cimino, G. Oxylipin Pathways in Marine Diatoms:

A Look at the Chemical Aspects. Pure Appl. Chem. 2007, 79, 481–490. [CrossRef]
159. Lauritano, C.; Romano, G.; Roncalli, V.; Amoresano, A.; Fontanarosa, C.; Bastianini, M.; Braga, F.; Carotenuto, Y.; Ianora, A.

New Oxylipins Produced at the End of a Diatom Bloom and Their Effects on Copepod Reproductive Success and Gene Expression
Levels. Harmful Algae 2016, 55, 221–229. [CrossRef] [PubMed]

160. Ianora, A.; Miralto, A. Toxigenic Effects of Diatoms on Grazers, Phytoplankton and Other Microbes: A Review. Ecotoxicology 2010,
19, 493–511. [CrossRef] [PubMed]

161. Ianora, A.; Miralto, A.; Poulet, S.A.; Carotenuto, Y.; Buttino, I.; Romano, G.; Casotti, R.; Pohnert, G.; Wichard, T.; Colucci-D’Amato,
L. Aldehyde Suppression of Copepod Recruitment in Blooms of a Ubiquitous Planktonic Diatom. Nature 2004, 429, 403–407.
[CrossRef] [PubMed]

162. Lauritano, C.; Borra, M.; Carotenuto, Y.; Biffali, E.; Miralto, A.; Procaccini, G.; Ianora, A. First Molecular Evidence of Diatom
Effects in the Copepod Calanus helgolandicus. J. Exp. Mar. Biol. Ecol. 2011, 404, 79–86. [CrossRef]

163. Lauritano, C.; Borra, M.; Carotenuto, Y.; Biffali, E.; Miralto, A.; Procaccini, G.; Ianora, A. Molecular Evidence of the Toxic Effects
of Diatom Diets on Gene Expression Patterns in Copepods. PLoS ONE 2011, 6, e26850. [CrossRef] [PubMed]

164. Lauritano, C.; Carotenuto, Y.; Miralto, A.; Procaccini, G.; Ianora, A. Copepod Population-Specific Response to a Toxic Diatom
Diet. PLoS ONE 2012, 7, e47262. [CrossRef] [PubMed]

165. Lauritano, C.; Carotenuto, Y.; Vitiello, V.; Buttino, I.; Romano, G.; Hwang, J.-S.; Ianora, A. Effects of the Oxylipin-Producing
Diatom Skeletonema marinoi on Gene Expression Levels of the Calanoid Copepod Calanus sinicus. Mar. Genom. 2015, 24, 89–94.
[CrossRef]

166. Carotenuto, Y.; Dattolo, E.; Lauritano, C.; Pisano, F.; Sanges, R.; Miralto, A.; Procaccini, G.; Ianora, A. Insights into the
Transcriptome of the Marine Copepod Calanus helgolandicus Feeding on the Oxylipin-Producing Diatom Skeletonema marinoi.
Harmful Algae 2014, 31, 153–162. [CrossRef]

167. Asai, S.; Sanges, R.; Lauritano, C.; Lindeque, P.K.; Esposito, F.; Ianora, A.; Carotenuto, Y. De Novo Transcriptome Assembly and
Gene Expression Profiling of the Copepod Calanus helgolandicus Feeding on the PUA-Producing Diatom Skeletonema marinoi. Mar.
Drugs 2020, 18, 392. [CrossRef] [PubMed]

168. Romano, G.; Miralto, A.; Ianora, A. Teratogenic Effects of Diatom Metabolites on Sea Urchin Paracentrotus lividus Embryos. Mar.
Drugs 2010, 8, 950–967. [CrossRef] [PubMed]

169. Sartori, D.; Gaion, A. Toxicity of Polyunsaturated Aldehydes of Diatoms to Indo-Pacific Bioindicator Organism Echinometra
mathaei. Drug Chem. Toxicol. 2016, 39, 124–128. [PubMed]

170. Varrella, S.; Romano, G.; Ruocco, N.; Ianora, A.; Bentley, M.G.; Costantini, M. First Morphological and Molecular Evidence of
the Negative Impact of Diatom-Derived Hydroxyacids on the Sea Urchin Paracentrotus lividus. Toxicol. Sci. 2016, 151, 419–433.
[CrossRef] [PubMed]

171. Ruocco, N.; Costantini, S.; Zupo, V.; Lauritano, C.; Caramiello, D.; Ianora, A.; Budillon, A.; Romano, G.; Nuzzo, G.; D’Ippolito, G.
Toxigenic Effects of Two Benthic Diatoms upon Grazing Activity of the Sea Urchin: Morphological, Metabolomic and de Novo
Transcriptomic Analysis. Sci. Rep. 2018, 8, 1–13. [CrossRef]

172. Ruocco, N.; Annunziata, C.; Ianora, A.; Libralato, G.; Manfra, L.; Costantini, S.; Costantini, M. Toxicity of Diatom-Derived
Polyunsaturated Aldehyde Mixtures on Sea Urchin Paracentrotus lividus Development. Sci. Rep. 2019, 9, 1–9. [CrossRef]

173. Esposito, R.; Ruocco, N.; Albarano, L.; Ianora, A.; Manfra, L.; Libralato, G.; Costantini, M. Combined Effects of Diatom-Derived
Oxylipins on the Sea Urchin Paracentrotus lividus. Int. J. Mol. Sci. 2020, 21, 719. [CrossRef]

