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ARTICLE INFO ABSTRACT

Keywords: The rise of obesity in humans is a major health concern of our times, affecting an increasing proportion of the
Obesogens population worldwide. It is now evident that this phenomenon is not only associated with the lack of exercise
Endocrine disruption and a balanced diet, but also due to environmental factors, such as exposure to environmental chemicals that
Evolution interfere with lipid homeostasis. These chemicals, also known as obesogens, are present in a wide range of

Nuclear receptor
Lipid metabolism
Aquatic animals

products of our daily life, such as cosmetics, paints, plastics, food cans and pesticide-treated food, among others.
A growing body of evidences indicates that their action is not limited to mammals. Obesogens also end up in the
aquatic environment, potentially affecting its ecosystems. In fact, reports show that some environmental che-
micals are able to alter lipid homeostasis, impacting weight, lipid profile, signaling pathways and/or protein
activity, of several taxa of aquatic animals. Such perturbations may give rise to physiological disorders and
disease. Although largely unexplored from a comparative perspective, the key molecular components implicated
in lipid homeostasis have likely appeared early in animal evolution. Therefore, it is not surprising that the
obesogen effects are found in other animal groups beyond mammals. Collectively, data indicates that suspected
obesogens impact lipid metabolism across phyla that have diverged over 600 million years ago. Thus, a consistent
link between environmental chemical exposure and the obesity epidemic has emerged. This review aims to
summarize the available information on the effects of putative obesogens in aquatic organisms, considering the
similarities and differences of lipid homeostasis pathways among metazoans, thus contributing to a better un-
derstanding of the etiology of obesity in human populations. Finally, we identify the knowledge gaps in this field
and we set future research priorities.

1. Introduction and wildlife populations, suggesting a relationship between both events
(Bergman et al., 2013; Diamanti-Kandarakis et al., 2009; Griin and

1.1. Endocrine disruption Blumberg, 2006; Kabir et al., 2015). The number of studies supporting
this hypothesis is growing and it is now established that several of these

The steep increase of chemical production and use since the 1940s chemicals have endocrine disrupting properties (Bergman et al., 2013).
coincides with the rise of several endocrine-related disorders in humans Endocrine disrupting chemicals (EDC) interfere with the normal
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function of the endocrine system by mimicking, blocking and/or al-
tering hormone roles and metabolism (Diamanti-Kandarakis et al.,
2009; Kabir et al., 2015; Schug et al., 2011). Although more than 1300
chemicals have been identified to potentially interfere with hormonal
metabolism, very few have been screened for their capacity to cause
endocrine effects in vivo (Bergman et al., 2013; “TEDX The Endocrine
Disrupting Exchange,” 2017).

This vast number of compounds identified as EDCs have distinct
chemical structures, proprieties and applications. Some of these com-
pounds are used as synthetic hormones (e.g. ethynilestradiol), plastics (e.g.
bisphenol A (BPA), phthalates), pesticides and fungicides (e.g.: organotins,
methoxychlor, chlorpyrifos, dichlorodiphenyltrichloroethane (DDT), vin-
clozolin), solvents (e.g.: polychlorinated biphenyls (PCBs), poly-
brominated biphenyls (PBBs), dioxins), pharmaceutical agents (e.g. thia-
zolidinediones, atypical anti-psychotics, antihistamines, antidepressants)
and personal care products (e.g. triclosan). Besides synthetic chemicals,
some natural compounds are also known EDCs (e.g. phytoestrogens, in-
cluding genistein and coumestrol) (Castro and Santos, 2014; Kabir et al.,
2015; Schug et al., 2016). Several of these compounds can undergo
bioaccumulation and biomagnification through the food-chain, being
persistent in the environment. In contrast, others are easily degraded but
their continuous release into the environment still makes them a cause of
concern (Bergman et al., 2013; Diamanti-Kandarakis et al., 2009; Kabir
et al., 2015) (See Fig. 1).

The effects of different EDCs in non-target organisms have been well
documented (Ferreira et al., 2009; Liu et al., 2014; Melvin, 2016;
Rodrigues et al., 2006; Schug et al., 2016). Two well-known examples
targeting the reproductive system are organotins that cause imposex in
gastropods mollusks (a condition characterized by the development of
male secondary sexual characteristics in females) (Abidli et al., 2009;
Lima et al., 2011; Pascoal et al., 2013), and ethinylestradiol that alters
the fecundity and sex ratio of fish (Runnalls et al., 2015; Soares et al.,
2009). Alterations in gene and protein expression, as well as physio-
logical and behavioral changes are also observed frequently as a con-
sequence of EDC exposure (Brander, 2013; Sarria et al., 2013). More
recently, evidences emerged regarding disruption in lipid homeostasis
by EDCs. Since lipid metabolism dysregulation is related with several
important diseases in the human population, the mode of action of
these compounds - also known as obesogens- is now under strong scru-
tiny (Castro and Santos, 2014; De Cock and Van de Bor, 2014;
Diamanti-Kandarakis et al., 2009; Griin and Blumberg, 2006; Ouadah-
Boussouf and Babin, 2016; Santos et al., 2012). These compounds can
increase the number of fat cells and/or the amount of fat stored in each
cell by altering the pathways of energy metabolism and food intake

Aquatic

environment

shipping activity

Environment International 106 (2017) 153-169

(Holtcamp, 2012; Janesick and Blumberg, 2011). Several mechanisms
of action have been suggested, including epigenetic changes that will be
inherited by the future generations (Holtcamp, 2012). However, only a
small portion of chemicals has been tested so far for their potential to
disrupt lipid homeostasis and a considerable amount of those fall in the
obesogens category, such as organotins, BPA, perfluorooctanoic acid
(PFOA), phthalates and some pharmaceuticals (Basi¢ et al., 2012;
Bergman et al., 2013; Legler et al., 2015).

1.2. Lipid homeostasis

Lipid homeostasis is vital for the normal development, maintenance
and reproduction of metazoans, given their transversal involvement in
a great variety of metabolic processes, such as energy storage, mem-
brane composition, as intracellular signaling molecules, enzyme co-
factors and several others (Birsoy et al., 2013). In vertebrates, lipid
metabolism is tightly regulated so that the organism can meet its
physiological needs (Castro et al., 2016; Mello, 2010; Santos et al.,
2012) (see Fig. 2). This metabolic regulation involves three major forms
(Desvergne et al., 2006):

a. Allosteric control of enzyme activity along a metabolic pathway
through the binding of an activator (for example, the enzyme-sub-
strate);

b. Post-translational modifications, which activate/deactivate the en-
zyme;

One example is the phosphorylation/dephosphorylation of Acetyl
CoA Carboxylase (ACC). Low glucose levels cause the depho-
sphorylation of ACC down-regulating the fatty acid synthesis, while
high glucose levels cause the opposite response. This regulation is es-
sential in the balance between (-oxidation and fatty acid (FA) synthesis.
(Berg et al., 2002; Nelson et al., 2005).

c. Transcriptional regulation;

This regulation of lipid metabolism occurs through the action of
several transcription factors, including nuclear receptors (NRs), sterol
regulatory element-binding proteins (SREBPs) and CCAAT/enhancer
binding proteins (C/EBPs) (Desvergne et al., 2006). The transcription
factors can up or down-regulate the transcription of specific genes and
protein synthesis (Lempradl et al., 2015; Lyssimachou et al., 2015). NRs
include peroxisome proliferator-activated receptors (PPARs), pregnane
X receptor (PXR), liver X receptor (LXR), farnesoid X receptor (FXR), all

Fig. 1. Schematic illustration of EDCs input in the
aquatic environment (lakes, rivers and sea)
(modified from Pait and Nelson, 2002; Sumpter,
2005).
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Fig. 2. Schematic representation of three key pathways involved in human lipid metabolism highlighting the involvement of Nuclear Receptors (PPARc ®;PPARP @; LXR @). Fatty acid
synthesis — acetyl CoA carboxylase (ACC) catalyses the synthesis of malonyl-CoA from acetyl CoA,; fatty acid synthetase (FAS) uses malonyl-CoA, acetyl CoA and NADPH to synthetize
saturated fatty acids. Fatty acid catabolism — acyl-CoA synthetase (ACS) catalyse the formation of fatty acyl-CoA from fatty acids and coenzyme A (CoA); carnitine palmitoyltransferase 1
and 2 (CPTI and CPT II) transport the fatty acyl-CoA across the mitochondrial membrane; the fatty acyl-CoA is degraded in the B-oxidation pathway producing acyl-CoA; acyl-CoA is the
used in the citric acid cycle (TCA) to produce ATP. Cholesterol synthesis -Hydroxymethylglutaryl-Coenzyme A synthase (HMGCS) and Hydroxymethylglutaryl-Coenzyme A reductase
(HMGCR) uses acetyl-CoA and acetoacetyl-CoA to produce Mevalonate; Mevalonate is transformed in isopentenyl pyrophosphate (IPP) through the enzyme diphosphomevalonate
decarboxylase (MVD); Farnesyl diphosphate synthase (FDPS) transforms IPP in squalene; squalene is transformed in Cholestrol by squalene epoxidase (SE) and lanosterol synthase (LSS)
(Based on (Alaynick, 2008; Berkenstam and Gustafsson, 2005; Birsoy et al., 2013; Desvergne et al., 2006; Mello, 2010; Shi and Burn, 2004).

