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Dissertation summary

During polymicrobial infection, interactions between different microbial species can alter host
responses and/or microbial virulence and pathogenesis, often complicating patient treatment
and resolution of infection. Polyunsaturated fatty acids (PUFAS) are not only crucial for normal
function in mammalian systems, but are also proposed to act as endogenous antimicrobial
molecules. Thus, we adopted Caenorhabditis elegans to mimic the Pseudomonas aeruginosa
and Candida albicans polymicrobial infections found in humans. We determined the influence
of arachidonic acid (AA) and eicosopentaenoic acid (EPA) supplementation on mono- and
polymicrobial infection, fatty acid (FA) composition and egg retention of the nematodes, as
well as on expression of FA metabolic genes. Supplementation with either AA or EPA in mono-
and polymicrobial infections resulted in changes in FA profiles and PUFA biosynthesis
pathway. We discovered that the degree of egg retention elicited by C. albicans and P.
aeruginosa varied, with C. elegans exposed to both C. albicans and P. aeruginosa showing
the highest level of egg retention compared to nematodes infected by either C. albicans or P.
aeruginosa alone. Interestingly, the AA supplemented infected nematodes showed an
increased level of egg retention, while EPA supplemented infected nematodes showed a
significant decrease. Using the C. elegans model, we determined the effects of AA and EPA
supplementation on the survival of nematodes with mono- and polymicrobial infection. We
showed that the survival of the infected nematodes was influenced by PUFA-supplementation.
EPA supplementation effectively reduced C. albicans virulence and inhibited hyphal formation,
thus leading to a partial rescue of pathogen susceptibility. However, this was not the case for
P. aeruginosa infections. In fact, EPA supplemented nematodes infected with P. aeruginosa
were more susceptible. Notably hyphal formation is an important component of Candida
pathogenesis in mammals. Furthermore, polymicrobial infection resulted in synergistic
virulence. However, C. albicans did not produce any hyphae in the co-infection of either AA,
EPA supplemented or unsupplemented nematodes, this suggests that the increase in
pathogenesis may be associated with increased P. aeruginosa pathogenesis. To further test
the role of EPA in hyphal formation of C. albicans, we hypothesised that cytochrome P450
(CYP450) metabolises EPA to 17,18-epoxyeicosatetraenoic acid (17,18-EpETE), inhibiting C.
albicans hyphal formation. We showed that 17,18-EpETE inhibits C. albicans hyphal formation
in vitro and in vivo in C. elegans and that inhibitors of mammalian EPA-metabolising CYP450
enzymes, 17-octadecynoic acid (17-ODYA) and 6-(2-propargyloxyphenyl)hexanoic acid
(PPOH) restored C. albicans hyphal formation in vivo. Lastly, the role of EPA on the physiology
of C. elegans as well as C. albicans in vivo was investigated using gene expression analyses.
Among the up-regulated genes, we observed several genes with potential roles in lipid

metabolism, hyphal formation, detoxification, stress response and immune response. For
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instance, we observed an up-regulation of several involved in the synthesis of FAs, including
fat-3, fat-4, fat-6, cyp-29A2 and cyp-37A1. Other up-regulated genes were those involved in
immune response, such as cyp-37B1, daf-16, fipr-22, ilys-2, lys-5, lys-6, spp-12 and fat-3.
Interestingly common genes involved in hyphal formation, such as CAS5, CRZ1, CTA4,
ERG11, FCR1, SNQ2, TAC1, TEC1, YOR1 and ZCF3 were also up-regulated. Overall, the
benefits of EPA supplementation may be two-fold, by inhibiting virulence factors of C. albicans
and stimulating the immune response of the host. Thus, PUFA supplementation might be
useful in the treatment of infections in patients caused by C. albicans and P. aeruginosa.
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Chapter 1

1. Section A

1.1. Motivation

Infectious diseases have been recognized as one of the global burdens that largely affect the
world economy. An infection is not a simple two-way interaction between a pathogen and the
host, but rather includes the interaction with other pathogens colonizing mucosal surfaces. For
instance, opportunistic pathogens Candida albicans and Pseudomonas aeruginosa can form
complex communities in a variety of niches within the human body in both healthy individuals
and in the event of disease (Peleg et al., 2008; Bergeron et al., 2017). Candida albicans and P.
aeruginosa are often co-isolated at various infection sites, pointing to mixed infections by the
two, including patient wounds, contaminated catheters (vascular and urinary catheters), the
sputum of cystic fibrosis patients, bronchial airways and lung infections, and they influence
each other's virulence potential (Hughes and Kim, 1973; Bauernfeind et al., 1987; Hermann
et al., 1999; de Macedo and Santos, 2005). Under normal or disease-free conditions, both
species are commensals of healthy individuals. However, in a diseased state where an
individual 6s defences are supressed, t he

disease and, ultimately, death (Naglik et al., 2004; Hube, 2006; Pfaller and Diekema, 2007).
The plethora of virulence mechanisms exploited by C. albicans account for why this pathogen
is well-adapted to the human host. Its dimorphism, for example, makes it a morphologically
flexible fungus that can colonize the host either in the yeast or filamentous form (Chandra et
al., 2001; Lohse et al., 2018). In response to certain stimuli (e.g., signaling molecules,
temperature, and host factors), it switches from yeast form to hyphal form (Gow, 1997;
Calderone and Fonzi, 2001; Gow et al., 2002; Liu, 2002; Whiteway and Oberholzer, 2004).
The ability to transition between yeast and filamentous forms have been shown to be an
important virulence factor during C. albicans infection, the yeast form drives dissemination
while filamentous form are primarily invasive (Chandra et al., 2001; Gow et al., 2002; Douglas,
2003). Interestingly, several studies have suggested that P. aeruginosa can influence fungal
infections by inhibiting growth of C. albicans and eliminating the fungus from the host
(Bauernfeind et al., 1987; Kerr, 1994; Burns et al., 1999; Gupta et al., 2005; Kaleli et al., 2007;
Oever and Netea, 2014). However, the interplay between C. albicans and co-localised P.
aeruginosa does not always have a beneficial effect on the host, but can also result in an
enhanced virulence of either the fungal or the bacterial species (Neely et al., 1986; Roux et
al., 2009; Diaz et al., 2012; Xu et al., 2014; Bergeron et al., 2017). The interaction between
bacteria and fungi can exert effects on microbial behaviour, dissemination, survival, the
response to antimicrobials and, ultimately, patient prognosis, which often complicates patient

treatment and resolution of infection (Hogan and Kolter, 2002; Kerr, 1994; McAlester et al.,
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2008; Méar et al., 2013; Lindsay and Hogan, 2014; Trejo-Hernandez et al., 2014). Moreover,
C. albicans and co-localised P. aeruginosa form biofilms with increased resistance to
antimicrobial agents. A significant amount of research has thus focused on gaining an
understanding of how inter-domain interactions affect biofilm formation and the response to

antimicrobial therapies (Harriot and Noverr, 2009; Peters et al., 2012; Murray et al., 2014).

