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� MeHg induced a dose-dependent accumulation of neutral lipids in preadipocytes.
� Accumulation of lipids persisted beyond the cellular exposure to MeHg.
� MeHg increased n-3 PUFA levels in lipid droplets and dropped AA levels in membranes.
� Expression of adipocyte- and lipid-specific genes was modulated by MeHg.
� Total mercury accumulated in cells was released when MeHg exposure stopped.
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a b s t r a c t

Methylmercury (MeHg) is a ubiquitous contaminant largely found in aquatic environments, especially in
species at high trophic level such as salmonids. The aim of this study was to evaluate the effects of MeHg
on adipocyte differentiation and lipid metabolism in rainbow trout. Primary cultured preadipocytes were
exposed to increasing concentrations of MeHg during six days with or without a hormonal cocktail. Main
results showed a dose-dependent intracellular accumulation of neutral lipids with a preferential uptake
of n-3 polyunsaturated fatty acids. Interestingly, this accumulation occurred after a fairly low uptake of
MeHg by preadipocytes and was maintained after the cellular exposure to MeHg. In membrane phos-
pholipids, arachidonic acid (20:4 n-6) was released in a dose-dependent manner. At the transcriptional
level, the expression of several adipocyte-specific genes (perilipin 2 and apolipoprotein Eb) as well as
lipid-related genes (fatty acid synthase and fatty acid binding protein 11a) was up-regulated in pre-
adipocytes exposed to MeHg. These results highlight for the first time the disrupting effect of MeHg in
trout adipocyte metabolism, providing new insights regarding the role of environmental pollutants in
adipose tissue dysfunction and related pathologies.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Obesity has become a pandemic affecting adults and children in
developed and in developing countries (WHO, 2018). This multi-
factorial disease is characterized by an abnormal or excessive fat
accumulation. Its development is influenced by various factors such
as nutrition, physical activity, genetics, microbiota and environ-
ment (reviewed by Heindel and Blumberg (2018)). Adipose tissue
represents the major site of energy storage in the body and it is
therefore a key organ in obesity development. This tissue is mainly
made up of adipocytes with a lipid droplet filled with triglycerides.
It has important roles in energy homeostasis and endocrine regu-
lation (Harwood, 2012). The contribution of environmental chem-
icals to the development of obesity was highlighted since the last
decade. In this context, the term “obesogen” was defined by Grün
and Blumberg in 2006 as chemicals that inappropriately alter lipid
homeostasis to promote adipogenesis and lipid accumulation
(reviewed by Grün and Blumberg (2009)).

Adipogenesis is a tightly regulated process including the pro-
liferation of preadipocytes followed by their differentiation into
mature adipocytes. Numerous transcription factors are involved in
the differentiation of preadipocytes. Peroxisome proliferator-
activated receptor g (PPARg) is the key one. After induction of its
expression by CCAAT/enhancer binding protein b and d (C/EBPb and
d), PPARg induces the expression of C/EBPa, which exerts a positive
feedback on the expression of PPARg (Rosen et al., 2000). This
transcriptional cascade activates the expression of adipocyte-
related genes and leads to the differentiated adipocyte pheno-
type. Various compounds such as polychlorobiphenyl (PCB) and
polybrominated diphenyl ether congeners, bisphenol A or tribu-
tyltin (TBT) have been reported as obesogens in in vitro and in vivo
animal and human models (Newbold et al., 2009; Ferrante et al.,
2014; Ariemma et al., 2016; Lutfi et al., 2017). Obesogens mainly
act through increasing the number or the size of adipocytes, or
altering the endocrine regulation and the lipid homeostasis
(Darbre, 2017).

Methylmercury (MeHg) is a toxic and widely distributed
organo-metal (Bjørklund et al., 2017). MeHg is a well-known neu-
rotoxicant in mammals and fish but can also affect liver and kidney
notably through the generation of oxidative stress (Farina et al.,
2011; Kidd and Batchelar, 2011). Humans are mainly exposed to
MeHg through the consumption of contaminated seafood. Indeed,
MeHg can bioaccumulate throughout the aquatic food chain (Lavoie
et al., 2013) and high levels of contamination can be found in
aquatic species, like salmonids (Schwindt et al., 2008). However,
little is known about the potential impacts of MeHg on adipose
tissue. To the best of our knowledge, only three studies have
investigated this problematic. It has been shown that MeHg caused
an alteration of structure and endocrine function in 3T3-L1 cell line
(Vertigan et al., 2015; Chauhan et al., 2019). On the other hand,
MeHg did not affect lipid accumulation in human preadipocytes
and mesenchymal stem cells up to 100 nM (van den Dungen et al.,
2017). If the impact of MeHg has only been scarcely investigated,
several studies highlighted the impairment of adipogenesis by
inorganic mercury via in vitro and in vivo experiments in rodents
(Barnes et al., 2003; Kawakami et al., 2012; Rizzetti et al., 2019).
MeHg has also been shown to affect cellular energy metabolism in
other organs. Transcriptomic and proteomic analyses of MeHg-
treated fish liver revealed modulation of lipid metabolism and
particularly fatty acid biosynthesis and b-oxidation pathways
(Klaper et al., 2008; Yadetie et al., 2016).

