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Abstract: Marine phytoplankton is an emerging source of immunomodulatory bioactive
lipids (BLs). Under physiological growth conditions and upon stress challenges, several
eukaryotic microalgal species accumulate lipid metabolites that resemble the precursors
of animal mediators of inflammation: eicosanoids and prostaglandins. Therefore, marine
phytoplankton could serve as a biotechnological platform to produce functional BLs with
therapeutic applications in the management of chronic inflammatory diseases and other
clinical conditions. However, to be commercially competitive, the lipidic precursor yields
should be enhanced. Beside tailoring the cultivation of native producers, genetic engineer-
ing is a feasible strategy to accrue the production of lipid metabolites and to introduce
heterologous biosynthetic pathways in microalgal hosts. Here, we present the state-of-the-
art clinical research on immunomodulatory lipids from eukaryotic marine phytoplankton
and discuss synthetic biology approaches to boost their light-driven biosynthesis.
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1. Introduction

Non-communicable immune-mediated inflammatory diseases (IMIDs) are a major
burden for healthcare systems worldwide, with a greater incidence in higher income
regions [1]. Different causes underlie the development of IMIDs, including genetics and
lifestyle factors [1]. Among the latter, diet plays a prominent role in mitigating the risk
of disease onset and progression towards chronic inflammation. Anti-inflammatory diets
typically include plant-based sources of lipids that are capable of modulating the pathways
involved in the pathogenesis of chronic inflammation [2].

A hallmark of chronic IMIDs is the altered metabolism of endogenous and dietary
lipids. Lipids are essential constituents of cellular membranes and the storage of metabolic
energy, but are also the biosynthetic precursors of signaling molecules, or bioactive lipids
(BLs), which regulate inflammatory processes [3]. Therefore, nutritional interventions
can significantly influence the balance between BL species and their immunomodulatory
activity [4].
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Inflammation is a physiological mechanism to counteract infections and tissue dam-
age, and its timely resolution is part of a healthy bodily response. However, a persistent
pro-inflammatory immune activation is at the origin of IMIDs. Virtually all immune cell
types synthetize and release lipid-based soluble mediators that coordinate the initiation,
progression and resolution of inflammatory processes by regulating vascular hyperreactiv-
ity, pain, leukocyte trafficking, and clearance. The failure in confining acute inflammation
promotes the transition from acute to chronic inflammation. Indeed, the development
and progression of all major IMIDs (i.e., rtheumatoid arthritis, atopic dermatitis, asthma,
multiple sclerosis, type-1 diabetes, systemic lupus erythematosus, psoriasis, and inflam-
matory bowel disease), involves an imbalance between the activity of pro-inflammatory
and resolving BLs [3,5]. The main classes of BLs involved in the initiation of inflammation
and its progression towards chronic conditions are the eicosanoids. Other types of lipid-
derived metabolites that play crucial roles in the resolution of inflammation include the
resolvins (specialized pro-resolving mediators), lysoglycerophospholipids, sphingolipids,
and endocannabinoids [6-8]. The dietary intake of marine lipids, namely, long-chain
polyunsaturated fatty acids (PUFAs), including omega-3 lipids from fish, fish oils, and
seafood, lowers the risk of IMIDs, ameliorates the disease activity, and reduces the need for
long-term use of anti-inflammatory drugs [9-12].

The supply of marine lipids to an increasing global population through the fishery
industry, however, faces several challenges with respect to the preservation of natural
ecosystems [13-16]. Therefore, the discovery of sustainable sources of dietary lipids is
highly desirable.

Ocean ecosystems have a long history as sources of active compounds [17,18] and
are currently witnessing a scientific renaissance as troves of metabolites endowed with
anti-inflammatory and immunomodulatory properties [19-24]. Eukaryotic marine phyto-
plankton (hereafter microalgae) is an emerging alternative to metazoans to obtain dietary
BLs [25-29], with an increasing number of species holding Generally Recognized As Safe
and Novel Food statuses [30-33]. Microalgae hold the greatest promise as producing
platforms of valuable PUFAs like eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), although other BL types have been reported [34-36]. The complexity of phyto-
plankton biodiversity and lipid chemodiversity is beginning to surface and few species
have been tested in pre-clinical and clinical studies for their potential in the management of
chronic inflammation [37,38]. A relatively recent discovery is the existence of biosynthetic
pathways of prostaglandins (PGs) in diatoms, a class of hormone-like eicosanoids (or
prostanoids) acting mainly as pro-inflammatory modulators [39-42].

Considering the growing body of literature dedicated to the characterization and
emerging clinical potential of BLs from marine phytoplankton [43,44], this review aims to
provide an updated summary of this rapidly developing research field [45,46]. We cover
recent reports describing microalgal BLs and the emerging genetic engineering techniques
to enhance their yields and to produce non-native lipids [47].

2. Bioactive Lipids in Human Physiology and Disease

Eicosanoids are the main class of signaling BLs regulating innate immune responses,
including the initiation and resolution of inflammation. These short-lived autocrine and
paracrine are produced from 20-carbon-chain PUFAs, mainly from the omega-6 arachidonic
acid (AA, series 2 PGs, PGE; pro-inflammatory) and, to a lesser extent, from the omega-
3 EPA (series 3 PGs, e.g., PGE3 anti-inflammatory) [48,49] and dihomo y-linolenic acid
(20:3, n — 6, DGLA, series 1 PGs), the latter a derivative of linolenic acid and biosynthetic
intermediate of AA [50-54].
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Eicosanoids comprise a variety of structurally related molecules, among which are PGs,
prostacyclins, thromboxanes (TXs) known as prostanoids, and leukotrienes (LTs). The syn-
thesis of eicosanoids proceeds with the release of PUFA precursors from the phospholipid
bilayer of cellular membranes by phospholypase enzymes and their oxidation by cyclooxy-
genases 1 and 2 (COX-1/2) in the case of prostanoids, while LTs are produced by lipoxy-
genases [41,55]. These products are, therefore, referred to as oxylipins. Non-enzymatic
oxylipins can also originate from radical-mediated spontaneous lipid peroxidation, such as
the isoprostanoids (or isoprostanes) and the less-characterized isofurans [56-61], giving rise
to a wider array of BLs metabolites, many of which are endowed with anti-inflammatory,
immunomodulatory, and neuroprotective properties [62-71]. Following the activation of
phospholipase A2, AA is released and subsequently converted through the COX pathway
into PGs [72-74]. The AA cascade is central to the inflammatory process as it also produces
TXs, which promote platelet aggregation and vasoconstriction, and LTs, which enhance
vascular permeability [55].

Of note, the two COX-1 and COX-2 isoforms display differential cell type and tissue
expression and regulation during the progression of inflammatory processes in response to
specific cytokines [75-77], highlighting the duality of PG functions [78]. While COX-1 is
constitutively expressed throughout the body providing homeostatic functions [79], the
inducible COX-2 isoform is strongly upregulated by inflammation and increases the local
production of PGs involved in mediating inflammation and pain, although it is suggested
that it might also play some homeostatic roles [80-83].

PGs were discovered in the 1930s by Swedish physiologist Ulf von Euler in human
semen and originally believed to be produced by the prostate gland, hence their name [84].
The pivotal roles of PGs in inflammation were reported in the 1960s by British scientist Sir
John Vane, who described their inhibitory effects of nonsteroidal anti-inflammatory drugs
(NSAIDs) [85]. Vane further characterized prostacyclin, a PG-related molecule that prevents
blood clotting in a delicate balance with TXs [85]. PGs regulate multiple physiological
processes ranging from blood flow regulation to inflammation and immune responses, and
can be responsible for disease states (summarized in Figure 1) [86].

The main physiological effects of PGs consist in the enhancement of vascular perme-
ability, to allow immune cells access to the site of injury [87]. Notably, prostaglandin E,
(PGE,) can exert either immunomodulatory or pro-inflammatory effects by suppressing
T-cell proliferation or regulating B-cell differentiation, respectively [88-90]. PGE; also
regulates vascular tone by acting as a vasodilator and plays a critical role in maintain-
ing renal blood flow. Furthermore, PGE; enhances its own biosynthesis and suppresses
acute-inflammatory mediators, thus playing a prominent role in the late/chronic stages
of immunity [91]. The biological effects of PGE, strictly depend on the G-protein-coupled
receptor (EP) to which it binds on immune cells EP1, EP2, EP3, and EP4, each displaying
tissue-specific expression and being associated with different signaling pathways [92]. For
instance, PGE, induces fever through EP3 receptor activation in the hypothalamus and
enhances pain perception by increasing neuronal excitability, while binding to EP2 and
EP4 activates both inflammation and immunosuppression [87,93-95]. Therefore, PGE,
has been tested as an immunomodulatory agent and cancer-immunotherapeutic both
in vitro and in vivo animal studies, although reports on clinical uses of this mediator are
scarce [96-99]. Other examples of prominent PGs are prostaglandin F2« (PGF; ), which
induces uterine smooth muscle contractions, particularly during labor, and can influence
the tone of bronchial and gastrointestinal smooth muscle, often causing constriction [100].
The cell-type-specific expression of PGE, receptors underscores the manifold roles played
by this molecule in the maintenance of homeostasis [101-106]. While mastocytes residing
in connective tissues mainly produce PGD2, macrophages synthetize PGE; and TXA; [74].
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The dynamic modulation of PG synthesis, therefore, reflects the complex regulation of
immune responses, in which PGs regulate cellular functions depending on the chemical
environment [74].
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Figure 1. Biosynthesis and roles of bioactive lipids in human physiology. (A) Upon tissue damage
and signaling derived from pro-inflammatory cytokines binding to membrane receptors, membrane
phosholipids are substrates of phospholipase enzymes (PLA2) that release arachidonic acid (AA).
AA is further converted into prostaglandins (PGs) by cyclooxygenase enzymes (COX1 and COX2)
and into leukotrienes (LTs) by lipooxygenase enzymes. PGs such as PG2 can be further converted
into thromboxanes. BLs are secreted and regulate the initiation, progression, and resolution of
inflammatory responses (described in (C)). (B) PG molecules exert different functions depending
on which receptor type they bind, leading to multiple physiological outcomes. (C) Inflammatory
responses typically develop via a pro-inflammatory phase then progress to an acute phase and
are eventually resolved. Abbreviations: PGs: prostaglandins; PLA2: phospholipase A2; COX-1:
cyclooxygenase 2; COX-2: cyclooxygenase 2; PG2: prostaglandin G2; PGD2: prostaglandin D2; PGE2:
prostaglandin E2; PGF2«: prostaglandin F2 alpha; PGI2: prostaglandin 12 (prostacyclin); DP1/DP2:
D-prostanoid receptor 1/2; EP1/EP2/EP3/EP4: E-prostanoid receptor 1/2/3/4; FP: F-prostanoid
receptor; IP: I-prostanoid receptor; PLC: phospholipase C; PKC: protein kinase C; PKA: protein kinase
A; PIBK/ Akt: phosphoinositide 3-kinase/protein kinase B; cAMP: cyclic adenosine monophosphate;
Gs: stimulatory G protein; Gi: inhibitory G protein.
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Autoimmune diseases are characterized by the sustained secretion of pro-inflammatory
mediators known as cytokines (mainly interleukin 17, IL-17) by T lymphocyte cells (T cells),
which is otherwise restrained by counteracting cytokines (tumor necrosis factor (3, TNF-§3,
and IL10) released by dendritic cells. The de-regulated T-cell activity is further exacerbated
by leukocyte recruitment and the activation of macrophages, which produce and secrete
the pro-inflammatory mediators IL-6, TNF-«, IL-17, and PGE2 [107]. PGE2 is primarily
responsible for the differentiation of the highly reactive TH1 cell type and the expansion of
the TH17 population [108] and, at the same time, reduces the biosynthesis of the resolv-
ing BLs lipoxins (derived from AA), resolvins (derived from EPA and DHA), protectins
(derived from DHA), and maresins (derived from DHA) [109].

In clinical practice, COX inhibitors are routinely employed to mitigate PG-mediated
chronic inflammation [110]; however, they non-specifically inhibit both COX1 and COX2
isoforms [111,112]. The prolonged use of NSAIDs, however, is typically associated with
dangerous side effects such as gastrointestinal, cardiovascular, and renal damage [113,114].
Therefore, it is suggested that the administration of precursors of resolving BLs such as
EPA and DHA could be an effective strategy to mitigate the risk of developing chronic
inflammatory conditions, or to modify their course.

Due to their primary functions as pro-inflammatory mediators, PGs find relatively
few clinical applications. For instance, PG analogs such as latanoprost, bimatoprost, and
travoprost are employed as first-line therapies to lower intraocular pressure in glaucoma
patients. These prodrugs undergo hydrolysis by corneal esterases, producing metabo-
lites that bind to the prostaglandin F (PGF) receptor, increasing uveoscleral outflow and,
thus, reducing the risk of optic nerve damage and vision loss [115-119]. The PG analogs
dinoprostone (PGE2) and misoprostol (PGE1) are used in obstetrics to induce labor and
stimulate myometrial contractions [120], particularly in cases of post-term pregnancy or
preeclampsia [121].

3. Microalgal PUFAs, EPA, and DHA: Clinical Perspectives

Microalgal lipid biosynthesis begins with de novo production in the plastid and pro-
ceeds with extra-chloroplast biosynthesis in the endoplasmic reticulum [122]. Microalgae
produce different types of PUFAs that could serve as precursors to resolving BLs [123-125].
Moreover, several independent studies reported that marine microalgae accumulate around
70 different types of non-enzymatic oxylipins [126-129].

Remarkably, several strains display an extreme metabolic plasticity in response to
environmental stresses, including variations of light intensity, which is reflected in dramatic
changes of the cellular lipidome, as recently reported for the eustigmatophyte Nannochlorop-
sis gaditana [130,131]. Microalgae were already suggested two decades ago as alternative
sources of dietary lipids [132], mainly of the three omega-3 PUFAs ALA (C18:3, n — 3),
EPA (C20: 5, n — 3), and DHA (C22:6, n — 3). The immunomodulatory effects of different
microalgal lipids have been tested in vitro and in vivo, indicating their potential clinical
use (summarized in Figure 2). For instance, the lipid extracts enriched in EPA and DHA
from the haptophyte Pavlova lutheri (Prymnesiophyceae) inhibited the release of the pro-
inflammatory cytokines IL-6 and TNF-« by suppressing the intracellular nuclear factor
kappa B (NF-kB)-mediated pathway in cultured activated human macrophages, a major
pro-inflammatory signaling cascade involved in several IMIDs [133,134]. Additionally,
a more recent study reported similar effects with extracts from Nannochloropsis oceanica
and the chlorophyte Chlorococcum amblystomatis, which suppressed the synthesis of the
pro-inflammatory mediators nitric oxide, IL1-f3,5 and TNF-« [135].
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Figure 2. Described anti-inflammatory effects of microalgal bioactive lipids on intracellular signaling
pathways. Reproduced from [34]. Pro-inflammatory cytokines such as the tumor necrosis factor o
(TNF-«) activate the nuclear factor kappa B (NF-kB)-mediated pathway, which positively regulates
the expression of pro-inflammatory genes. Several microalgal lipids, including eicosapentaenoic acid
(EPA), docosahexaenoic acid (DHA), and dihomo y-linolenic acid (20:3, n — 6, DGLA), have been
shown to interfere with intermediate steps of the signaling pathways, suppressing pro-inflammatory
responses. EPA, DHA, and DGLA all appear to negatively modulate the NF-kB pathway by inhibit-
ing the upstream inhibitor of kB (IkB) kinase complex. These compounds appear to prevent the
phosphorylation-dependent release of the pro-inflammatory transcriptional activator NF-kB and its
nuclear translocation, thereby suppressing the expression of pro-inflammatory genes, including the
inducible nitric oxide synthase (Nos2) gene. DHA appears to also positively regulate the expression of
the anti-inflammatory gene IL-10. Solid blunt arrows indicate experimentally described interference
mechanisms; dashed blunt arrows indicate suggested mechanisms of action.

Studies in vivo have also investigated the effects of dietary supplementation with
DHA and EPA from the Nannochloropsis sp. and the haptophyte Isochrysis galbana, showing
changes on the plasma PUFAs levels in animal models [136]. Moreover, supplementation
with DHA extracts from the haptohyte Tisochrysis lutea in an animal model of metabolic syn-
drome lowered the plasma levels of the pro-inflammatory marker TNF-o, while increasing
the production of the anti-inflammatory cytokine IL-10 [137]. Of note, a recent clinical trial
reported the safety profile of Nannochloropsis-derived DHA and EPA fed to patients with
hypertriglyceridemia, highlighting a greater reduction in plasma triacylglycerols compared
with supplementation with corn oil/soy oil [138]. Finally, in two recent clinical trials, the
EPA-rich extract from Nannochloropsis commercially known as Almega®PL improved the
Omega-3 Index and cardio-metabolic parameters and lowered the plasma cholesterol levels
in healthy individuals [139,140].
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Several marine strains accumulate so-called betaine lipids, glycerolipids with ether-
bond charged betaine groups attached to the glycerol backbone in place of the phosphate
and carbohydrate moieties endowed with anti-inflammatory and immunomodulatory
properties [141,142]. Betaine lipids are produced in microalgae upon membrane remodeling
in response to abiotic stresses, such as nitrogen starvation, and act as acyl group donors for
de novo lipid biosynthesis [143-147]. The most abundant class of betaine lipids found in
microalgae is 1,2-diacylglyceryl-3-O-4’-(N,N,N-trimethyl)-homoserine (DGTS), followed by
1,2-diacylglyceryl-3-O-carboxy-(hydroxymethyl)-choline (DGCC) and 1,2-diacylglyceryl-3-
O-2'-(hydroxymethyl)-(N,N,N-trimethyl)-B-alanine (DGTA).