Over the years, in order to circumvent problems associated with antimicrobial resistance, the
search for new antimicrobials, such as fatty acids (FAs), have gained momentum due to their
antibacterial, antifungal and antiviral properties (Kohn et al., 1980; Pohl et al., 2011; Yoon et
al., 2018). Polyunsaturated fatty acids (PUFAS) exhibit a diverse range of important biological
functions in most biological systems, including acting as endogenous antimicrobial molecules
(Watts et al., 2003; Deline et al., 2013; Tallima and El Ridi, 2018; Das, 2018). These PUFAs
can be oxygenated via enzymatic or free radical-mediated reactions to form bioactive
oxygenated lipid mediators termed oxylipins (Funk, 2001; Catala, 2010; Stables and Gilroy,
2011; Massey and Nicolaou, 2011; Vrablik and Watts, 2013). Eicosanoids are broad class of
oxylipins that are transient and locally synthesized signaling molecules, including
prostaglandins, leukotrienes, lipoxins and thromboxanes, which mediate various physiological
responses, such as inflammation (Noverr et al., 2001; Erb-Downward and Huffnagle, 2007).
Hence, diverse vertebrate and non-vertebrate model organisms including Mus musculus,
Caenorhabditis elegans, Saccharomyces cerevisiae, Drosophila melanogaster, Danio rerio
and Arabidopsis have been employed to screen, not just the virulence factors and to decipher
the common virulence mechanism by pathogens, but to also screen potential antimicrobials
(Gratacap et al., 2014; Bergeron et al., 2017). Testing pathogenesis and immune defence in
rodents are generally not feasible due to its expensive maintenance. Thus, the invertebrate
nematode model C. elegans could represent a valuable alternative. Since C. elegans has a
well-defined anatomy, short life cycle, genetic similarity to the human genome and range of
available genetic tools (Brenner, 1974; Corsi et al., 2015), it has been widely used to study
functions of PUFAs (Watts, 2016). The nematode C. elegans synthesizes all of the enzymes
necessary to produce a range of omega-6 (n-6) and omega-3 (n-3) FAs and many of the long
chain PUFAs found in humans (Wallis et al., 2002) and represents a good model organism to
systematically study the antimicrobial roles of these molecules (Kong et al., 2016). The ability
to alter FA composition with genetic manipulation and dietary supplementation permits the
dissection of the roles of n-3 and n-6 FAs in many biological process including reproduction,
aging, and neurobiology (Watts and Browse, 2002; Watts et al., 2003; Brock et al., 2006;
Deline et al., 2013; Yi et al., 2014; Anderson et al., 2019; Jia et al., 2019). Studies in C.
elegans to date have mostly identified overlapping functions of 20-carbon n-6 and n-3 FAs in

reproduction and in neurons (Vrablik and Watts, 2013; Watts, 2016). However, specific roles
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for either n-3 or n-6 FAs in pathogenesis are beginning to emerge. Taken together, these
studies are an addition to the currently established health-promoting effects of
monounsaturated fatty acids (MUFAS) (Anderson et al., 2019), thus suggesting an ancient link
between metabolism, nutrient storages and susceptibility of the host to bacterial infection. The
resistance of C. albicans and P. aeruginosa to conventional antimicrobial treatment is a major
scourge in healthcare (Wolcott et al., 2013; Stacy et al., 2016; Costa-Orlandi et al., 2017; Kim
et al., 2018). To face this global crisis by infectious diseases, the interaction between host and
infectious agents has to be understood. Therefore, it is crucial that novel potent anti-infectives
are discovered. Taking into consideration the increasing importance of C. albicans and P.
aeruginosa towards morbidity and mortality of most hospitalized patients and uprising
antimicrobial resistance. The aim of the present study was to further define C. albicans and P.
aeruginosa pathogenicity and to investigate the role of PUFAs on their virulence using a non-
mammalian host model C. elegans. An in-depth understanding of these interactions could be
exploited for the benefit of mankind.
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2. Section B

Section B of chapter 1 is a review article published in Prostaglandins and Other Lipid
Mediators journal, following the reference style of the journal.

The candidate, Nthabiseng Zelda Mokoena, wrote the manuscript and designed the figures,
Olihile Sebolai and Jacobus Albertyn edited the manuscripts, while Carolina H. Pohl
supervised and edited the final manuscript.

Citation

Mokoena, N. Z., Sebolai, O. M., Albertyn, J. & Pohl, C. H. (2020). Synthesis and function of
fatty acids and oxylipins, with a focus on Caenorhabditis elegans. Prostag Oth Lipid M 148,
106426. doi.org/10.1016/j.prostaglandins.2020.106426
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ARTICLE INFO ABSTRACT

Keywords: Polyunsaturated fatty acids (PUFAs) exhibit a diverse range of important biological functions in most biological
Polyunsaturated fatty acids systems. These PUFAs can be oxygenated via enzymatic or free radical-mediated reactions to form bioactive
0")’“P‘"Sd oxygenated lipid mediators termed oxylipins. Eicosanoids are broad class of oxylipins that are transient and
Eicosanoids

locally synthesized signalling molecules, including prostaglandins, leukotrienes, lipoxins and thromboxanes,
which mediate various physiological responses, such as inflammation. In addition to arachidonic acid-derived
eicosanoids, current developments in lipidomic methodologies have brought attention to vast number of oxy-
lipins produced from other PUFAs, including omega-3. Although, the molecular mechanisms of how PUFAs and
oxylipins contribute to majority of the fundamental biological processes are largely unclear, a model organism
Caenorhabditis elegans remains a powerful model for exploring lipid metabolism and functions of PUFAs and
oxylipins. For instance, the ability of C. elegans to modify fatty acid composition with dietary supplementation
and genetic manipulation enables the dissection of the roles of omega-3 and omega-6 PUFAs in many biological
processes that include aging, reproduction, and neurobiology. However, much remains to be elucidated con-
cerning the roles of oxylipins, but thus far, C. elegans is well-known for the synthesis of vast set of cytochrome
(CYP) eicosanoids. These CYP eicosanoids are extremely susceptible to changes in the relative bioavailability of
the different PUFAs, thus providing a better insight into complex mechanisms connecting essential dietary fatty
acids to various biological processes. Therefore, this review provides an overview of the synthesis and function of
PUFAs and oxylipins in mammals. It also focusses on what is known regarding the production of PUFAs and
oxylipins in C. elegans and their functions.

Arachidonic acid
Caenorhabditis elegans

1. Introduction

The roles of lipids can be observed across all domains in biology
since lipids play important roles as either building blocks of mem-
branes, efficient source of energy or as messengers during cellular
signal transduction [1,2]. Polyunsaturated fatty acids (PUFAs) are
precursors of numerous lipid metabolites with potent bioactivities,
produced via enzymatic and/or free radical-mediated reactions [3-7].
For instance, in mammals, oxygenated PUFAs that are enzymatically
derived are produced via three main pathways, namely cyclooxygenase
(COX), lipoxygenase (LOX), and cytochrome (CYP) P450 pathways,
which produce wide range of metabolites, such as eicosanoids, octa-
decanoids and docosanoids [3,7-12]. Eicosanoids are well studied fa-
milies of bioactive lipids, derived from carbon-20 (C20) PUFAs, such as
arachidonic acid (AA; 20:4n-6), dihomo-a-linolenic acid (DGLA; 20:3n-
6) and eicosapentaenoic acid (EPA; 20:5n-3) [3,7,11,13]. Arachidonic
acid-derived eicosanoids have been shown to have pivotal role in

* Corresponding author.
E-mail address: PohlCH@ufs.ac.za (C.H. Pohl).

https://doi.org/10.1016/j.prostaglandins.2020.106426

inflammation, primarily being pro-inflammatory, in contrast EPA- and
DGLA-derived eicosanoids are considered to dampen down or oppose
this effect, thus shifting the biological setting to become anti-in-
flammatory [13-18,2].