heterodimeric partners of retinoid X receptor (RXR), among others. The
PPARs are crucial in the regulation of fat storage and FA p-oxidation.
Mammals display three different PPAR genes: PPARa regulates en-
zymes involved in the up-take of fatty acids, fatty acid esterification and
B-oxidation; PPARf regulates FA oxidation in the muscles and PPARy
regulates and is essential for adipogenesis. In vertebrates, in addition to
function as an xenobiotic sensor, PXR is also involved in the regulation
of lipid homeostasis in the liver and in the regulation of PPARy gene
expression (Carazo et al., 2017; Mello, 2010). LXR, FXR and SREBP-2
play a key role in cholesterol homeostasis; LXR regulates the expression
of SREBP-1c (Eberlé et al., 2004), while FXR activates the expression of
PPARa. C/EBPs are involved in adipogenesis and can activate the ex-
pression of PPARy (Nerlov, 2007) and SREBP-1c apart from cholesterol
is also involved in the fatty acid synthesis (Reviewed by Alaynick, 2008;
Berkenstam and Gustafsson, 2005; Desvergne et al., 2006; Mello, 2010).

1.3. Obesogens

Although this research area is relatively recent, several in vitro and
in vivo studies have already shown the effect of obesogens in vertebrates
(Chamorro-Garcia et al., 2013; Griin and Blumberg, 2009a, 2009b). The
differentiation of 3T3-L1 cells in adipocytes is stimulated in the
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presence of several putative obesogenic compounds such as organotins
(Tributyltin (TBT) and Triphenyltin (TPT)) (Pereira-Fernandes et al.,
2013), phthalates (Mono-ethyl-hexyl phthalate (MEHP), mono-benzyl
phthalate and mono-sec-butyl phthalate) (Hurst and Waxman, 2003)
and BPA (Masuno et al., 2005). Several in vivo observations support
these in vitro results. Chamorro-Garcia and co-workers studied the ef-
fect of TBT and Rosiglitazone (Rosi) (a therapeutic drug and PPARy
agonist) throughout 3 generations of C57/6J mice. The parental gen-
eration (FO) was exposed to TBT (5.42, 54.2 and 542 nM) or Rosi
(500 nM), the offsprings (F1) were exposed in utero, F2 was exposed as
germ cells and F3 was not exposed at all. All 3 generations (F1, F2 and
F3) from the TBT parental exposure presented, to some extent, an in-
crease in the white adipocyte tissue (WAT), liver lipids and alteration in
the expression profile of several genes involved in lipid metabolism
(Ppara, Ppary, Lipoprotein Lipase (Lpl), Srebplc, Acyl-CoA Oxidase
(Acox) and Fatty Acid Synthase (Fasn)). Similar results, although less
pronounced, were observed with Rosi for epidydimal and perirenal
WAT. The adipocyte number in F3 remained unchanged while in F1 and
F2 it decreased particularly in epidydimal and perirenal WAT. It is
important to highlight that the observations in F3 animals reveal
transgenerational effects (Chamorro-Garcia et al., 2013).

An increase in the offspring weight were also observed after
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exposure to phthalates (diethyl-hexyl-phthalate) (0.25mg/kg b.w.)
(Hao et al., 2013) and to BPA (70 ug BPA/kg/day) (Somm et al., 2009)
in C57BL/6 mice and Sprague-Dawley rats, respectively. Importantly,
in the last decades an increase in the medium weight has been observed
in several other mammalian species living in the vicinity of human
populations, e.g. macaques, chimpanzees, vervet monkeys, marmosets,
mice, rats, dogs and cats (Klimentidis et al., 2011). This gives further
support to the hypothesis that environmental factors of anthropogenic
origin are likely to contribute to human obesity.

1.4. Interaction with NR

Several EDCs have been reported to interfere with the metabolism
through interaction with NRs and the lipid metabolism is no exception
(Santos et al., 2012). The NRs present two very conserved domains, the
DNA binding domain (DBD) and the ligand biding domain (LBD). The
DBD is responsible for the ligation of the NR to the DNA responsive
element of target genes, while the LBD accommodate the ligand (Evans
and Mangelsdorf, 2014; Mello, 2010; Thornton, 2003). The NRs ligands
are very diverse and normally are small hydrophobic molecules. Al-
though the NRs present specific natural ligands, their relation with the
recent boom of chemicals seems to be promiscuous (Thornton, 2003).
Human and/or mouse PPARs, for example, were reported to interact
with several groups of chemicals that include organotins (Harada et al.,
2015; Hiromori et al., 2009; Kanayama et al., 2005), several phthalates
(Bility et al., 2004; Cocci et al., 2015; Feige et al., 2007; Hurst and
Waxman, 2003; Kanayama et al., 2005; Schlezinger et al., 2004) and
some pesticides (Kanayama et al., 2005; Takeuchi et al., 2006). Other
important NRs implicated in lipid homeostasis have also been reported
to be modulated by EDCs, e.g., human FXR by alkylphenols, BPA and a
phthalate (Butyl benzyl phthalate (BBzP)) (Kanayama et al., 2005), and
LXRa was modulated by alkylphenols and phthalates (Kanayama et al.,
2005; Mozzicafreddo et al., 2015).

Metazoans, commonly known as animals, include a wide variety of
organisms that can be organized into several groups on the basis of their
evolutionary history (see Fig.3) (Jenner, 2007). The key molecular
components implicated in lipid metabolism have likely appeared in the
ancestor of animals, although for the vast majority of animal lineages
functional studies are still missing (Castro et al., 2016; Castro and
Santos, 2014). This includes several transcription factors such SREBP
and C/EBP, genes coding for metabolic enzymes, for example Acetyl-
CoA Acyltransferase (acaal) and carnitine palmitoyltransferse (cpt),
and the storage of fat as Triacylglycerol (TAG) is also a common fea-
ture. When looking into fat storage we find an increasing complexity.
Several early branching lineages do not possess a specific organ for fat
accumulation, but for example arthropods present an organ with si-
milar liver and adipose tissue functions, called fat body (Birsoy et al.,
2013; Lavarias et al., 2009). In vertebrates, liver and adipose tissue are
distinct and while in fishes, amphibians and reptiles the adipose tissue
is concentrated in intra-abdominal regions, in mammals it is distributed
widely in the body. In mammals the hepatic lipid stores are less relevant
than in early-branching vertebrates (reviewed by Birsoy et al., 2013).
The genomic and physiological evolution occurred in parallel (Brown,
2002). During the course of animal evolution, several duplications
waves occurred (e.g. genome duplications in vertebrates), and these
have likely contributed to shape the gene repertoire participating in
lipid cascades (Brown, 2002; Crow and Wagner, 2006; Lundin, 1999).
Within NRs, RXR is present in most metazoans with exception of
sponges and some cnidarian species (Sladek, 2011). In contrast, LXR
and FXR seem to be deuterostome novelties (Bertrand et al., 2004;
Fonseca et al., 2017). Mammals have three PPARs and up to five are
observed in teleost genomes (Bertrand et al., 2004; Santos et al., 2012).
Outside deuterostomes, PPAR has only been reported in mollusks
(Vogeler et al., 2014), though without any functional characterization.
The Ecdysone Receptor (ECR), a potential LXR/FXR orthologue
(Ollikainen et al., 2006) was thought to be unique of arthropods but has
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recently been reported in nematodes, mollusks and annelids (Laguerre
and Veenstra, 2010). The existence of this diversity of NRs seems to be
linked with genome evolution. It appears that although several differ-
ences exist in lipid accumulation processes throughout metazoans,
several important features are conserved. Therefore, it is not surprising
that the obesogen effects are observed in other animal groups beyond
mammals (Birsoy et al., 2013; Jordao et al., 2015; Lyssimachou et al.,
2015).

This review aims to summarize the available information on the
effects of putative obesogens in aquatic organisms. This objective is
approached from an evolutionary standpoint, considering the simila-
rities and differences of lipid homeostasis pathways among metazoans.
Although aquatic animals are likely to be exposed to several obesogens
in their habitat (Lyssimachou et al., 2015), the main focus of previous
studies, including recent reviews, has been the modulation of lipid
homeostasis by obesogens in mammalian models. However, a growing
body of literature indicates that many more metazoan groups in addi-
tion to mammals are likely to be affected by this group of chemicals.
Here, we review the current knowledge on the field, identifying gaps
and highlighting research priorities.