DGTS (in combination with DGLA) from Lobosphaera incisa was reported to inhibit the
NF-kB-mediated pathway. This effect was attributed to an interference with the upstream
inhibitor of kB (IkB) kinase complex [148], preventing the phosphorylation-dependent
release of the transcriptional activator NF-kB and its nuclear translocation [149,150]. More-
over, the treatment with DGTS extracted from Nannochloropsis granulate caused a strong
downregulation of the expression of the pro-inflammatory gene inducible nitric oxide syn-
thase (Nos2) in cultured activated macrophages [151,152]. Similarly, the chlorodendrophyte
Tetraselmis chui was recently reported to produce monogalactosyldiacylglycerols with a
strong inhibitory effect on nitric oxide synthesis [153].

Enhancement of DHA and EPA Through Culture Optimization and Genetic Engineering

At present, a major limitation to the widespread use of marine microalgal BL for
human nutrition lies in the low yields and recovery of these metabolites. The industrial
production of EPA and DHA from native strains can be maximized by tailoring key cultiva-
tion parameters including temperature, light intensity, and salinity, as recently reported for
Nannochloropsis oceanica, which displayed the highest EPA accumulation at low tempera-
ture (19 °C), despite a slower growth rate and lower overall biomass accumulation [154].
Another suggested strategy to enhance cellular lipid accumulation includes CO; limitation,
as reported for the model green microalga Chlamydomonas reinhardtii (chlorophyte) [155],
although it is not tested in N. oceanica. More recently, a co-cultivation system using the
golden-brown microalga Tisochrysis lutea (DHA producer [156,157]) and the green microalga
Microchloropsis salina (EPA producer) reported a higher biomass accumulation compared
with monocultivation systems and the additional advantage of producing a near 1:1 nutri-
tionally balanced ratio of DHA /EPA, the accumulation of which could be enhanced by 31
and 80% compared with monocultures, respectively [158,159].

Furthermore, the metabolic flexibility of microalgae can be exploited to establish the
large-scale mixotrophic cultivation of marine strains using reduced carbon substrates to
boost the accumulation of algal biomass, as reported for a number of species [160,161].
A similar approach has been reported for the chlorophyte Tetraselmis suecica [162], Nan-
nochloropsis granulata [163], and the diatom Phaeodactylum tricornutum [164,165], although
several other marine strains might display mixotrophic capability [166-171]. It should
be noted, however, that growth enhancement does not always correlate with the over-
accumulation of target metabolites [172]. Finally, the recovery of BL lipids from microalgal
biomass can be further enhanced by optimizing extraction processes [173-175], including
advanced techniques based on lipase-catalyzed hydrolysis [176].

A feasible strategy to boost the accumulation of BL precursors in phytoplankton is
via the domestication of wild oleaginous microalgae. Strain improvement is routinely
performed in model species by accelerating mutation rates and applying high-throughput
phenotyping of lipid-related traits (directed evolution), or via adaptive laboratory evolu-
tion [177-184], although a few examples of domestication have been recently reported also
for Tisochrysis lutea and the diatom Nitzschia inconspicua [185-188].
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The rational genetic engineering of lipid metabolism in marine phytoplankton is
also relatively advanced [189,190]. Most approaches exploit the overexpression of either
heterologous lipid anabolism genes or endogenous transcription factors [191-193], al-
though productivity in oleaginous microalgae can also be achieved by modulating light-use
efficiency [194]. At present, Nannochloropsis sp. is the reference organism for the indus-
trial production of EPA and is an established genetic model system for engineering lipid
metabolism in microalgae [195,196]. The availability of a dedicated molecular toolkit en-
ables complex genetic interventions in this oleaginous microalga, affording the stacking
of transgenes and the analysis of a multiple expression cassette design via streamlined
modular cloning and assembly strategies [43,197,198]. For instance, this technology was
employed to genetically enhance EPA biosynthesis in the strain N. oceanica CCMP1779 via
the overexpression of previously identified endogenous candidate fatty acid desaturase
genes (A12 and A5 FAD) [199], while an increase in EPA production was achieved via the
overexpression of the endogenous A6 isoform [200]. Two recent approaches to the genetic
engineering of N. oceanica reported an increased valorization of the health potential of this
microalga by coupling the synthesis of endogenous lipid with heterologous immunomod-
ulatory pigments. In one case, through an iterative transgenesis strategy of 3-carotenoid
ketolase and hydroxylase genes, it was possible to achieve a more than 130-fold increase
in the synthesis of the potent antioxidant ketocarotenoid astaxanthin [201-204], while in
the second case, N. oceanica was engineered to over-accumulate the related antioxidant
ketocarotenoid canthaxanthin [205].

Targeted genetic manipulations are now also possible in N. oceanica thanks to the
existence of dedicated genome editing techniques [206], including a toolbox based on
the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas12 technol-
ogy [207]. Notably, this system exploits an episomal vector system encoding the Cas12
nuclease and a customizable set of single guide RNAs, enabling the transient expression
of the editing complex and subsequent removal, affording multiple cycles of intervention.
This system has clear advantages over the delivery of unstable ribonucleoprotein complexes
and avoids the stable integration of transgenes in the algal genome.

The advancement of lipid metabolism engineering requires the continuous develop-
ment of novel genetic parts to build synthetic pathways, including cis-acting regulatory
elements and promoters, the identification of metabolic bottlenecks though omics-based
studies [208-210], and the transfer of technologies from model to emerging species, as
recently reported for the extremophile microalga Chlamydomonas pacifica [211].

4. Prostaglandin Metabolism in Diatoms

The existence of PGs in photosynthetic organisms was firstly described in macroalgae
species of the Gracilaria genus, in the microalga Euglena Gracilis, and in cyanoprokaryotes
of the Oscillatoria and Microcystidaceae taxa [212-215]. The identified molecules were
PGA,, PGBy, PGDy, PGE;, PGE,, 5-keto-PGE,, PGF,, and PGJ;, and their production was
reported to correlate with light, temperature, and metal stresses [216].

The first elucidation of a complete ad active PG biosynthetic pathway in microal-
gae was described for two strains of the chain-forming diatom Skeletonema marinoi [42],
and later in dinoflagellates, a vast group of microalgae with untapped biotechnological
potential [42,217,218] (summarized in Figure 3).
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Figure 3. Prostaglandin metabolism in microalgae. Prostaglandins (PGs) have been described in
the following microalgal species: Skeletonema marinoi (S.m.), in which the genes encoding enzymes
involved in the PG pathway were identified, along with the chemical characterization of PUFA-
derivative molecules; Thalassiosira rotula (T.r.), in which additional PG-related genes were identified
together with PGs released in the cultivation medium; Phaeodactylum tricornutum (P.t.), in which
isoprostanoids produced via isomerization of PUFA precursors were characterized; dinoflagellates
species (Dinofl.), from which the transcriptomics data mining revealed the existence of the PG
prostaglandin pathway; and the green microalga Euglena graclilis (E.g.) and the cyanobacterium
Microcystis aeruginosa (M.a.), which also produce PGs. The species in which PG biosynthetic enzymes
and products have been identified are indicated to the side of each figure element. Prostaglandin B
(PGB); Prostaglandin A (PGA); Prostaglandin E (PGE); Prostaglandin D (PGD); Prostaglandin J (PGJ);
Prostaglandin K (PJK); prostaglandin Fy (PGF); 15-keto prostaglandin (15-keto-PGs); 13-dihydro-15-
keto prostaglandin (13-dihydro-15-keto-PGs); 14-dihydro-15-keto prostaglandin (14-dihydro-15-keto-
PGs); lipoxygenase (LOX); cyclooxygenase (COX); prostaglandin E synthase (PTGES); prostaglandin
D synthase (PTGDS); prostaglandin F synthase (PTGFS); prostaglandin E2-9-oxoreductase (PGE2-
9-OR, in the case of T. r.); 15-prostaglandin dehydrogenase (15-PGDH); prostaglandin reductase
(PTGR). In the cases of T. r., PGFx and PGJ have not been directly identified, and only their degra-
dation products have. «-Linolenic acid, ALA; eicosatrienoic acid, ETE; eicosapentaenoic acid, EPA;
docosahexaenoic acid, DHA.

Diatoms constitute an extremely diversified group of eukaryotic phytoplankton
(clade Stramenopiles and Bacillariophyceae) of great ecophysiological relevance, with
a global distribution in the oceans and accounting for an estimated 20% of annual CO,
fixation [219-221]. At present, two species, Thalassiosira pseudonana and P. tricornutum,
represent the reference organisms for diatom biotechnology research, although emerging
species like Fragilariopsis cylindrus and Pseudo-nitzschia multistriata are being explored as
model organisms for basic and applied research. Remarkably, several diatom species
undergo dramatic reprogramming of their lipid metabolism upon environmental stresses,
mainly nutrient starvation [222-226], and have recently emerged as natural producers of
EPA and DHA [227-231].
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At present, the two centric diatoms S. marinoi and Thalassiosira rotula are used as model
organisms for PG biosynthesis, although the information contained in the Marine Microbial
Eukaryote Sequencing Project database (MOORE) [232] suggests the expression of PG
biosynthetic genes in several other species and phylogenetic groups [42]. For instance, the
mining of dinoflagellate transcriptomes identified genes with a putative involvement in
both PG biosynthesis and catabolism, including the PG terminal synthases for PGE and
PGD (PTGES and PTGDS) and the catabolic enzyme PG reductase 1, although the limiting
enzyme COX-1 was not found [217].

Studies on S. marinoi and T. rotula revealed the existence of a canonical animal PG
pathway in unicellular eukaryotes and their highly regulated biosynthesis, possibly as a
defense response to grazers [40,42,233]. Both species expressed the COX-1 gene during
the transition between the exponential and stationary growth phases and downregulated
its transcription in the senescent phase, while the levels of two terminal synthases PTGES
and PTGDS did not vary. Instead, PTGES and PTGDS displayed a differential regulation
between two S. marinoi strains [42]. While strain FE7, a high oxylipin producer, showed a
strong expression of all PG enzymes and downregulated COX-1 during senescence, strain
FE60, a low oxylipins producer, downregulated both PTGES and PTGDS in the stationary
phase and displayed an overall lower expression of all PG genes. Those differences were
also reflected by the cellular content of the main EPA metabolite, PGE3, which resulted
six times higher in strain FE7 in the senescent phase compared with strain FE60, as also
confirmed in a more recent analysis [234].

Furthermore, it was shown that the expression of the COX-1, PTGES, and the PTGFS
genes was downregulated in T. rotula in response to nutrient starvation, particularly of
silica [39], with a stronger effect observed in a strain native to the Mediterranean Sea
compared with other isolates.

The discovery of PG metabolism in diatoms suggests the possibility to use these
organisms for the biotechnological production of these BLs as alternative strategy to the
current approaches. Indeed, the industrial PG production is not straightforward [235].
For instance, chemical synthesis is complicated by the instability of intermediate and final
molecules, and requires several chemical reactions [236]. The heterologous production of
PGs, instead, has been reported in the red macroalgae Gracilaria vermiculophylla [237] and
Agarophyton vermiculophyllum [238], in the model angiosperm Arabidopsis thaliana [239], in
the liverwort Marchantia polymorpha [240], and in diatom species lacking COX genes [17],
although the yields did not satisfy cost-effectiveness.

Genetic Engineering of Bioactive Lipid Production in Diatoms

Genetic engineering in diatoms is established and several works have already inves-
tigated lipid metabolism in P. tricornutum by means of gene silencing and targeted gene
inactivation of endogenous lipases [241-244]. Homology-directed gene replacement could
also be established in P. tricornutum bypassing the non-homologous end joining (NHE])
DNA repair pathway responsible for foreign DNA integration at random positions in the
diploid karyome. This was possible by knockdown of the endogenous DNA-Ligase IV
(LigIV) gene, resulting in a more efficient homologous recombination at the triacylglycerol
lipase 1 (tgl1) locus [245].

Gene-editing interventions have been reported in diatoms using transcription
activator-like effector nucleases (TALEN) [246], the CRISPR method using a Cas9 nuclease
coupled with transgene transfection [247], and even more advanced DNA-free strategies
using ribonucleoprotein complexes [248,249]. More recently, a transient system based
on self-replicating episomes delivered via bacterial conjugation was implemented in P.
tricornutum, affording the simultaneous expression of the Cas9 nuclease and of metabolic en-
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zymes [250]. Moreover, efficient gene editing was performed in the emerging model species
T. pseudonana using a plasmid-encoded Cas9 nucleases [251] and CRISPR/Cas-mediated
homologous recombination [221,252].

Multiplex gene editing was also reported in P. tricornutum to alter the cellular lipid
droplet content. This strategy exploited a self-replicating episome encoding a Cas9 nuclease
and a single guide (sgRNA) RNA array targeting the stramenopile-type lipid droplet pro-
tein (StLDP; Phatr3_J48859), a key factor regulating droplet size and lipid homeostasis [253].
This approach produced high-frequency biallelic StLDP knock-out mutants with oversized
lipid droplets upon nitrogen depletion, which were not degraded upon nutrient repletion,
therefore paving the way for future rational genetic interventions to enhance the cellular
content of omega-3 fatty acids in diatoms. Furthermore, a protein termed acyl-CoA binding
protein (PtACBP) was identified P. tricornutum. This factor appears to regulate lipid droplet
degradation and the biosynthesis of EPA [254], thus representing a novel target for geneti-
cally modulated diatom lipid metabolism. Another recently identified target for enhancing
DHA biosynthesis in diatoms is the A5 elongase gene (ptELO5a), whose inactivation via
CRISPR-Cas9-based genome editing significantly reduced the intracellular levels of this
BL precursor [255]. In this respect, a synthetic biology approach was recently reported in
P. tricornutum [165] via heterologous over-expression of the A5-elongase (Ppglutl) gene
from the chlorophyte Ostreococcus tauri and of a glucose transporter (OtElo5) from the moss
Physcomitrella patens to enable mixotrophic cultivation and the enhanced production of
DHA. Indeed, precursor limitation was reported in a previous study on P. tricornutum, in
which the over-expression of the endogenous diacylglycerol acyltransferase 2 (DGAT2)
gene, a key enzyme in triacylglycerol biosynthesis, enhanced cellular neutral lipid content
and resulted in almost a 80% increase in EPA production [192].

Although the molecular toolkits and gene editing techniques for nuclear gene inactiva-
tion and transgenesis in microalgae are growing [256-258], the repertoire of genetic parts,
including promoters and other cis-acting regulatory elements, and selectable markers in
diatoms is still scarce. Also, organellar genetic engineering in haptophytes is still lagging
far behind that in their freshwater, green counterparts [259-262]. Improvements in this
area are, therefore, needed and expected to foster the biotechnological exploitation of
diatoms [263]. Moreover, it is of paramount importance to develop genetic toolboxes for
emerging species with biotechnological potential, as reported for S. marinoi [264].

5. Conclusions and Outlook

The biotechnological potential of marine microalgae for producing BLs is fully estab-
lished. The safety profile and molecular understanding of the mechanisms of action of
microalgal BLs supports continuous innovation in this research field to develop streamlined
production platforms of functional lipids with clinical applications in IMIDs and human
nutrition. To further expand the clinical uses of microalgal lipids, it is, however, necessary
to expand the repertoire of useful molecules and test their effectiveness in vitro, in vivo,
and finally, in human clinical trials.

Therefore, a detailed characterization of the main classes of non-enzymatic oxylipins
produced in microalgae is urged to further expand the repertoire of microalgal BLs and
enable their use in clinical research. To this end, a continuous bioprospecting activity
is essential to identify novel native producers and test their cultivation under different
conditions to assess how BL yields are affected.

Lastly, rigorous practices and regulatory frameworks should be implemented in
the industrial production and downstream processing of microalgal biomass, including
from genetically engineered strains, to ensure its biosafety and, thus, promote the market
acceptance of microalgae-derived functional foods by consumers and health specialists.