In the present study, the impacts of MeHg were investigated
using an original in vitromodel of rainbow trout preadipocytes. This
species is a well-known model to study the impact of pollution
(Schirmer, 2006; Ríos et al., 2015). In addition, fish adipose tissue
metabolism is close to the one of humans, among others because it
also uses circulating fatty acid to synthesize triglycerides, contrary
to rodents. This study aims to provide for the first time a compre-
hensive set of data encompassing both the accumulation and
release of MeHg in/from the adipose tissue as well as the effects of
this toxic compound on the development and lipid metabolism of
rainbow trout preadipocytes.

2. Material & methods

2.1. Experimental design

An in vitro model of primary culture of rainbow trout (Onco-
rhynchus mykiss) preadipocytes was developed to investigate the
impacts of MeHg on preadipocytes. Two consecutive experiments
were conducted. In Experiment 1, preadipocytes were exposed to
MeHg (0, 0.3, 1.7 and 3.8 mM) with or without a hormonal cocktail
(HC) during six days. The total mercury (THg) load and the fatty acid
composition of the cells (phospholipids and neutral lipids) were
assessed at the end of the exposure. The expression of several genes
involved in adipogenesis and lipogenesis was measured after two
and six days of MeHg exposure. As the most significant effects were
observed at the highest MeHg concentration and with the HC,
Experiment 2 was carried out with these conditions. The objective
of the second experiment was to evaluate the effect of exposure
duration on mercury and lipid accumulation and to investigate the
potential efflux of MeHg from the preadipocytes. Confluent cells
were exposed to MeHg and HC during two, four or six days. Cells
from the first two exposure time conditions (i.e. two and four days)
were then maintained in a non-contaminated medium until day 6.

2.2. Animals and ethics statement

The experiments were approved by the Animal Care and Use
Committee of the Universit�e catholique de Louvain (Permit num-
ber: 153201). Female rainbow trout eggs were obtained from
‘Pisciculture Charles Murgat’ (Beaufort, France) and were raised in
flow-through system at the ‘Plateforme technologique en biologie
aquicole Marcel Huet’ (Universit�e catholique de Louvain, Louvain-
la-Neuve, Belgium) (Permit number for animal facilities:
1220034). Fish were maintained at 12 ± 1 �C under natural
photoperiod and fed daily with a commercial diet (Skretting, Sta-
vanger, Norway).

2.3. Primary culture of preadipocytes, cell differentiation and MeHg
exposure

The primary culture of trout preadipocyteswas developed based
on Bouraoui et al. (2008) and is described in detail in Appendix A.
Briefly, perivisceral adipose tissue was collected from euthanized
fish and digested with 400 units/mL type II collagenase (Life
Technologies, Thermo Fisher Scientific, Waltham, MA, USA) and 1%
bovine serum albumin (BSA) (w:v) (Sigma-Aldrich, Saint-Louis,
MO, USA). After filtration and centrifugation, cells were seeded in
6-well plates and cultured until confluence was reached (day 0). In
Experiment 1, cells were then exposed during six days to growth
medium deprived of GlutaMAX™ and supplemented with 0, 0.3,1.7
or 3.8 mMMeHg (CH3HgCl; CAS 115-09-3) (Sigma-Aldrich), 4 mL/mL
lipid mixture (Sigma-Aldrich), and with or without a HC containing
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10 mg/mL insulin (Sigma-Aldrich), 10 mM ciglitizone (Sigma-
Aldrich) and 0.25 mM dexamethasone (Sigma-Aldrich). The MeHg
concentrations were chosen within a range of environmentally
relevant concentrations encountered in fish and marine mammals
(Wagemann et al., 1998; Mahaffey et al., 2004). In Experiment 2,
cells were then exposed during two, four or six days to growth
medium deprived of GlutaMAX™ and supplemented with 3.8 mM
MeHg, 4 mL/mL lipid mixture and HC. After two and four days of
exposure, cells were submitted to the same medium but deprived
in MeHg until day 6. Lipid mixture was composed of 4.5 g/L
cholesterol, 10 g/L cod liver oil fatty acid methyl esters, 25 g/L
polyoxyethylenesorbitan monooleate, and 2 g/L D-a-tocopherol
acetate. Medium was renewed every 48 h during the 6-day expo-
sure period. Three independent cultures were carried out with
seven fish for each of them. The cytotoxicity of contaminated me-
dium was assessed after two, four and six days of exposure by
measuring the release of lactate dehydrogenase (LDH) into the
extracellular medium. The activity of LDH was quantified with the
Cytotoxicity Detection Kit from Roche Diagnostics (Basel,
Switzerland). No cytotoxicity was observed at any time and any
MeHg concentration (maximum 6.5% of additional released LDH
compared to negative control) (data not shown).