2. Amphibians
2.1. Organotins

Organotins are persistent organic pollutants, introduced in the en-
vironment in 1960s (Antizar-Ladislao, 2008; Maynard, 2002), and were
produced for diverse uses from antifouling agents in paints to the textile
industry (Antizar-Ladislao, 2008; Basic et al., 2012; Garcia-Mayor et al.,
2012; Maynard, 2002). Although TBT has been banned since 2008 by
the European Union, this compound is still widely distributed in marine
and freshwater environments (Antizar-Ladislao, 2008; Gipperth, 2009).
A recent study in one of the largest harbors in china revealed biological
samples with concentrations of organotins ranging from non-detectable
up to 826.7 ug/kg. Triphenyltin was detected at concentrations of
92.4 ug/kg (Chen et al., 2017).

Organotins have been reported to alter amphibian lipid metabolism.
Xenopus laevis when exposed (from stage 48 to metamorphosis) to dif-
ferent concentrations of TBT (0.33-3.3 ug/L) revealed a dose-depen-
dent increase in the formation of ectopic adipocytes in and around the
gonads of both sexes. In males exposed to 3.3 pg/L of TBT, the testicular
tissue was replaced by adipocytes along the anterior-posterior axis
(Griin et al., 2006). Exposure, under the same conditions, to the RXR-
specific ligands (10-100 nM of LG100268 and AGN195203) and PPARYy
agonist troglitazone (0.1-1 uM) resulted in similar alterations, pointing
to RXR/PPARy as the target pathway, which is consistent with the
observations in mammalian models (Griin et al., 2006). Despite the lack
of alterations in the whole-body weight, the exposure of the wood frog
Lithobates sylvaticus from 0.1-5 pg/L TPT from day 3 post-hatching up
to 100 days, altered the expression of key lipid metabolic genes of the
RXR/PPAR signaling pathway. A decrease in the expression of rxra and
ppara was observed in the animals exposed to both concentrations of
TPT after 7 days and a decrease in Ipl was observed in the animals ex-
posed just to the lowest concentration. After 100 days, an increase in
the expression of genes such as ppara and cyp4b1 was observed in the
animals from both concentrations and an increase of ppary and Ipl was
observed in the animals from the highest concentration (Higley et al.,
2013). These findings suggest a similar mechanism of action to that
described in mammalians, where both TPT and TBT were reported to
activate RXRa and PPARy (Griin et al., 2006; Kanayama et al., 2005).

2.2. Atrazine
The herbicide atrazine ((2-chloro)-4-(ethylamino)-6-(isopropylamino)-

S-triazine), a photosynthesis inhibitor commonly detected in the water
surface (McCarthy and Fuiman, 2008) also interferes with the lipid
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Fig. 3. Phylogenetic tree highlighting the groups addressed in this review. The most basal metazoans don't show bilateral symmetry. Within those presenting a bilateral symmetry, in
protostomes during the embryonic development the blastopore originate the mouth whereas in deuterostomes the blastopore originate the anus. The protostomes include the Ecdysozoa
(such as arthropods and nematodes), animals with periodical molting process, and Lophotrochozoa (such as mollusks and annelids), most of the animals included in this group present a
lophophore during some stage of their life cycle. The deuterostomes include Echinodermata, Hemichordata and Chordata (Tunicata, Cephalochordata, Vertebrata) (Jenner, 2007).

metabolism in amphibians. In Texas, near agriculture areas, concentra-
tions of 62.5pug/L were reported (Pennington et al., 2001), but im-
mediately after application it is commonly detected in puddles at con-
centrations of 400 pg/L (Zaya et al., 2011a).

Atrazine caused a decrease in the fat body size and in the weight of
Xenopus laevis exposed to concentrations close to environmental re-
levance (200 pg/L and 400 pg/L) from stage 47 until stage 66 (or 43 to
62) without observing any alteration in the feeding behaviour
(Langerveld et al., 2009; Zaya et al., 2011a, 2011b). The animals ex-
posed to 400 pg/L presented an increase in the transcription of genes
involved in lipid catabolism and carbohydrates metabolism and a de-
crease in the genes involved in lipid storage (Langerveld et al., 2009;
Zaya et al., 2011a). These pathways have been reported to be involved
with the decrease in fat storage in mammalian. One possible me-
chanism proposed for the response to atrazine was the down-regulation
of glucocorticoid signaling, and an increase in the expression of pparf3
involved in the utilization of fat (Zaya et al., 2011a). The results ob-
served are in accordance with previous studies in mammalians; low-
doses of atrazine can lead to weight gain through mild mitochondrial
damage, while high doses can be toxic and prevent weight gain (Lim
et al., 2009).

2.3. Other compounds

Different classes of pharmaceuticals are found worldwide in the
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aquatic ecosystems, with concentrations ranging from the ng/L or ug/L
in urban environments up to the mg/L range near input sites (Brodin
et al,, 2014). A mixture of pharmaceuticals (naproxen, diclofenac,
atenolol and gemfibrozil) (100 and 1000 pg/L) caused a decrease in the
hepatic triglycerides levels and an increase in the condition factor
(body weight/snout-vent length® x 100) of Limnodynastes peronei fol-
lowing 30-days exposure after reaching Gosner developmental stage 26.
The triglycerides decrease is probably due to gemfibrozil since this
compound is used to regulate cholesterol levels in humans and is known
to interact with lipid metabolism (Melvin, 2016).

BPA is a component of polycarbonated plastics widely used in dif-
ferent products like baby bottles, beverage containers and food cans
(Basi¢ et al., 2012). The aquatic contamination with BPA is very vari-
able, the concentrations can vary from non-detected to 17 mg/L in
landfill leachate to 370 pg/L in paper-mill effluents (Fukazawa et al.,
2002; Yamamoto et al., 2001; Canesi and Fabbri, 2015; Flint et al.,
2012). Although BPA has an obesogenic effect in several species (Guan
et al., 2016; Somm et al., 2009), the exposure of Xenopus tropicalis
embryos to BPA (3.4 mg/L), during 11 weeks, did not alter the ppara
and ppary gene expression neither the weight of the animals (Mathieu-
Denoncourt et al., 2015). However, it would be important to evaluate a
larger range of concentration since it cannot be discarded the possibility
that the lack of effects can be associated with the high concentration
tested (see Table 1).
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Table 1
Summary of effects of environmental chemicals in amphibian lipid homeostasis (green: up-regulated; red: down-regulated; n.d — not determined; bold-minimum effect concentration).
Compound Exposure Species Endpoints Ref.
Weight/Lipids Alteration in gene expression Biochemical
alterations alterations
TBT 0.33 - 3.3pug/L Xenopus laevis n.d n.d (Griin et al.,
(water); stage 48 to 2006)
metamorphosis;
TPT 0.1-5.0 ug/L Lithobates 7 days: weight; d 7 days: rxroi; pparos; sedl (5 pg/L): fas n.d (Higley et al.,
(water); sylvaticus snout—ventral— (5 pg/L); Ipl (0.1 and 5 ug/L): 100 days: 2013)
7 and 100 days; length; (1 pg/L)
(1 pg/Ly: Ipl (1 pg/l)
200pg/L and Xenopus laevis Fat body size; n.d n.d (Zayaetal.,
400ug/L (water); Weight; 2011b)
Stage 47 — 66;
400pg/L (water); Xenopus laevis n.d Microarray analysis: n.d (Zayaetal.,
. Stage 47 — 66; 2011a)
Atrazine . . o
Genes involved with lipid storage;
400ppb (water); Xenopus laevis Fat body size; Microarray analysis: n.d (Langerveld
Stage 43 — 62; et al., 2009)
Mixture: 0.1, 1.0, 10, 100 and | Limnodynastes n.d Hepatic triglycerides (Melvin, 2016)
naproxen, 1000 pg/L (water); peronii HSI; content (100 and
diclofenac, 30 days; 1000 pg/L);
atenolol and
gemfibrozil
Compound Exposure in System Species Endpoints Ref.
vitro
TBT 2ug/L; Cells—Cos 7; Xenopus laevis Transactivation RXRo and RXRy; (Griin et al.,
Luciferase assay; 2006)
3. Teleosts TBT may impact lipid homeostasis not only through PPARy/RXR but

3.1. Organotins

Alterations in lipid storage are among the effects reported in fishes
exposed to TBT. Several species (Oncorhynchus tshawytscha, Danio rerio,
Carassius auratus and Sebastiscus marmoratus) when exposed to TBT
through water (1 ng/L-16.5 ug/L) or diet (0.4-150 ng/g/fish/day) ex-
hibit an increase in lipid and/or TAG content, adiposity (adipocyte size)
and/or altered body weight. The alterations reported were observed in
short-term (16.5 ng/L-16.5 pg/L for 1 day) and chronic experiments
(1 ng/L-135ng/L during 48 days — 9 months) (Lyssimachou et al.,
2015; Meador et al., 2011; Ouadah-Boussouf and Babin, 2016; Riu
et al., 2014; Tingaud-Sequeira et al., 2011; Zhang et al., 2016; Zhang
et al., 2012; Zhang et al., 2013). The effects in the expression pattern of
several genes involved in the lipid metabolism, in particular the al-
terations observed in the nuclear receptors ppary and rxr and their
downstream pathways is in line with the hypothesis that TBT alter the
lipid metabolism through the interaction with the heterodimer PPARy/
RXR (Lyssimachou et al., 2015; Zhang et al., 2009; Dimastrogiovanni
etal., 2015; Li et al., 2014). The impact of TBT in the metabolism of fish
seems to be gender and tissue-specific. A different expression pattern of
key genes involved in lipid metabolism was observed in liver and brain
and in females and males of Danio rerio when exposed to TBT
(Lyssimachou et al., 2015).