Mar. Drugs 2025, 23, 86 12 of 23

Author Contributions: Conceptualization, E.A.C., R.C. and M.C., writing—original draft preparation,
E.A.C,R.C,VD.D, LO. and M.A,; writing—review and editing, E.A.C., R.C. and V.D.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Data Availability Statement: No new data were created.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

Wu, D,; Jin, Y.; Xing, Y.; Abate, M.D.; Abbasian, M.; Abbasi-Kangevari, M.; Abbasi-Kangevari, Z.; Abd-Allah, F.; Abdelmasseh,
M.; Abdollahifar, M.-A; et al. Global, regional, and national incidence of six major immune-mediated inflammatory diseases:
Findings from the global burden of disease study 2019. eClinicalMedicine 2023, 64, 102193. [CrossRef]

Yu, X; Pu, H.; Voss, M. Overview of anti-inflammatory diets and their promising effects on non-communicable diseases. Br. J.
Nutr. 2024, 132, 898-918. [CrossRef]

Cas, M.D.; Roda, G.; Li, F,; Secundo, F. Functional Lipids in Autoimmune Inflammatory Diseases. Int. J. Mol. Sci. 2020, 21, 3074.
[CrossRef] [PubMed]

Andersen, C.J. Lipid Metabolism in Inflammation and Immune Function. Nutrients 2022, 14, 1414. [CrossRef]

Zhang, C.; Wang, K.; Yang, L.; Liu, R.; Chu, Y,; Qin, X,; Yang, P; Yu, H. Lipid metabolism in inflammation-related diseases. Analyst
2018, 143, 4526-4536. [CrossRef]

Barrie, N.; Manolios, N. The endocannabinoid system in pain and inflammation: Its relevance to rheumatic disease. Eur. J.
Rheumatol. 2017, 4, 210-218. [CrossRef] [PubMed]

Turcotte, C.; Chouinard, F.; Lefebvre, ].S.; Flamand, N. Regulation of inflammation by cannabinoids, the endocannabinoids
2-arachidonoyl-glycerol and arachidonoyl-ethanolamide, and their metabolites. J. Leukoc. Biol. 2015, 97, 1049-1070. [CrossRef]
[PubMed]

Chiurchiu, V,; Leuti, A.; Maccarrone, M. Bioactive Lipids and Chronic Inflammation: Managing the Fire Within. Front. Immunol.
2018, 9, 38. [CrossRef] [PubMed]

Hahn, J.; Cook, N.R.; Alexander, E.K.; Friedman, S.; Walter, J.; Bubes, V.; Kotler, G.; Lee, LM.; Manson, J.E.; Costenbader, K.H.
Vitamin D and marine omega 3 fatty acid supplementation and incident autoimmune disease: VITAL randomized controlled
trial. BM]J 2022, 376, e066452. [CrossRef] [PubMed]

Simopoulos, A.P. Omega-3 fatty acids in inflammation and autoimmune diseases. |. Am. Coll. Nutr. 2002, 21, 495-505. [CrossRef]
[PubMed]

Banaszak, M.; Dobrzynska, M.; Kawka, A.; Gérna, I.; Wozniak, D.; Przystawski, J.; Drzymata-Czyz, S. Role of Omega-3 fatty
acids eicosapentaenoic (EPA) and docosahexaenoic (DHA) as modulatory and anti-inflammatory agents in noncommunicable
diet-related diseases—Reports from the last 10 years. Clin. Nutr. ESPEN 2024, 63, 240-258. [CrossRef] [PubMed]

Tsoupras, A.; Brummell, C.; Kealy, C.; Vitkaitis, K.; Redfern, S.; Zabetakis, I. Cardio-protective properties and health benefits of
fish lipid bioactives; the effects of thermal processing. Mar. Drugs 2022, 20, 187. [CrossRef] [PubMed]

Falch, E. Physico-Chemical Properties and Nutrition of Marine Lipids. Foods 2023, 12, 4078. [CrossRef] [PubMed]

Cretton, M.; Malanga, G.; Mazzuca Sobczuk, T.; Mazzuca, M. Marine lipids as a source of high-quality fatty acids and antioxidants.
Food Rev. Int. 2023, 39, 4941-4964. [CrossRef]

Sousa, S.; Carvalho, A.P.; Gomes, A.M. Factors impacting the microbial production of eicosapentaenoic acid. Appl. Microbiol.
Biotechnol. 2024, 108, 368. [CrossRef] [PubMed]

Salem, N., Jr.; Eggersdorfer, M. Is the world supply of omega-3 fatty acids adequate for optimal human nutrition? Curr. Opin.
Clin. Nutr. Metab. Care 2015, 18, 147-154. [CrossRef] [PubMed]

Cao, W,; Liu, J.; Dai, Y.; Zhou, Y;; Li, R; Yu, P. Bibliometric Analysis of Marine Traditional Chinese Medicine in Pharmacopoeia of
the People’s Republic of China: Development, Differences, and Trends Directions. Evid. Based Complement. Altern. Med. 2022,
2022,3971967. [CrossRef] [PubMed]

Cutolo, E.A.; Campitiello, R.; Caferri, R.; Pagliuca, V.F,; Li, J.; Agathos, S.N.; Cutolo, M. Immunomodulatory Compounds from
the Sea: From the Origins to a Modern Marine Pharmacopoeia. Mar. Drugs 2024, 22, 304. [CrossRef] [PubMed]

Campitiello, R.A.; Spiros, N.; Li, J.; Cutolo, E.A. Marine ecosystems may offer environmental drugs for interventions in
immunoinflammatory rheumatic diseases. |. Environ. Rheumatol. 2024, 1, 0053-0062. [CrossRef]

Rawat, E.; Sharma, S.; Sharma, P.; Negar, Q. Marine Metabolites Targeting Inflammatory and Autoimmune Diseases. In Marine
Metabolites in Disease Management; Prabhakar, P.K., Sharma, N.R., Eds.; IGI Global: Hershey, PA, USA, 2025; pp. 265-304.


https://doi.org/10.1016/j.eclinm.2023.102193
https://doi.org/10.1017/S0007114524001405
https://doi.org/10.3390/ijms21093074
https://www.ncbi.nlm.nih.gov/pubmed/32349258
https://doi.org/10.3390/nu14071414
https://doi.org/10.1039/C8AN01046C
https://doi.org/10.5152/eurjrheum.2017.17025
https://www.ncbi.nlm.nih.gov/pubmed/29164003
https://doi.org/10.1189/jlb.3RU0115-021R
https://www.ncbi.nlm.nih.gov/pubmed/25877930
https://doi.org/10.3389/fimmu.2018.00038
https://www.ncbi.nlm.nih.gov/pubmed/29434586
https://doi.org/10.1136/bmj-2021-066452
https://www.ncbi.nlm.nih.gov/pubmed/35082139
https://doi.org/10.1080/07315724.2002.10719248
https://www.ncbi.nlm.nih.gov/pubmed/12480795
https://doi.org/10.1016/j.clnesp.2024.06.053
https://www.ncbi.nlm.nih.gov/pubmed/38980796
https://doi.org/10.3390/md20030187
https://www.ncbi.nlm.nih.gov/pubmed/35323486
https://doi.org/10.3390/foods12224078
https://www.ncbi.nlm.nih.gov/pubmed/38002136
https://doi.org/10.1080/87559129.2022.2042555
https://doi.org/10.1007/s00253-024-13209-z
https://www.ncbi.nlm.nih.gov/pubmed/38860989
https://doi.org/10.1097/MCO.0000000000000145
https://www.ncbi.nlm.nih.gov/pubmed/25635599
https://doi.org/10.1155/2022/3971967
https://www.ncbi.nlm.nih.gov/pubmed/36605100
https://doi.org/10.3390/md22070304
https://www.ncbi.nlm.nih.gov/pubmed/39057413
https://doi.org/10.55563/jer/t2rspv

Mar. Drugs 2025, 23, 86 13 of 23

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Jayawardena, T.U.; Merindol, N.; Liyanage, N.S.; Awwad, F.; Desgagné-Penix, I. Marine specialized metabolites: Unveiling
Nature’s chemical treasures from the deep blue. TrAC Trends Anal. Chem. 2025, 183, 118097. [CrossRef]

Kapoor, S.; Nailwal, N.; Kumar, M.; Barve, K. Recent Patents and Discovery of Anti-inflammatory Agents from Marine Source.
Recent. Pat. Inflamm. Allergy Drug Discov. 2019, 13, 105-114. [CrossRef] [PubMed]

Malve, H. Exploring the ocean for new drug developments: Marine pharmacology. J. Pharm. Bioallied Sci. 2016, 8, 83-91.
[CrossRef]

Antunes, E.M.; Beukes, D.R.; Caro-Diaz, E.J.E.; Narchi, N.E.; Tan, L.T.; Gerwick, W.H. Chapter 5—Medicines from the sea. In
Oceans and Human Health, 2nd ed.; Fleming, L.E., Alcantara Creencia, L.B., Gerwick, WH., Goh, H.C., Gribble, M.O., Maycock, B.,
Solo-Gabriele, H., Eds.; Academic Press: San Diego, CA, USA, 2023; pp. 103-148.

Saritas, S.; Kalkan, A.E.; Yilmaz, K.; Gurdal, S.; Goksan, T.; Witkowska, A.M.; Lombardo, M.; Karav, S. Biological and Nutritional
Applications of Microalgae. Nutrients 2025, 17, 93. [CrossRef] [PubMed]

Li, J.; Chisti, Y.; Meng, C.; Abd-El-Aziz, A.; Agathos, S.N. Editorial: Microalgae as sustainable food resources: Prospects, novel
species, bioactive compounds, cultivation process and food processing. Front. Nutr. 2025, 11, 1543087. [CrossRef] [PubMed]
Kumari, A.; Pabbi, S.; Tyagi, A. Recent advances in enhancing the production of long chain omega-3 fatty acids in microalgae.
Crit. Rev. Food Sci. Nutr. 2024, 64, 10564-10582. [CrossRef] [PubMed]

Galasso, C.; Gentile, A.; Orefice, I.; Ianora, A.; Bruno, A.; Noonan, D.M.; Sansone, C.; Albini, A.; Brunet, C. Microalgal Derivatives
as Potential Nutraceutical and Food Supplements for Human Health: A Focus on Cancer Prevention and Interception. Nutrients
2019, 11, 1226. [CrossRef] [PubMed]

Panchal, S.K.; Heimann, K.; Brown, L. Improving Undernutrition with Microalgae. Nutrients 2024, 16, 3223. [CrossRef] [PubMed]
Cruz, J.D.; Vasconcelos, V. Legal Aspects of Microalgae in the European Food Sector. Foods 2023, 13, 124. [CrossRef]

Su, M.; Bastiaens, L.; Verspreet, ].; Hayes, M. Applications of Microalgae in Foods, Pharma and Feeds and Their Use as Fertilizers
and Biostimulants: Legislation and Regulatory Aspects for Consideration. Foods 2023, 12, 3878. [CrossRef] [PubMed]

Gamal, R.; Shreadah, M.A. Marine microalgae and their industrial biotechnological applications: A review. ]. Genet. Eng.
Biotechnol. 2024, 22, 100407. [CrossRef]

Siddhnath; Surasani, VK.R.; Singh, A.; Singh, SM.; Hauzoukim; Murthy, L.N.; Baraiya, K.G. Bioactive compounds from
micro-algae and its application in foods: A review. Discov. Food 2024, 4, 27. [CrossRef]

Cutolo, E.A ; Caferri, R.; Campitiello, R.; Cutolo, M. The Clinical Promise of Microalgae in Rheumatoid Arthritis: From Natural
Compounds to Recombinant Therapeutics. Mar. Drugs 2023, 21, 630. [CrossRef] [PubMed]

Conde, T.A.; Zabetakis, I.; Tsoupras, A.; Medina, I.; Costa, M.; Silva, ]J.; Neves, B.; Domingues, P.; Domingues, M.R. Microalgal
Lipid Extracts Have Potential to Modulate the Inflammatory Response: A Critical Review. Int. J. Mol. Sci. 2021, 22, 9825.
[CrossRef] [PubMed]

Remize, M.; Brunel, Y.; Silva, ].L.; Berthon, J.Y.; Filaire, E. Microalgae n-3 PUFAs Production and Use in Food and Feed Industries.
Mar. Drugs 2021, 19, 113. [CrossRef] [PubMed]

Morales, M.; Aflalo, C.; Bernard, O. Microalgal lipids: A review of lipids potential and quantification for 95 phytoplankton
species. Biomass Bioenergy 2021, 150, 106108. [CrossRef]

Udayan, A.; Pandey, A.K.; Sirohi, R.; Sreekumar, N.; Sang, B.I.; Sim, S.J.; Kim, S.H.; Pandey, A. Production of microalgae with
high lipid content and their potential as sources of nutraceuticals. Phytochem. Rev. 2022, 22, 833-860. [CrossRef] [PubMed]

Di Dato, V.; Di Costanzo, F.; Barbarinaldi, R.; Perna, A.; Ianora, A.; Romano, G. Unveiling the presence of biosynthetic pathways
for bioactive compounds in the Thalassiosira rotula transcriptome. Sci. Rep. 2019, 9, 9893. [CrossRef]

Di Dato, V.; Barbarinaldi, R.; Amato, A.; Di Costanzo, F.; Fontanarosa, C.; Perna, A.; Amoresano, A.; Esposito, F.; Cutignano, A.;
Ianora, A.; et al. Variation in prostaglandin metabolism during growth of the diatom Thalassiosira rotula. Sci. Rep. 2020, 10, 5374.
[CrossRef] [PubMed]

Biringer, R.G. The enzymology of the human prostanoid pathway. Mol. Biol. Rep. 2020, 47, 4569—-4586. [CrossRef] [PubMed]

Di Dato, V.; Orefice, I.; Amato, A.; Fontanarosa, C.; Amoresano, A.; Cutignano, A.; Ianora, A.; Romano, G. Animal-like
prostaglandins in marine microalgae. ISME |. 2017, 11, 1722-1726. [CrossRef]

Xin, Y.; Wu, S.; Miao, C.; Xu, T; Lu, Y. Towards Lipid from Microalgae: Products, Biosynthesis, and Genetic Engineering. Life
2024, 14, 447. [CrossRef] [PubMed]

Khozin-Goldberg, I.; Iskandarov, U.; Cohen, Z. LC-PUFA from photosynthetic microalgae: Occurrence, biosynthesis, and
prospects in biotechnology. Appl. Microbiol. Biotechnol. 2011, 91, 905-915. [CrossRef] [PubMed]

Chen, W.; Li, T; Du, S.; Chen, H.; Wang, Q. Microalgal polyunsaturated fatty acids: Hotspots and production techniques. Front.
Bioeng. Biotechnol. 2023, 11, 1146881. [CrossRef] [PubMed]

Jesionowska, M.; Ovadia, J.; Hockemeyer, K.; Clews, A.C.; Xu, Y. EPA and DHA in microalgae: Health benefits, biosynthesis, and
metabolic engineering advances. |. Am. Oil Chem. Soc. 2023, 100, 831-842. [CrossRef]

Grama, S.B.; Liu, Z.; Li, ]. Emerging Trends in Genetic Engineering of Microalgae for Commercial Applications. Mar. Drugs 2022,
20, 285. [CrossRef] [PubMed]


https://doi.org/10.1016/j.trac.2024.118097
https://doi.org/10.2174/1872213X13666190426164717
https://www.ncbi.nlm.nih.gov/pubmed/31814546
https://doi.org/10.4103/0975-7406.171700
https://doi.org/10.3390/nu17010093
https://www.ncbi.nlm.nih.gov/pubmed/39796527
https://doi.org/10.3389/fnut.2024.1543087
https://www.ncbi.nlm.nih.gov/pubmed/39882035
https://doi.org/10.1080/10408398.2023.2226720
https://www.ncbi.nlm.nih.gov/pubmed/37357914
https://doi.org/10.3390/nu11061226
https://www.ncbi.nlm.nih.gov/pubmed/31146462
https://doi.org/10.3390/nu16183223
https://www.ncbi.nlm.nih.gov/pubmed/39339823
https://doi.org/10.3390/foods13010124
https://doi.org/10.3390/foods12203878
https://www.ncbi.nlm.nih.gov/pubmed/37893770
https://doi.org/10.1016/j.jgeb.2024.100407
https://doi.org/10.1007/s44187-024-00096-6
https://doi.org/10.3390/md21120630
https://www.ncbi.nlm.nih.gov/pubmed/38132951
https://doi.org/10.3390/ijms22189825
https://www.ncbi.nlm.nih.gov/pubmed/34576003
https://doi.org/10.3390/md19020113
https://www.ncbi.nlm.nih.gov/pubmed/33670628
https://doi.org/10.1016/j.biombioe.2021.106108
https://doi.org/10.1007/s11101-021-09784-y
https://www.ncbi.nlm.nih.gov/pubmed/35095355
https://doi.org/10.1038/s41598-019-46276-8
https://doi.org/10.1038/s41598-020-61967-3
https://www.ncbi.nlm.nih.gov/pubmed/32214130
https://doi.org/10.1007/s11033-020-05526-z
https://www.ncbi.nlm.nih.gov/pubmed/32430846
https://doi.org/10.1038/ismej.2017.27
https://doi.org/10.3390/life14040447
https://www.ncbi.nlm.nih.gov/pubmed/38672718
https://doi.org/10.1007/s00253-011-3441-x
https://www.ncbi.nlm.nih.gov/pubmed/21720821
https://doi.org/10.3389/fbioe.2023.1146881
https://www.ncbi.nlm.nih.gov/pubmed/37064250
https://doi.org/10.1002/aocs.12718
https://doi.org/10.3390/md20050285
https://www.ncbi.nlm.nih.gov/pubmed/35621936