2.4. THg quantification

THg was quantified in cells and in culture media by atomic ab-
sorption spectrophotometry with Direct Mercury Analyzer 80
(DMA-80) (Milestone, Sorisole, Italy) (Habran et al., 2013). After
medium removal and cell washing with phosphate-buffered saline
(PBS) at 19 �C, cells were harvested in 300 mL of lysis buffer
composed of 35mM sodium dodecyl sulfate, 60 mM Tris buffer and
10 mM sodium EDTA. Media were processed with DMA-80 without
any additional treatment. All samples were stored in glass con-
tainers. Blanks and Hg standards (in range of the calibration curve)
were included in analysis. Repeatability of measurements was
verified with technical duplicates.

2.5. Determination of fatty acid composition and concentrations

One hundred mL of cell lysate were sampled for fatty acid
quantification. Total lipids were first extracted with methanol:-
chloroform:water (2:2:1.8, v:v:v) (Bligh and Dyer, 1959). An inter-
nal standard composed of 1,2-dipentadecanoyl-sn-glycero-3-
phosphatidylcholine (Larodan, Solna, Sweden) and triheptadeca-
noin (Larodan) was added in each sample. Extracted lipids were
then loaded on solid phase extraction columns (Bond Elut-NH2,
200 mg, 3 mL) (Agilent Technologies, Santa Clara, CA, USA) and
neutral lipid and phospholipid fractions were eluted with chlor-
ofom:2-propanol (2:1; v:v) and methanol, respectively (Schneider
et al., 2012). Each fraction was then methylated according to
Schneider et al. (2012) with minor modifications. Briefly, samples
were methylated in KOH solution in methanol (0.1 M) at 70 �C for
1 h and then in HCl solution inmethanol (1.2 M) at 70 �C for 15min.
Fatty acid methyl esters (FAMEs) were extracted with hexane and
methyl-undecanoate (Larodan) was added in each sample as in-
jection standard. FAMEs were analysed by gas chromatography
(Trace 1310) (Thermo Fisher Scientific, Milan, Italy). All technical
details are provided in Appendix A. Results are expressed in mmol of
fatty acids per g of cellular proteins. Proteins were quantified in the
same samples than fatty acids with Pierce™ Bicinchoninic acid
Protein Assay Kit (Thermo Fisher Scientific, USA). A standard curve
of BSA was used for quantification. Besides cellular samples, fatty
acid composition of foetal bovine serum (FBS) and lipid mixture
was also determined but without separation in lipid fractions. The
percentage of increase or decrease of fatty acids due to treatments
was calculated as illustrated in Mauderly and Samet (2008).

2.6. RNA extraction, cDNA synthesis and RT-PCR analysis

Cells were collected following the recommendations of the
manufacturer in one mL TRIzol® Reagent (Life Technologies) per
well. RNA was then extracted with Aurum™ Total RNA Mini Kit
from Bio-Rad Laboratories (Hercules, CA, USA) and reverse tran-
scribed into cDNA with the iScript™ cDNA Synthesis Kit (Bio-Rad
Laboratories) as detailed in the Appendix A. Real-time reverse
transcription polymerase chain reaction (RT-PCR) analysis was
performed with a StepOnePlus™ Real-Time PCR System (Life
Technologies) in technical duplicates. Sample preparation and RT-
PCR analysis are described in detail in Appendix A. Amplification
results were processed by 2�DDCt method (Livak and Schmittgen,
2001). Owing to its high stability across treatments, 18S gene was
used as reference gene. Control cells (i.e. exposed to neither MeHg
nor HC) at day 2 were used as reference condition. The primers
features are summarized in Table A.1.