174. Ruocco, N.; Albarano, L.; Esposito, R.; Zupo, V.; Costantini, M.; Ianora, A. Multiple Roles of Diatom-Derived Oxylipins within
Marine Environments and Their Potential Biotechnological Applications. Mar. Drugs 2020, 18, 342. [CrossRef] [PubMed]

175. Ávila-Román, J.; Talero, E.; Alcaide, A.; de los Reyes, C.; Zubía, E.; García-Mauriño, S.; Motilva, V. Preventive Effect of the
Microalga Chlamydomonas debaryana on the Acute Phase of Experimental Colitis in Rats. Br. J. Nutr. 2014, 112, 1055–1064.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.biochi.2008.11.004
http://www.ncbi.nlm.nih.gov/pubmed/19063932
http://doi.org/10.1016/j.plipres.2007.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17599463
http://doi.org/10.3233/JAD-131535
https://www.britannica.com/science/steroid
http://doi.org/10.3390/md13074231
http://doi.org/10.1016/j.algal.2013.11.001
http://doi.org/10.1016/j.algal.2015.05.013
http://doi.org/10.1351/pac200779040481
http://doi.org/10.1016/j.hal.2016.03.015
http://www.ncbi.nlm.nih.gov/pubmed/28073535
http://doi.org/10.1007/s10646-009-0434-y
http://www.ncbi.nlm.nih.gov/pubmed/19924531
http://doi.org/10.1038/nature02526
http://www.ncbi.nlm.nih.gov/pubmed/15164060
http://doi.org/10.1016/j.jembe.2011.05.009
http://doi.org/10.1371/journal.pone.0026850
http://www.ncbi.nlm.nih.gov/pubmed/22046381
http://doi.org/10.1371/journal.pone.0047262
http://www.ncbi.nlm.nih.gov/pubmed/23056617
http://doi.org/10.1016/j.margen.2015.01.007
http://doi.org/10.1016/j.hal.2013.11.002
http://doi.org/10.3390/md18080392
http://www.ncbi.nlm.nih.gov/pubmed/32727111
http://doi.org/10.3390/md8040950
http://www.ncbi.nlm.nih.gov/pubmed/20479962
http://www.ncbi.nlm.nih.gov/pubmed/25945412
http://doi.org/10.1093/toxsci/kfw053
http://www.ncbi.nlm.nih.gov/pubmed/26984781
http://doi.org/10.1038/s41598-018-24023-9
http://doi.org/10.1038/s41598-018-37546-y
http://doi.org/10.3390/ijms21030719
http://doi.org/10.3390/md18070342
http://www.ncbi.nlm.nih.gov/pubmed/32629777
http://doi.org/10.1017/S0007114514001895
http://www.ncbi.nlm.nih.gov/pubmed/25192306


Int. J. Mol. Sci. 2021, 22, 4383 37 of 40

176. Fan, X.; Bai, L.; Zhu, L.; Yang, L.; Zhang, X. Marine Algae-Derived Bioactive Peptides for Human Nutrition and Health. J. Agric.
Food Chem. 2014, 62, 9211–9222. [CrossRef] [PubMed]

177. Martins, A.; Vieira, H.; Gaspar, H.; Santos, S. Marketed Marine Natural Products in the Pharmaceutical and Cosmeceutical
Industries: Tips for Success. Mar. Drugs 2014, 12, 1066–1101. [CrossRef] [PubMed]

178. Sheih, I.-C.; Wu, T.-K.; Fang, T.J. Antioxidant Properties of a New Antioxidative Peptide from Algae Protein Waste Hydrolysate in
Different Oxidation Systems. Bioresour. Technol. 2009, 100, 3419–3425. [CrossRef] [PubMed]

179. Ko, S.-C.; Kim, D.; Jeon, Y.-J. Protective Effect of a Novel Antioxidative Peptide Purified from a Marine Chlorella ellipsoidea Protein
against Free Radical-Induced Oxidative Stress. Food Chem. Toxicol. 2012, 50, 2294–2302. [CrossRef] [PubMed]

180. Kang, K.-H.; Qian, Z.-J.; Ryu, B.; Karadeniz, F.; Kim, D.; Kim, S.-K. Antioxidant Peptides from Protein Hydrolysate of Microalgae
Navicula Incerta and Their Protective Effects in HepG2/CYP2E1 Cells Induced by Ethanol. Phytother. Res. 2012, 26, 1555–1563.
[CrossRef]

181. Sheih, I.-C.; Fang, T.J.; Wu, T.-K.; Lin, P.-H. Anticancer and Antioxidant Activities of the Peptide Fraction from Algae Protein
Waste. J. Agric. Food Chem. 2010, 58, 1202–1207. [CrossRef] [PubMed]

182. Wang, X.; Zhang, X. Separation, Antitumor Activities, and Encapsulation of Polypeptide from Chlorella pyrenoidosa. Biotechnol.
Prog. 2013, 29, 681–687. [CrossRef] [PubMed]