The alterations in the expression of the NRs rxr and ppar, and their
down-stream pathways are in line with the response of mammalian
models (Harada et al., 2015; Kanayama et al., 2005; le Maire et al.,
2009; Santos et al., 2012). More recently, new evidences suggests that

also through the LXR/RXR heterodimer (Ouadah-Boussouf and Babin,
2016). To clarify this hypothesis the authors measured the TBT-induced
adipocity using a fluorescent dye (Nile Red), that allowed to quantify
the lipid droplets in zebrafish; this test is known as the zebrafish obe-
sogenic test (ZOT) (Tingaud-Sequeira et al., 2011). This study showed
that only the agonists (or antagonists) of PPARP/8 (GW501516/
GSK3787), PPARYy (rosiglitazone/T0070907), RXR(DHA/UVI3003) and
LXR (GW3965/GSK1440233A) could increase (or decrease) the adip-
osity, indicating that these NRs are the potential targets of TBT. The
antagonists of those NRs where then used to rescue the obesogenic
response of TBT; the RXR antagonist was fully successful, while the LXR
antagonist reverted only partially the TBT effect. The other antagonists
failed to rescue the TBT effects. The use of an antagonist of RXR
homodimer, that is also an agonist of the heterodimer RXR/PPARYy,
combined with LXR antagonist and TBT revealed that RXR/PPARy is
also involved in the action of TBT since this mix could not rescue the
effect of TBT, but the addition of PPARy antagonist could decrease the
adiposity. Taken together the effects of TBT seem to be mediated
through RXR/LXR and/or RXR/PPARy, both permissive heterodimers,
which suggests that TBT appears to act through RXR, modulating the
downstream pathways to increase the adipocyte number (Ouadah-
Boussouf and Babin, 2016). However, Riu and co-workers did not ob-
serve any increase in lipid accumulation in the zebrafish embryos (from
3dpf to 11dpf) exposed to 100 nM and 1 uM of Rosi probably because in
this early life stage WAT in fish is hardly developed (Flynn et al., 2009;
Imrie and Sadler, 2010; Riu et al., 2014). Moreover, 1 uM of Rosi failed
to transactivate zebrafish PPARy, supporting the hypotheses that the
effect of TBT in the heterodimer RXR/PPARY occurs through RXR (Riu
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et al., 2011). Moreover, it was observed that the cysteine present in the
position 285 is essential for the activation of human PPARy by TBT
(Harada et al., 2015) and Danio rerio PPARy has a tyrosine in the cor-
respondent position (Den Broeder et al., 2015). This substitution in
PPARYy of Danio rerio is expected to affect the affinity of TBT to PPARy.
Interestingly, this mutation of cysteine 285 is not common to all
members of Actinopterygii, since Sparus aurata and Pleuronectes pla-
tessa, for example, have a cysteine molecule in the homologous position
(Leaver et al., 2005).

3.2. BPA and BPA analogues

BPA and BPA analogues are ubiquitous chemicals detected in the
environment. (Fukazawa et al., 2002; Yamamoto et al., 2001). More-
over, recent data suggests that this group of chemicals is able to impact
lipid homeostasis (Birceanu et al., 2015; Riu et al., 2014, 2011). The
reported effects of BPA and BPA analogues include increase in lipid
accumulation and body mass in Danio rerio when exposed to Tetra-
bromobisphenol A (TBBPA) (5.5 and 55 ug/L) or tetrachlorobisphenol
A (TCBPA) (37 pg/L) during 19 days, and in Sparus aurata when ex-
posed to BPA (50 mg/kg bw) during 21 days, (Maradonna et al., 2015;
Riu et al., 2014, 2011). However, in Gobiocypris rarus females a de-
crease in serum TGA content was observed under BPA (15 ug/L) ex-
posure (Guan et al., 2016). Although the transcription patterns of sev-
eral genes involved in lipid metabolism were altered in Sparus aurata
(exposed to 50 mg/kg bw of BPA) and in Gobiocypris rarus (exposed to
15 ug/L BPA), the pattern of expression is not the same; the fasn gene
appeared up-regulated in Sparus aurata and down-regulated in Gobio-
cypris rarus males (Guan et al., 2016; Maradonna et al., 2015). The NRs
reported to be involved in the lipid homeostasis (PPARa, B, y and RXR)
and Ipl genes were up-regulated while hormone sensitive lipase (hsl)
gene was down-regulated in Sparus aurata which is consistent with the
lipid accumulation observed (Maradonna et al., 2015). In Gobiocypris
rarus the decrease of fasn, acetyl-CoA carboxylase 1 (acaca) and acetyl-
CoA carboxylase 2 (acach) expression is not consistent with the re-
spective enzymatic activity, but carnitine palmitoyltransferase 1A
(cptla) expression and enzymatic activity is increased in males and
decreased in females (Guan et al., 2016). The disparity between gene
expression and enzymatic activity can be associated with several reg-
ulatory processes (Vogel and Marcotte, 2012). The effect of BPA in lipid
homeostasis of Gobiocypris rarus suggests a gender-specific effect since
the activity of CPT1 is increased in males, but decreased in females
similar to cptla gene expression. The observed increase in the TAG
content in females serum and the tendency for decrease in males is
consistent with the previous observations (Maradonna et al., 2015).
One possible explanation for the differences in Sparus aurata and Go-
biocypris rarus studies described above can be gender related given that
in the Sparus aurata study genders of the specimens were not dis-
criminated (Guan et al., 2016; Maradonna et al., 2015).

One possible mechanism for the action of BPA analogues in the lipid
metabolism is the modulation of PPARy. Riu et al. (2011) observed that
BPA analogues, 10 uM TBBPA and 10 uM TCBPA, are able of in vitro
transactivating zebrafish PPARy with a similar affinity to that observed
in human PPARy (Riu et al., 2011). An alternative hypothesis involves
estrogenic pathways (Garcia-Mayor et al., 2012), as BPA has the po-
tential to bind and activate the estrogen receptor (ER), and interact
with a variety of other targets in mammalian cells, including thyroid
hormone receptors (Basic¢ et al., 2012; Bonefeld-Jgrgensen et al., 2007).
Further research is needed to fully understand the underlying me-
chanisms.
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3.3. Alkylphenols

Alkylphenols are commonly used in industrial and consumer pro-
ducts (Pereira-Fernandes et al., 2013). Concentrations between 1.1 and
1347 pg/kg of nonylphenol (NP) and 0.73-54.4 pg/kg of octylphenol (t-
OP) were detected in mussels and 5-60.5 pg/kg of NP and 0.2-31.4 pg/
kg in fish tissues (David et al., 2009). The Exposure of Sparus aurata to
high levels of NP (50 mg/kg bw) or t-OP (5 mg/kg bw and 50 mg/kg
bw) caused an increase in the number of specimens with severe lipid
accumulation in the liver, more pronounced in the t-OP groups. The
transcription patterns of several genes involved in lipid metabolism (i.e.
ppara, pparf, ppary, rxr, fasn, Ipl and hsl) were also increased, empha-
sizing the effect of NP and t-OP in the lipid metabolism (Maradonna
et al., 2015). It would be interesting in future studies to test the effects
of lower NP and t-OP levels.

Alkylphenols, such as NP and t-OP, have been reported to activate
the human Estrogen Receptor (ER) and several evidences point to the
possible involvement of ER in the action of certain obesogens, thus
explaining the results observed (Bonefeld-Jorgensen et al., 2007;
Kramarova et al., 2009; Yang et al., 2015).