2.7. Statistical analyses

Statistical analyses were performed using R version 3.5.1 and
JMP® Pro 14.0 softwares. The lme function from the nlme package
was used in R to estimate a linear mixed model for each parameter
(Pinheiro et al., 2018) and to take into account the relation between
the samples coming from the same primary culture. Homoscedas-
ticity and normality of residuals were checked for all parameters. If
necessary, data were transformed (log10, inverse or root square
transformations) before analysis. In case of heteroscedasticity, a
correctionwas added to themodel. Statistical tests were carried out
with the contrast function in R (Kuhn et al., 2016) or matched pairs
and Student’s t-tests in JMP®. For all statistical tests, a Bonferroni-
Holm correctionwas applied to take into account themultiplicity of
tests via the p.adjust function in R. Results were considered sig-
nificant if corrected p-value was below 0.05.

3. Results & discussion

3.1. Model of primary cultured preadipocytes from rainbow trout

In the present study, primary culture of preadipocytes was used
to investigate for the first time, to the best of our knowledge, the
impacts of MeHg in rainbow trout preadipocytes. This in vitro
model is a relevant tool to assess the effects of potential obesogenic
compounds as suggested by Lutfi et al. (2017). Specific culture
conditions were applied to enable the differentiation of precursor
cells. First, fatty acids were supplied to the culture, as they are
essential in the induction of adipocyte differentiation in fish
(Vegusdal et al., 2003; Bouraoui et al., 2008). The lipid mixture was
the main source of fatty acids, whereas FBS lipids contributed to a
lesser extent to the supply (see Table A.2 for fatty acid composi-
tion). Second, a HC containing insulin, ciglitizone and dexametha-
sone was added to half of the conditions. Previous in vitro studies
demonstrated the capacity of these hormones to induce the dif-
ferentiation of preadipocytes in rodents (Bourez et al., 2012b; Louis
et al., 2014) and in fish (in combination with fatty acids) (Bouraoui
et al., 2008; Bou et al., 2017).

In this study, the addition of HC induced a significant increase of
cellular neutral lipid content after a 6-day differentiation (þ142%
compared to cells cultured in absence of HC) (Table 1eB). A lowered
content of cellular proteins per well of culture (�18%) was also
observed in these conditions (data not shown). Moreover, the
expression of adipocyte-related genes was substantially increased
by the HC such as the gene C/EBPd, a key early regulator in
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adipogenesis (Rosen et al., 2000), after two and six days (Fig. 2). The
expression of adenosine triphosphate citrate lyase (ACLY) and long-
chain acyl-CoA synthetase 1 (ACSL1), two enzymes involved in
acyl-CoA synthesis (Fig. 1), was significantly up-regulated at day 6
in presence of HC (Fig. 2). Moreover, the expression of fatty acid
binding protein 11 a (FABP11a) and apolipoprotein Eb (ApoEb) was
significantly higher at day 6 than at day 2 in both hormonal con-
ditions (Fig. 2), indicating that the lipid mixture alone modulates
the expression of several genes in preadipocytes. These results
reflect the commitment of preadipocytes into the adipocyte lineage
and the specialization into lipid storage (Bouraoui et al., 2008;
Lefterova and Lazar, 2009; Salmer�on et al., 2013; Li and Liu, 2014;
Bou et al., 2017).
Table 1
Intracellular concentration of (A) THg, (B) fatty acids in neutral lipid faction, and (C) fatty
concentrations of MeHg (0, 0.3, 1.7, 3.8 mM)with or without HC in Experiment 1 ((A) in mg
proteins).