183. Samarakoon, K.W.; Kwon, O.-N.; Ko, J.-Y.; Lee, J.-H.; Kang, M.-C.; Kim, D.; Lee, J.B.; Lee, J.-S.; Jeon, Y.-J. Purification and Identifi-
cation of Novel Angiotensin-I Converting Enzyme (ACE) Inhibitory Peptides from Cultured Marine Microalgae (Nannochloropsis
oculata) Protein Hydrolysate. J. Appl. Phycol. 2013, 25, 1595–1606. [CrossRef]

184. Chen, C.-L.; Liou, S.-F.; Chen, S.-J.; Shih, M.-F. Protective Effects of Chlorella-Derived Peptide on UVB-Induced Production of
MMP-1 and Degradation of Procollagen Genes in Human Skin Fibroblasts. Regul. Toxicol. Pharmacol. 2011, 60, 112–119. [CrossRef]
[PubMed]

185. Nguyen, M.H.T.; Qian, Z.-J.; Nguyen, V.-T.; Choi, I.-W.; Heo, S.-J.; Oh, C.H.; Kang, D.-H.; Kim, G.H.; Jung, W.-K. Tetrameric
Peptide Purified from Hydrolysates of Biodiesel Byproducts of Nannochloropsis oculata Induces Osteoblastic Differentiation
through MAPK and Smad Pathway on MG-63 and D1 Cells. Process. Biochem. 2013, 48, 1387–1394. [CrossRef]

186. Shih, M.F.; Chen, L.C.; Cherng, J.Y. Chlorella 11-Peptide Inhibits the Production of Macrophage-Induced Adhesion Molecules and
Reduces Endothelin-1 Expression and Endothelial Permeability. Mar. Drugs 2013, 11, 3861–3874. [CrossRef] [PubMed]

187. Tanaka, K.; Yamada, A.; Noda, K.; Hasegawa, T.; Okuda, M.; Shoyama, Y.; Nomoto, K. A Novel Glycoprotein Obtained from
Chlorella vulgaris Strain CK22 Shows Antimetastatic Immunopotentiation. Cancer Immunol. Immunother. 1998, 45, 313–320.
[CrossRef] [PubMed]

188. Noda, K.; Ohno, N.; Tanaka, K.; Kamiya, N.; Okuda, M.; Yadomae, T.; Nomoto, K. A Water-Soluble Antitumor Glycoprotein from
Chlorella vulgaris. Planta Med. 2002, 4, 423–426.

189. Hasegawa, T.; Matsuguchi, T.; Noda, K.; Tanaka, K.; Kumamoto, S.; Shoyama, Y.; Yoshikai, Y. Toll-like Receptor 2 Is at Least Partly
Involved in the Antitumor Activity of Glycoprotein from Chlorella vulgaris. Int. Immunopharmacol. 2002, 2, 579–589. [CrossRef]

190. Bellou, S.; Baeshen, M.N.; Elazzazy, A.M.; Aggeli, D.; Sayegh, F.; Aggelis, G. Microalgal Lipids Biochemistry and Biotechnological
Perspectives. Biotechnol. Adv. 2014, 32, 1476–1493. [CrossRef] [PubMed]

191. Tevatia, R.; Allen, J.; Rudrappa, D.; White, D.; Clemente, T.E.; Cerutti, H.; Demirel, Y.; Blum, P. The Taurine Biosynthetic Pathway
of Microalgae. Algal Res. 2015, 9, 21–26. [CrossRef]

192. Clifford, E.L.; Varela, M.M.; De Corte, D.; Bode, A.; Ortiz, V.; Herndl, G.J.; Sintes, E. Taurine Is a Major Carbon and Energy Source
for Marine Prokaryotes in the North Atlantic Ocean off the Iberian Peninsula. Microb. Ecol. 2019, 78, 299–312. [CrossRef]

193. Dawczynski, C.; Schubert, R.; Jahreis, G. Amino Acids, Fatty Acids, and Dietary Fibre in Edible Seaweed Products. Food Chem.
2007, 103, 891–899. [CrossRef]

194. Houston, M. Nutraceuticals, Vitamins, Antioxidants, and Minerals in the Prevention and Treatment of Hypertension. Prog.
Cardiovasc. Dis. 2005, 47, 396–449. [CrossRef]

195. Kobayashi, J.; Kubota, T. Bioactive Macrolides and Polyketides from Marine Dinoflagellates of the Genus Amphidinium. J. Nat.
Prod. 2007, 70, 451–460. [CrossRef] [PubMed]

196. Hong, H.-H.; Lee, H.-G.; Jo, J.; Kim, H.M.; Kim, S.-M.; Park, J.Y.; Jeon, C.B.; Kang, H.-S.; Park, M.G.; Park, C.; et al. The Exception-
ally Large Genome of the Harmful Red Tide Dinoflagellate Cochlodinium polykrikoides Margalef (Dinophyceae): Determination by
Flow Cytometry. Algae 2016, 31, 373–378. [CrossRef]

197. Rein, K.S.; Gibbs, P.D.L.; Palacios, A.; Abiy, L.; Dickey, R.; Snyder, R.V.; Lopez, J.V. Polyketide Synthase Genes from Marine
Dinoflagellates. Mar. Biotechnol. 2003, 5, 1–12. [CrossRef]

198. Satake, M.; Murata, M.; Yasumoto, T.; Fujita, T.; Naoki, H. Amphidinol, a Polyhydroxy-Polyene Antifungal Agent with an
Unprecedented Structure, from a Marine Dinoflagellate, Amphidinium klebsii. J. Am. Chem. Soc. 1991, 113, 9859–9861. [CrossRef]