Nematode Caenorhabditis elegans is emerging as key biological
system to study lipid functions in whole organisms [19]. It is considered
a powerful tool due to numerous features, such as a well-annotated
genome, simple anatomy, short lifespan, ease of genetic analysis and
well-understood developmental programs allowing diverse studies of
biological processes [20]. A unique aspect of C. elegans fatty acid bio-
synthesize is the ability to synthesize a wide range of PUFAs de novo
[21,2]. Unlike other animal species, C. elegans harbours complete set of
genes required for biosynthesis of n-3 and n-6 PUFAs, such as AA, EPA
and other related PUFAs, which are only accessible to mammalian or-
ganisms via nutrition [7,21-24]. The C. elegans PUFA mutants strains
display many growth, reproduction, mechanosensory, olfactory and
osmosensory deficits, neuromuscular defects, and reduced brood size

Received 18 July 2019; Received in revised form 24 January 2020; Accepted 31 January 2020

Available online 04 February 2020
1098-8823/ © 2020 Elsevier Inc. All rights reserved.
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that can be rescued by feeding with C20-PUFA [21,25-29]. In addition,
PUFAs are essential for signalling found in oocytes that facilitates the
recruitment of sperm to spermatheca [30,31]. Fascinatingly, C. elegans
does not possess any clearly identifiable orthologues of mammalian
COX and LOX enzymes nor receptors of prostanoid and leukotriene
[11,26,32]. However, the nematode possess several CYP P450 genes
which are homologs of mammalian CYP isoforms significant for
synthesis of AA metabolites [11,33,34]. Therefore, since oxylipins are
found in most biological milieus, and are formed through different
pathways and substrates, it is important to address questions regarding
their synthesis and function using appropriate biological models. Here
we provide a broad overview of the similarities and differences of
synthesis and regulation of PUFAs and oxylipins in mammals and
compare it to a facile model host, C. elegans. Previous studies have re-
ported that C. elegans share evolutionarily conserved fatty acid bio-
synthesis pathway with mammals, thus it enables manipulations in
order to understand fatty acid synthesis in mammals, since vertebrate
models are more difficult to manipulate. Next, we explore the functions
of PUFAs and oxylipins in both mammals and C. elegans. Since C. elegans
share lipid metabolism pathways with mammals, understanding the
functions of C. elegans PUFAs and oxylipins will potentially assist in
linking the functions of PUFAs and oxylipins in C. elegans to those in
mammals.

2. Oxylipin synthesis in mammals

Depending on the double bond (n) position in close proximity to the
methyl end of the fatty acid chain, PUFAs can be categorised as either
omega-3 (n-3) or omega-6 (n-6) fatty acids [35]. In mammals, n-3 and
n-6 PUFA families that are 18-carbon and longer cannot be synthesized
de novo, thus produced from the dietary essential fatty acids [a-lino-
lenic acid (ALA; 18:3n-3) and linoleic acid (LA; 18:2n-6)], through a
chain of desaturation and elongation reactions that are catalysed by
various desaturase and elongase enzymes [18,35-37,2]. Thereafter,
C20-PUFAs can synthesize oxylipins via mono- or dioxygen-dependent
reactions, with eicosanoids produced from AA, being the most pre-
dominant oxylipin. This AA can be synthesized from LA, which is
mostly found in vegetable oils or directly accessible from dairy and
meat products (Fig. 1) [38,39,2]. Oxylipins can also be synthesized
from other PUFAs, commonly octadecanoids formed from LA and ALA,
eicosanoids formed from DGLA and EPA, and also docosanoids formed
from adrenic acid (AdA; 22:4n-6) and docosahexaenoic acid (DHA;
22:6n-3) [13,18,36,2]. For instance EPA and DHA can be synthesized
from dietary ALA (mostly abundant in walnuts and leafy green vege-
tables), however, this conversion is very limited in mammals [40-42].
Moreover, the biosynthesis pathway is regulated by highly polymorphic
desaturase and elongase genes, and also controlled by sex hormones,
which results into large interindividual differences in the efficiencies of
ALA synthesizing EPA and DHA [40,42]. Furthermore, at all steps of
this pathway, n-6 and n-3 PUFAs are known to largely compete for
desaturation and elongation. Thus, the most predictable and efficient
way to supply the demand for EPA and DHA is to directly supplement
them with these long-chain n-3 PUFAs.

Oxylipin synthesis begins with cell activation, resulting into the
liberation of the PUFAs precursors in the phospholipids membrane sn-2
position by cytosolic phospholipase A, (cPLA,) (Fig. 2) [43-45]. These
PUFAs are then metabolized into oxylipins by one of the three path-
ways: cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome
(CYP) P450 pathways [3,9,11,12,46-51]. In cases where the C20-PUFA
is metabolized into oxylipins via COX isoforms (for instance, the con-
stitutive COX-1 or inducible COX-2), and also subject to terminal syn-
thases, the end products produced are usually prostacyclin, thrombox-
anes (TXs) and prostaglandins (PGs), collectively termed prostanoids
(Fig. 2) [3,9,10,49,51]. For example, the COX can convert various
PUFAs, such as DGLA, EPA, AA, and AdA into 1-, 2-, 3- and dihomo-2-
series prostanoids, such as prostaglandin D; (PGD,), PGD,, PGD3, and
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Fig. 1. Long-chain n-6 and n-3 polyunsaturated fatty acids (PUFAs) biosynth-
esis pathway in mammals. Linoleic acid (LA; 18:2n-6) serve as a precursor of
arachidonic acid (AA; 20:4n-6) and adrenic acid (AdA; 22:4n-6), while a-
Linolenic acid (ALA; 18:3n-3) may serve as a precursor of eicosapentaenoic acid
(EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3). The biosynthesis
pathway is regulated by highly polymorphic desaturase and elongase enzymes
as indicated with arrows.