0 mM MeHg 0.3 mM MeHg

Without HC With HC Without HC With HC

(A) THg 0.00 ± 0.00a 0.00 ± 0.00A 0.15 ± 0.01b 0.15 ± 0

(B) 14:0 6.7 ± 1.1a 18.4 ± 3.1*A 7.9 ± 1.5a 13.2 ± 3
16:0 31.2 ± 2.6a 66.5 ± 8.3*A 34.2 ± 6.1a 50.8 ± 8
18:0 20.5 ± 1.4a 29.2 ± 2.1*A 17.4 ± 2.4a 21.8 ± 1
Total SFA 58.4 ± 4.5 a 114.1 ± 13.4 * A 59.5 ± 9.8 a 85.9 ± 1
16:1 n-7 6.3 ± 1.3a 18.6 ± 2.9*A,B 8.7 ± 1.8a 13.9 ± 4
18:1 n-7 0.0 ± 0.0a 8.0 ± 0.6*A 3.9 ± 0.6b 6.4 ± 1.5
18:1 n-9 34.9 ± 5.0a 87.9 ± 8.2*A 44.1 ± 7.6a 72.1 ± 1
20:1 n-9 0.0 ± 0.0a 2.7 ± 0.1*A 0.0 ± 0.0a 2.2 ± 0.3
22:1 n-9 6.3 ± 1.8 7.0 ± 3.0 5.4 ± 1.6 6.1 ± 1.7
Total MUFA 47.5 ± 7.9 a 124.2 ± 14.7 * A 62.0 ± 11.4 a 100.7 ±
18:3 n-3 0.0 ± 0.0a 0.0 ± 0.0A 0.0 ± 0.0a 0.0 ± 0.0
18:4 n-3 0.0 ± 0.0a 2.6 ± 0.4*A 0.0 ± 0.0a 1.9 ± 0.7
20:4 n-3 0.0 ± 0.0a 4.0 ± 0.5*A,B 2.0 ± 0.6a 3.1 ± 1.0
20:5 n-3 7.9 ± 1.8a 21.8 ± 2.6*A 11.6 ± 2.4a 18.1 ± 5
22:5 n-3 5.1 ± 1.0a 14.1 ± 1.2A 7.1 ± 1.5a 11.2 ± 3
24:5 n-3 0.0 ± 0.0a 0.0 ± 0.0A 0.0 ± 0.0a 0.0 ± 0.0
22:6 n-3 6.1 ± 0.8a 12.6 ± 0.4*A 8.2 ± 1.1a 11.0 ± 2
Total n-3 PUFA 19.1 ± 3.5 a 55.1 ± 4.7 * A 29.0 ± 5.5 a 45.3 ± 1
18:2 n-6 4.5 ± 0.3a 11.8 ± 0.2*A 4.9 ± 0.4a 8.6 ± 1.1
20:3 n-6 0.0 ± 0.0a 6.2 ± 0.4*A,B 2.5 ± 0.5b 4.6 ± 1.1
20:4 n-6 3.1 ± 0.2a 9.6 ± 0.4*A 4.1 ± 0.5a 7.3 ± 1.6
22:4 n-6 0.0 ± 0.0a 0.0 ± 0.0A 0.0 ± 0.0a 0.0 ± 0.0
Total n-6 PUFA 7.6 ± 0.5 a 27.6 ± 1 * A 11.5 ± 1.4 a 20.5 ± 3
Total PUFA 26.6 ± 3.9 a 82.7 ± 5.5 * A 40.5 ± 6.8 a 65.7 ± 1
n-3/n-6 ratio 2.5 ± 0.3 a 2.0 ± 0.1 A 2.5 ± 0.2 a 2.1 ± 0.
Total FA 132.5 ± 15.2 a 321.0 ± 33.5 * A 161.9 ± 27.5 a 252.3 ±

(C) 14:0 19.1 ± 1.1 18.7 ± 2.1 18.5 ± 0.7 15.9 ± 0
16:0 164.1 ± 3.4 164.4 ± 13.3 150.6 ± 0.4 152.2 ±
18:0 92.8 ± 5.4 106.8 ± 20.0 87.1 ± 3.6 102.4 ±
Total SFA 276.0 ± 6.9 289.9 ± 35.0 256.2 ± 4.7 270.5 ±
16:1 n-7 15.3 ± 0.6 13.5 ± 0.7 15.2 ± 0.6 11.7 ± 0
18:1 n-7 13.2 ± 1.3 10.5 ± 0.9 12.5 ± 1.5 10.4 ± 1
18:1 n-9 148.4 ± 6.5 121.0 ± 4.5* 140.7 ± 6.5 120.5 ±
Total MUFA 176.9 ± 7.2 145.1 ± 5.5 * 168.5 ± 7.7 142.6 ±
20:4 n-3 3.4 ± 0.1a 3.0 ± 0.2*A 3.0 ± 0.1b 2.6 ± 0.1
20:5 n-3 55.1 ± 2.0a 46.6 ± 2.3*A 51.6 ± 2.2a,b 41.3 ± 1
22:5 n-3 26.6 ± 0.5 20.7 ± 1.1*A,B 25.5 ± 0.2 20.9 ± 0
22:6 n-3 58.6 ± 8.7 44.9 ± 7.0A 59.2 ± 8.4 48.3 ± 8
Total n-3 PUFA 143.7 ± 10.8 115.2 ± 9.5 * 139.3 ± 10.4 113.0 ±
18:2 n-6 7.7 ± 0.5a 6.9 ± 0.4 7.0 ± 0.5a,b 6.3 ± 0.5
20:3 n-6 5.6 ± 0.3a 4.8 ± 0.2A 4.9 ± 0.2a,b 4.6 ± 0.3
20:4 n-6 24.1 ± 3.8 24.9 ± 1.7A 20.5 ± 2.6 22.9 ± 2
Total n-6 PUFA 37.4 ± 4.6 a 36.6 ± 2.3 A 32.4 ± 3.2 a,b 33.8 ± 3
Total PUFA 181.1 ± 15.3 151.8 ± 11.7 * 171.7 ± 13.5 146.8 ±
n-3/n-6 ratio 3.9 ± 0.2 a 3.1 ± 0.1 * A 4.3 ± 0.2 a,b 3.4 ± 0.
Total FA 634.0 ± 22.5 586.8 ± 29.8 596.4 ± 16.5 559.9 ±