Mar. Drugs 2025, 23, 86 14 of 23

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Pilkington, S.M.; Rhodes, L.E.; Al-Aasswad, N.M.; Massey, K.A.; Nicolaou, A. Impact of EPA ingestion on COX- and LOX-
mediated eicosanoid synthesis in skin with and without a pro-inflammatory UVR challenge-Report of a randomised controlled
study in humans. Mol. Nutr. Food Res. 2014, 58, 580-590. [CrossRef]

Szefel, J.; Kruszewski, W.].; Sobczak, E. Factors influencing the eicosanoids synthesis in vivo. Biomed. Res. Int. 2015, 2015, 690692.
[CrossRef] [PubMed]

Zhou, L.; Nilsson, A. Sources of eicosanoid precursor fatty acid pools in tissues. J. Lipid Res. 2001, 42, 1521-1542. [CrossRef]
Mustonen, A.M.; Nieminen, P. Dihomo-y-Linolenic Acid (20:3n-6)-Metabolism, Derivatives, and Potential Significance in Chronic
Inflammation. Int. J. Mol. Sci. 2023, 24, 2116. [CrossRef]

Schroder, R.; Xue, L.; Konya, V.; Martini, L.; Kampitsch, N.; Whistler, J.L.; Ulven, T.; Heinemann, A.; Pettipher, R.; Kostenis,
E. PGHLI, the precursor for the anti-inflammatory prostaglandins of the 1-series, is a potent activator of the pro-inflammatory
receptor CRTH2/DP2. PLoS ONE 2012, 7, €33329. [CrossRef] [PubMed]

Wada, M.; DeLong, C.J.; Hong, Y.H.; Rieke, C.J.; Song, I.; Sidhu, R.S.; Yuan, C.; Warnock, M.; Schmaier, A.H.; Yokoyama, C.;
et al. Enzymes and receptors of prostaglandin pathways with arachidonic acid-derived versus eicosapentaenoic acid-derived
substrates and products. J. Biol. Chem. 2007, 282, 22254-22266. [CrossRef]

Park, J.Y,; Pillinger, M.H.; Abramson, S.B. Prostaglandin E2 synthesis and secretion: The role of PGE2 synthases. Clin. Immunol.
2006, 119, 229-240. [CrossRef] [PubMed]

Smith, W.L.; Murphy, R.C. Chapter 13 The eicosanoids: Cyclooxygenase, lipoxygenase, and epoxygenase pathways. In New
Comprehensive Biochemistry; Elsevier: Amsterdam, The Netherlands, 2002; Volume 36, pp. 341-371.

Jahn, U.; Galano, ].M.; Durand, T. Beyond prostaglandins—Chemistry and biology of cyclic oxygenated metabolites formed by
free-radical pathways from polyunsaturated fatty acids. Angew. Chem. Int. Ed. 2008, 47, 5894-5955. [CrossRef] [PubMed]
Brown, H.A.; Marnett, L.J. Introduction to lipid biochemistry, metabolism, and signaling. Chem. Rev. 2011, 111, 5817-5820.
[CrossRef]

Morrow, ].D.; Hill, K.E.; Burk, R.F; Nammour, T.M.; Badr, K.F,; Roberts, L., 2nd. A series of prostaglandin F2-like compounds are
produced in vivo in humans by a non-cyclooxygenase, free radical-catalyzed mechanism. Proc. Natl. Acad. Sci. USA 1990, 87,
9383-9387. [CrossRef]

Galano, ].-M.; Lee, Y.Y.; Oger, C.; Vigor, C.; Vercauteren, J.; Durand, T.; Giera, M.; Lee, ].C.-Y. Isoprostanes, neuroprostanes and
phytoprostanes: An overview of 25 years of research in chemistry and biology. Prog. Lipid Res. 2017, 68, 83-108. [CrossRef]
Taber, D.E,; Fessel, ].P.; Roberts II, L.J]. A nomenclature system for isofurans. Prostaglandins Other Lipid Mediat. 2004, 73, 47-50.
[CrossRef] [PubMed]

Ahmed, O.S.; Galano, J.-M.; Pavlickova, T.; Revol-Cavalier, J.; Vigor, C.; Lee, J.C.-Y.; Oger, C.; Durand, T. Moving forward with
isoprostanes, neuroprostanes and phytoprostanes: Where are we now? Essays Biochem. 2020, 64, 463-484.

Sethi, S.; Eastman, A.Y.; Eaton, ].W. Inhibition of phagocyte-endothelium interactions by oxidized fatty acids: A natural anti-
inflammatory mechanism? J. Lab. Clin. Med. 1996, 128, 27-38. [CrossRef] [PubMed]

Song, W.-L.; Paschos, G.; Fries, S.; Reilly, M.P; Yu, Y.; Rokach, J.; Chang, C.-T.; Patel, P.; Lawson, J.A.; FitzGerald, G.A. Novel
eicosapentaenoic acid-derived F3-isoprostanes as biomarkers of lipid peroxidation. J. Biol. Chem. 2009, 284, 23636-23643.
[CrossRef]

Joumard-Cubizolles, L.; Lee, ].C.-Y.; Vigor, C.; Leung, H.H.; Bertrand-Michel, ].; Galano, ].-M.; Mazur, A.; Durand, T.; Gladine, C.
Insight into the contribution of isoprostanoids to the health effects of omega 3 PUFAs. Prostaglandins Other Lipid Mediat. 2017, 133,
111-122. [CrossRef] [PubMed]

Lappas, M.; Permezel, M.; Holdsworth, S.J.; Zanoni, G.; Porta, A.; Rice, G.E. Antiinflammatory effects of the cyclopentenone
isoprostane 15-A2-IsoP in human gestational tissues. Free Radic. Biol. Med. 2007, 42, 1791-1796. [CrossRef] [PubMed]

Musiek, E.S.; Gao, L.; Milne, G.L.; Han, W.; Everhart, M.B.; Wang, D.; Backlund, M.G.; DuBois, R.N.; Zanoni, G.; Vidari, G.
Cyclopentenone isoprostanes inhibit the inflammatory response in macrophages. J. Biol. Chem. 2005, 280, 35562-35570. [CrossRef]
Galano, J.-M.; Mas, E.; Barden, A.; Mori, T.A.; Signorini, C.; De Felice, C.; Barrett, A.; Opere, C.; Pinot, E.; Schwedhelm, E.
Isoprostanes and neuroprostanes: Total synthesis, biological activity and biomarkers of oxidative stress in humans. Prostaglandins
Other Lipid Mediat. 2013, 107, 95-102. [CrossRef] [PubMed]

Roy, J.; Oger, C.; Thireau, J.; Roussel, J.; Mercier-Touzet, O.; Faure, D.; Pinot, E.; Farah, C.; Taber, D.E,; Cristol, J.-P. Nonenzymatic
lipid mediators, neuroprostanes, exert the antiarrhythmic properties of docosahexaenoic acid. Free Radic. Biol. Med. 2015, 86,
269-278. [CrossRef] [PubMed]

Roy, J.; Fauconnier, J.; Oger, C.; Farah, C.; Angebault-Prouteau, C.; Thireau, J.; Bideaux, P.; Scheuermann, V.; Bultel-Poncé, V.;
Demion, M. Non-enzymatic oxidized metabolite of DHA, 4 (RS)-4-F4t-neuroprostane protects the heart against reperfusion injury.
Free Radic. Biol. Med. 2017, 102, 229-239. [CrossRef] [PubMed]

Lee, Y.Y;; Galano, ].M.; Leung, H.H.; Balas, L.; Oger, C.; Durand, T.; Lee, ].C.Y. Nonenzymatic oxygenated metabolite of
docosahexaenoic acid, 4 (RS)-4-F4t-neuroprostane, acts as a bioactive lipid molecule in neuronal cells. FEBS Lett. 2020, 594,
1797-1808. [CrossRef]


https://doi.org/10.1002/mnfr.201300405
https://doi.org/10.1155/2015/690692
https://www.ncbi.nlm.nih.gov/pubmed/25861641
https://doi.org/10.1016/S0022-2275(20)32206-9
https://doi.org/10.3390/ijms24032116
https://doi.org/10.1371/journal.pone.0033329
https://www.ncbi.nlm.nih.gov/pubmed/22442685
https://doi.org/10.1074/jbc.M703169200
https://doi.org/10.1016/j.clim.2006.01.016
https://www.ncbi.nlm.nih.gov/pubmed/16540375
https://doi.org/10.1002/anie.200705122
https://www.ncbi.nlm.nih.gov/pubmed/18649300
https://doi.org/10.1021/cr200363s
https://doi.org/10.1073/pnas.87.23.9383
https://doi.org/10.1016/j.plipres.2017.09.004
https://doi.org/10.1016/j.prostaglandins.2003.11.004
https://www.ncbi.nlm.nih.gov/pubmed/15165030
https://doi.org/10.1016/S0022-2143(96)90111-0
https://www.ncbi.nlm.nih.gov/pubmed/8759934
https://doi.org/10.1074/jbc.M109.024075
https://doi.org/10.1016/j.prostaglandins.2017.05.005
https://www.ncbi.nlm.nih.gov/pubmed/28610769
https://doi.org/10.1016/j.freeradbiomed.2007.03.009
https://www.ncbi.nlm.nih.gov/pubmed/17512458
https://doi.org/10.1074/jbc.M504785200
https://doi.org/10.1016/j.prostaglandins.2013.04.003
https://www.ncbi.nlm.nih.gov/pubmed/23644158
https://doi.org/10.1016/j.freeradbiomed.2015.04.014
https://www.ncbi.nlm.nih.gov/pubmed/25911196
https://doi.org/10.1016/j.freeradbiomed.2016.12.005
https://www.ncbi.nlm.nih.gov/pubmed/27932075
https://doi.org/10.1002/1873-3468.13774

Mar. Drugs 2025, 23, 86 15 of 23

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

Smith, W.L.; DeWitt, D.L.; Garavito, R.M. Cyclooxygenases: Structural, cellular, and molecular biology. Annu. Rev. Biochem. 2000,
69, 145-182. [CrossRef] [PubMed]

Lambeau, G.; Lazdunski, M. Receptors for a growing family of secreted phospholipases A2. Trends Pharmacol. Sci. 1999, 20,
162-170. [CrossRef]

Gilroy, D.W.; Colville-Nash, P.R.; Willis, D.; Chivers, J.; Paul-Clark, M.].; Willoughby, D.A. Inducible cyclooxygenase may have
anti-inflammatory properties. Nat. Med. 1999, 5, 698-701. [CrossRef]

Tilley, S.L.; Coffman, T.M.; Koller, B.H. Mixed messages: Modulation of inflammation and immune responses by prostaglandins
and thromboxanes. |. Clin. Investig. 2001, 108, 15-23. [CrossRef] [PubMed]

Tanabe, T.; Tohnai, N. Cyclooxygenase isozymes and their gene structures and expression. Prostaglandins Other Lipid Mediat. 2002,
68-69, 95-114. [CrossRef] [PubMed]

Diaz, A.; Chepenik, K.P; Korn, J.H.; Reginato, A.M.; Jimenez, S.A. Differential regulation of cyclooxygenases 1 and 2 by
interleukin-1 beta, tumor necrosis factor-alpha, and transforming growth factor-beta 1 in human lung fibroblasts. Exp. Cell Res.
1998, 241, 222-229. [CrossRef]

Bando, T.; Fujita, S.; Nagano, N.; Yoshikawa, S.; Yamanishi, Y.; Minami, M.; Karasuyama, H. Differential usage of COX-1 and
COX-2 in prostaglandin production by mast cells and basophils. Biochem. Biophys. Rep. 2017, 10, 82-87. [CrossRef]

Ricciotti, E.; FitzGerald, G.A. Prostaglandins and Inflammation. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 986-1000. [CrossRef]
[PubMed]

Simmons, D.L.; Botting, R.M.; Hla, T. Cyclooxygenase isozymes: The biology of prostaglandin synthesis and inhibition. Pharmacol.
Rev. 2004, 56, 387-437. [CrossRef] [PubMed]

Rouzer, C.A.; Marnett, L.]. Cyclooxygenases: Structural and functional insights. J. Lipid Res. 2009, 50, S29-S34. [CrossRef]
[PubMed]

Kim, J.; Cha, Y.N.; Surh, Y.J. A protective role of nuclear factor-erythroid 2-related factor-2 (Nrf2) in inflammatory disorders.
Mutat. Res. 2010, 690, 12-23. [CrossRef] [PubMed]

Kirkby, N.S.; Chan, M.V,; Zaiss, A.K,; Garcia-Vaz, E.; Jiao, J.; Berglund, L.M.; Verdu, E.F.; Ahmetaj-Shala, B.; Wallace, J.L.;
Herschman, H.R;; et al. Systematic study of constitutive cyclooxygenase-2 expression: Role of NF-«B and NFAT transcriptional
pathways. Proc. Natl. Acad. Sci. USA 2016, 113, 434-439. [CrossRef]

Morita, I. Distinct functions of COX-1 and COX-2. Prostaglandins Other Lipid Mediat. 2002, 68—69, 165-175. [CrossRef]

von Euler, U.S. On the specific vaso-dilating and plain muscle stimulating substances from accessory genital glands in man and
certain animals (prostaglandin and vesiglandin). J. Physiol. 1936, 88, 213-234. [CrossRef] [PubMed]

Vane, J.R. Inhibition of Prostaglandin Synthesis as a Mechanism of Action for Aspirin-like Drugs. Nat. New Biol. 1971, 231,
232-235. [CrossRef]

Brash, A.R. Arachidonic acid as a bioactive molecule. |. Clin. Investig. 2001, 107, 1339-1345. [CrossRef] [PubMed]

Funk, C.D. Prostaglandins and leukotrienes: Advances in eicosanoid biology. Science 2001, 294, 1871-1875. [CrossRef] [PubMed]
De Vries, G.; McLaughlin, A.; Rhodes, J. The immunomodulatory actions of E-type prostaglandins. Expert. Opin. Investig. Drugs
1997, 6, 7-16. [CrossRef]

Bao, Y.S.; Zhang, P,; Xie, RJ.; Wang, M.; Wang, Z.Y.; Zhou, Z.; Zhai, W.].; Feng, S.Z.; Han, M.Z. The regulation of CD4+ T cell
immune responses toward Th2 cell development by prostaglandin E2. Int. Immunopharmacol. 2011, 11, 1599-1605. [CrossRef]
Vaillant, L.; Akhter, W.; Nakhle, J.; Simon, M.; Villalba, M.; Jorgensen, C.; Vignais, M.-L.; Hernandez, J. The role of mitochondrial
transfer in the suppression of CD8" T cell responses by Mesenchymal stem cells. Stem Cell Res. Ther. 2024, 15, 394. [CrossRef]
Kalinski, P. Regulation of immune responses by prostaglandin E;. J. Immunol. 2012, 188, 21-28. [CrossRef]

Markovi¢, T.; Jakopin, Z.; Dolenc, M.S.; Mlinari¢-Ras¢an, I. Structural features of subtype-selective EP receptor modulators. Drug
Discov. Today 2017, 22, 57-71. [CrossRef]

Kawahara, K.; Hohjoh, H.; Inazumi, T.; Tsuchiya, S.; Sugimoto, Y. Prostaglandin E2-induced inflammation: Relevance of
prostaglandin E receptors. Biochim. Biophys. Acta 2015, 1851, 414-421. [CrossRef]

Thumkeo, D.; Punyawatthananukool, S.; Prasongtanakij, S.; Matsuura, R.; Arima, K.; Nie, H.; Yamamoto, R.; Aoyama, N.;
Hamaguchi, H.; Sugahara, S.; et al. PGE(2)-EP2/EP4 signaling elicits immunosuppression by driving the mregDC-Treg axis in
inflammatory tumor microenvironment. Cell Rep. 2022, 39, 110914. [CrossRef] [PubMed]

Punyawatthananukool, S.; Matsuura, R.; Wongchang, T.; Katsurada, N.; Tsuruyama, T.; Tajima, M.; Enomoto, Y.; Kitamura, T.;
Kawashima, M.; Toi, M.; et al. Prostaglandin E2-EP2/EP4 signaling induces immunosuppression in human cancer by impairing
bioenergetics and ribosome biogenesis in immune cells. Nat. Commun. 2024, 15, 9464. [CrossRef] [PubMed]

Martin, J.G.; Suzuki, M.; Maghni, K.; Pantano, R.; Ramos-Barboén, D.; Ihaku, D.; Nantel, F.o.; Denis, D.; Hamid, Q.; Powell, W.S.
The Immunomodulatory Actions of Prostaglandin E2 on Allergic Airway Responses in the Ratl. J. Immunol. 2002, 169, 3963-3969.
[CrossRef] [PubMed]