dihomo-PGD,, [9,11,52]. Moreover, COX can also form certain hydroxy
fatty acids, for example 9-hydroxy-octadecadienoic acid (9 —HODE)
from LA, 11-hydroxy-eicosatetraenoic acid (11-HETE) from AA, and 13-
hydroxy-docosahexaenoic acid (13-HDoHE) from DHA [53,54]. While
in the second pathway, lipoxygenases (LOXs) catalyse the synthesis of
most hydroxy fatty acids and their metabolites, such as leukotrienes,
resolvins, lipoxins, protectins, hepoxilins, maresins, and eoxins (Fig. 2)
[9,10]. When PUFAs are subjected to LOX oxygenation, they can form a
wide range of mono- and polyhydroxy fatty acids, for instance, AA
forms leukotrienes (LTs), lipoxins (LXs) and hydroxy eicosatetraenoic
acids (HETEs), while EPA forms E-series resolvins (RvEs) and hydroxy
eicosapentaenoic acids (HEPEs). On the other hand, DHA forms various
docosanoids, including p-series resolvins (RvDs), protectins (PDs), hy-
droxy-docosahexaenoic acids (HDHAs) and maresins, while LA pro-
duces octadecanoids [e.g. hydroxy octadecadienoic acids (HODEs)],
and DGLA produces hydroxy eicosatrienoic acids (HETTE’s)
[9,10,55-58,2]. Interestingly, as LOX activities oxygenate AA, they can
be defined by their positional selectivity, for example as 5-LOX, 8-LOX,
12-LOX, and 15-LOX. An example of this is the 5-LOX activity which
forms 5-hydroperoxy-eicosatetraenoic acid (5-HpETE) and 5-hydro-
xyeicosatetraenoic acids (5-HETE) from AA. Moreover, hydroxy fatty
acids (5-HETE), formed through LOX, can further be metabolized to
their dihydroxy derivatives [e.g., 5,15-dihydroxy-eicosatetraenoic acid
(5,15-DiHETE)] or keto [(e.g., oxo-eicosatetraenoic acid (oxo-ETE)].
When 5-lipoxygenase activating protein activates 5-LOX, it forms leu-
kotrienes, such as leukotriene B4, and the cysteinyl leukotrienes [59].
Interestingly, combinations of sequential activities of LOX, which in-
cludes epoxygenase and hydrolase activities, are known to produce di-
and tri-hydroxy fatty acids, such as resolvins, lipoxins, maresins and
protectins [9,55,60]. While hepoxilins are produced from 12-hydro-
peroxy-eicosatetraenoic acid (12-HpETE), and eoxins are produced
from 15-hydroperoxy-eicosatetraenoic acid (15-HpETE) [9,61,62]. An
additional pathway that converts PUFA metabolism to oxylipins is
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Fig. 2. Eicosanoids biosynthesis pathway. Stimulus triggers phospholipase A, (PLA;) to translocate to intracellular membranes, where PLA; cleaves and releases
arachidonic acid (AA). Cyclooxygenase enzymes (COX) catalyses AA to form prostacyclin, thromboxanes (TXs) and prostaglandins (PGs), collectively termed
prostanoids. For prostaglandin synthesis, COX create the cyclic intermediate prostaglandin H, (PGH,), which can further be synthesized into a series of pros-
taglandins [(prostaglandin D, (PGD,), prostaglandin E, (PGE,) prostaglandin I, (PGI,) and prostaglandin F,, (PGF,.)] through the activity of synthase enzyme.
Alternately, AA can either be processed by lipoxygenase 5 (5-LOX) for synthesis of leukotrienes (LTs), lipoxins (LXs) and hydroxy eicosatetraenoic acids (HETES), or
processed by cytochromes P450 (CYP450) enzymes to form other linear oxygenated fatty acids through either epoxygenase or hydroxylase activity. For instance,
epoxygenase activity produces epoxy-eicosatrienoic acids (EETs), while hydroxylase activity produces HETEs. These eicosanoids are then exported from the cell out
and activates G-protein coupled receptors (GPCRs) on nearby cells or mediate their own effects.

catalysed by a wide range of cytochrome (CYP) P450 enzymes that can
have either epoxygenase or w-hydroxylase activity (Fig. 2) [9-12]. For
example, CYP450 can convert AA, EPA, and DHA into epoxy-eicosate-
traenoic acid (EpETE), epoxy-eicosatrienoic acid (EpETrE), and epoxy-
docosapentaenoic acid (EpDPE or EDP) via epoxygenase activity, and
also into HETE, HDoHE and hydroxy-eicosapentaenoic acid (HEPE) via
w-hydroxylase activity [9]. Furthermore, these epoxygenase products
can be rapidly metabolized via soluble epoxide hydrolase (sEH) to
produce dihydroxy fatty acids such as dihydroxy-eicosatrienoic acid
(DiHETTE), dihydroxy-docosapentaenoic acid and DiHETE [9].

3. Oxylipin functions in mammals

Oxylipins display a broad range of functions, whereby majority are
still being discovered. Fascinatedly, oxylipins derived from different
substrate of PUFAs and from different pathways, can either possess si-
milar or opposing effects, thus important to fully identify the overall
oxylipin profile, for a proper understanding of their overall biological
effects [13]. As stated above, in mammals, n-6 PUFAs, such as AA
produce eicosanoids via the action of LOX and COX enzymes [11,63].
Therefore, these eicosanoids can either exert stimulatory or inhibitory
influence, moreover they can have profound effects on numerous as-
pects of mammalian physiology. Their wide range of functions includes
tissue repair, apoptosis, cell proliferation, pain, inflammation, blood
clotting, blood vessel permeability, blood pressure regulation and im-
mune actions [3,8,18,43]. In addition, eicosanoids, such as leukotrienes
and prostaglandins, are known as pro-inflammatory mediators that play
an important role as primary containments of an infection, and also for
the recruitment of immune cells, including phagocytes, to a site of in-
fection, while the n-3 fatty acids EPA demonstrate strong anti-in-
flammatory effects, and can influence the response of T cell to infection
[64,65]. Moreover, due to humans lacking the ability to synthesize the

17| Page

long-chain PUFAs, which act as precursors of eicosanoids, they have
become an integral part of their diet. Thus consuming food rich in
PUFAs is associated with various health benefits, such as improved
metabolism, longevity and function [18,66]. For instance, it has been
suggested that n-3 PUFAs found in fish and other enriched food pro-
ducts can assist in the prevention of vascular dysfunction by decreasing
vasoconstrictors [67]. Furthermore, in the cardiovascular system, n-3
EPA and DHA, have been demonstrated to have antithrombotic, anti-
inflammatory and anti-arrhythmic properties [18,68]. However, a
consensus view is still emerging regarding the precise targets and me-
chanisms by which majority of n-3 PUFAs exert their physiological
functions in mammals. Some studies have shown that dietary fatty acids
and eicosanoids can also bind nuclear receptors, including peroxisome
proliferator activated receptor c, that function by modulating activation
of T cells, NK cells and dendritic cells [69,70]. Furthermore, in mam-
mals, oxylipins serve as second messengers of several growth factors,
hormones, and cytokines that are important for regulation of cardiac,
vascular, and renal function [63]. On the other hand, imbalances in
CYP-eicosanoid production are mostly associated to the development of
inflammatory disorders, cardiovascular disease, and cancer [63].

4. PUFA synthesis in C. elegans

In mammals, lipid signalling has become very complex and fine-
tuned with diverse lipids possessing multiple functions in different
organ systems, thus complicating our understanding of fatty acid sig-
nalling during most biological processes, including development and
reproduction. Simple invertebrate model Caenorhabditis elegans has
become ideal for discovering new functions and regulation of lipid
metabolism due to its simple anatomy, and also wide range of mole-
cular, forward and reverse genetic and whole organism tools [71,72,2].
Unlike humans that store lipids in dedicated adipose tissue, C. elegans
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use intestinal and hypodermal cells to store lipids, however most as-
pects of lipid metabolism regulation are closely related to humans [73].
Despite these differences [74], identified many genes in an RNAi screen
that altered fat storage, which includes homologues that play a role in
mammalian fat metabolism. In addition, many pathways like insulin-
signalling pathways are able to regulate fat storage not only in mam-
mals but also nematodes [75,23].