199. Morsy, N.; Konoki, K.; Houdai, T.; Matsumori, N.; Oishi, T.; Murata, M.; Aimoto, S. Roles of Integral Protein in Membrane
Permeabilization by Amphidinols. Biochim. Biophys. Acta BBA-Biomembr. 2008, 1778, 1453–1459. [CrossRef] [PubMed]

200. Echigoya, R.; Rhodes, L.; Oshima, Y.; Satake, M. The Structures of Five New Antifungal and Hemolytic Amphidinol Analogs
from Amphidinium carterae Collected in New Zealand. Harmful Algae 2005, 4, 383–389. [CrossRef]

201. Nuzzo, G.; Cutignano, A.; Sardo, A.; Fontana, A. Antifungal Amphidinol 18 and Its 7-Sulfate Derivative from the Marine
Dinoflagellate Amphidinium carterae. J. Nat. Prod. 2014, 77, 1524–1527. [CrossRef]

http://doi.org/10.1021/jf502420h
http://www.ncbi.nlm.nih.gov/pubmed/25179496
http://doi.org/10.3390/md12021066
http://www.ncbi.nlm.nih.gov/pubmed/24549205
http://doi.org/10.1016/j.biortech.2009.02.014
http://www.ncbi.nlm.nih.gov/pubmed/19299123
http://doi.org/10.1016/j.fct.2012.04.022
http://www.ncbi.nlm.nih.gov/pubmed/22542554
http://doi.org/10.1002/ptr.4603
http://doi.org/10.1021/jf903089m
http://www.ncbi.nlm.nih.gov/pubmed/19916544
http://doi.org/10.1002/btpr.1725
http://www.ncbi.nlm.nih.gov/pubmed/23606619
http://doi.org/10.1007/s10811-013-9994-6
http://doi.org/10.1016/j.yrtph.2011.03.001
http://www.ncbi.nlm.nih.gov/pubmed/21397653
http://doi.org/10.1016/j.procbio.2013.06.031
http://doi.org/10.3390/md11103861
http://www.ncbi.nlm.nih.gov/pubmed/24129228
http://doi.org/10.1007/s002620050448
http://www.ncbi.nlm.nih.gov/pubmed/9490201
http://doi.org/10.1016/S1567-5769(02)00002-4
http://doi.org/10.1016/j.biotechadv.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25449285
http://doi.org/10.1016/j.algal.2015.02.012
http://doi.org/10.1007/s00248-019-01320-y
http://doi.org/10.1016/j.foodchem.2006.09.041
http://doi.org/10.1016/j.pcad.2005.01.004
http://doi.org/10.1021/np0605844
http://www.ncbi.nlm.nih.gov/pubmed/17335244
http://doi.org/10.4490/algae.2016.31.12.6
http://doi.org/10.1007/s10126-002-0077-y
http://doi.org/10.1021/ja00026a027
http://doi.org/10.1016/j.bbamem.2008.01.018
http://www.ncbi.nlm.nih.gov/pubmed/18291091
http://doi.org/10.1016/j.hal.2004.07.004
http://doi.org/10.1021/np500275x


Int. J. Mol. Sci. 2021, 22, 4383 38 of 40

202. Satake, M.; Cornelio, K.; Hanashima, S.; Malabed, R.; Murata, M.; Matsumori, N.; Zhang, H.; Hayashi, F.; Mori, S.; Kim, J.S.;
et al. Structures of the Largest Amphidinol Homologues from the Dinoflagellate Amphidinium carterae and Structure–Activity
Relationships. J. Nat. Prod. 2017, 80, 2883–2888. [CrossRef] [PubMed]

203. Martínez, K.A.; Lauritano, C.; Druka, D.; Romano, G.; Grohmann, T.; Jaspars, M.; Martín, J.; Díaz, C.; Cautain, B.; de la Cruz, M.;
et al. Amphidinol 22, a New Cytotoxic and Antifungal Amphidinol from the Dinoflagellate Amphidinium carterae. Mar. Drugs
2019, 17, 385. [CrossRef] [PubMed]

204. Paul, G.K.; Matsumori, N.; Konoki, K. Chemical Structures of Amphidinols 5 and 6 Isolated from Marine Dinof1agellate
Amphidinium klebsii and Their Cholesterol-Dependent Membrane Disruption. J. Mar. Biotechnol. 1997, 5, 124–128.

205. Espiritu, R.A.; Tan, M.C.S.; Oyong, G.G. Evaluation of the Anti-Cancer Potential of Amphidinol 2, a Polyketide Metabolite from
the Marine Dinoflagellate. Jordan J. Biol. Sci. 2017, 10, 6.