Bodder, J.; Kok, L.M.; Fauerbach, J.A.; Flérez-Grau, G.; de Vries, I.].M. Tailored PGE2 Immunomodulation of moDCs by
Nano-Encapsulated EP2/EP4 Antagonists. Int. ]. Mol. Sci. 2023, 24, 1392. [CrossRef] [PubMed]


https://doi.org/10.1146/annurev.biochem.69.1.145
https://www.ncbi.nlm.nih.gov/pubmed/10966456
https://doi.org/10.1016/S0165-6147(99)01300-0
https://doi.org/10.1038/9550
https://doi.org/10.1172/JCI200113416
https://www.ncbi.nlm.nih.gov/pubmed/11435451
https://doi.org/10.1016/S0090-6980(02)00024-2
https://www.ncbi.nlm.nih.gov/pubmed/12432912
https://doi.org/10.1006/excr.1998.4050
https://doi.org/10.1016/j.bbrep.2017.03.004
https://doi.org/10.1161/ATVBAHA.110.207449
https://www.ncbi.nlm.nih.gov/pubmed/21508345
https://doi.org/10.1124/pr.56.3.3
https://www.ncbi.nlm.nih.gov/pubmed/15317910
https://doi.org/10.1194/jlr.R800042-JLR200
https://www.ncbi.nlm.nih.gov/pubmed/18952571
https://doi.org/10.1016/j.mrfmmm.2009.09.007
https://www.ncbi.nlm.nih.gov/pubmed/19799917
https://doi.org/10.1073/pnas.1517642113
https://doi.org/10.1016/S0090-6980(02)00029-1
https://doi.org/10.1113/jphysiol.1936.sp003433
https://www.ncbi.nlm.nih.gov/pubmed/16994817
https://doi.org/10.1038/newbio231232a0
https://doi.org/10.1172/JCI13210
https://www.ncbi.nlm.nih.gov/pubmed/11390413
https://doi.org/10.1126/science.294.5548.1871
https://www.ncbi.nlm.nih.gov/pubmed/11729303
https://doi.org/10.1517/13543784.6.1.7
https://doi.org/10.1016/j.intimp.2011.05.021
https://doi.org/10.1186/s13287-024-03980-1
https://doi.org/10.4049/jimmunol.1101029
https://doi.org/10.1016/j.drudis.2016.08.003
https://doi.org/10.1016/j.bbalip.2014.07.008
https://doi.org/10.1016/j.celrep.2022.110914
https://www.ncbi.nlm.nih.gov/pubmed/35675777
https://doi.org/10.1038/s41467-024-53706-3
https://www.ncbi.nlm.nih.gov/pubmed/39487111
https://doi.org/10.4049/jimmunol.169.7.3963
https://www.ncbi.nlm.nih.gov/pubmed/12244197
https://doi.org/10.3390/ijms24021392
https://www.ncbi.nlm.nih.gov/pubmed/36674907

Mar. Drugs 2025, 23, 86 16 of 23

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.
122.

123.

124.

125.

Hong, D.S.; Parikh, A ; Shapiro, G.I; Varga, A.; Naing, A.; Meric-Bernstam, F.; Ataman, o} Reyderman, L.; Binder, T.A.; Ren, M.;
et al. First-in-human phase I study of immunomodulatory E7046, an antagonist of PGE2-receptor E-type 4 (EP4), in patients with
advanced cancers. ]. ImmunoTherapy Cancer 2020, 8, e000222. [CrossRef]

Torres, R.; Herrerias, A.; Serra-Pages, M.; Marco, A.; Plaza, J.; Costa-Farré, C.; Montoya, M.; Picado, C.; de Mora, F. Locally admin-
istered prostaglandin E2 prevents aeroallergen-induced airway sensitization in mice through immunomodulatory mechanisms.
Pharmacol. Res. 2013, 70, 50-59. [CrossRef]

Li, W],; Lu, JW,; Zhang, C.Y.; Wang, W.S; Ying, H.; Myatt, L.; Sun, K. PGE2 vs PGF2« in human parturition. Placenta 2021, 104,
208-219. [CrossRef] [PubMed]

Hata, A.N.; Breyer, R M. Pharmacology and signaling of prostaglandin receptors: Multiple roles in inflammation and immune
modulation. Pharmacol. Ther. 2004, 103, 147-166. [CrossRef] [PubMed]

Tsuge, K.; Inazumi, T.; Shimamoto, A.; Sugimoto, Y. Molecular mechanisms underlying prostaglandin E;-exacerbated inflamma-
tion and immune diseases. Int. Immunol. 2019, 31, 597-606. [CrossRef] [PubMed]

Nagamatsu, T.; Schust, D.J. The immunomodulatory roles of macrophages at the maternal-fetal interface. Reprod. Sci. 2010, 17,
209-218. [CrossRef] [PubMed]

Yuhki, K.; Kashiwagi, H.; Kojima, F.; Kawabe, J.; Ushikubi, F. Roles of prostanoids in the pathogenesis of cardiovascular diseases.
Int. Angiol. 2010, 29 (Suppl. S2), 19-27. [PubMed]

Luo, M.; He, N.; Xu, Q.; Wen, Z.; Wang, Z.; Zhao, |.; Liu, Y. Roles of prostaglandins in immunosuppression. Clin. Immunol. 2024,
265,110298. [CrossRef]

Burkett, J.B.; Doran, A.C.; Gannon, M. Harnessing prostaglandin E; signaling to ameliorate autoimmunity. Trends Immunol. 2023,
44,162-171. [CrossRef]

van Dierendonck, X.A.M.H.; Vrieling, F.; Smeehuijzen, L.; Deng, L.; Boogaard, J.P.; Croes, C.-A.; Temmerman, L.; Wetzels, S.;
Biessen, E.; Kersten, S.; et al. Triglyceride breakdown from lipid droplets regulates the inflammatory response in macrophages.
Proc. Natl. Acad. Sci. USA 2022, 119, €2114739119. [CrossRef]

Das, U.N. Pro- and anti-inflammatory bioactive lipids imbalance contributes to the pathobiology of autoimmune diseases. Eur. J.
Clin. Nutr. 2023, 77, 637-651. [CrossRef] [PubMed]

Ferreira, I; Falcato, F.; Bandarra, N.; Rauter, A.P. Resolvins, Protectins, and Maresins: DHA-Derived Specialized Pro-Resolving
Mediators, Biosynthetic Pathways, Synthetic Approaches, and Their Role in Inflammation. Molecules 2022, 27, 1677. [CrossRef]
Hawkey, C.J. COX-2 inhibitors. Lancet 1999, 353, 307-314. [CrossRef] [PubMed]

Simon, L.S. Role and regulation of cyclooxygenase-2 during inflammation. Am. J. Med. 1999, 106, 37s—42s. [CrossRef] [PubMed]
Dannhardt, G.; Kiefer, W. Cyclooxygenase inhibitors—Current status and future prospects. Eur. J. Med. Chem. 2001, 36, 109-126.
[CrossRef]

Bjarnason, I.; Scarpignato, C.; Holmgren, E.; Olszewski, M.; Rainsford, K.D.; Lanas, A. Mechanisms of Damage to the Gastroin-
testinal Tract From Nonsteroidal Anti-Inflammatory Drugs. Gastroenterology 2018, 154, 500-514. [CrossRef] [PubMed]
Mukherjee, D.; Nissen, S.E.; Topol, E.J. Risk of cardiovascular events associated with selective COX-2 inhibitors. Jarma 2001, 286,
954-959. [CrossRef] [PubMed]

Society, E.G. European Glaucoma Society Terminology and Guidelines for Glaucoma, 5th Edition. Br. ]. Ophthalmol. 2021, 105
(Suppl. S1), 1-169.

Woodward, D.E; Liang, Y.; Krauss, A.H. Prostamides (prostaglandin-ethanolamides) and their pharmacology. Br. J. Pharmacol.
2008, 153, 410-419. [CrossRef] [PubMed]

Garcia, G.A.; Ngai, P; Mosaed, S.; Lin, K.Y. Critical evaluation of latanoprostene bunod in the treatment of glaucoma. Clin.
Ophthalmol. 2016, 10, 2035-2050. [CrossRef]

Subbulakshmi, S.; Kavitha, S.; Venkatesh, R. Prostaglandin analogs in ophthalmology. Indian. |. Ophthalmol. 2023, 71, 1768-1776.
[CrossRef] [PubMed]

Zhou, L.; Zhan, W.; Wei, X. Clinical pharmacology and pharmacogenetics of prostaglandin analogues in glaucoma. Front.
Pharmacol. 2022, 13, 1015338. [CrossRef]

Sanchez-Ramos, L.; Levine, L.D.; Sciscione, A.C.; Mozurkewich, E.L.; Ramsey, P.S.; Adair, C.D.; Kaunitz, A.M.; McKinney, J.A.
Methods for the induction of labor: Efficacy and safety. Am. J. Obs. Gynecol. 2024, 230, S669-5695. [CrossRef] [PubMed]
Gynecologists, A.C.0.0.a. ACOG Practice Bulletin No. 107: Induction of labor. Obs. Gynecol. 2009, 114 Pt 1, 386-397.
Li-Beisson, Y.; Roston, R.L. Plant and Algal Lipids: In All Their States and on All Scales. Plant Cell Physiol. 2024, 65, 823-825.
[CrossRef] [PubMed]

Lupette, J.; Benning, C. Human health benefits of very-long-chain polyunsaturated fatty acids from microalgae. Biochimie 2020,
178, 15-25. [CrossRef]

Terme, N.; Chénais, B.; Fourniére, M.; Bourgougnon, N.; Bedoux, G. Algal Derived Functional Lipids and their Role in Promoting
Health. In Recent Advances in Micro and Macroalgal Processing; Wiley-Blackwell: Hoboken, NJ, USA, 2021; pp. 370-417.
Manning, S.R. Microalgal lipids: Biochemistry and biotechnology. Curr. Opin. Biotechnol. 2022, 74, 1-7. [CrossRef] [PubMed]


https://doi.org/10.1136/jitc-2019-000222
https://doi.org/10.1016/j.phrs.2012.12.008
https://doi.org/10.1016/j.placenta.2020.12.012
https://www.ncbi.nlm.nih.gov/pubmed/33429118
https://doi.org/10.1016/j.pharmthera.2004.06.003
https://www.ncbi.nlm.nih.gov/pubmed/15369681
https://doi.org/10.1093/intimm/dxz021
https://www.ncbi.nlm.nih.gov/pubmed/30926983
https://doi.org/10.1177/1933719109349962
https://www.ncbi.nlm.nih.gov/pubmed/20065301
https://www.ncbi.nlm.nih.gov/pubmed/20357745
https://doi.org/10.1016/j.clim.2024.110298
https://doi.org/10.1016/j.it.2023.01.004
https://doi.org/10.1073/pnas.2114739119
https://doi.org/10.1038/s41430-022-01173-8
https://www.ncbi.nlm.nih.gov/pubmed/35701524
https://doi.org/10.3390/molecules27051677
https://doi.org/10.1016/S0140-6736(98)12154-2
https://www.ncbi.nlm.nih.gov/pubmed/9929039
https://doi.org/10.1016/S0002-9343(99)00115-1
https://www.ncbi.nlm.nih.gov/pubmed/10390126
https://doi.org/10.1016/S0223-5234(01)01197-7
https://doi.org/10.1053/j.gastro.2017.10.049
https://www.ncbi.nlm.nih.gov/pubmed/29221664
https://doi.org/10.1001/jama.286.8.954
https://www.ncbi.nlm.nih.gov/pubmed/11509060
https://doi.org/10.1038/sj.bjp.0707434
https://www.ncbi.nlm.nih.gov/pubmed/17721551
https://doi.org/10.2147/OPTH.S103985
https://doi.org/10.4103/IJO.IJO_2706_22
https://www.ncbi.nlm.nih.gov/pubmed/37203029
https://doi.org/10.3389/fphar.2022.1015338
https://doi.org/10.1016/j.ajog.2023.02.009
https://www.ncbi.nlm.nih.gov/pubmed/38462252
https://doi.org/10.1093/pcp/pcae061
https://www.ncbi.nlm.nih.gov/pubmed/38808362
https://doi.org/10.1016/j.biochi.2020.04.022
https://doi.org/10.1016/j.copbio.2021.10.018
https://www.ncbi.nlm.nih.gov/pubmed/34749062

Mar. Drugs 2025, 23, 86 17 of 23

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Linares-Maurizi, A.; Reversat, G.; Awad, R.; Bultel-Poncé, V.; Oger, C.; Galano, ].-M.; Balas, L.; Durbec, A.; Bertrand-Michel, J.;
Durand, T.; et al. Bioactive Oxylipins Profile in Marine Microalgae. Mar. Drugs 2023, 21, 136. [CrossRef] [PubMed]
Linares-Maurizi, A.; Awad, R.; Durbec, A.; Reversat, G.; Gros, V.; Galano, J.-M.; Bertrand-Michel, J.; Durand, T.; Pradelles, R.;
Oger, C.; et al. Stress-Induced Production of Bioactive Oxylipins in Marine Microalgae. Mar. Drugs 2024, 22, 406. [CrossRef]
[PubMed]

Conde, T,; Lopes, D.; Pais, R.; Batista, ].; Mauricio, T.; Rey, F.; Melo, T.; Domingues, P.; Domingues, R. Discovering oxidized polar
lipids in microalgae lipidome using liquid chromatography mass spectrometry approaches. Algal Res. 2024, 84, 103764. [CrossRef]
Aunon-Lopez, A.; Alberdi-Cedefio, ].; Pignitter, M.; Castejon, N. Microalgae as a New Source of Oxylipins: A Comprehensive
LC-MS-Based Analysis Using Conventional and Green Extraction Methods. J. Agric. Food Chem. 2024, 72, 16749-16760. [CrossRef]
Lauritano, C.; Coppola, D. Biotechnological Applications of Products Released by Marine Microorganisms for Cold Adaptation
Strategies: Polyunsaturated Fatty Acids, Antioxidants, and Antifreeze Proteins. J. Mar. Sci. Eng. 2023, 11, 1399. [CrossRef]
Alboresi, A.; Perin, G.; Vitulo, N.; Diretto, G.; Block, M.; Jouhet, J.; Meneghesso, A.; Valle, G.; Giuliano, G.; Maréchal, E.; et al.
Light Remodels Lipid Biosynthesis in Nannochloropsis gaditana by Modulating Carbon Partitioning between Organelles. Plant
Physiol. 2016, 171, 2468-2482. [CrossRef] [PubMed]

Doughman, S.D.; Krupanidhi, S.; Sanjeevi, C.B. Omega-3 fatty acids for nutrition and medicine: Considering microalgae oil as a
vegetarian source of EPA and DHA. Curr. Diabetes Rev. 2007, 3, 198-203. [CrossRef] [PubMed]

Robertson, R.C.; Guihéneuf, F.; Bahar, B.; Schmid, M.; Stengel, D.B.; Fitzgerald, G.F.; Ross, R.P,; 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]

Brown, K.D.; Claudio, E.; Siebenlist, U. The roles of the classical and alternative nuclear factor-kappaB pathways: Potential
implications for autoimmunity and rheumatoid arthritis. Arthritis Res. Ther. 2008, 10, 212. [CrossRef] [PubMed]

Conde, T.; Neves, B.; Couto, D.; Melo, T.; Lopes, D.; Pais, R.; Batista, J.; Cardoso, H.; Silva, J.L.; Domingues, P.; et al. Polar Lipids of
Marine Microalgae Nannochloropsis oceanica and Chlorococcum amblystomatis Mitigate the LPS-Induced Pro-Inflammatory Response
in Macrophages. Mar. Drugs 2023, 21, 629. [CrossRef] [PubMed]

Sukenik, A.; Takahashi, H.; Mokady, S. Dietary lipids from marine unicellular algae enhance the amount of liver and blood
omega-3 fatty acids in rats. Ann. Nutr. Metab. 1994, 38, 85-96. [CrossRef]

Mayer, C.; Richard, L.; Come, M.; Ulmann, L.; Nazih, H.; Chénais, B.; Ouguerram, K.; Mimouni, V. The Marine Microalga,
Tisochrysis lutea, Protects against Metabolic Disorders Associated with Metabolic Syndrome and Obesity. Nutrients 2021, 13, 430.
[CrossRef] [PubMed]

Maki, K.C.; Yurko-Mauro, K.; Dicklin, M.R.; Schild, A.L.; Geohas, ].G. A new, microalgal DHA- and EPA-containing oil lowers
triacylglycerols in adults with mild-to-moderate hypertriglyceridemia. Prostaglandins Leukot. Essent. Fat. Acids 2014, 91, 141-148.
[CrossRef] [PubMed]

Rao, A.; Briskey, D.; Nalley, ].O.; Ganuza, E. Omega-3 Eicosapentaenoic Acid (EPA) Rich Extract from the Microalga Nan-
nochloropsis Decreases Cholesterol in Healthy Individuals: A Double-Blind, Randomized, Placebo-Controlled, Three-Month
Supplementation Study. Nutrients 2020, 12, 1869. [CrossRef] [PubMed]

Ganuza, E.; Etomi, E.H.; Olson, M.; Whisner, C.M. Omega-3 eicosapentaenoic polar-lipid rich extract from microalgae Nan-
nochloropsis decreases plasma triglycerides and cholesterol in a real-world normolipidemic supplement consumer population.
Front. Nutr. 2024, 11, 1293909. [CrossRef]