3.4. Phthalates

Phthalates are synthetic organic compounds derived from phthalic
acid. These compounds are used since the 1930s as plasticizing agents
in cosmetics, paints and medicines and were found in the aquatic en-
vironment in concentrations as high as 98 pug/L (Fromme et al., 2002).
Recent evidences shows that these compounds also target the lipid
metabolism of fish (Garcia-Mayor et al., 2012; Griin and Blumberg,
2009b, 2007; Pereira-Fernandes et al., 2013). Phthalates were reported
to increase the transcription of NR involved in lipid metabolism
(ppaara, pparf} and ppary) in zebrafish exposed to 39 ug/L DEHP and
1.7 ug/L-1.7 mg/L phthalic acid (PA) (Maradonna et al., 2013). In
Sparus aurata, exposure to diisodecyl phthalate (DiDP) (45.1-450. 7 ug/
L) not only up regulated the expression of ppars and rxr, but also the
expression of some downstream genes, cptla, cptlb, fatty acid desaturase
2 (fads2), stearoyl-CoA desaturase 1A (scdla), scdl, Ipl, hepatic lipase
(hD), fatty acid binding protein (fabp), apolipoprotein A-I (apoa-1) and
srebp) (Cocci et al., 2015). In zebrafish exposed to 5000 mg/kg di-2-
ethylhexylphthalate (DEHP), during 10 days, no changes were observed
in the expression of the downstream genes of the PPARs signaling
pathways (acox and Ipl) in the liver, although the hepatosomatic index
was increased. The observed alteration in the hepatosomatic index
could be associated with increase fat accumulation or as a toxic re-
sponse to DEHP (Fabbrini et al., 2010; Mili¢ et al., 2014; Sadekarpawar
and Parikh, 2013; Uren-Webster et al., 2010). Taken together, the data
suggest that the interaction of phthalates with the lipid metabolism may
occur through PPARs modulation. DiDPis can bind to Sparus aurata
PPARa and vy with similar affinity as to the human PPARs, MEHP can
transactivate zebrafish PPARy and the relation between the interaction
of phthalates with PPARs and their obesogenic effect was previously
established for mammalians (Cocci et al., 2015; Desvergne et al., 2006;
Maradonna et al., 2013; Riu et al., 2014).

3.5. Organophosphates

Some organophosphates, such as Fenitrothion and Trichlorfon, are
pesticides that have been used extensively in agriculture and can enter the
freshwater environments (McCarthy and Fuiman, 2008; Sancho et al., 2009;
Xu et al., 2012). Xu and co-workers described an increase in the liver TAG
content in the Carassius auratus gibelio exposed to trichlorfon (1.0-4.0 mg/L)
for 30 days (Xu et al., 2012). However, Sancho and co-workers reported a
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decrease in liver total lipid content in Anguilla anguilla after a short-term
exposure (2 and 96 h) to fenitrothion (0.4 mg/L) (Sancho et al., 1998). The
mechanism of action of these compounds in lipid metabolism remains to be
elucidated, but similar effects were already reported in mammalians (Meggs
and Brewer, 2007).

3.6. Fibrates

Fibrates are commonly used to control hypercholesterolemia in
humans. Given their widespread use, they are frequently detected in the
freshwater environment (Velasco-Santamaria et al., 2011). One of the
first fibrates to be reported in water samples was clofibric acid (CA), an
active and persistent metabolite of clofibrate, a blood lipid lowering
agent (Emblidge and DeLorenzo, 2006; Runnalls et al., 2007). Clofi-
brate was detected in surface water at concentrations of 6-7 ug/L, fe-
nofibrate and gemfibrozil were detected in much lower concentrations
(= 0.05 pg/L) (Corcoran et al., 2010). Several studies demonstrated the
capacity of these compounds to interact with the lipid metabolism in
non-mammalian animal models. A decrease in the weight of mosquito
fish (Gambusia holbrooki) males when exposed to clofibrate (18.4 to
295 mg/L) and an increase in females exposed to CA (4.03 mg/L)
during 28 days have been reported (Nunes et al., 2004). In contrast, an
exposure to CA at 10 pug/L for 10 days did not alter the levels of lipids
and cholesterol in the fish Fundulus heteroclitus (Emblidge and
DeLorenzo, 2006).

A multigenerational study using zebrafish revealed very informative
results on the effect of CA. FO generation was exposed to 1 mg/g and
10 mg/g CA through the diet and the offspring (F1) were raised with
control diet. A decrease in the weight and muscle triglyceride levels was
observed in FO, but F1 presented an increase in weight in the offsprings
of the highest exposure group. The gene expression pattern for both
generations was also different. In male livers of the FO, the expression of
ppara and acox1 increased in the animals exposed to the highest con-
centration, and in F1 although the expression of ppary increased, the
expression of apoa-1 and pparf31 decreased. This study reveals an op-
posite pattern of response in the descendants when compared with the
parent generation (Coimbra et al., 2015). ppara expression also in-
creased in Cyprinus carpio exposed to 20 mg/L of CA during 4 days and
acox1 expression increased not only in the animals exposed to 20 mg/L
but also in the animals exposed at a lower concentration (4 pg/L). These
responses are in line with the ones observed in zebrafish. The expres-
sion of other genes, such as Acetyl-CoA Acyltransferase 1 (acaal), cy-
tochrome P450 4 (cyp4), sterol 27-hydroxylase (cyp27a), apoAl, Ipl and
superoxide dismutase (sodl) also increased in one or both CA ex-
posures. These observations support the evidence that these compounds
interfere with the lipid metabolism not only in mammals but also in the
Actinopterygii group (Corcoran et al., 2015).

The effects of other fibrates, besides CA and clofibrate, have also
been reported. A decrease in plasma cholesterol levels was found in
zebrafish exposed to 1.7, 33 and 70 mg bezafibrate (BZF)/g food after 2
and 7 days of exposure, along with a decrease in the expression of pparf3
and ppary after 2 days of exposure and an increase in the expression of
pparB and Steroidogenic Acute Regulatory Protein (star) after 21 days of
exposure (Velasco-Santamaria et al., 2011). The exposure of rainbow
trout (Oncorhychus mykiss) to 100 mg of Gemfibrozil/kg during 15 days
increased the relative cholesterol levels and caused a decrease in the
relative TAG levels and the phospholipids/triacylglycerol ratio. Lpl gene
expression was increased, but no alteration was observed in the ppars
genes (Prindiville et al., 2011). These results seem to be in line with
data from mammalian models, as fibrates are known PPARa agonists
and this NR is associated with fatty acid uptake and oxidation (Coimbra
et al., 2015). In contrast to most studies reported in this review, fibrates
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mostly led to the depletion of lipid tissue levels.

3.7. Other compounds

Besides the classes of compounds highlighted above, other com-
pounds have also been reported to interfere with fish lipid metabolism
(Zhu et al., 2014). One example is the herbicide atrazine (0.17 mg/L)
that caused an increase in hepatic lipid levels in the grey mullet (Liza
ramada) after an exposure of 21 days (Biagianti-Risbourg and Bastide,
1995). Another example is DDT, a pesticide and well documented
persistent organic pollutant (Lyche et al., 2013). Zebrafish exposed to
0.1 pg/L and 1 pg/L of DDT during 60 days displayed an increase in the
saturated long chain fatty acids C16:0 and C18:0 along with mono-
unsaturated C18:1n9 accompanied with a decrease of the levels of
polyunsaturated fatty acids C20:3n3, C20:4n6, and C22:6n3 in a DDT-
concentration-dependent manner. A decrease in the weight of the fe-
males was also observed for the concentration of 0.1 pg/L DDT (Zhong
et al., 2012).

3.8. Environmental mixtures

In the environment compounds are not present alone but in complex
mixtures. In a study aiming to evaluate the effects of these complex
mixtures, zebrafish was exposed through the diet from day 6 until
5 months post-fertilization to two different mixtures of organic pollu-
tants extracted from fish liver of Lota lota, originated from two different
lakes in Norway (Lake Mjgsa and Lake Losna). An increase in weight
and alterations in the expression of genes related to lipid metabolism
were observed. An Ingenuity Pathway Analysis (IPA) established a re-
lationship between the affected genes and PPARy, ERa and Hepatocyte
Nuclear Factor 4 A (HNF4A), suggesting that these NRs are the key
regulators of the genes affected (Lyche et al., 2011; Nourizadeh-
Lillabadi et al., 2009). The decedents of F1 were also exposed to the
mixtures and presented a decrease in weight and length (Berg et al.,
2011). The 3rd generation embryos (4, 7.5, 12 and 24 hpf) also pre-
sented alterations in the transcription pattern of the genes related with
lipid metabolism (Lyche et al., 2013).