206. Houdai, T.; Matsuoka, S.; Matsumori, N.; Murata, M. Membrane-Permeabilizing Activities of Amphidinol 3, Polyene-Polyhydroxy
Antifungal from a Marine Dinoflagellate. Biochim. Biophys. Acta BBA-Biomembr. 2004, 1667, 91–100. [CrossRef]

207. Morsy, N.; Matsuoka, S.; Houdai, T.; Matsumori, N.; Adachi, S.; Murata, M.; Iwashita, T.; Fujita, T. Isolation and Structure
Elucidation of a New Amphidinol with a Truncated Polyhydroxyl Chain from Amphidinium klebsii. Tetrahedron 2005, 61, 8606–8610.
[CrossRef]

208. Meng, Y.; Van Wagoner, R.M.; Misner, I.; Tomas, C.; Wright, J.L.C. Structure and Biosynthesis of Amphidinol 17, a Hemolytic
Compound from Amphidinium carterae. J. Nat. Prod. 2010, 73, 409–415. [CrossRef]

209. Cutignano, A.; Nuzzo, G.; Sardo, A.; Fontana, A. The Missing Piece in Biosynthesis of Amphidinols: First Evidence of Glycolate
as a Starter Unit in New Polyketides from Amphidinium carterae. Mar. Drugs 2017, 15, 157. [CrossRef]

210. Washida, K.; Koyama, T.; Yamada, K.; Kita, M.; Uemura, D. Karatungiols A and B, Two Novel Antimicrobial Polyol Compounds,
from the Symbiotic Marine Dinoflagellate Amphidinium Sp. Tetrahedron Lett. 2006, 47, 2521–2525. [CrossRef]

211. Kobayashi, J.; Tsuda, M. Amphidinolides, Bioactive Macrolides from Symbiotic Marine Dinoflagellates. ChemInform 2004, 35.
[CrossRef]

212. Kumagai, K. Amphirionin-2, a Novel Linear Polyketide with Potent Cytotoxic Activity from a Marine Dinoflagellate Amphidinium
Species. Bioorg. Med. Chem. Lett. 2015, 4. [CrossRef] [PubMed]

213. Nagai, H.; Satake, M.; Yasumoto, T. Antimicrobial Activities of Polyether Compounds of Dinoflagellate Origins. J. Appl. Phycol.
1990, 2, 305–308. [CrossRef]

214. Murakami, M.; Makabe, K.; Yamaguchi, K.; Konosu, S.; Wälchli, M.R. Goniodomin a, a Novel Polyether Macrolide from the
Dinoflagellate Goniodoma pseudogoniaulax. Tetrahedron Lett. 1988, 29, 1149–1152. [CrossRef]

215. Espiña, B.; Cagide, E.; Louzao, M.C.; Vilariño, N.; Vieytes, M.R.; Takeda, Y.; Sasaki, M.; Botana, L.M. Cytotoxicity of Goniodomin
A and B in Non Contractile Cells. Toxicol. Lett. 2016, 250–251, 10–20. [CrossRef]

216. Akakabe, M.; Kumagai, K.; Tsuda, M.; Konishi, Y.; Tominaga, A.; Tsuda, M.; Fukushi, E.; Kawabata, J. Amphirionin-5, a Novel
Linear Polyketide from a Cultured Marine Dinoflagellate Amphidinium Species with a Potent Cell Proliferation-Promoting Activity.
Tetrahedron Lett. 2014, 55, 3491–3494. [CrossRef]

217. Kobayashi, J.; Ishibashi, M.; Nakamura, H.; Ohizumi, Y.; Yamasu, T.; Sasaki, T.; Hirata, Y. Amphidinolide-A, a Novel Antineoplas-
tic Macrolide from the Marine Dinoflagellate Amphidinium Sp. Tetrahedron Lett. 1986, 27, 5755–5758. [CrossRef]

218. Usui, T.; Kazami, S.; Dohmae, N.; Mashimo, Y.; Kondo, H.; Tsuda, M.; Terasaki, A.G.; Ohashi, K.; Kobayashi, J.; Osada, H.
Amphidinolide H, a Potent Cytotoxic Macrolide, Covalently Binds on Actin Subdomain 4 and Stabilizes Actin Filament. Chem.
Biol. 2004, 11, 1269–1277. [CrossRef]

219. Caruana, A.M.N.; Amzil, Z. Microalgae and Toxins. In Microalgae in Health and Disease Prevention; Elsevier: Amsterdam,
The Netherlands, 2018; pp. 263–305. ISBN 978-0-12-811405-6.

220. Kudela, R.M.; Bickel, A.; Carter, M.L.; Howard, M.D.A.; Rosenfeld, L. The Monitoring of Harmful Algal Blooms through Ocean
Observing. In Coastal Ocean Observing Systems; Elsevier: Amsterdam, The Netherlands, 2015; pp. 58–75. ISBN 978-0-12-802022-7.

221. Kellmann, R.; Stüken, A.; Orr, R.J.S.; Svendsen, H.M.; Jakobsen, K.S. Biosynthesis and Molecular Genetics of Polyketides in
Marine Dinoflagellates. Mar. Drugs 2010, 8, 1011–1048. [CrossRef]

222. Kohane, D.S.; Lu, N.T.; Gökgöl-Kline, A.C.; Shubina, M.; Kuang, Y.; Hall, S.; Strichartz, G.R.; Berde, C.B. The Local Anesthetic
Properties and Toxicity of Saxitonin Homologues for Rat Sciatic Nerve Block In Vivo. Reg. Anesth. Pain Med. 2000, 25, 52–59.
[CrossRef] [PubMed]

223. Lattes, K.; Venegas, P.; Lagos, N.; Lagos, M.; Pedraza, L.; Rodriguez-Navarro, A.J.; García, C. Local Infiltration of Gonyautoxin Is
Safe and Effective in Treatment of Chronic Tension-Type Headache. Neurol. Res. 2009, 31, 228–233. [CrossRef] [PubMed]