For each hormonal condition, values with different letters (lowercase letters for the cells w
exposure (p < 0.05). For each MeHg concentration, star indicates significant effect of th
Abbreviations: FA, fatty acids; HC, hormonal cocktail; MeHg, methylmercury; MUFA, m
acids; THg, total mercury.
3.2. Preadipocytes exposed to increasing concentrations of MeHg
with or without HC (Experiment 1)

3.2.1. MeHg exposure and accumulation in preadipocytes
After six days of exposure to increasing concentrations of MeHg,

preadipocytes significantly accumulated MeHg in a dose-
dependent manner (Table 1eA). The presence of HC had no sig-
nificant effect on the intracellular THg level (Table 1eA). The dose-
dependent accumulation observed herein is in line with the results
obtained in rainbow trout liver cells (RTL-W1 cell line, MeHg, 0.15
and 0.5 mM, 24 h) (Ferain et al., 2018). In in vivo experiments, dose-
dependent bioaccumulation was also observed in the entire or-
ganism of rainbow trout and zebrafish (MeHg, 0.5, 5 and 50 mg/g, 42
acids in phospholipid fraction after a 6-day exposure of preadipocytes to increasing
of THg per g of cellular proteins, and (B) and (C) in mmol of fatty acids per g of cellular

1.7 mM MeHg 3.8 mM MeHg

Without HC With HC Without HC With HC

.02B 1.13 ± 0.02c 1.05 ± 0.08C 1.84 ± 0.07d 1.74 ± 0.06D

.5A 13.1 ± 2.5a,b 25.3 ± 7.3A 30.0 ± 5.9b 66.8 ± 6.5*B

.4*B 43.3 ± 5.7a 83.2 ± 20.6A,B 85.7 ± 12.1b 166.4 ± 14.3*C

.4*B 18.5 ± 2.0a 27.8 ± 4.3*A,B 28.2 ± 2.9b 43.4 ± 2.3*C

3.3 *B 74.8 ± 10.2 a 136.3 ± 32.1 A,B 144.0 ± 20.6 b 276.7 ± 23.0 *C

.1A 16.3 ± 2.6a 29.6 ± 8.4B 36.1 ± 5.5b 76.8 ± 5.7*C
A 6.2 ± 0.7a,b 12.1 ± 3.2A 13.3 ± 1.5c 27.8 ± 1.7*B

7.5A 74.1 ± 10.5a,b 137.7 ± 36.6A 152.9 ± 22.7b 281.7 ± 22.4*B

*A 1.9 ± 0.2b 3.4 ± 0.8*A 3.6 ± 0.6c 6.1 ± 0.5*B

5.2 ± 1.7 6.7 ± 2.1 5.8 ± 2.4 7.8 ± 1.5
24.9 * A 103.8 ± 15.7 a 189.5 ± 50.4 A 211.8 ± 32.6 b 400.2 ± 31.7 *B
A 0.0 ± 0.0a 2.8 ± 0.7*B 2.7 ± 0.4b 6.8 ± 0.4*C

*A 2.0 ± 0.3a,b 4.1 ± 1.3A 4.4 ± 0.7b 11.2 ± 0.8*B
A 3.2 ± 0.5a,b 7.8 ± 2.5B 7.5 ± 1.3b 17.4 ± 2.2*C

.4A 21.6 ± 3.3a,b 41.6 ± 12.8A 49.6 ± 7.4b 114.8 ± 6.7*B

.1A 13.9 ± 2.5a 24.8 ± 7.0*B 30.2 ± 4.8b 53.4 ± 4.3*C
A 0.0 ± 0.0a 0.0 ± 0.0A 1.2 ± 0.2b 2.1 ± 0.1*B