Canavate, ].P.; Armada, L; Rios, ].L.; Hachero-Cruzado, I. Exploring occurrence and molecular diversity of betaine lipids across
taxonomy of marine microalgae. Phytochemistry 2016, 124, 68-78. [CrossRef]

Salomon, S.; Oliva, O.; Amato, A.; Bastien, O.; Michaud, M.; Jouhet, J. Betaine lipids: Biosynthesis, functional diversity and
evolutionary perspectives. Prog. Lipid Res. 2025, 97, 101320. [CrossRef] [PubMed]

Hoffmann, D.Y.; Shachar-Hill, Y. Do betaine lipids replace phosphatidylcholine as fatty acid editing hubs in microalgae? Fromnt.
Plant Sci. 2023, 14, 1077347. [CrossRef] [PubMed]

Martin, P.; Van Mooy, B.A.S; Heithoff, A.; Dyhrman, S.T. Phosphorus supply drives rapid turnover of membrane phospholipids
in the diatom Thalassiosira pseudonana. ISME J. 2011, 5, 1057-1060. [CrossRef]

Murakami, H.; Nobusawa, T.; Hori, K.; Shimojima, M.; Ohta, H. Betaine Lipid Is Crucial for Adapting to Low Temperature and
Phosphate Deficiency in Nannochloropsis. Plant Physiol. 2018, 177, 181-193. [CrossRef] [PubMed]

Oishi, Y.; Otaki, R.; Iijima, Y.; Kumagai, E.; Aoki, M.; Tsuzuki, M.; Fujiwara, S.; Sato, N. Diacylglyceryl-N,N,N-
trimethylhomoserine-dependent lipid remodeling in a green alga, Chlorella kessleri. Commun. Biol. 2022, 5, 19. [CrossRef]
[PubMed]

Suzuki, H.; Cuiné, S.; Légeret, B.; Wijffels, R.H.; Hulatt, C.]J.; Li-Beisson, Y.; Kiron, V. Phosphorus starvation induces the synthesis
of novel lipid class diacylglyceryl glucuronide and diacylglyceryl-N,N,N-trimethylhomoserine in two species of cold-adapted
microalgae Raphidonema (Chlorophyta). Plant . 2025, 121, €17227. [CrossRef] [PubMed]


https://doi.org/10.3390/md21030136
https://www.ncbi.nlm.nih.gov/pubmed/36976185
https://doi.org/10.3390/md22090406
https://www.ncbi.nlm.nih.gov/pubmed/39330287
https://doi.org/10.1016/j.algal.2024.103764
https://doi.org/10.1021/acs.jafc.4c03264
https://doi.org/10.3390/jmse11071399
https://doi.org/10.1104/pp.16.00599
https://www.ncbi.nlm.nih.gov/pubmed/27325666
https://doi.org/10.2174/157339907781368968
https://www.ncbi.nlm.nih.gov/pubmed/18220672
https://doi.org/10.3390/md13085402
https://doi.org/10.1186/ar2457
https://www.ncbi.nlm.nih.gov/pubmed/18771589
https://doi.org/10.3390/md21120629
https://www.ncbi.nlm.nih.gov/pubmed/38132950
https://doi.org/10.1159/000177797
https://doi.org/10.3390/nu13020430
https://www.ncbi.nlm.nih.gov/pubmed/33525643
https://doi.org/10.1016/j.plefa.2014.07.012
https://www.ncbi.nlm.nih.gov/pubmed/25123060
https://doi.org/10.3390/nu12061869
https://www.ncbi.nlm.nih.gov/pubmed/32585854
https://doi.org/10.3389/fnut.2024.1293909
https://doi.org/10.1016/j.phytochem.2016.02.007
https://doi.org/10.1016/j.plipres.2025.101320
https://www.ncbi.nlm.nih.gov/pubmed/39793901
https://doi.org/10.3389/fpls.2023.1077347
https://www.ncbi.nlm.nih.gov/pubmed/36743481
https://doi.org/10.1038/ismej.2010.192
https://doi.org/10.1104/pp.17.01573
https://www.ncbi.nlm.nih.gov/pubmed/29555786
https://doi.org/10.1038/s42003-021-02927-z
https://www.ncbi.nlm.nih.gov/pubmed/35017659
https://doi.org/10.1111/tpj.17227
https://www.ncbi.nlm.nih.gov/pubmed/39868466

Mar.

Drugs 2025, 23, 86 18 of 23

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Novichkova, E.; Chumin, K,; Eretz-Kdosha, N.; Boussiba, S.; Gopas, J.; Cohen, G.; Khozin-Goldberg, I. DGLA from the Microalga
Lobosphaera Incsa P127 Modulates Inflammatory Response, Inhibits iNOS Expression and Alleviates NO Secretion in RAW264.7
Murine Macrophages. Nutrients 2020, 12, 2892. [CrossRef] [PubMed]

Leitner, P.D.; Jakschitz, T.; Gstir, R.; Stuppner, S.; Perkams, S.; Kruus, M.; Trockenbacher, A.; Griesbeck, C.; Bonn, G.K.; Huber,
L.A,; et al. Anti-Inflammatory Extract from Soil Algae Chromochloris zofingiensis Targeting TNFR/NF-kB Signaling at Different
Levels. Cells 2022, 11, 1407. [CrossRef] [PubMed]

Novichkova, E.; Nayak, S.; Boussiba, S.; Gopas, J.; Zilberg, D.; Khozin-Goldberg, I. Dietary Application of the Microalga
Lobosphaera incisa P127 Reduces Severity of Intestinal Inflammation, Modulates Gut-Associated Gene Expression, and Microbiome
in the Zebrafish Model of IBD. Mol. Nutr. Food Res. 2023, 67, 2200253. [CrossRef] [PubMed]

Banskota, A.H.; Stefanova, R.; Sperker, S.; McGinn, P.J. New diacylglyceryltrimethylhomoserines from the marine microalga
Nannochloropsis granulata and their nitric oxide inhibitory activity. J. Appl. Phycol. 2013, 25, 1513-1521. [CrossRef]

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]

Banskota, A.H.; Gallant, P,; Stefanova, R.; Melanson, R.; O’Leary, S.]. Monogalactosyldiacylglycerols, potent nitric oxide inhibitors
from the marine microalga Tetraselmis chui. Nat. Prod. Res. 2013, 27, 1084-1090. [CrossRef] [PubMed]

Gundersen, E.; Jakobsen, J.; Holdt, S.L.; Jacobsen, C. Nannochloropsis oceanica as a Source of Bioactive Compounds: Mapping
the Effects of Cultivation Conditions on Biomass Productivity and Composition Using Response Surface Methodology. Mar.
Drugs 2024, 22, 505. [CrossRef]

Abreu, LN.; Aksmann, A.; Bajhaiya, A.K.; Benlloch, R.; Giordano, M.; Pokora, W.; Selstam, E.; Moritz, T. Changes in lipid and
carotenoid metabolism in Chlamydomonas reinhardtii during induction of CO2-concentrating mechanism: Cellular response to low
CO2 stress. Algal Res. 2020, 52, 102099. [CrossRef]

Garcia-Garcia, P.; Ospina, M.; Sefiorans, EJ. Tisochrysis lutea as a source of omega-3 polar lipids and fucoxanthin: Extraction and
characterization using green solvents and advanced techniques. J. Appl. Phycol. 2024, 36, 1697-1708. [CrossRef]

Carrier, G.; Berthelier, J.; Maupetit, A.; Nicolau, E.; Marbouty, M.; Schreiber, N.; Charrier, A.; Carcopino, C.; Leroi, L.; Saint-Jean,
B. Genetic and phenotypic intra-species diversity of alga Tisochrysis lutea reveals original genetic structure and domestication
potential. Eur. |. Phycol. 2024, 59, 94-111. [CrossRef]

Thurn, A.-L.; Schobel, J.; Weuster-Botz, D. Photoautotrophic Production of Docosahexaenoic Acid- and Eicosapentaenoic
Acid-Enriched Biomass by Co-Culturing Golden-Brown and Green Microalgae. Fermentation 2024, 10, 220. [CrossRef]

Thurn, A.L.; Stock, A.; Gerwald, S.; Weuster-Botz, D. Simultaneous photoautotrophic production of DHA and EPA by Tisochrysis
lutea and Microchloropsis salina in co-culture. Bioresour. Bioprocess. 2022, 9, 130. [CrossRef]

Abreu, A.P.; Morais, R.C.; Teixeira, J.A.; Nunes, J. A comparison between microalgal autotrophic growth and metabolite
accumulation with heterotrophic, mixotrophic and photoheterotrophic cultivation modes. Renew. Sustain. Energy Rev. 2022, 159,
112247. [CrossRef]

Castillo, T.; Ramos, D.; Garcia-Beltran, T.; Brito-Bazan, M.; Galindo, E. Mixotrophic cultivation of microalgae: An alternative to
produce high-value metabolites. Biochem. Eng. J. 2021, 176, 108183. [CrossRef]

Cid, A.; Abalde, ]J.; Herrero, C. High yield mixotrophic cultures of the marine microalga Tetraselmis suecica (Kylin) Butcher
(Prasinophyceae). J. Appl. Phycol. 1992, 4, 31-37. [CrossRef]

Villanova, V.; Galasso, C.; Vitale, G.A.; Della Sala, G.; Engelbrektsson, J.; Stromberg, N.; Shaikh, K.M.; Andersson, M.X.; Palma
Esposito, F; Ekendahl, S.; et al. Mixotrophy in a Local Strain of Nannochloropsis granulata for Renewable High-Value Biomass
Production on the West Coast of Sweden. Mar. Drugs 2022, 20, 424. [CrossRef] [PubMed]

Zhu, Z.; He, Z,; Li, J; Zhou, C.; Li, Y,; Zhang, L.; Li, X,; Agathos, S.N.; Han, J. An axenic strain reveals the responses of
Phaeodactylum tricornutum to external organic carbon. J. Oceanol. Limnol. 2024, 42, 1621-1633. [CrossRef]

Hamilton, M.L.; Powers, S.; Napier, ].A.; Sayanova, O. Heterotrophic Production of Omega-3 Long-Chain Polyunsaturated Fatty
Acids by Trophically Converted Marine Diatom Phaeodactylum tricornutum. Mar. Drugs 2016, 14, 53. [CrossRef] [PubMed]

Jain, P; Minhas, A K.; Shukla, S.; Puri, M.; Barrow, C.J.; Mandal, S. Bioprospecting Indigenous Marine Microalgae for Polyunsatu-
rated Fatty Acids Under Different Media Conditions. Front. Bioeng. Biotechnol. 2022, 10, 842797. [CrossRef]

Lortou, U.; Panteris, E.; Gkelis, S. Uncovering New Diversity of Photosynthetic Microorganisms from the Mediterranean Region.
Microorganisms 2022, 10, 1571. [CrossRef] [PubMed]

Caron, D.A. Mixotrophy stirs up our understanding of marine food webs. Proc. Natl. Acad. Sci. USA 2016, 113, 2806-2808.
[CrossRef]

Cabrerizo, M.J.; Gonzéalez-Olalla, ].M.; Hinojosa-Loépez, V.J.; Peralta-Cornejo, E]J.; Carrillo, P. A shifting balance: Responses of
mixotrophic marine algae to cooling and warming under UVR. New Phytol. 2019, 221, 1317-1327. [CrossRef]

Villanova, V.; Spetea, C. Mixotrophy in diatoms: Molecular mechanism and industrial potential. Physiol. Plant. 2021, 173, 603-611.
[CrossRef]


https://doi.org/10.3390/nu12092892
https://www.ncbi.nlm.nih.gov/pubmed/32971852
https://doi.org/10.3390/cells11091407
https://www.ncbi.nlm.nih.gov/pubmed/35563717
https://doi.org/10.1002/mnfr.202200253
https://www.ncbi.nlm.nih.gov/pubmed/36683256
https://doi.org/10.1007/s10811-012-9967-1
https://doi.org/10.1007/s10811-012-9869-2
https://doi.org/10.1080/14786419.2012.717285
https://www.ncbi.nlm.nih.gov/pubmed/22973805
https://doi.org/10.3390/md22110505
https://doi.org/10.1016/j.algal.2020.102099
https://doi.org/10.1007/s10811-024-03233-x
https://doi.org/10.1080/09670262.2023.2249073
https://doi.org/10.3390/fermentation10040220
https://doi.org/10.1186/s40643-022-00612-5
https://doi.org/10.1016/j.rser.2022.112247
https://doi.org/10.1016/j.bej.2021.108183
https://doi.org/10.1007/BF00003958
https://doi.org/10.3390/md20070424
https://www.ncbi.nlm.nih.gov/pubmed/35877717
https://doi.org/10.1007/s00343-024-3251-5
https://doi.org/10.3390/md14030053
https://www.ncbi.nlm.nih.gov/pubmed/27005636
https://doi.org/10.3389/fbioe.2022.842797
https://doi.org/10.3390/microorganisms10081571
https://www.ncbi.nlm.nih.gov/pubmed/36013989
https://doi.org/10.1073/pnas.1600718113
https://doi.org/10.1111/nph.15470
https://doi.org/10.1111/ppl.13471

Mar.

Drugs 2025, 23, 86 19 of 23

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

McKie-Krisberg, Z.M.; Sanders, R W.; Gast, R.J. Evaluation of Mixotrophy-Associated Gene Expression in Two Species of Polar
Marine Algae. Front. Mar. Sci. 2018, 5, 273. [CrossRef]

Hu, H.;; Ma, L.L,; Shen, X.E; Li, ].Y.; Wang, H.F,; Zeng, R.]. Effect of cultivation mode on the production of docosahexaenoic acid
by Tisochrysis lutea. AMB Express 2018, 8, 50. [CrossRef]

Salehipour-Bavarsad, F.; Nematollahi, M.A.; Pistocchi, R.; Pezzolesi, L. Algal food safety: Possible contaminations, challenges of
harmonized quality assessments, and suggested recommendations for the nascent industry of microalgae-based products. Algal
Res. 2024, 81, 103579. [CrossRef]

Wu, X; Zhao, X.; Hu, J.; Li, S.; Guo, X.; Wang, Q.; Liu, Y.; Gong, Z.; Wu, Y.; Fang, M.; et al. Occurrence and health risk assessment
of toxic metals and rare earth elements in microalgae: Insight into potential risk factors in new sustainable food resources. Food
Chem. X 2024, 23, 101697. [CrossRef]

Niemi, C.; Gentili, F.G. Extraction Technologies for Functional Lipids. In Recent Advances in Micro and Macroalgal Processing;
Wiley-Blackwell: Hoboken, NJ, USA, 2021; pp. 123-140.