224. Nieto, F.R.; Cobos, E.J.; Tejada, M.Á.; Sánchez-Fernández, C.; González-Cano, R.; Cendán, C.M. Tetrodotoxin (TTX) as a
Therapeutic Agent for Pain. Mar. Drugs 2012, 10, 281–305. [CrossRef] [PubMed]

225. Hagen, N.A.; Cantin, L.; Constant, J.; Haller, T.; Blaise, G.; Ong-Lam, M.; du Souich, P.; Korz, W.; Lapointe, B. Tetrodotoxin for
Moderate to Severe Cancer-Related Pain: A Multicentre, Randomized, Double-Blind, Placebo-Controlled, Parallel-Design Trial.
Pain Res. Manag. 2017, 2017, 1–7. [CrossRef]

226. Alfonso, A.; Vieytes, M.; Botana, L. Yessotoxin, a Promising Therapeutic Tool. Mar. Drugs 2016, 14, 30. [CrossRef] [PubMed]
227. Korsnes, M.S.; Kolstad, H.; Kleiveland, C.R.; Korsnes, R.; Ørmen, E. Autophagic Activity in BC3H1 Cells Exposed to Yessotoxin.

Toxicol. In Vitro 2016, 32, 166–180. [CrossRef]

http://doi.org/10.1021/acs.jnatprod.7b00345
http://www.ncbi.nlm.nih.gov/pubmed/29120640
http://doi.org/10.3390/md17070385
http://www.ncbi.nlm.nih.gov/pubmed/31252576
http://doi.org/10.1016/j.bbamem.2004.09.002
http://doi.org/10.1016/j.tet.2005.07.004
http://doi.org/10.1021/np900616q
http://doi.org/10.3390/md15060157
http://doi.org/10.1016/j.tetlet.2006.02.045
http://doi.org/10.1002/chin.200420239
http://doi.org/10.1016/j.bmcl.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25534608
http://doi.org/10.1007/BF02180919
http://doi.org/10.1016/S0040-4039(00)86674-5
http://doi.org/10.1016/j.toxlet.2016.04.001
http://doi.org/10.1016/j.tetlet.2014.04.086
http://doi.org/10.1016/S0040-4039(00)85318-6
http://doi.org/10.1016/j.chembiol.2004.07.014
http://doi.org/10.3390/md8041011
http://doi.org/10.1097/00115550-200001000-00010
http://www.ncbi.nlm.nih.gov/pubmed/10660241
http://doi.org/10.1179/174313209X380829
http://www.ncbi.nlm.nih.gov/pubmed/19040797
http://doi.org/10.3390/md10020281
http://www.ncbi.nlm.nih.gov/pubmed/22412801
http://doi.org/10.1155/2017/7212713
http://doi.org/10.3390/md14020030
http://www.ncbi.nlm.nih.gov/pubmed/26828502
http://doi.org/10.1016/j.tiv.2015.12.010


Int. J. Mol. Sci. 2021, 22, 4383 39 of 40

228. Tobío, A.; Alfonso, A.; Madera-Salcedo, I.; Botana, L.M.; Blank, U. Yessotoxin, a Marine Toxin, Exhibits Anti-Allergic and
Anti-Tumoural Activities Inhibiting Melanoma Tumour Growth in a Preclinical Model. PLoS ONE 2016, 11, e0167572. [CrossRef]
[PubMed]

229. ES2363975 Uso de La Yesotoxina. Analogos y Derivados Para El Tratamiento y/o La Prevencion de Enfermedades Neurodegener-
atives Relacionadas Con Tau y Beta-Amiloide. Available online: https://patentscope.wipo.int/search/en/detail.jsf?docId=ES322
81349&docAn=201030162 (accessed on 4 March 2021).

230. Jung, J.H.; Sim, C.J.; Lee, C.-O. Cytotoxic Compounds from a Two-Sponge Association. J. Nat. Prod. 1995, 58, 1722–1726.
[CrossRef] [PubMed]

231. Boente-Juncal, A.; Álvarez, M.; Antelo, Á.; Rodríguez, I.; Calabro, K.; Vale, C.; Thomas, O.; Botana, L. Structure Elucidation and
Biological Evaluation of Maitotoxin-3, a Homologue of Gambierone, from Gambierdiscus belizeanus. Toxins 2019, 11, 79. [CrossRef]

232. Zhao, Y.; Huang, J.; Yuan, X.; Peng, B.; Liu, W.; Han, S.; He, X. Toxins Targeting the KV1.3 Channel: Potential Immunomodulators
for Autoimmune Diseases. Toxins 2015, 7, 1749–1764. [CrossRef]

233. Murrell, R.N.; Gibson, J.E. Brevetoxins 2, 3, 6, and 9 Show Variability in Potency and Cause Significant Induction of DNA Damage
and Apoptosis in Jurkat E6-1 Cells. Arch. Toxicol. 2009, 83, 1009–1019. [CrossRef]

234. Keeler, D.; Grandal, M.; McCall, J. Brevenal, a Marine Natural Product, Is Anti-Inflammatory and an Immunomodulator of
Macrophage and Lung Epithelial Cells. Mar. Drugs 2019, 17, 184. [CrossRef]

235. Alonso, E.; Vale, C.; Vieytes, M.R.; Laferla, F.M.; Giménez-Llort, L.; Botana, L.M. The Cholinergic Antagonist Gymnodimine
Improves Aβ and Tau Neuropathology in an in Vitro Model of Alzheimer Disease. Cell. Physiol. Biochem. 2011, 27, 783–794.
[CrossRef] [PubMed]

236. Smith, G.F. Designing Drugs to Avoid Toxicity. In Progress in Medicinal Chemistry; Elsevier: Amsterdam, The Netherlands, 2011;
Volume 50, pp. 1–47. ISBN 978-0-12-381290-2.