Caenorhabditis elegans can directly absorb and incorporate dietary
fats, and this enables researchers to modify the composition of fatty
acids of live nematodes [21,2]. These fatty acids may also be modified
by elongation and/or desaturation [21,2]. Moreover, the nematode can
inherit fatty acids by maternal inheritance as well as synthesize a wide
range of fatty acids de novo [76,2]. In mammals, acyl transferase en-
zymes prefers monounsaturated fatty acids (MUFAs), like oleic acid
(OA; 18:1n-9) as substrate to synthesize triglyceride fatty acids [77].
However, in C. elegans, triglycerides mainly consist of dietary fatty acids
obtained from Escherichia coli [77]. Similar to mammals, C. elegans
possesses acetyl CoA carboxylase and fatty acid synthase, functioning as
key enzymes for fatty acid biosynthesis [19,78]. At present several
enzymes are shown to have a significant function during PUFA bio-
synthesis in C. elegans, such as seven fatty acid desaturase enzymes (fat-
1 to fat-7), one 3-ketoacyl-CoA reductase (let-767) and fatty acid
elongases (elo-1 and elo-2) (Fig. 3) ([21,22,27,79,80,2,24]. For instance,
elongation is procured by specific elongase enzymes encoded by the elo
genes (elo-1, elo-2, elo-5 and elo-6) which facilitates the elongation of
both saturated and unsaturated fatty acids [23]. Moreover, the nema-
tode has genes for protein products mediating the endogenous synthesis
of n-3 long-chain PUFAs, including fat-1 gene, encoding n-3 desaturase
(A15 desaturase) that converts n-6 LA and y-linolenic acid (GLA; 18:3n-
6) to n-3 ALA and stearidonic acid (SDA; 18:4n-3) [22]. Another unique
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fatty acid biosynthesis gene in C. elegans is fat-2, encoding the A12
enzyme, which facilitates the biosynthesis of n-6 LA from its substrate,
n-9 OA [81,82]. The other genes, like fat-3 gene, encoding A6 desa-
turase and fat-4 gene encoding A5 desaturase, are involved in the bio-
synthesis of C20-PUFAs. As in mammals, C. elegans also possess A9 fatty
acid desaturases, encoded by the three genes, fat-5, fat-6 and fat-7,
which produce MUFAs from saturated fatty acids (SFA) [21]. The FAT-5
desaturase particularly acts on palmitic acid (PAL; 16:0) producing
palmitoleic acid (POA; 16:1n-7), which can further be elongated to cis-
vaccenic acid (cVA; 18:1n-7) [83]. The FAT-6 and FAT-7 desaturases
act on stearic acid (STE; 18:0) synthesizing OA [83]. Unlike in mam-
mals, OA can further be desaturated and elongated to produce PUFAs in
C. elegans, thus accumulated in a small degree in membranes of C.
elegans and neutral lipids, despite it being a significant component
found in mammalian membranes [37].

Briefly, the unsaturated fatty acid synthesis pathway in C. elegans
begins with a precursor, PAL, which is either synthesized by acetyl CoA
carboxylase and fatty acid synthase de novo or obtained from the E. coli
diet [77,84]. Thereafter, PAL is catalysed by FAT-5 A9 fatty acid de-
saturase to form POA (Fig. 3) [21,24]. Then POA is elongated to cVA,
which is the most abundant fatty acid in phospholipids and triglycer-
ides [85]. The PAL can also be elongated to STE, the substrate for FAT-6
and FAT-7 desaturation to OA by A9 fatty acid desaturase [21,24]. Both
cVA and OA are 18-carbon MUFAs, however they are metabolized
differently in the nematode [21,22,86]. For instance, OA acts as a
precursor and is catalysed by FAT-2 A12 desaturase to form LA, how-
ever, FAT-2 does not act on cVA [16,19,81]. The LA formed by FAT-2 is
converted to ALA by FAT-1 A-15 desaturase or FAT-3, this is a step not
found in mammals (Fig. 3) [19,21,22,86]. The A6 desaturation pro-
vided by FAT-3 is required for elongation of 18-carbon PUFAs to C20-
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Fig. 3. A general polyunsaturated fatty acids biosynthesis pathway. Mammalian enzymes are drawn by solid black reaction arrows. Although this is a conserved
pathway for both mammals and C. elegans, the nematode possess A12 and omega-3 desaturase enzymes that are solid red arrows. Interestingly, unlike mammals, C.
elegans do not synthesize the 22 carbon PUFAs. Abbreviations: AA, arachidonic acid; ACC, acetyl-CoA carboxylase; ACP, acyl carrier proteins; Ada, docosatetraenoic
acid; ALA, a-linolenic acid; cVA, cis-vaccenic acid; DGLA, dihomo-y-linolenic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; ETA, eicosatetraenoic
acid; FAS, fatty acid synthase; GLA, y-linolenic acid; LA, linolenic acid; OL, oleic acid; PAL, palmitic acid; POA, palmitoleic acid; SDA, stearidonic acid; STE, stearic

acid; THA, tetracosahexaenoic acid (nisinic acid), TPA, tetracosapentaenoic acid.
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PUFAs AA by ELO-1 and ELO-2 [21]. Both FAT-1 and FAT-4 modify the
C20-PUFAs to produce EPA, respectively [21]. However, C. elegans does
not possess a certain elongase activity required to form 22-carbon
PUFAs (Watts; 2016). Therefore, the C. elegans fatty acid biosynthesis
pathway stops at EPA, being the most predominant PUFA in C. elegans
[21].

In C. elegans, 28 % of fatty acids in the total nematode lipids consists
of C18 and C20 PUFAs [87]. Interestingly, PUFAs are not distributed
evenly in the lipids of nematode, for instance, phosphatidylcholine
consists of relatively high levels of PUFAs (56 % of total fatty acids),
while triacylglycerol storage lipids contain relatively low levels of
PUFAs (9 % of total fatty acids) [87]. The relative fatty acid composi-
tion of EPA is approximately 12.5 % followed by c¢VA with approxi-
mately 9.9 %, STE with about 5.2 % and LA with about 4.6 % of the
total lipids [23]. However, AA levels are about 7-times lower (1.6 % of
total lipids compared) to EPA levels [23]. Hillyard and German [32]
demonstrated that wild-type nematodes grown at 20 °C produce sig-
nificant levels of DGLA (0.097 + 0.027 mg of fatty acids/g of nematode
wet mass = SEM), AA (0.043 = 0.014 mg of fatty acids/g of nematode
wet mass = SEM) and EPA (0.511 + 0.178 mg of fatty acids/g of ne-
matode wet mass + SEM) synthesized only in the presence of active A6
desaturase. However, due to loss of A6 desaturase activity, fat-
3(1g8101) mutants had reduced levels of DGLA, AA and EPA, thus ac-
cumulating ALA and LIN, which are two A6 desaturase substrates [32].
Interestingly, C. elegans does not synthesize DHA, however it can be
utilized [26,32]. Lesa and co-workers (2003) demonstrated that the
supplementation of DHA to fat-3 mutant culture restored locomotion in
mutants to concentrations of wild-type. However, due to the retro-
conversion of DHA into EPA in vivo, the combination of both DHA and
EPA rescued fat-3 mutants fed DHA [26]. Moreover, Lesa and co-
workers (2003) reported that both wild-type and fat-3 mutant nema-
todes convert exogenously fed DHA to EPA. Thus speculated that DHA
may be detrimental for C. elegans to possess in their membranes,
therefore the nematodes use retroconversion of DHA to EPA mechanism
to cope with DHA. In all fat-3 mutant cultures supplemented with DHA,
there was a significant increase in DHA concentrations relative to
control. Interestingly supplementation of DHA or EPA in the fat-3 mu-
tants did not significantly have an effect on the life span of fat-3 mutant.
Moreover, fat-3 mutant cultures supplemented with EPA and DHA re-
vealed that DHA share a similar function to EPA in C. elegans [26]. In
contrast to C. elegans, in mammals EPA can further be elongated to n-3
docosapentaenoic acid (DPA; 22:5n-3) which in turn can be converted
via tetracosapentaenoic acid (TPA; 24:5n-3) to DHA [18,40,42]. These
reactions occur at high rates, for example from EPA to DPA at 63 % and
from DPA to DHA at 37 % [88]. The biosynthesis of EPA in mammals is
synthesized from essential ALA, however, is found in low levels due to
the rate limiting step of ALA desaturation to SDA in combination with
consumption of high dietary LA and low ALA [10]. Therefore this in
turn results in low levels of endogenous EPA in comparison to DHA. For
instance, in wild-type mice on a standard sunflower oil based diet, EPA
levels are < 0.05 % of total fatty acid in most tissues and blood [10].
Furthermore, metabolism by mammalian enzymes results in high re-
lative levels of DHA concentrations (6.8 % of total fatty acid) compared
to EPA (0.16 % of total fatty acid) in liver [10,89].