Several additional studies show evidences of changes in lipid
homeostasis associated with chemical exposure in the field.
Accumulation of lipid droplets and an increase in the ppary and rxra
transcription levels was observed in the liver of Atlantic Bluefin tuna
(Thunnus thynnus) associated with levels of dioxin-like PCBs above the
safe limits established by the European commission regulation (EU n.
1259/2011 of 02.12.2011) (Maisano et al., 2015). In Tilapia guineensis,
Sarotherodon galileaus and Oreochromis niloticus a correlation between
the concentrations of Polycyclic aromatic hydrocarbons (PAHs) and
PCBs and the increase of gene transcription of ppars (o, B and y) was
also observed (Adeogun et al., 2016b). Sarotherodon melanotheron from
two sites in Nigeria with different contamination levels showed al-
terations in the liver somatic index (LSI), kidney somatic index (KSI)
and expression of the genes ppara, (3 and y. The increase in LSI and in
gene transcription was observed in a concentration dependent manner
(Adeogun et al., 2016a).

Taking these studies together, it becomes evident that some EDCs
can affect fish lipid homeostasis, even though only the sub-class teleost
was analyzed here. An important remark that should be considered in
future studies concerns gender differences; in some studies, males and
females show different responses, highlighting the importance of ana-
lysing the response in both genders (See Table 2).
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Table 2
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Summary of effects of environmental chemicals in fish lipid homeostasis (green: up-regulated; red: down-regulated; n.d — not determined; bold-minimum effect concentration).

Compound Exposure in vivo Species Endpoints Ref.
Weight/Lipids Alteration in gene Biochemical
alterations expression alterations
2.8 ng/g and 150 Oncorhynchus Total lipid content; n.d n.d (Meador et al., 2011)
ng/g (diet); tshawytscha
62 days;
16.3pg/L TBT Danio rerio Adiposity; n.d n.d (Tingaud—Sequeira et
(diet); al., 2011)
1 day;
27.4—-137.10ng/L Danio rerio Male weight. Tissue: liver (Lyssimachou et al.,
(water); Male CF (27.4 ng/L); | Male: rxrov/a; 2015)
9 months; Females CF; clebp; dgat2;
Female LSI; 11B~hsd2;
Female:
Tissue: brain
Male: rxroda;clebpo;
chrebp; dgat2; fasn;
igf-Tla;
Female: rxro/a;
TBT dgat2; accol; acoxl
11B-hsd3o;
2.44 ng/L and 24.4 Carassius auratus Body weight; n.d Metabolic rate indicators (Zhang et al., 2016)
ng/L (water); Food intake (only for (only for 2.44 ng/L);
54 days; 244 ng/L);
0,75pg/L and 7,5 Cyprinus carpio n.d n.d Enzymes activity: trypsin, (Lietal., 2014)
pg/L (water); lipase and amylase;
60 days;
0.1 ng/L; 10 ng/L; Sebastiscus Tissue: Ovaries; n.d n.d (Zhang et al., 2013)
100ng/L; marmoratus (100ng/L);
48 days; (females)
2.7,27.4, 274 ng/L Sebastiscus Total lipid content in | Tissue: Testes nd (Zhang et al., 2009)
(water); marmoratus testes (274ng/L); (27.4 and 274 ng
48 days; Sn/L), ;
3.25,16.3, 163ng/L, Danio rerio Adiposity in n.d n.d (Ouadah-Boussouf
1.63and 16.3pg/L starvation (163ng/L, and Babin, 2016)
(water); 1 day; 1.63 and 16.3pg/L).
325.5ng/L(water); Danio rerio Body mass index; n.d n.d (Riu et al., 2014)
3 dpf-11 dpf,
followed by 19 days
without TBT;
TBBPA 5.5-55ug/L (water); Danio rerio Body mass index; n.d n.d (Riu et al., 2014)
3 dpf-11 dpf,
followed by 19 days
without TBT;
TCBPA 37ug/L (water); Danio rerio Body mass index; n.d n.d
3 dpf-11 dpf,
followed by 19 days
without TBT;
15 pg/L (water); Gobiocypris rarus n.d Females: acaca; acacbh; Serum triglyceride content (Guan et al., 2016)
28 days; gpatl; (females);
Males: fasn; gpatl; Enzyme activity:
BPA CPTI (female);
(males); (males);
Smg/Kg (1) bw and Sparus aurata Liver: Lipid (1, t— hsl; n.d (Maradonna et al.,
NP 50mg/Kg (2) bw OP1 and 2, BPAI); (except t—OP) 2015)
t-OP (diet); Food intake;
21 days;
DEHP 0.5 — 5000 mg/Kg Danio rerio (males) | HIS (5000 mg/Kg); Tissue: testis n.d (Uren—Webster et al.,
(injection); 2010)
10 days;
trichlorfon 1.0 - 4.0 mg/L Carassius auratus n.d n.d in the (Xu et al., 2012)
(water); gibelio liver;
30 days;
fenitrothion 0.4mg/L (water); Anguilla Anguilla Lipid content in n.d nd (Sancho et al., 1998)
2 — 96 hours; liver;
clofibrate 18.4,37.9,73.8, Gambusia Male weight; n.d n.d (Nunes et al., 2004)
147.5 and 295pg 1! holbrooki
(water); 28 days;
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FO — 1 mg/gand 10 Danio rerio Weight (FO); FO: n.d (Coimbra et al., 2015)
mg/g(diet); Triglyceride levels
F1 — control diet; (muscle ofmale
fish);
(F1) Fl1: apoal;, pparBI;
(10mg/g);
4ng/L (water); Cyprinus carpio n.d Tissue: liver (Corcoran et al., 2015)
4 and 10 days; (only 10 days)
Clofibric acid
(only 10 days)
20mg/L (water); Tissue: liver
4 and 10 days;
(only 4 days)
BZF 1.7, 33 and 70 mg/g Danio rerio (male) | n.d 2days: Plasma cholesterol levels (Velasco—Santamaria
(diet); 21days: pparf3; star; (7 and 21 days); etal., 2011)
2,7 and 21 days; cypl7al;
Gemfibrozil 100 mg/Kg Oncorhychus n.d (Prindiville et al.,
(injection); mykiss (female) Relative triacylglycerol 2011)
15 days; levels; Ratio of
phospholipids/triacylglycerol;
Atrazine 0.17 mg/L (water); Liza ramada n.d n.d (Biagianti-Risbourg
21 days; and Bastide, 1995)
DDT 0.1pg/L and 1pg/L Danio rerio Weight of the n.d (Zhong et al., 2012)
(water); females (0.1pg/L);
60 days;
Polyunsaturated fatty acids)
C20:3n3, C20:4n6, and
C22:6n3);
PFENA 0.01, 0.1, and 1.0 Danio rerio Weight; Males: Tissue: liver (Zhang et al., 2012)
mg/L(water); Length; 0.1
180days; HIS (0.01 and 0.1 and 1.0 mg/L);
mg/L); (male);
Females: Triglyceride content
fabps; pparob; (female);
ppary; pparBa; pparf3b;
clebps;
Compound Exposure in vitro System Species Endpoints Ref.
TBT 32.6pg/L; Liver cell line Rainbow trout Genes: (Dimastrogiovanni
(RTL-W1) etal., 2015)
TPT 36.8ug/L; Genes:
Lipids:
4-NP 4.4mg/L; Genes: cd36; Ipl; fas; pparp;
Lipids:
DEHP 1.9mg/L; Genes: cd36; Ipl; fas:
Lipids:
BPA 2.28mg/L Genes:
Lipids:
TBBPA 5.44mg/L HGELN human cell | Danio rerio (Riu et al., 2011)
TCBPA 3.66mg/L line;
(transfected with
PPARY)
DEHP 19.53ng/L — 39ug/L; | Hepatocytes Danio rerio Males genes (390ng/L — 39ug/L): (Maradonna et al.,
4 days (39ug/L); 2013)
Females genes (39ug/L):
PA 1.66pg/L — 1.66mg/L; Males genes:
4 days; Females genes:
Cu 635.5ng/L— Hepatocytes Ctenopharyngodon Genes: srebp—Ic; acc; fas; hsl; pparo. (24h); (48h, (Zhu et al., 2014)
6.35mg/L; idellus 96h); cpil (24h); (48h; 96h);
24h; 48h; 96h; Lipids: TAG; Enzyme activity:
DiDP 44.7, 446.7ug/L and Hepatocytes Sparus aurata Genes: (446.7ug/L), | (Cocci et al., 2015)
4.5mg/L; (44.7,
446.7ug/L);

4. Non-vertebrates

In comparison with vertebrates, studies addressing the effects of pu-
tative obesogens in non-vertebrate taxa are scarce. Only a few studies have
examined the chemical-induced disruption of lipid metabolism, mostly
involving exposure to organotin compounds or complex mixtures.
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4.1. Tunicata

4.1.1. Organotins

Ciona intestinalis ovaries exposed in vitro during 5h to 0.33 and
32.6 ug/L TBT presented alterations in the lipid content. The increase in
phospholipid levels and the decrease in TGA was proposed as a possible
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adaptive mechanism of resistance to the pollutant. An increase of the
long chain fatty acids was also observed and related to an intensifica-
tion of the membrane fluidity, which is in accordance with the cap-
ability of organotins to interact with membranes permeability (Puccia
et al., 2005).