237. Kodama, M.; Sato, S.; Sakamoto, S.; Ogata, T. Occurrence of Tetrodotoxin in Alexandrium tamarense, a Causative Dinoflagellate of
Paralytic Shellfish Poisonin. Toxicon 1996, 34, 1101–1105. [CrossRef]

238. Geffeney, S.; Ruben, C. The Structural Basis and Functional Consequences of Interactions Between Tetrodotoxin and Voltage-Gated
Sodium Channels. Mar. Drugs 2006, 4, 143–156. [CrossRef]

239. Miles, C.O.; Samdal, I.A.; Aasen, J.A.G.; Jensen, D.J.; Quilliam, M.A.; Petersen, D.; Briggs, L.M.; Wilkins, A.L.; Rise, F.;
Cooney, J.M.; et al. Evidence for Numerous Analogs of Yessotoxin in Protoceratium reticulatum. Harmful Algae 2005, 4, 1075–1091.
[CrossRef]

240. Seki, T.; Satake, M.; Mackenzie, L.; Kaspar, H.F.; Yasumoto, T. Gymnodimine, a New Marine Toxin of Unprecedented Structure
Isolated from New Zealand Oysters and the Dinoflagellate, Gymnodinium sp. Tetrahedron Lett. 1995, 36, 7093–7096. [CrossRef]

241. Baden, D.; Adams, D. Brevetoxins: Chemistry, Mechanism of Action, and Methods of Detection. In Seafood and Freshwater Toxins;
Botana, L., Ed.; CRC Press: Boca Raton, FL, USA, 2000; Volume 103, ISBN 978-0-8247-8956-5.

242. Naar, J.P.; Flewelling, L.J.; Lenzi, A.; Abbott, J.P.; Granholm, A.; Jacocks, H.M.; Gannon, D.; Henry, M.; Pierce, R.; Baden, D.G.;
et al. Brevetoxins, like Ciguatoxins, Are Potent Ichthyotoxic Neurotoxins That Accumulate in Fish. Toxicon 2007, 50, 707–723.
[CrossRef]

243. Valdiglesias, V.; Prego-Faraldo, M.; Pásaro, E.; Méndez, J.; Laffon, B. Okadaic Acid: More than a Diarrheic Toxin. Mar. Drugs 2013,
11, 4328–4349. [CrossRef] [PubMed]

244. Fu, W.; Nelson, D.R.; Yi, Z.; Xu, M.; Khraiwesh, B.; Jijakli, K.; Chaiboonchoe, A.; Alzahmi, A.; Al-Khairy, D.; Brynjolfsson, S.; et al.
Bioactive Compounds from Microalgae: Current Development and Prospects. In Studies in Natural Products Chemistry; Elsevier:
Amsterdam, The Netherlands, 2017; Volume 54, pp. 199–225. ISBN 978-0-444-63929-5.

245. Rosenberg, J.N.; Oyler, G.A.; Wilkinson, L.; Betenbaugh, M.J. A Green Light for Engineered Algae: Redirecting Metabolism to
Fuel a Biotechnology Revolution. Curr. Opin. Biotechnol. 2008, 19, 430–436. [CrossRef]

246. León-Bañares, R.; González-Ballester, D.; Galván, A.; Fernández, E. Transgenic Microalgae as Green Cell-Factories. Trends
Biotechnol. 2004, 22, 45–52. [CrossRef]

247. Rasala, B.A.; Muto, M.; Lee, P.A.; Jager, M.; Cardoso, R.M.F.; Behnke, C.A.; Kirk, P.; Hokanson, C.A.; Crea, R.; Mendez, M.;
et al. Production of Therapeutic Proteins in Algae, Analysis of Expression of Seven Human Proteins in the Chloroplast of
Chlamydomonas reinhardtii. Plant Biotechnol. J. 2010, 8, 719–733. [CrossRef]

248. Ng, I.-S.; Tan, S.-I.; Kao, P.-H.; Chang, Y.-K.; Chang, J.-S. Recent Developments on Genetic Engineering of Microalgae for Biofuels
and Bio-Based Chemicals. Biotechnol. J. 2017, 12, 1600644. [CrossRef]

249. Santhosh, S.; Dhandapani, R.; Hemalatha, N. Bioactive Compounds from Microalgae and Its Different Applications-A Review.
Adv. Appl. Sci. Res. 2016, 7, 153–158.