5. Oxylipins synthesis in C. elegans

The genome of C. elegans contains about 80 intact CYP450 genes
that are assigned 2 to 16 independent families within the CYP super-
family, which could potentially produce hydroxy, epoxy and lipoxin
products from DGLA [90]. However, researchers have been unable to
identify any obvious mammalian orthologs of cyclooxygenases and li-
poxygenases, or of prostanoid and leukotriene receptors in C. elegans
genome [26,91]. Thus far, the enzymatic and biological functions of the
individual CYP isoforms in C. elegans are still largely unknown. Most of
the C. elegans closely related mammalian counterparts are members of
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the CYP2, CYP3, and CYP4 families [33,34,92]. In mammals, CYP2C
and CYP2J enzymes catalyse the epoxidation, while CYP4A and CYP4F
enzymes catalyse the hydroxylation of AA [33,34]. In C. elegans, eico-
sanoids are produced from PUFAs by CYP enzymes using two different
pathways. One pathway uses hydroxylation to convert PUFAs, such as,
AA to HETEs, while the other uses epoxygenase enzyme activity to
produce epoxy-eicosatrienoic acids (EETs) [33]. In comparison to
mammals, C. elegans produces AA and EPA-derived CYP eicosanoids
mediated by CYP-33E2, CYP-29A3, and EMB-8, the nematode’s
NADPH-CYP reductase (CPR) enzymes [33,92]. For instance, CYP-33E2
prefers the substrate EPA rather than AA, and produces EPA-derived
metabolite, 17, 18-epoxy-eicosatetraenoic (17, 18-EEQ) [34,92]. In-
terestingly, one of the major epoxygenase found in the mammalian
heart, CYP2J2, has been shown to be a closely related CYP-33E2 human
homolog. Moreover, it is presumed that CYP-29A3 contributes to the
formation of hydroxy-metabolite and possesses a homologous sequence
to CYP4 family members of mammals that forms the main AA-derived
metabolite, 20-HETE [33]. Despite the early reports that C. elegans does
not possess COX enzyme homologs responsible for synthesize of pros-
taglandins, recently using mass spectrometry (MS), they have identified
several F-series prostaglandins, that includes prostaglandin F,, (PGF,,)
and PGF,,, stereoisomers in lipid extracts of C. elegans [11,31,92]. These
F-series prostaglandins are synthesized from several C20-PUFA pre-
cursors in the female germline and they function to attract sperm to
oocytes (Fig. 4) [11,30,31]. In addition, a wide range of proteins with
homology to mammalian phospholipases, PG synthases, PG reductases,
PG transporters, and cytochrome P450 s are present in C. elegans
genome [11]. Even though there is no precise mechanism of pros-
taglandin synthesize discovered, it is possible that C. elegans synthesize
prostaglandins via COX-independent pathway [11,31,93-95]. Interest-
ingly, these alternative COX-independent prostaglandin pathway is
likely to be conserved in some mammalian species, due to the discovery
of F-class prostaglandins in COX double knockout mice [19,94,96].
Altogether, the identification of C. elegans receptors for PUFAs and ei-
cosanoids, as well as the identification of specific signal transduction
pathways that regulate PUFA and eicosanoids, will allow for more
mechanistic studies and understanding of lipid signalling in mammals.

6. PUFA function in C. elegans
6.1. Loss-of-function mutation

To understand the function of PUFAs, C. elegans has become a useful
genetic model for evaluating the basic mechanisms that support the
effects of specific PUFAs in a whole organism. This is important because
despite n-6 and n-3 fatty PUFAs being structurally similar, their biolo-
gical roles can be quite divergent. Over the past decades, the im-
portance of PUFAs has been appreciated, since the discovery that n-3
and n-6 PUFAs are highly vital in the diet of mammals particularly for
viability, thus termed essential fatty acids [36,37]. As mentioned ear-
lier, the genome of C. elegans possess single genes that encodes A5, A6,
A12 and n-3 desaturase enzymes, required to synthesis a series of n-3
and n-6 PUFAs. Moreover, there are three genes that particularly en-
codes A9 desaturases, necessary for producing MUFAs from SFA [21].
Mutant strains of C. elegans which lack these functional desaturase
enzymes have been used to study the roles of specific fatty acids in
longevity, reproduction and neurobiology [21,25,27,28]. Particularly,
strains that carry mutations in the desaturase genes found in the early
steps of the C. elegans PUFA biosynthesis pathway, for instance A6 (fat-3
mutants), A9 (fat-6 and fat-7 double mutants) and A12 (fat-2 mutants)
desaturases have a more detrimental effect on the changes of lipid
composition, and also severe phenotypic consequences, such as defects
in growth, movement, and reproduction, compared to strains that carry
mutations in desaturases functioning in the later steps of the pathway,
such as A5 desaturase [21,24,25,27,28]. For instance, A12 desaturase
fat-2 mutants contain enormous amounts of OA while containing only 1
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Fig. 4. Prostaglandin synthesis pathway in mammals and predicted C. elegans pathway. (A) In the COX pathway, phospholipase A, cleaves arachidonic acid (AA)
from the sn-2 position of phospholipids like PI, generating lysoPI species lacking AA. Prostaglandins F,, (PGF,,) is synthesized from free AA by the sequential actions
of COX and prostaglandin F synthase (PGFS). (B) In C. elegans, C20-PUFAs are delivered to oocytes in yolk lipoprotein complexes. Yolk PUFAs are primarily found
esterified to PC and PE, and in free forms. An incompletely understood metabolic Cox-independent pathway in oocytes, shown arbitrarily as steps A, B, and C,
converts yolk lipids into F-series prostaglandins, such as ent-PGF,, (or a co-eluting stereoisomer). Interestingly, C. elegans genome share similar enzyme homologs
with mammals, which synthesize and modify PGs, however no PG G/H synthase is found in C. elegans. Abbreviations: C, choline; C20-PUFAs, 20 carbon poly-
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% of PUFAs, resulting in many defects, including reduced brood size
(~19 %), slow growth and uncoordinated movement, decrease
hatching rate (29 %) and dramatically decreased lipid droplets content
compared to wild-type nematodes [21,25,27,28]. While nematodes
lacking a functional A6 desaturase fat-3 contain carbon-18 PUFAs,
however does not contain C20-PUFAs, thus are unable to synthesize any
fatty acid beyond LA and ALA, and can cause C20-PUFA deficiency.
Therefore leading to deficits in movement, slow growth, reduced brood
size, abnormal body shape, defecation cycle, pharyngeal pumping ac-
tivity, and basal innate immunity [21,25,27,26 demonstrated that the
observed uncoordinated movement in fat-3 mutants may be due to the
depletion of synaptic vesicles and reduced release of neurotransmitter.
Moreover, fat-3 mutants are known to be defective in chemosensation,
touch sensitivity, olfactory adaptation, and adaptation to alcohol
[97-101] showed that the A9 desaturases fat-6 and fat-7 double mu-
tants had a significant reduced turnover of fatty acyl groups, which
function in optimal health span and longevity of the nematodes. In-
terestingly, although the fat-4 and fat-1 mutants contain diverse species
of PUFAs and significantly diverse ratios of n-3 and n-6 species, their
reproduction, growth, and movement are essentially normal [21].