Navarro Lépez, E.; Jiménez Callejon, M.].; Macias Sanchez, M.D.; Gonzalez Moreno, P.A.; Robles Medina, A. Obtaining
eicosapentaenoic acid-enriched polar lipids from microalga Nannochloropsis sp. by lipase-catalysed hydrolysis. Algal Res. 2023,
71,103073. [CrossRef]

Alzahmi, A.S.; Daakour, S.; Nelson, D.; Al-Khairy, D.; Twizere, ].-C.; Salehi-Ashtiani, K. Enhancing algal production strategies:
Strain selection, Al-informed cultivation, and mutagenesis. Front. Sustain. Food Syst. 2024, 8, 1331251. [CrossRef]

Perin, G.; Bellan, A.; Segalla, A.; Meneghesso, A.; Alboresi, A.; Morosinotto, T. Generation of random mutants to improve
light-use efficiency of Nannochloropsis gaditana cultures for biofuel production. Biotechnol. Biofuels 2015, 8, 161. [CrossRef]
[PubMed]

Arora, N.; Philippidis, G.P. Microalgae strain improvement strategies: Random mutagenesis and adaptive laboratory evolution.
Trends Plant Sci. 2021, 26, 1199-1200. [CrossRef]

LaPanse, A.J.; Krishnan, A.; Posewitz, M.C. Adaptive Laboratory Evolution for algal strain improvement: Methodologies and
applications. Algal Res. 2021, 53, 102122. [CrossRef]

Trovao, M.; Schiiler, L.M.; Machado, A.; Bombo, G.; Navalho, S.; Barros, A.; Pereira, H.; Silva, ]J.; Freitas, F.; Varela, J. Random
Mutagenesis as a Promising Tool for Microalgal Strain Improvement towards Industrial Production. Mar. Drugs 2022, 20, 440.
[CrossRef] [PubMed]

Nayak, M.; Suh, W.IL; Oh, Y.T.; Ryu, A.]; Jeong, KJ.; Kim, M.; Mohapatra, R K.; Lee, B.; Chang, Y.K. Directed evolution of Chlorella
sp. HS2 towards enhanced lipid accumulation by ethyl methanesulfonate mutagenesis in conjunction with fluorescence-activated
cell sorting based screening. Fuel 2022, 316, 123410. [CrossRef]

Terashima, M.; Freeman, E.S.; Jinkerson, R.E.; Jonikas, M.C. A fluorescence-activated cell sorting-based strategy for rapid isolation
of high-lipid Chlamydomonas mutants. Plant J. 2015, 81, 147-159. [CrossRef] [PubMed]

Ryu, A.J.; Kang, N.K;; Jeon, S.; Hur, D.H.; Lee, EM.; Lee, D.Y,; Jeong, B.-r;; Chang, Y.K,; Jeong, K.J. Development and characteriza-
tion of a Nannochloropsis mutant with simultaneously enhanced growth and lipid production. Biotechnol. Biofuels 2020, 13, 46.
[CrossRef] [PubMed]

Carrier, G.; Baroukh, C.; Rouxel, C.; Duboscq-Bidot, L.; Schreiber, N.; Bougaran, G. Draft genomes and phenotypic characterization
of Tisochrysis lutea strains. Toward the production of domesticated strains with high added value. Algal Res. 2018, 29, 1-11.
[CrossRef]

Bonnefond, H.; Lie, Y.; Lacour, T.; Saint-Jean, B.; Carrier, G.; Pruvost, E.; Talec, A.; Bernard, O.; Sciandra, A. Dynamical Darwinian
selection of a more productive strain of Tisochrysis lutea. Algal Res. 2022, 65, 102743. [CrossRef]

Berthelier, J.; Saint-Jean, B.; Casse, N.; Bougaran, G.; Carrier, G. Phenotype stability and dynamics of transposable elements in a
strain of the microalga Tisochrysis lutea with improved lipid traits. PLoS ONE 2023, 18, e0284656. [CrossRef] [PubMed]
LaPanse, A.J.; Burch, T.A.; Tamburro, ].M.; Traller, ].C.; Pinowska, A.; Posewitz, M.C. Adaptive laboratory evolution for increased
temperature tolerance of the diatom Nitzschia inconspicua. Microbiologyopen 2023, 12, €1343. [CrossRef] [PubMed]

Kong, F; Blot, C.; Liu, K.; Kim, M.; Li-Beisson, Y. Advances in algal lipid metabolism and their use to improve oil content. Curr.
Opin. Biotechnol. 2024, 87, 103130. [CrossRef]

Muiioz, C.F; Stidfeld, C.; Naduthodi, M.1.S.; Weusthuis, R.A.; Barbosa, M.].; Wijffels, R.H.; D’Adamo, S. Genetic engineering of
microalgae for enhanced lipid production. Biotechnol. Adv. 2021, 52, 107836. [CrossRef] [PubMed]

Mufioz, C.F,; Weusthuis, R.A.; D’Adamo, S.; Wijffels, R.H. Effect of Single and Combined Expression of Lysophosphatidic Acid
Acyltransferase, Glycerol-3-Phosphate Acyltransferase, and Diacylglycerol Acyltransferase on Lipid Accumulation and Composition in
Neochloris oleoabundans. Front. Plant Sci. 2019, 10, 1573. [CrossRef] [PubMed]

Niu, Y.F; Zhang, M.H,; Li, D.W,; Yang, W.D; Liu, ].S.; Bai, W.B.; Li, H.Y. Improvement of neutral lipid and polyunsaturated fatty
acid biosynthesis by overexpressing a type 2 diacylglycerol acyltransferase in marine diatom Phaeodactylum tricornutum. Mar.
Drugs 2013, 11, 4558-4569. [CrossRef] [PubMed]


https://doi.org/10.3389/fmars.2018.00273
https://doi.org/10.1186/s13568-018-0580-9
https://doi.org/10.1016/j.algal.2024.103579
https://doi.org/10.1016/j.fochx.2024.101697
https://doi.org/10.1016/j.algal.2023.103073
https://doi.org/10.3389/fsufs.2024.1331251
https://doi.org/10.1186/s13068-015-0337-5
https://www.ncbi.nlm.nih.gov/pubmed/26413160
https://doi.org/10.1016/j.tplants.2021.06.005
https://doi.org/10.1016/j.algal.2020.102122
https://doi.org/10.3390/md20070440
https://www.ncbi.nlm.nih.gov/pubmed/35877733
https://doi.org/10.1016/j.fuel.2022.123410
https://doi.org/10.1111/tpj.12682
https://www.ncbi.nlm.nih.gov/pubmed/25267488
https://doi.org/10.1186/s13068-020-01681-4
https://www.ncbi.nlm.nih.gov/pubmed/32158502
https://doi.org/10.1016/j.algal.2017.10.017
https://doi.org/10.1016/j.algal.2022.102743
https://doi.org/10.1371/journal.pone.0284656
https://www.ncbi.nlm.nih.gov/pubmed/37104376
https://doi.org/10.1002/mbo3.1343
https://www.ncbi.nlm.nih.gov/pubmed/36825881
https://doi.org/10.1016/j.copbio.2024.103130
https://doi.org/10.1016/j.biotechadv.2021.107836
https://www.ncbi.nlm.nih.gov/pubmed/34534633
https://doi.org/10.3389/fpls.2019.01573
https://www.ncbi.nlm.nih.gov/pubmed/31850043
https://doi.org/10.3390/md11114558
https://www.ncbi.nlm.nih.gov/pubmed/24232669

Mar. Drugs 2025, 23, 86 20 of 23

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

Kwon, S.; Kang, N.K,; Koh, H.G.; Shin, S.E.; Lee, B.; Jeong, B.R.; Chang, Y.K. Enhancement of biomass and lipid productivity by
overexpression of a bZIP transcription factor in Nannochloropsis salina. Biotechnol. Bioeng. 2018, 115, 331-340. [CrossRef] [PubMed]
Perin, G.; Bellan, A.; Michelberger, T.; Lyska, D.; Wakao, S.; Niyogi, K.K.; Morosinotto, T. Modulation of xanthophyll cycle impacts
biomass productivity in the marine microalga Nannochloropsis. Proc. Natl. Acad. Sci. USA 2023, 120, €2214119120. [CrossRef]
Uthaiah, N.M.; Venkataramareddy, S.R.; Sheikh, A.Y. Oleaginous microalgae Nannochloropsis sp. as a potential source of EPA and
bioactive metabolites: Bottlenecks in the downstream processing and unravelling the challenges in its food, feed and therapeutic
application. Algal Res. 2025, 86, 103897. [CrossRef]

Ye, Y,; Liu, M.; Yu, L.; Sun, H,; Liu, J. Nannochloropsis as an Emerging Algal Chassis for Light-Driven Synthesis of Lipids and
High-Value Products. Mar. Drugs 2024, 22, 54. [CrossRef]

Poliner, E.; Clark, E.; Cummings, C.; Benning, C.; Farre, EM. A high-capacity gene stacking toolkit for the oleaginous microalga,
Nannochloropsis oceanica CCMP1779. Algal Res. 2020, 45, 101664. [CrossRef]

Song, Y.; Wang, F.; Chen, L.; Zhang, W. Engineering Fatty Acid Biosynthesis in Microalgae: Recent Progress and Perspectives.
Mar. Drugs 2024, 22, 216. [CrossRef]

Poliner, E.; Pulman, J.A.; Zienkiewicz, K.; Childs, K.; Benning, C.; Farré, E.M. A toolkit for Nannochloropsis oceanica CCMP1779
enables gene stacking and genetic engineering of the eicosapentaenoic acid pathway for enhanced long-chain polyunsaturated
fatty acid production. Plant Biotechnol. ]. 2018, 16, 298-309. [CrossRef]

Shi, Y.; Liu, M,; Pan, Y.; Hu, H,; Liu, J. A6 Fatty Acid Elongase is Involved in Eicosapentaenoic Acid Biosynthesis Via the w6
Pathway in the Marine Alga Nannochloropsis oceanica. ]. Agric. Food Chem. 2021, 69, 9837-9848. [CrossRef]

Liu, M.; Yu, L.; Zheng, J.; Shao, S.; Pan, Y.; Hu, H.; Shen, L.; Wang, W.; Zhou, W.; Liu, J. Turning the industrially relevant marine
alga Nannochloropsis red: One move for multifaceted benefits. New Phytol. 2024, 244, 1467-1481. [CrossRef] [PubMed]

Donoso, A.; Gonzélez-Durdén, ].; Mufoz, A.A.; Gonzélez, P.A.; Agurto-Mufioz, C. Therapeutic uses of natural astaxanthin: An
evidence-based review focused on human clinical trials. Pharmacol. Res. 2021, 166, 105479. [CrossRef] [PubMed]

Tamura, H.; Ishikita, H. Quenching of Singlet Oxygen by Carotenoids via Ultrafast Superexchange Dynamics. . Phys. Chem. A
2020, 124, 5081-5088. [CrossRef]

Dose, J.; Matsugo, S.; Yokokawa, H.; Koshida, Y.; Okazaki, S.; Seidel, U.; Eggersdorfer, M.; Rimbach, G.; Esatbeyoglu, T. Free
Radical Scavenging and Cellular Antioxidant Properties of Astaxanthin. Int. . Mol. Sci. 2016, 17, 103. [CrossRef] [PubMed]
Canini, D.; Martini, F.; Cazzaniga, S.; Miotti, T.; Pacenza, B.; D’Adamo, S.; Ballottari, M. Genetic engineering of Nannochloropsis
oceanica to produce canthaxanthin and ketocarotenoids. Microb. Cell Factories 2024, 23, 322. [CrossRef]

Michelberger, T.; Mezzadrelli, E.; Bellan, A.; Perin, G.; Morosinotto, T. The Xanthophyll Cycle balances Photoprotection and
Efficiency in the seawater alga Nannochloropsis oceanica. bioRxiv 2024. [CrossRef]

Naduthodi, M.LS,; Stidfeld, C.; Avitzigiannis, E.K.; Trevisan, N.; van Lith, E.; Alcaide Sancho, ].; D’Adamo, S.; Barbosa, M.; van
der Oost, J. Comprehensive Genome Engineering Toolbox for Microalgae Nannochloropsis oceanica Based on CRISPR-Cas Systems.
ACS Synth. Biol. 2021, 10, 3369-3378. [CrossRef] [PubMed]

Stavridou, E.; Karapetsi, L.; Nteve, G.M.; Tsintzou, G.; Chatzikonstantinou, M.; Tsaousi, M.; Martinez, A.; Flores, P.; Merino, M.;
Dobrovic, L.; et al. Landscape of microalgae omics and metabolic engineering research for strain improvement: An overview.
Aquaculture 2024, 587, 740803. [CrossRef]

Torres-Tiji, Y.; Sethuram, H.; Gupta, A.; McCauley, J.; Dutra-Molino, ].V.; Pathania, R.; Saxton, L.; Kang, K.; Hillson, N.J.; Mayfield,
S.P. Bioinformatic prediction and high throughput in vivo screening to identify cis-regulatory elements for the development of
algal synthetic promoters. Am. Chem. Soc. Synth. Biol. 2024, 13, 2150-2165. [CrossRef] [PubMed]

Sudfeld, C.; Hubacek, M.; Figueiredo, D.; Naduthodi, M.LS.; van der Oost, J.; Wijffels, R.H.; Barbosa, M.].; D’Adamo, S. High-
throughput insertional mutagenesis reveals novel targets for enhancing lipid accumulation in Nannochloropsis oceanica. Metab.
Eng. 2021, 66, 239-258. [CrossRef] [PubMed]

Gupta, A.; Dutra Molino, ].V.; Wnuk-Fink, K.M.; Bruckbauer, A.; Tessman, M.; Kang, K.; Diaz, C.J.; Saucedo, B.; Malik, A;
Mayfield, S.P. Engineering the novel extremophile alga Chlamydomonas pacifica for high lipid and high starch production as a path
to developing commercially relevant strains. ACS ES&T Eng. 2024, 5, 36—49.

Levine, L.; Sneiders, A.; Kobayashi, T.; Schiff, ].A. Serologic and immunochromatographic detection of oxygenated polyenoic
acids in Euglenagracilisvar.bacillaris. Biochem. Biophys. Res. Commun. 1984, 120, 278-285. [CrossRef] [PubMed]

Hsu, B.-Y,; Tsao, C.-Y.; Chiou, T.-K.; Hwang, P-A.; Hwang, D.-F. HPLC determination for prostaglandins from seaweed Gracilaria
gigas. Food Control 2007, 18, 639-645. [CrossRef]

Hammann, M.; Rempt, M.; Pohnert, G.; Wang, G.; Boo, S.M.; Weinberger, F. Increased potential for wound activated production
of Prostaglandin E; and related toxic compounds in non-native populations of Gracilaria vermiculophylla. Harmful Algae 2016, 51,
81-88. [CrossRef] [PubMed]

Kafanova, T.V.,; Busarova, N.G.; Isai, S5.V.; Zvyagintseva, T.Y. Fatty acids and prostaglandins of thermal cyanobacteria. Chem. Nat.
Compd. 1996, 32, 861-865. [CrossRef]


https://doi.org/10.1002/bit.26465
https://www.ncbi.nlm.nih.gov/pubmed/28976541
https://doi.org/10.1073/pnas.2214119120
https://doi.org/10.1016/j.algal.2025.103897
https://doi.org/10.3390/md22020054
https://doi.org/10.1016/j.algal.2019.101664
https://doi.org/10.3390/md22050216
https://doi.org/10.1111/pbi.12772
https://doi.org/10.1021/acs.jafc.1c04192
https://doi.org/10.1111/nph.20114
https://www.ncbi.nlm.nih.gov/pubmed/39253772
https://doi.org/10.1016/j.phrs.2021.105479
https://www.ncbi.nlm.nih.gov/pubmed/33549728
https://doi.org/10.1021/acs.jpca.0c02228
https://doi.org/10.3390/ijms17010103
https://www.ncbi.nlm.nih.gov/pubmed/26784174
https://doi.org/10.1186/s12934-024-02599-4
https://doi.org/10.1101/2024.10.31.621405
https://doi.org/10.1021/acssynbio.1c00329
https://www.ncbi.nlm.nih.gov/pubmed/34793143
https://doi.org/10.1016/j.aquaculture.2024.740803
https://doi.org/10.1021/acssynbio.4c00199
https://www.ncbi.nlm.nih.gov/pubmed/38986010
https://doi.org/10.1016/j.ymben.2021.04.012
https://www.ncbi.nlm.nih.gov/pubmed/33971293
https://doi.org/10.1016/0006-291X(84)91445-1
https://www.ncbi.nlm.nih.gov/pubmed/6424676
https://doi.org/10.1016/j.foodcont.2006.02.013
https://doi.org/10.1016/j.hal.2015.11.009
https://www.ncbi.nlm.nih.gov/pubmed/28003063
https://doi.org/10.1007/BF01374015

Mar.

Drugs 2025, 23, 86 21 of 23

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.
236.

237.

238.

239.

Di Costanzo, F.; Di Dato, V.; Ianora, A.; Romano, G. Prostaglandins in Marine Organisms: A Review. Mar. Drugs 2019, 17, 428.
[CrossRef] [PubMed]

Di Dato, V.; Ianora, A.; Romano, G. Identification of Prostaglandin Pathway in Dinoflagellates by Transcriptome Data Mining.
Mar. Drugs 2020, 18, 109. [CrossRef] [PubMed]

Murray, S.A.; Suggett, D.J.; Doblin, M.A.; Kohli, G.S.; Seymour, J.R.; Fabris, M.; Ralph, PJ. Unravelling the functional genetics of
dinoflagellates: A review of approaches and opportunities. Perspect. Phycol. 2016, 3, 37-52. [CrossRef]

Pierella Karlusich, J.J.; Cosnier, K.; Zinger, L.; Henry, N.; Nef, C.; Bernard, G.; Scalco, E.; Dvorak, E.; Jimenez Vieira, ER.; Delage,
E.; et al. Patterns and drivers of diatom diversity and abundance in the global ocean. bioRxiv 2024. [CrossRef]

Falciatore, A.; Jaubert, M.; Bouly, J.-P,; Bailleul, B.; Mock, T. Diatom Molecular Research Comes of Age: Model Species for
Studying Phytoplankton Biology and Diversity. Plant Cell 2019, 32, 547-572. [CrossRef]

Duchéne, C.; Bouly, ].-P.; Pierella Karlusich, J.J.; Vernay, E.; Sellés, J.; Bailleul, B.; Bowler, C.; Ribera d’Alcala, M.; Falciatore, A.;
Jaubert, M. Diatom phytochromes integrate the underwater light spectrum to sense depth. Nature 2025, 637, 691-697. [CrossRef]
[PubMed]

Stonik, V.; Stonik, I. Low-Molecular-Weight Metabolites from Diatoms: Structures, Biological Roles and Biosynthesis. Mar. Drugs
2015, 13, 3672-3709. [CrossRef] [PubMed]

d’Ippolito, G.; Tucci, S.; Cutignano, A.; Romano, G.; Cimino, G.; Miralto, A.; Fontana, A. The role of complex lipids in the
synthesis of bioactive aldehydes of the marine diatom Skeletonema costatum. Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids
2004, 1686, 100-107. [CrossRef] [PubMed]

Tanaka, T.; Yoneda, K.; Maeda, Y. Lipid Metabolism in Diatoms. In The Molecular Life of Diatoms; Falciatore, A., Mock, T., Eds.;
Springer International Publishing: Cham, Switzerland, 2022; pp. 493-527.