250. Orejuela-Escobar, L.; Gualle, A.; Ochoa-Herrera, V.; Philippidis, G.P. Prospects of Microalgae for Biomaterial Production and
Environmental Applications at Biorefineries. Sustainability 2021, 13, 3063. [CrossRef]

251. Vieira, M.V.; Pastrana, L.M.; Fuciños, P. Microalgae Encapsulation Systems for Food, Pharmaceutical and Cosmetics Applications.
Mar. Drugs 2020, 18, 644. [CrossRef] [PubMed]

252. AstaPure®EyeQ: Natural Astaxanthin for Eyes and Brain-Algatech. Available online: https://www.algatech.com/astapure-
eyeq-natural-astaxanthin-for-eyes-and-brain-download-the-ebook/ (accessed on 3 March 2021).

http://doi.org/10.1371/journal.pone.0167572
http://www.ncbi.nlm.nih.gov/pubmed/27973568
https://patentscope.wipo.int/search/en/detail.jsf?docId=ES32281349&docAn=201030162
https://patentscope.wipo.int/search/en/detail.jsf?docId=ES32281349&docAn=201030162
http://doi.org/10.1021/np50125a012
http://www.ncbi.nlm.nih.gov/pubmed/8594149
http://doi.org/10.3390/toxins11020079
http://doi.org/10.3390/toxins7051749
http://doi.org/10.1007/s00204-009-0443-x
http://doi.org/10.3390/md17030184
http://doi.org/10.1159/000330086
http://www.ncbi.nlm.nih.gov/pubmed/21691095
http://doi.org/10.1016/0041-0101(96)00117-1
http://doi.org/10.3390/md403143
http://doi.org/10.1016/j.hal.2005.03.005
http://doi.org/10.1016/0040-4039(95)01434-J
http://doi.org/10.1016/j.toxicon.2007.06.005
http://doi.org/10.3390/md11114328
http://www.ncbi.nlm.nih.gov/pubmed/24184795
http://doi.org/10.1016/j.copbio.2008.07.008
http://doi.org/10.1016/j.tibtech.2003.11.003
http://doi.org/10.1111/j.1467-7652.2010.00503.x
http://doi.org/10.1002/biot.201600644
http://doi.org/10.3390/su13063063
http://doi.org/10.3390/md18120644
http://www.ncbi.nlm.nih.gov/pubmed/33333921
https://www.algatech.com/astapure-eyeq-natural-astaxanthin-for-eyes-and-brain-download-the-ebook/
https://www.algatech.com/astapure-eyeq-natural-astaxanthin-for-eyes-and-brain-download-the-ebook/


Int. J. Mol. Sci. 2021, 22, 4383 40 of 40

253. Betatene 7.5% N: Natural Mixed Carotenoids. BASF Personal Care and Nutrition. Available online: https://www.google.com/
search?client=firefox-b-e&q=Betatene+7.5%25+N%3A+Natural+Mixed+Carotenoids.+BASF+Personal+Care+and+Nutrition (ac-
cessed on 3 March 2021).

254. Fu, W.; Chaiboonchoe, A.; Khraiwesh, B.; Nelson, D.R.; Al-Khairy, D.; Mystikou, A.; Alzahmi, A.; Salehi-Ashtiani, K. Algal Cell
Factories: Approaches, Applications, and Potentials. Mar. Drugs 2016, 14, 225. [CrossRef] [PubMed]

255. Naumann, T.; Çebi, Z.; Podola, B.; Melkonian, M. Growing Microalgae as Aquaculture Feeds on Twin-Layers: A Novel Solid-State
Photobioreactor. J. Appl. Phycol. 2012, 25, 1413–1420. [CrossRef]

256. Pilot Scale of Microalgal Production Using Photobioreactor|IntechOpen. Available online: https://www.intechopen.com/
books/photosynthesis-from-its-evolution-to-future-improvements-in-photosynthetic-efficiency-using-nanomaterials/pilot-
scale-of-microalgal-production-using-photobioreactor (accessed on 25 February 2021).

https://www.google.com/search?client=firefox-b-e&q=Betatene+7.5%25+N%3A+Natural+Mixed+Carotenoids.+BASF+Personal+Care+and+Nutrition
https://www.google.com/search?client=firefox-b-e&q=Betatene+7.5%25+N%3A+Natural+Mixed+Carotenoids.+BASF+Personal+Care+and+Nutrition
http://doi.org/10.3390/md14120225
http://www.ncbi.nlm.nih.gov/pubmed/27983586
http://doi.org/10.1007/s10811-012-9962-6
https://www.intechopen.com/books/photosynthesis-from-its-evolution-to-future-improvements-in-photosynthetic-efficiency-using-nanomaterials/pilot-scale-of-microalgal-production-using-photobioreactor
https://www.intechopen.com/books/photosynthesis-from-its-evolution-to-future-improvements-in-photosynthetic-efficiency-using-nanomaterials/pilot-scale-of-microalgal-production-using-photobioreactor
https://www.intechopen.com/books/photosynthesis-from-its-evolution-to-future-improvements-in-photosynthetic-efficiency-using-nanomaterials/pilot-scale-of-microalgal-production-using-photobioreactor

	Introduction 
	Microalgal Bioactive Compounds 
	Pigments 
	Fucoxanthin 
	-Carotene 
	Astaxanthin 
	Violaxanthin 
	Lutein and Minor Carotenoids 

	Polyphenols 
	Polysaccharides 
	Lipids 
	Glycolipids 
	Steroids 
	Oxylipins 
	Proteins and Peptides 
	Bioactive Polyketides and Macrolides 

	Discussion 
	References