4.2. Mollusca

4.2.1. Organotins

Organotins also alter the lipid homeostasis in mollusks. TBT
(1.4 pug/L) caused an increase in total lipids of female gastropod Marisa
cornuarietis and a shift was observed in the proportion of the fatty acids
(an increase in the monounsaturated fatty acids and a decrease in the
polyunsaturated ones) after 100 days exposure (Janer et al., 2007). In
contrast to TBT, a short exposure to TPT caused a decrease in female
total lipids (1.5pug/L) and in the total fatty acid levels (93.1 ng/
L-1.5pg/L) in Marisa cornuarietis after 7 days (Lyssimachou et al.,
2009). In another gastropod species, Nucella lapillus, TBT exposure
(100 ng/L-200 ng/L) caused alterations in the gene expression of key
enzymes of fatty acid metabolism, indicated by the up-regulation of
Acetyl—CoA synthetase (acs) and cptl (Pascoal et al., 2013). In verte-
brates, both these genes are regulated by the heterodimer PPAR/RXR
(Alaynick, 2008; Desvergne et al., 2006; Mello, 2010). The mechanism
of action of these compounds in mollusks is still not well understood,
although hypotheses involving modulation of NRs have been put for-
ward. PPAR, RXR and ECR are the most likely candidates, although
unlike RXR, that is present throughout metazoans, PPAR and ECR are
not present in all non-vertebrate lineages (Jordao et al., 2016; Laguerre
and Veenstra, 2010; Santos et al., 2012). Additional functional studies
with mollusks PPAR and ECR have yet to be done which limits further
interpretations.

4.2.2. Other compounds

The bivalve Dreissena polymorpha was exposed to clofibrate (200 ng/
L-2 mg/L) for 7 days and exhibited a decrease in the total triacylgly-
cerol levels and an increase in the fatty acid concentration in a dose-
dependent manner. The increase of fatty acids can be associated with
the hydrolysis and consequent decrease of TAGs (Lazzara et al., 2012).

4.2.3. Environmental mixtures

In the environment, animals are not exposed solely to single com-
pounds, but to complex mixtures, so it is essential to determine the
effect of these complex mixtures in the metabolism (Lyche et al., 2013).
A few studies have already linked oil pollution to lipid metabolic dis-
orders. The mussel Mytilus edulis exposed to oil (0.05-2.5 ml/L) pre-
sented an increase in the gills total lipids (after 10 days) and TG levels
(Fokina et al., 2014). An important point-source of xenobiotics to the
aquatic ecosystems are municipal wastewaters. In the mussel Elliptio
complanata exposure to 20% v/v of municipal wastewaters for 2 weeks
induced an increase in gonads lipid content (Gagné et al., 2011). A
relationship between environmental contamination and lipid metabo-
lism disruption was also established in the field. The clam Scrobicularia
plana was collected from three locations with different levels of con-
tamination (Bay of St Brieuc (reference site), Goyen and Blavet estu-
aries), the Goyen and Blavet estuaries presented higher level of com-
pounds with estrogenic activity and PAH. Total lipids and glycolipids
were increased in the contaminated sites and the ratio TAG/Phospho-
lipids was also altered, being higher in the Goyan estuary and lower in
Blavet estuary (Perrat et al., 2013). The oyster Strombus gigas was col-
lected from two sites with a high level of TBT (Road Harbour and Trellis
Bay) and two reference sites (Guana Island and Anegada). A microarray
analysis showed an alteration in the expression of lipid metabolism-
related genes for the Road Harbour and Trellis Bay sites when com-
pared with the reference sites (Titley-O'Neal et al., 2013).
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4.3. Arthropoda

4.3.1. Organotins

Daphnia magna (class:Branchiopoda) cultured from 4 to 8 h old at a
high food rate was exposed to 0.1 ug/L and 1 pg/L of TBT during the
adolescent instar and produced a progeny with less polyunsaturated
fatty acids (PUFA) being the progeny less fit and smaller (Jordao et al.,
2015). Additionally, levels of TBT (0.3-4.6 nM) that do not interfere
with the feeding rate or the molt process lead to an increase in the lipid
droplets of the D. magna individuals and an alteration in the expression
pattern of several genes, including RXR and ECR. Interestingly, the
increase in the lipid droplets was more pronounced in the animals with
a higher food input. On the contrary, exposure to TPT (2.6-5.2 nM)
decreased lipid accumulation in the animals exposed during the ado-
lescent instar (Jordao et al., 2016, 2015).

It has been demonstrated that Arthropoda, Mollusca and Annelida
RXR can be activated by TBT and TPT (Nishikawa et al., 2004; Wang
et al., 2011; Wang and LeBlanc, 2009; André et al., 2017). The knock-
down of Drosophila ECR caused an increase in lipid accumulation, in-
dicating that this NR may control the lipid accumulation in the fat body
of this species (Kamoshida et al., 2012). In addition, in Daphnia magna
the ECR agonist (20-hydroxyecdysone) caused an increase in lipid ac-
cumulation and the antagonist (fenarimol) caused a decrease (Jordao
et al., 2016). Furthermore TBT, in addition to the induction of lipid
accumulation in Daphnia magna, also caused a change in the expression
of some ECR downstream genes (Jordao et al., 2015). This suggests that
RXR/ECR is involved in the TBT-induced alterations of lipid metabo-
lism in arthropods, possibly through RXR, since a number of studies
could not find any transactivation of ECR in the presence of TBT
(Verhaegen et al., 2011; Wang et al., 2011; Wang and LeBlanc, 2009).
Whether TBT has a synergistic or antagonistic effect in the transacti-
vation of the heterodimer, appears to be species-specific. Wang and
colleagues observed that TBT increased the transactivation of the
Daphnia magna heterodimer RXR/ECR in the presence of the ECR
agonist (20-hydroxyecdysone) (Wang et al., 2011), but in the arthropod
Crangon cangron TBT decreased the transactivation observed when
RXR/ECR was exposed to an ECR agonist (Ponasterone A) (Verhaegen
et al., 2011).

4.3.2. Other compounds

Three studies used the arthropod Daphnia magna to run a screening
of the total body lipid content for a wide variety of compounds that
were previously identified as obesogens in vertebrates: endogenous
compounds, pesticides, NR agonists and pharmaceuticals (Jordao et al.,
2016; Sancho et al., 2009; Villarroel et al., 2013). Methylfarnesoate,
bisphenol A, pyriproxyfen and 20-hydroxyecdysone in concentration
levels that do not affect feeding caused an increase in lipid levels, while
fenarimol, fluoxetine, emamectin benzoate, nonylphenol, methoprene
and di-2-ethylexyl phthalate, also in concentrations that do not affect
feeding, caused a decrease in the lipid content (Jordao et al., 2016).
Tebuconazol and propanil decreased lipid accumulation and the
feeding rate in Daphnia magna (Sancho et al., 2009; Villarroel et al.,
2013, 2003). In Metapenaeus monoceros (class: Malacostraca), exposure
to Endosulfan (40 and 60 ng/L), an insecticide and acaricide, during
23 days also led to a decrease in the total lipid content (Suryavanshi
et al., 2009).