The functions of n-3 and n-6 PUFAs in oocytes and embryo devel-
opment of C. elegans are still in debate. According to previous studies it
was not clear why the fat-1 mutant strain showed no apparent defects in
reproduction even though there was an increase in n-6 PUFAs levels
compared to wild-type nematodes, and also non-detectable n-3 PUFAs,
while fat-2 and fat-3 mutant strains showed reduced brood size and live
progeny [21,25,27,97]. Recent studies revealed that the fat-1 mutant
has a high level of secreted yolk lipoprotein, however the oocyte lipid
content is similar in both the fat-1 mutant and wild-type [102]. More
studies revealed that PUFA overexpression can negatively regulate
DAF-16, promoting the yolk lipid protein expression level in the
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intestine [103], while some suggested that the n-6 PUFAs over-pro-
duction in fat-1 mutant results in the generation of plentiful yolk li-
poprotein, exceeding beyond the uptake limit of oocytes [102].
Therefore, it was concluded that the fat-1 mutant results in accumula-
tion of abnormal yolk lipoprotein in pseudocoelom, however there was
no apparent reproductive defect, thus suggesting that n-3 PUFAs do not
play a critical role in the reproduction process [102]. Interestingly [93],
showed that AA supplementation reduced yolk lipoprotein accumula-
tion in pseudocoelom of fat-2 transgenic nematodes [93]. While in
2003, Watts and co-workers reported that biochemical complementa-
tion with LA (18:3n-6) recovers the defect in reproduction observed in
the fat-3 mutant [25]. Together this findings provides a strong evidence
that n-6 PUFAs, are required for transportation of yolk lipoprotein and
development of oocyte in C. elegans, but not n-3 PUFAs [25,93].
Moreover, using the Caenorhabditis elegans-Pseudomonas aeruginosa
host-pathogen model, it is demonstrated that A6 desaturase is required
for basal innate immunity in vivo, through GLA and SDA, but not AA
and EPA [104]. Furthermore, evidence supported that deficiencies in
GLA and SDA result in increased susceptibility to P. aeruginosa bacterial
infection, which is linked to reduced basal expression of numerous
immune-specific genes encoding antimicrobial peptides [104]. There-
fore, this renders GLA and SDA vital in maintaining basal activity of the
p38 mitogen-activated protein kinase pathway, which functions in
protecting most metazoan animals from various infections, and also
from oxidative stress [104]. Recently, it was demonstrated that oleate is
essential for the activation of innate immune response and resistance to
bacterial infection in a distinctive manner compared to the effects of
GLA and SDA. For instance, exogenous oleate was unable to rescue the
enhanced susceptibility of the fat-3(wa22) mutant to pseudomonal in-
fection [29]. Moreover, the fat-6 and fat-7 seemed to have an effect on
pathogen susceptibility through oleate production, however
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independent of PUFA biosynthesis via fat-2 or fat-3 enzymes [29].
6.2. Dietary supplementation

Interestingly, most of the above-mentioned deficiency can be res-
cued by dietary supplementation of the missing long-chain PUFAs to the
mutant nematode strains [25,105-109]. According to Watts and Browse
[105], dietary supplementation of the n-6 PUFA DGLA caused sterility,
with DGLA concentration levels approaching approximately 12 % of
total nematode fatty acids. These is mainly related to germ cell death
due to apoptosis, as a result of the production of certain epoxy- and
hydroxyl-toxic metabolites via CYP-33E2 activity [13,19]. Dietary
supplementation of AA also resulted in germ cell death, however at a
higher concentration than DGLA. On the contrary, supplementation
with high amounts of n-3 EPA-rich fish oil consumption and n-6 LA, did
not result in sterility, nor fertility, nor had a minor effect on germline
development although supplemented at higher doses (greater than 35
% accumulation in nematode fatty acids) [105]. However, it resulted in
a shorter lifespan due to oxidative stress resulting in accumulation of
reactive lipid peroxidation products, thus causing damage to cell nu-
cleic acids and proteins. Moreover, administration of fish oil containing
EPA and DHA was able to enhance longevity, although too much intake
of these fish oil shorten the lifespan of C. elegans [110]. Furthermore, Qi
and co-workers (2017) demonstrated that ALA is capable of increasing
the lifespan of C. elegans through NHR-49/PPARa activation and tran-
scription factors of SKN-1/Nrf2. Another function of ALA is that it plays
a physiologic role in the effects of germ line signalling on aging of
nematodes [111]. These effects were observed through loss of germ line
stem cells which resulted in an increase in fat synthesis with ALA as one
of the fatty acids showing enhanced production [111].

Dietary supplementation of DGLA and AA in nematode culture
media resulted in starvation resistance and also prolonged lifespan of
nematodes [106-108]. Similarly, dietary supplementation with GLA
can also increase nematode lifespan in a dose-dependent manner [112].
Furthermore, oxidized GLA generates oxylipins, including 9S-hydro-
peroxy-10E,12Z,15Z-octadecatrienoic acid which further results in an
increase in longevity of GLA-treated nematodes [112]. Recently, Chen
and co-workers (2019) demonstrated that apart from GLA and AA,
other unsaturated fatty acids, such as OA, LA, and DGLA, excluding
EPA, were able to restore the autophagy activities in fat-7(wa36) mu-
tants. A similar observation was reported in wild-type C. elegans and
mammalian cells, whereby dietary supplementation with DGLA and
AA, but not with EPA, were able to activate autophagy [106,108].
Previously, two studies reported that at normal temperature, nematodes
overexpressing nhr-49 and the gain-of-function nhr-49(et7) mutants
readily showed increased lifespan [113,114]. In addition [109], dis-
covered that at low temperature, genetic inactivation of fat-7, nhr-49
and paqr-2 significantly reduced lifespan. However, at low temperature,
supplementation of GLA and AA fully restored the lifespan in fat-
7(wa36) mutant, but partially rescued the short lifespan in nhr-
49(nr2041) and paqr-2(tm3410) mutants compared to wild-type ne-
matodes [109]. Thus, at low temperature, the activation of the PAQR-
2/NHR-49/FAT-7 signalling, which plays role in the adaptation to low
temperature in larva, is involved in prolonged lifespan in adult nema-
todes [109]. Moreover, supplementation with MUFAs, OA, POA, or cVA
is also sufficient to extend lifespan of C. elegans [106,108,115]. Fasci-
natedly, the inability of C. elegans mutant strains to synthesize C20-
PUFAs can also result in impaired locomotion activity under normoxic
conditions, and also where there is lack of the oxygen response [108].
However, long-term feeding with AA or EPA specifically rescued this
impaired locomotion behaviour [108]. Moreover, C20-PUFAs also play
arole in the touch sensation of C. elegans [100]. In contrast to impaired
locomotion, only AA can rescue this phenotype [100]. Therefore it was
concluded that C20-PUFAs modulate touch sensation whereas EPA- and
AA-derived metabolites, rather than the parental C20-PUFAs them-
selves, regulate the locomotion activity of the C. elegans [100].
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7. Oxylipin function in C. elegans
7.1. Guidance of sperm