Riccio, G.; Lauritano, C. Nutrient Starvation Exposure Induced the Down-Regulation of Stress Responsive Genes and Selected
Bioactive Metabolic Pathways in Phaeodactylum tricornutum. Stresses 2022, 2, 308-321. [CrossRef]

Nakayasu, M.; Amano, M.; Tanaka, T.; Shimakawa, G.; Matsuda, Y. Different Responses of Photosynthesis to Nitrogen Starvation
Between Highly Oil-Accumulative Diatoms, Fistulifera solaris and Mayamaea sp. JPCC CTDA0820. Mar. Biotechnol. 2023, 25,
272-280. [CrossRef] [PubMed]

Zulu, N.N.; Zienkiewicz, K.; Vollheyde, K.; Feussner, I. Current trends to comprehend lipid metabolism in diatoms. Prog. Lipid
Res. 2018, 70, 1-16. [CrossRef]

Vigor, C.; Oger, C.; Reversat, G.; Rocher, A.; Zhou, B.; Linares-Maurizi, A.; Guy, A.; Bultel-Poncé, V.; Galano, J.-M.; Vercauteren, J.;
et al. Isoprostanoid Profiling of Marine Microalgae. Biomolecules 2020, 10, 1073. [CrossRef]

Lupette, J.; Jaussaud, A.; Vigor, C.; Oger, C.; Galano, ].M.; Réversat, G.; Vercauteren, J.; Jouhet, J.; Durand, T.; Maréchal, E.
Non-Enzymatic Synthesis of Bioactive Isoprostanoids in the Diatom Phaeodactylum following Oxidative Stress. Plant Physiol.
2018, 178, 1344-1357. [CrossRef] [PubMed]

Remize, M.; Planchon, F.; Loh, A.N.; Le Grand, F.; Bideau, A.; Le Goic, N.; Fleury, E.; Miner, P.; Corvaisier, R.; Volety, A.; et al.
Study of Synthesis Pathways of the Essential Polyunsaturated Fatty Acid 20:5n-3 in the Diatom Chaetoceros Muelleri Using
13C-Isotope Labeling. Biomolecules 2020, 10, 797. [CrossRef] [PubMed]

Doose, C.; Oger, C.; Mas-Normand, L.; Durand, T.; Hubas, C. Non-enzymatic oxylipin production in a mudflat microphytobenthic
biofilm: Evidence of a diatom response to light. Front. Photobiol. 2024, 2, 1441713. [CrossRef]

Keeling, PJ.; Burki, E; Wilcox, H.M.; Allam, B.; Allen, E.E.; Amaral-Zettler, L.A.; Armbrust, E.V.; Archibald, ].M.; Bharti, A K.; Bell,
C.J.; et al. The Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP): Illuminating the functional diversity of
eukaryotic life in the oceans through transcriptome sequencing. PLoS Biol. 2014, 12, e1001889. [CrossRef] [PubMed]

Gerecht, A.; Romano, G.; lanora, A.; d'Ippolito, G.; Cutignano, A.; Fontana, A. Plasticity of Oxylipin Metabolism Among Clones
of the Marine Diatom Skeletonema Marinoi (Bacillariophyceae)l. J. Phycol. 2011, 47, 1050-1056. [CrossRef] [PubMed]
Barbarinaldi, R.; Di Costanzo, F.; Orefice, I.; Romano, G.; Carotenuto, Y.; Di Dato, V. Prostaglandin pathway activation in the
diatom Skeletonema marinoi under grazer pressure. Mar. Env. Res. 2024, 196, 106395. [CrossRef] [PubMed]

Yilmaz, E. Biotechnological production of prostaglandin. Biotechnol. Adv. 2001, 19, 387-397. [CrossRef] [PubMed]

Peng, H.; Chen, F--E. Recent advances in asymmetric total synthesis of prostaglandins. Org. Biomol. Chem. 2017, 15, 6281-6301.
[CrossRef] [PubMed]

Guder, J.C.; Buchhaupt, M.; Huth, I.; Hannappel, A.; Ferreiros, N.; Geisslinger, G.; Schrader, J. Biotechnological approach towards
a highly efficient production of natural prostaglandins. Biotechnol. Lett. 2014, 36, 2193-2198. [CrossRef] [PubMed]

Maeda, Y.; Tsuru, Y.; Matsumoto, N.; Nonoyama, T.; Yoshino, T.; Matsumoto, M.; Tanaka, T. Prostaglandin production by the
microalga with heterologous expression of cyclooxygenase. Biotechnol. Bioeng. 2021, 118, 2734-2743. [CrossRef] [PubMed]
Mohamed, M.E.; Lazarus, C.M. Production of prostaglandins in transgenic Arabidopsis thaliana. Phytochemistry 2014, 102, 74-79.
[CrossRef]


https://doi.org/10.3390/md17070428
https://www.ncbi.nlm.nih.gov/pubmed/31340503
https://doi.org/10.3390/md18020109
https://www.ncbi.nlm.nih.gov/pubmed/32069885
https://doi.org/10.1127/pip/2016/0039
https://doi.org/10.1101/2024.06.08.598090
https://doi.org/10.1105/tpc.19.00158
https://doi.org/10.1038/s41586-024-08301-3
https://www.ncbi.nlm.nih.gov/pubmed/39695224
https://doi.org/10.3390/md13063672
https://www.ncbi.nlm.nih.gov/pubmed/26065408
https://doi.org/10.1016/j.bbalip.2004.09.002
https://www.ncbi.nlm.nih.gov/pubmed/15522826
https://doi.org/10.3390/stresses2030022
https://doi.org/10.1007/s10126-023-10203-w
https://www.ncbi.nlm.nih.gov/pubmed/36856914
https://doi.org/10.1016/j.plipres.2018.03.001
https://doi.org/10.3390/biom10071073
https://doi.org/10.1104/pp.18.00925
https://www.ncbi.nlm.nih.gov/pubmed/30237205
https://doi.org/10.3390/biom10050797
https://www.ncbi.nlm.nih.gov/pubmed/32455747
https://doi.org/10.3389/fphbi.2024.1441713
https://doi.org/10.1371/journal.pbio.1001889
https://www.ncbi.nlm.nih.gov/pubmed/24959919
https://doi.org/10.1111/j.1529-8817.2011.01030.x
https://www.ncbi.nlm.nih.gov/pubmed/27020186
https://doi.org/10.1016/j.marenvres.2024.106395
https://www.ncbi.nlm.nih.gov/pubmed/38382127
https://doi.org/10.1016/S0734-9750(01)00072-6
https://www.ncbi.nlm.nih.gov/pubmed/14538074
https://doi.org/10.1039/C7OB01341H
https://www.ncbi.nlm.nih.gov/pubmed/28737187
https://doi.org/10.1007/s10529-014-1610-6
https://www.ncbi.nlm.nih.gov/pubmed/25048234
https://doi.org/10.1002/bit.27792
https://www.ncbi.nlm.nih.gov/pubmed/33851720
https://doi.org/10.1016/j.phytochem.2014.02.013

Mar. Drugs 2025, 23, 86 22 of 23

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

Takemura, M.; Kanamoto, H.; Nagaya, S.; Ohyama, K. Bioproduction of prostaglandins in a transgenic liverwort, Marchantia
polymorpha. Transgenic Res. 2013, 22, 905-911. [CrossRef] [PubMed]

Barka, F.; Angstenberger, M.; Ahrendt, T.; Lorenzen, W.; Bode, H.B.; Biichel, C. Identification of a triacylglycerol lipase in the
diatom Phaeodactylum tricornutum. Biochim. Biophys. Acta 2016, 1861, 239-248. [CrossRef] [PubMed]

Athenstaedt, K.; Daum, G. YMR313c/TGL3 Encodes a Novel Triacylglycerol Lipase Located in Lipid Particles of Saccharomyces
cerevisiae*. J. Biol. Chem. 2003, 278, 23317-23323. [CrossRef]

Athenstaedt, K.; Daum, G. Tgl4p and Tgl5p, two triacylglycerol lipases of the yeast Saccharomyces cerevisiae are localized to lipid
particles. J. Biol. Chem. 2005, 280, 37301-37309. [CrossRef]

Eastmond, PJ. SUGAR-DEPENDENT1 Encodes a Patatin Domain Triacylglycerol Lipase That Initiates Storage Oil Breakdown in
Germinating Arabidopsis Seeds. Plant Cell 2006, 18, 665-675. [CrossRef]

Angstenberger, M.; Krischer, J.; Aktas, O.; Biichel, C. Knock-Down of a liglV Homologue Enables DNA Integration via Ho-
mologous Recombination in the Marine Diatom Phaeodactylum tricornutum. ACS Synth. Biol. 2019, 8, 57—69. [CrossRef]
[PubMed]

Daboussi, F; Leduc, S.; Maréchal, A.; Dubois, G.; Guyot, V.; Perez-Michaut, C.; Amato, A.; Falciatore, A; Juillerat, A.; Beurdeley,
M.; et al. Genome engineering empowers the diatom Phaeodactylum tricornutum for biotechnology. Nat. Commun. 2014, 5, 3831.
[CrossRef]

Nymark, M.; Sharma, A K.; Sparstad, T.; Bones, A.M.; Winge, P. A CRISPR/Cas9 system adapted for gene editing in marine algae.
Sci. Rep. 2016, 6, 24951. [CrossRef] [PubMed]

Serif, M.; Dubois, G.; Finoux, A.-L.; Teste, M.-A; Jallet, D.; Daboussi, F. One-step generation of multiple gene knock-outs in the
diatom Phaeodactylum tricornutum by DNA-free genome editing. Nat. Commun. 2018, 9, 3924. [CrossRef] [PubMed]

Graesholt, C.; Brembu, T.; Volpe, C.; Bartosova, Z.; Serif, M.; Winge, P.; Nymark, M. Zeaxanthin epoxidase 3 Knockout Mutants of
the Model Diatom Phaeodactylum tricornutum Enable Commercial Production of the Bioactive Carotenoid Diatoxanthin. Mar.
Drugs 2024, 22, 185. [CrossRef] [PubMed]

Slattery, S.S.; Diamond, A.; Wang, H.; Therrien, J.A.; Lant, ].T,; Jazey, T.; Lee, K.; Klassen, Z.; Desgagné-Penix, I.; Karas, B.].; et al.
An Expanded Plasmid-Based Genetic Toolbox Enables Cas9 Genome Editing and Stable Maintenance of Synthetic Pathways in
Phaeodactylum tricornutum. ACS Synth. Biol. 2018, 7, 328-338. [CrossRef] [PubMed]

Hopes, A.; Nekrasov, V.; Kamoun, S.; Mock, T. Editing of the urease gene by CRISPR-Cas in the diatom Thalassiosira pseudonana.
Plant Methods 2016, 12, 49. [CrossRef] [PubMed]

Belshaw, N.; Grouneva, I.; Aram, L.; Gal, A.; Hopes, A.; Mock, T. Efficient gene replacement by CRISPR/Cas-mediated
homologous recombination in the model diatom Thalassiosira pseudonana. New Phytol. 2023, 238, 438-452. [CrossRef]

Taparia, Y.; Dolui, A.K.; Boussiba, S.; Khozin-Goldberg, I. Multiplexed Genome Editing via an RNA Polymerase II Promoter-
Driven sgRNA Array in the Diatom Phaeodactylum tricornutum: Insights Into the Role of StLDP. Front. Plant Sci. 2022, 12, 784780.
[CrossRef]

Leyland, B.; Novichkova, E.; Dolui, A K.; Jallet, D.; Daboussi, F.; Legeret, B.; Li, Z.; Li-Beisson, Y.; Boussiba, S.; Khozin-Goldberg, I.
Acyl-CoA binding protein is required for lipid droplet degradation in the diatom Phaeodactylum tricornutum. Plant Physiol.
2024, 194, 958-981. [CrossRef]

Zhu, ]; Li, S.; Chen, W.; Xu, X.; Wang, X.; Wang, X.; Han, J.; Jouhet, ].; Amato, A.; Maréchal, E.; et al. Delta-5 elongase knockout
reduces docosahexaenoic acid and lipid synthesis and increases heat sensitivity in a diatom. Plant Physiol. 2024, 196, 1356-1373.
[CrossRef] [PubMed]

Angstenberger, M.; de Signori, F.; Vecchi, V.; Dall’Osto, L.; Bassi, R. Cell synchronization enhances nuclear transformation and
genome editing via Cas9 enabling Homologous Recombination in Chlamydomonas reinhardtii. ACS Synth. Biol. 2020, 9, 2840-2850.
[CrossRef]

Battarra, C.; Angstenberger, M.; Bassi, R.; Dall’Osto, L. Efficient DNA-free co-targeting of nuclear genes in Chlamydomonas
reinhardtii. Biol. Direct 2024, 19, 108. [CrossRef] [PubMed]

Gutiérrez, S.; Lauersen, K.J. Gene Delivery Technologies with Applications in Microalgal Genetic Engineering. Biology 2021, 10,
265. [CrossRef] [PubMed]

Guo, Y,; Xiong, H.; Fan, Q.; Duanmu, D. Heterologous Gene Expression in Chloroplast by Heterologous Promoters and
Terminators, Intercistronic Expression Elements and Minichromosome. Microb. Biotechnol. 2024, 17, €70069. [CrossRef] [PubMed]
Abbasi-Vineh, M.A.; Emadpour, M. The First Introduction of an Exogenous 5" Untranslated Region for Control of Plastid
Transgene Expression in Chlamydomonas reinhardtii. Mol. Biotechnol. 2024, 1-14. [CrossRef]

Cutolo, E.A.; Mandala, G.; Dall’Osto, L.; Bassi, R. Harnessing the Algal Chloroplast for Heterologous Protein Production.
Microorganisms 2022, 10, 743. [CrossRef] [PubMed]

Cutolo, E.; Tosoni, M.; Barera, S.; Herrera-Estrella, L.; Dall’Osto, L.; Bassi, R. A Phosphite Dehydrogenase Variant with Promis-
cuous Access to Nicotinamide Cofactor Pools Sustains Fast Phosphite-Dependent Growth of Transplastomic Chlamydomonas
reinhardtii. Plants 2020, 9, 473. [CrossRef]


https://doi.org/10.1007/s11248-013-9699-2
https://www.ncbi.nlm.nih.gov/pubmed/23463075
https://doi.org/10.1016/j.bbalip.2015.12.023
https://www.ncbi.nlm.nih.gov/pubmed/26747649
https://doi.org/10.1074/jbc.M302577200
https://doi.org/10.1074/jbc.M507261200
https://doi.org/10.1105/tpc.105.040543
https://doi.org/10.1021/acssynbio.8b00234
https://www.ncbi.nlm.nih.gov/pubmed/30525458
https://doi.org/10.1038/ncomms4831
https://doi.org/10.1038/srep24951
https://www.ncbi.nlm.nih.gov/pubmed/27108533
https://doi.org/10.1038/s41467-018-06378-9
https://www.ncbi.nlm.nih.gov/pubmed/30254261
https://doi.org/10.3390/md22040185
https://www.ncbi.nlm.nih.gov/pubmed/38667802
https://doi.org/10.1021/acssynbio.7b00191
https://www.ncbi.nlm.nih.gov/pubmed/29298053
https://doi.org/10.1186/s13007-016-0148-0
https://www.ncbi.nlm.nih.gov/pubmed/27904648
https://doi.org/10.1111/nph.18587
https://doi.org/10.3389/fpls.2021.784780
https://doi.org/10.1093/plphys/kiad525
https://doi.org/10.1093/plphys/kiae297
https://www.ncbi.nlm.nih.gov/pubmed/38796833
https://doi.org/10.1021/acssynbio.0c00390
https://doi.org/10.1186/s13062-024-00545-3
https://www.ncbi.nlm.nih.gov/pubmed/39529073
https://doi.org/10.3390/biology10040265
https://www.ncbi.nlm.nih.gov/pubmed/33810286
https://doi.org/10.1111/1751-7915.70069
https://www.ncbi.nlm.nih.gov/pubmed/39688456
https://doi.org/10.1007/s12033-024-01279-3
https://doi.org/10.3390/microorganisms10040743
https://www.ncbi.nlm.nih.gov/pubmed/35456794
https://doi.org/10.3390/plants9040473

Mar. Drugs 2025, 23, 86 23 of 23

263. Velmurugan, N.; Deka, D. Transformation techniques for metabolic engineering of diatoms and haptophytes: Current state and
prospects. Appl. Microbiol. Biotechnol. 2018, 102, 4255-4267. [CrossRef] [PubMed]

264. Johansson, O.N.; Topel, M.; Pinder, M.I.M.; Kourtchenko, O.; Blomberg, A.; Godhe, A.; Clarke, A.K. Skeletonema marinoi as a new
genetic model for marine chain-forming diatoms. Sci. Rep. 2019, 9, 5391. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00253-018-8925-5
https://www.ncbi.nlm.nih.gov/pubmed/29574616
https://doi.org/10.1038/s41598-019-41085-5

	Introduction 
	Bioactive Lipids in Human Physiology and Disease 
	Microalgal PUFAs, EPA, and DHA: Clinical Perspectives 
	Prostaglandin Metabolism in Diatoms 
	Conclusions and Outlook 
	References