4.3.3. Environmental mixtures

Exposure of the arthropod Macrobrachium borellii to 0.6 mg/L of
water-soluble fraction of crude oil for 7 days caused an increase in the
activity of palmitoyl-CoA synthetase, TAG-lipase and B-oxidation, as
well as in the TAG stores. The ratio Phospholipids/Triacylglycerol was
also altered, being higher in eggs and lower in adults. The results
suggest an increase in the energy production through an increment in
the fatty acid oxidation (Lavarias et al., 2007, 2006) (See Table 3).
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Table 3
Summary of effects of environmental chemicals in non-vertebrate lipid homeostasis (green: up-regulated; red: down-regulated; n.d — not determined; bold-minimum effect con-
centration).
Compound Exposure Species Endpoints Ref.
Weight/Lipids alterations Alteration in gene Biochemical
expression alterations
82ng/L — 1.4pg/L Marisa cornuarietis n.d n.d (Janer et al.,
(water); 2007)
TRT 100 days;
100 ng/L — 200 ng/L Nucella lapillus n.d n.d (Pascoal et al.,
(water); 2013)
3 months;
TPT 93.1 ng/L — 1.5ug/L Marisa cornuaietis Lipids; n.d n.d (Lyssimachou
(water); Fatty acids levels; et al., 2009)
7 days;
Clofibrate 200ng/L — 2mg/L Dreissena polymorpha Triacylglycerol; n.d n.d (Lazzara et al.,
(water); 2012)
7 days;
Tebuconazole 0.41-1.14 mg/L Daphnia magna Lipids; n.d n.d (Sancho et al.,
(water); Feeding rate; 2009)
5 days;
Propanil 0.07 - 0.55 mg/L Daphnia magna Lipids; n.d n.d (Villarroel et
(water); al., 2013)
5 days;
Endosulfan 40 and 60 ng/L (water); | Metapenaeus Lipids; n.d n.d (Suryavanshi
23 days; monoceros et al., 2009)
Oil pollution 0.05-2.5 ml/L; Mytilus edulis (gills); n.d n.d (Fokina et al.,
10 days; 2014)
Cholesterol (0.05 ml/L);
(2.5 ml/L);
Crude oil 0.6mg/L; Macrobrachium Lipid; n.d (Lavarias et
7 days; borellii TAG; al., 2007,
2006)
(eggs);
Phospholipids/Triacylglycerol
(adults);
TBT 0.1 and 1 pg/l(water); Daphnia magna (Jordao et al.,
Adolescent instar; n.d 2015)
TBT 0.98ng/L— Daphnia magna n.d n.d (Jordao et al.,
1.5pg/L; 2016)
Methyl farnesoate 10 —250.3pg/L; n.d n.d
BPA 299pg/L — n.d n.d
10mg/L; :‘;\
Pyriproxyfen S51ng/L3pug/L; § n.d n.d
20~ 9 - 480.64 g nd nd
hydroxyecdysone pg/L; =
Fenarimol 49.68 — 298 g Lipid droplets; n.d n.d
pg/L; 2
Fluoxetine 15.5-278.4 E Lipid droplets; n.d n.d
pe/L; o
Emamectin 30.25 - 201.65 ] Lipid droplets; n.d nd
benzoate ng/L; 3
Nonylphenol 11.7 - 103.35 g Lipid droplets; n.d n.d
pe/L; g
Methoprene 3 -100ug/L; 5 Lipid droplets; n.d n.d
Triphenyltin 221ng/L — Lipid droplets; n.d n.d
1.9ug/L;
DEHP 9.76 — 199ug/L; Lipid droplets; n.d n.d
Compound Exposure in vitro System Species Endpoints Ref.
TBT 0.33 and 32.6 pg/L; Ovaries Ciona intestinalis (Puccia et al.,
Triglycerides; 2005)

5. Conclusions and research priorities

Today it is well established that the adverse effects of EDCs on living
organisms go beyond the interaction with the reproductive system and
are not limited to mammals. Considering the crucial role of lipids in
biological processes across metazoans, if we aim to protect biodiversity
at an ecosystem scale, it is important to understand how chemicals
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affect metabolic pathways across different lineages, the interplay with
the genetic repertoire and evolutionary histories and the significance of
these alterations at the population level (Castro and Santos, 2014;
Thornton, 2003; Adeogun et al., 2016a). Although our knowledge on
the full spectra of taxa that can experience disruption of lipid home-
ostasis following chemical exposure is still limited, it is now recognized
that a great variety of metazoans are impacted. The limited number of
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Fig. 4. Presence (green), absence (red) or inexistence (—) of nuclear receptors involved in lipid metabolism in different phylogenetic groups. Reported lipid alterations due to putative
obesogens in the different phylogenetic groups (V-lipid alterations reported;?-lipid alterations unknown). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

studies available indicate that the effects on lipid homeostasis manifest
at different levels, i.e., alterations in the weight, fat content, total lipids
content, fatty acids levels, enzyme activity and gene expression
(Corcoran et al., 2015; Jordao et al., 2016; Lyssimachou et al., 2015;
Riu et al., 2014).Alterations in the lipid homeostasis can cause major
adverse effects in the organisms, since lipids have important roles in the
overall metabolism and reproduction (Birsoy et al., 2013; Lyssimachou
et al., 2015).

The assessment of the effects of obesogens at an ecosystem level is
challenging. In fact, there are still major gaps in our knowledge of lipid
homeostasis across lineages, despite the many shared features in the
lipid metabolism of metazoans. The various NRs involved in lipid
homeostasis are not transversally present in all animals and therefore,
obesogens may interact differently across animal species. For example,
RXR is present in most metazoans and is a common denominator of the
NRs that can be implicated in lipid homeostasis, as it is the hetero-
dimeric partner of PPAR, LXR, FXR and ECR, which are all involved, to
a certain extent, in lipid regulation. While ECR has been characterized
and genome predicted in some protostome taxa, LXR and FXR are
deuterostomes novelties and PPAR is present in deuterostomes and in
some protostomes lineages, i.e., mollusks (see Fig. 4) (Bertrand et al.,
2004; Fonseca et al., 2017; Laguerre and Veenstra, 2010; Santos et al.,
2012; Sladek, 2011; Vogeler et al., 2014).

The diversity of compounds able to bind and/or activate NRs is vast.
In the NRs reported to regulate lipid metabolism, PPARs have been
reported to bind to many different chemicals, probably due to the size
of their binding pocket (Casals-Casas et al., 2008). LXR and FXR also
interact with EDCs, such as phthalates and alkylphenols. For ECR,
several insecticides (tebufenozide, halofenozide, methoxyfenozide,

chromafenozide and fufenozide) were synthesized to exert their toxic
action through this NR in arthropods (Dhadialla et al., 1998; Fahrbach
et al., 2012). Whether ECR from taxa other than arthropods are also
modulated by these insecticides remains to be investigated.

Although it is not possible to point to a single pathway for the ad-
verse action of EDCs on lipid metabolism, several hypotheses are under
scrutiny. Most known examples seem to implicate disruption of NRs
signaling pathways. The modulation of NRs such as PPARs, LXR, FXR
and ECR or their heterodimeric partner RXR can lead to a deregulation
of the gene transcription and protein levels causing the disruption of the
lipid homeostasis in a large range of analyzed taxa (Jordao et al., 2016;
Ouadah-Boussouf and Babin, 2016; Riu et al., 2011; Santos et al.,
2012). Yet, one of the major gaps of knowledge relates with the fact
that in non-vertebrates, despite NRs have been predicted in most
groups, as depicted in Fig. 4, NRs have been functionally characterized
in a limited number of species. This hampers a more detailed analysis of
the affected pathways and limits the use of NRs based-assays as a high
throughput approach to screen the NR modulation by putative obeso-
gens in a representative sample of Metazoans.

To fully understand the impact and the mode of action of environ-
mental contaminants on lipid homeostasis across animal lineages, we
must combine bioinformatics and both in vitro and an in vivo studies.
These approaches will help to assess the potential of the numerous
environmental contaminants to bind and activate/antagonize different
NRs, the levels of gene transcription and protein activity and the phy-
siological significance of these effects at the organism level. These ap-
proaches need to include a broad group of animal lineages, since some
of the NRs involved in the lipid homeostasis are group-specific and the
differences in the NR structure may determine distinct chemical
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binding and activation outcomes. Overall, a combination of approaches
is fundamental to understand the involvement of NRs in the action of
obesogens across the different animal phyla and to estimate the ecolo-
gical consequences. This first requires functional characterization of
NRs in representative taxa, then it will be important to disentangle the
downstream signaling pathways which is today possible due to omics
advances (e.g. various Next Generation Sequencing platforms, the ad-
vances in mass spectrometry in proteomics and metabolomics), thus
identifying the genes and proteins regulated by each NR to expand our
knowledge in the lipid homeostasis outside mammals. In addition, both
laboratory and field studies are needed to evaluate the effects of sus-
pected obesogens in different taxa given that for several lineages we still
lack information (Fig. 4). This will establish the foundations to explore
the obesogenic potential of suspected chemicals across different
lineages. Many key questions still persist and should be the focus of
future research; What is the taxonomic scope of lipid homeostasis
perturbation by environmental chemicals? Are the observed effects
reversible in the absence of the chemical insult? Are the observed ef-
fects transgenerational as has been suggested in mammalian models? If
so, what is the role of epigenetic modifications? Are the affected
pathways evolutionary conserved? To what extent obesogens impact
ecologically relevant endpoints in exposed marine animal populations?

An evolutionary perspective is vital to understand the impact of
obesogens at an ecosystem scale and address the major challenges raised
above, and therefore contribute also for a better understanding of the
etiology of obesity in human populations.
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