Prostaglandins are known to be important for reproduction, how-
ever their regulatory mechanisms and functions are not well understood
[3]. For instance, according to in vitro studies, prostaglandins can use
the CatSper channel to induce Ca®* influx into the sperm of a human
[116,117]. But, the detailed biological function of this mechanism re-
mains unclear, due to the difficulty of monitoring the behaviour of
sperm in the reproductive tract of a female. However, to aid to the
rescue, studies showed that C. elegans can be used to describe the me-
chanisms that function in guiding the sperm to maturing oocytes
[30,31,93,105,118]. These authors discovered that C. elegans oocytes
produce an important PUFA derived signal that recruits sperm for fer-
tilization [30,31,93,105,118]. Follow up studies showed that these
PUFAs, including AA and EPA, are synthesized in the intestine and
transported to oocytes to be converted into F-series prostaglandins to
guide the sperm under the regulation of the insulin signalling in the
intestine and TGF-B pathway in sensory neurons, thus to completely
control output of reproduction [30,31,93,94]. Fascinatedly, both sig-
nalling pathways responds when conditions are favourable such as
during food availability. However during food scarcity, there is reduc-
tion in the biosynthesis of prostaglandin, thus leading to reduced ef-
fectiveness of sperm localizing the fertilization site, eventually de-
creasing the rate of fertilization. The mechanism for this regulation is as
follows: in the intestine, there is a conversion of dietary fats to PUFAs,
which are then incorporated into complexes of yolk lipoprotein (Fig. 5)
[30]. Thereafter the yolk is secreted into the nematode pseudocoelom,
were it flows straight to the gonad. As it reaches the gonad, it becomes
endocytosed into oocytes by low-density lipoprotein receptor called
receptor-mediated endocytosis 2 (RME-2) [119]. In the oocytes, the
yolk provides C20-PUFAs that are in turn converted into about ten F-
series prostaglandins that are structurally related and includes PGF,
and PGFy, stereoisomers [30,31]. These prostaglandins function col-
lectively to promote the guidance of sperm to the site of fertilization,
thus rendering the signalling of PUFAs important in oocytes for the
recruitment of sperm to the spermatheca [31,120].

7.2. Pharyngeal pumping activity

As mentioned above, C. elegans CYP enzymes produce eicosanoids
from PUFAs by way of two pathways. One pathway uses hydroxylation
to convert PUFAs such as AA to HETEs, and another uses epoxygenase
activity to generate EETs. [34] demonstrated that eicosanoid signalling
can also function in pharyngeal cells, where it helps in the regulation of
muscle contractions that are important for digestion. They also ob-
served that one CYP isoform, CYP33E2, known to induce production of
EET and HETE molecules in mammals, also functions in C. elegans. This
CYP33E2 is one of the genes normally expressed in nematode pharynx
(the organ responsible for rhythmically contraction to grind E. coli for
digestion), however there can be a significant reduction in the phar-
yngeal contractions when the gene encoding CYP33E2 is deleted
[34,121]. Moreover, this observed phenotype is shared by mutant ne-
matodes of fat-2 and fat-3, therefore supplying more evidence to the
hypothesis that modulation of pharyngeal activity is via AA- and/or
EPA-derived CYP eicosanoids [34,121]. Interestingly, majority of these
impairments are mostly functional and not developmental, and can
further be rescued by feeding AA and/or EPA to the mutant nematodes
[21,26,104]. In addition, similarly, the short-term treatment with the
most abundant C. elegans CYP eicosanoid, 17, 18-EEQ, was as effective
in rescuing the nematode mutant strains as to long-term long-chain
PUFA supplementation. In contrast, treatment of mutant nematodes
with 20-HETE caused a decrease in pumping frequencies [121].
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8. Conclusions and future research

The field of lipid biology in mammals is very much in its infancy,
however one emerging theme discussed in this review is that lipid
signalling seems to be vital in mammals, and often share functionally
relevant lipid biosynthesis pathways with simple invertebrates. Thus, C
elegans, one of the most attractive and popular genetic model organism,
is used to address questions and advance our understanding of the
multiple physiological functions of PUFAs and oxylipins in several
complex biological processes. For instance, due to simple physiology
and genetic analysis of C. elegans, it has shown to be a useful model for
studies of PUFA and oxylipin functions, particularly in development,
reproduction, and longevity, since vertebrate models are more ex-
pensive, difficult and time consuming to manipulate [19]. Thus, as
discussed in the review, studies performed in C. elegans regarding the
functions of PUFAs and oxylipins clearly demonstrate their roles in slow
growth, abnormal body shape, reduced brood size, movement, phar-
yngeal pumping activity, reproduction and defecation cycle. While it
appears that many functions of C20 n-3 and n-6 PUFAs are redundant,
many examples of specific functions for DGLA, AA and EPA are be-
ginning to emerge [106,99,108,109,121]. For instance, AA is thought to
be the most significant n-6 PUFA that is required as a constituent of
membrane phospholipids, moreover it can act as a precursor for the
biosynthesis of n-6 eicosanoids family [44,45]. Furthermore, it is ob-
served that strains containing mutations in genes of the fatty acid de-
saturation pathway facilitate functional studies of PUFAs, since fatty
acid composition can be manipulated both through dietary supple-
mentation and genetic modifications [21,26,104,122,106,108,112].
Substantial evidence exists revealing the opposing effects of n-6 and n-3
PUFAs during the regulation of inflammation, with eicosanoids syn-
thesized from n-6 PUFAs possessing pro-inflammatory effects, while
those synthesized from n-3 PUFAs possess anti-inflammatory effects
[14-17,2]. Interestingly, C. elegans have no clear mammalian COX
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enzyme homolog that synthesis prostaglandins, instead, it possess an
alternative Cox-independent prostaglandin synthesis pathway that ex-
cludes the intermediates of prostaglandin-D or -E [31].

For future research, since thus far little is known about the effects of
fatty acid-derived signals, more studies on lipid signalling in simple
biological model systems will promote understanding of the regulation
of lipid signalling pathways and their effects in biological processes.
Moreover, improved metabolomic tools will assist in the discovery and
identification of additional PUFA-derived signalling molecules in C.
elegans. Thus far, studies on lipid signalling revealed that CYP eicosa-
noids play vital roles in the regulation of cardiac, renal and vascular
function in mammals. Expectantly newly emerging fields may include
the functions of CYP eicosanoids in the mammalian liver, lungs and
gastrointestinal tract, however this investigations will be limited in
simple invertebrate models like C. elegans, since it lack some of these
essential mammalian organs. This limitation is arbitrary and partially
reveals that the currently available knowledge on the biosynthesis and
functions of CYP eicosanoid is relatively limited and further studies are
still required. Recent research show that the CYP eicosanoid pathway is
mostly susceptible to changes in composition of dietary fatty acid. Thus,
a better understanding of the connection between CYP eicosanoids and
PUFA may provide insight into the complex mechanisms that link
dietary fatty acids to many biological processes. Thus, future studies
promise to reveal important biological processes that depend on fatty
acid signalling.
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