.3A 15.3 ± 2.1a,b 26.2 ± 7.7A 34.8 ± 4.9b 67.8 ± 3.8*B

2.5 A 56.1 ± 8.5 a,b 107.4 ± 31.8 A 130.4 ± 19.6 b 273.6 ± 18.1 *B
B 7.5 ± 0.4a,b 14.4 ± 3.4A,B 14.9 ± 2.0b 32.2 ± 1.4*C

*A 4.3 ± 0.7b 8.7 ± 2.2B 8.6 ± 1.3c 16.0 ± 1.4*C

*A 6.7 ± 0.9a,b 13.9 ± 3.7A 13.6 ± 2.1b 27.7 ± 1.7*B
A 0.0 ± 0.0a 0.0 ± 0.0A 2.0 ± 0.2b 3.5 ± 0.2*B

.9 A 18.5 ± 1.9 a,b 37.0 ± 9.3 A 39.2 ± 5.5 b 79.4 ± 4.6 *B

6.4 A 74.6 ± 10.4 a,b 144.3 ± 41 A 169.6 ± 25.1 b 353.0 ± 22.6 *B

2 * A 3.0 ± 0.2 b 2.8 ± 0.1 *B 3.3 ± 0.0 b 3.4 ± 0.0 C

54.4 * A 253.2 ± 36.1 a 470.1 ± 123.3 A 525.4 ± 78.3 b 1029.9 ± 77.0 *B

.4 19.0 ± 0.3 16.9 ± 0.6 20.1 ± 1.4 16.9 ± 0.5
1.8 149.1 ± 9.4 154.4 ± 2.2 150.8 ± 5.4 141.0 ± 4.6
4.0 85.2 ± 2.5 99.0 ± 8.3 101.4 ± 15.3 99.8 ± 11.9
4.7 253.3 ± 8.7 270.3 ± 9.3 272.4 ± 20.4 257.7 ± 17.0
.5* 16.1 ± 0.8 13.6 ± 0.5 15.2 ± 0.9 13.9 ± 0.5
.1 13.1 ± 2.3 11.8 ± 1.8 12.5 ± 2.2 10.3 ± 1.0
5.2* 143.0 ± 16.9 136.1 ± 9.2 135.1 ± 11.9 119.9 ± 6.8
5.9 * 172.3 ± 20.0 161.5 ± 11.4 162.7 ± 14.9 144.1 ± 8.2
*B 2.6 ± 0.3a,b 2.5 ± 0.2A,B 2.5 ± 0.2a,b 2.9 ± 0.5A,B

.9*B 49.6 ± 5.1a,b 45.5 ± 2.2A,B 47.7 ± 3.4b 43.7 ± 2.0A,B

.6*A 25.6 ± 1.9 23.0 ± 1.2A,B 22.5 ± 1.3 17.5 ± 0.1*B

.6A,B 65.5 ± 13.7 58.8 ± 11.7B 62.0 ± 11.5 49.3 ± 6.8A,B

10.7 * 143.3 ± 20.9 129.8 ± 15.1 134.7 ± 16.3 113.3 ± 8.7
6.7 ± 0.9a,b 6.6 ± 0.7 6.5 ± 0.8b 5.9 ± 0.5

A 4.4 ± 0.5b,c 4.2 ± 0.3A 3.9 ± 0.3c 3.1 ± 0.1*B

.8*A 19.0 ± 3.1 20.8 ± 2.1A,B 17.2 ± 2.1 14.7 ± 0.4B

.5 * A 30.2 ± 4.5 a,b 31.6 ± 3.0 A 27.6 ± 3.1 b 23.6 ± 0.9 B

14.2 * 173.5 ± 25.4 161.4 ± 18.1 162.3 ± 19.4 137.0 ± 9.6
1 * A 4.8 ± 0.0 b,c 4.1 ± 0.1 *B 4.9 ± 0.0 c 4.8 ± 0.2 C

16.5 * 599.1 ± 52.9 593.3 ± 21.8 597.4 ± 19.2 538.7 ± 3.0

ithout HC and capital letters for the cells with HC) indicate significant effect of MeHg
e HC (p < 0.05). Data are presented as mean ± standard error of the mean (n ¼ 3).
onounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty



Fig. 1. Proteins encoded by the investigated genes and involved in adipocyte metabolism. This figure has been made with illustrations from Servier Medical Art. Abbreviations:
6PGL, 6-phospho-glucono-d-lactone; AA, arachidonic acid; ACLY, adenosine triphosphate citrate lyase; ACSL1, long-chain acyl-CoA synthetase 1; ApoEb, apolipoprotein Eb; C/EBPa
and d, CCAAT/enhancer binding protein a and d; cPEPCK, cytosolic phosphoenolpyruvate carboxykinase; cPLA2, cytosolic phospholipase A2; DHAP, dihydroxyacetone phosphate;
EPA, eicosapentaenoic acid; FA, fatty acid; FABP11, fatty acid binding protein 11; FASN, fatty acid synthase; FATP1, fatty acid transport protein 1; G3P, glycerol-3-phosphate; G6P,
glucose-6-phosphate; G6PD, glucose-6-phosphate dehydrogenase; GPDH, glycerol-3-phosphate dehydrogenase; LPL, lipoprotein lipase; NADPH, nicotinamide adenine dinucleotide
phosphate; PLIN2, perilipin 2; PPARg, peroxisome proliferator-activated receptor g.
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days) (Liu et al., 2013), inmuscle, brain and liver of zebrafish (MeHg,
5 and 13.5 mg/g, 63 days) (Gonzalez et al., 2005) and in holothurians
(HgCl2, 40, 80 and 160 mg/L, 4 days) (Telahigue et al., 2019).
Mechanisms for MeHg uptake have been suggested to include both
passive and (specific and non-specific) active transports (Kidd and
Batchelar, 2011). More specifically, uptake of MeHg-chloride seems
to occur via passive diffusion and uptake of MeHg-L-cysteine via a
carrier protein (Heggland et al., 2009).

In the present study, as the culturemedium contained L-cysteine
(1mM) and asMeHg has a higher affinity for sulfhydryl groups than
for chloride ions (reviewed by Nogara et al. (2019)), MeHgwasmost
likely transported via membrane transport protein under the form
of MeHg-L-cysteine complex. A plausible transporter candidate is
the system L-type large neutral amino acid transporter (LAT)
(Heggland et al., 2009). This transporter is Naþ-independent
obligatory exchanger (Verrey, 2003). The expression of the corre-
sponding gene was found in rat adipose tissue (isoforms LAT1 and
LAT2) (Ritchie et al., 2001) and in 3T3-L1 cells (only LAT1 isoform)
(Mitchell et al., 2010). An equivalent transporter called solute car-
rier family member 43 (SLC 43) was also found in various teleost
fish (Gallardo et al., 1996; Verri et al., 2012; Barat et al., 2019).

Between 9 and 14% of MeHg added throughout the culture were
found accumulated in cells at the end of the experimental period.
The relatively low amount of MeHg accumulated in preadipocytes
may be explained by a low bioavailability of MeHg resulting from
its tendency to bind to sulfhydryl groups (e.g. from molecules of
FBS) (Rabenstein and Fairhurst, 1975). In addition, the presence of
other substrates of LAT1/2 such as L-methionine, L-leucine and L-
histidine in the culture medium could reduce the MeHg-L-cysteine
uptake by this carrier as observed in C6 rat glioma and RBE4 rat
brain endothelial cell lines (Heggland et al., 2009). The fairly low
accumulation of MeHg by preadipocytes contrasts with the case of
other, more lipid-soluble, environmental pollutants such as PCBs,
which have been shown to massively accumulate within a few
hours in cultures of rodent adipocytes (Bourez et al., 2012b, 2013).
Those distinct in vitro behaviors are in accordancewith the fact that
adipose tissue does not represent an important reservoir for MeHg,
as opposed to PCBs (Wagemann et al., 1998; Covaci et al., 2008).
3.2.2. Increased content in neutral lipids following MeHg and HC
treatments

The highest MeHg concentration (3.8 mM) sharply increased the
level of neutral lipids in preadipocytes in both hormonal conditions
(þ296% and þ220% in absence and presence of HC, respectively)
(Table 1eB). As observed in cells non-exposed toMeHg, HC induced
a significant (except at 1.7 mM MeHg) increase in the total neutral
lipid content (þ56%, þ86% and þ96% at 0.3, 1.7 and 3.8 mM MeHg,
respectively) (Table 1eB). The combined exposure to both factors
exhibited an impact on fatty acid accumulation that was greater
than additive. Indeed, the total fatty acid content was increased by
142% by the HC, 296% by theMeHg, and 677% by the combination of
HC and MeHg, indicating an effect that was 54% greater than ad-
ditive. This result highlights a synergism between the effects of
MeHg and HC. Contrasting results were found in the literature
regarding the effect of mercury on lipid accumulation. In human
preadipocytes and mesenchymal stem cells, MeHg (1, 10 and
100 nM,11 days) did not affect lipid accumulation (van den Dungen
et al., 2017). Note that the concentrations used were lower than in
the present study. In contrast, a phenotype similar to the one
observed hereinwas reported in liver of HgCl2-treated zebrafish (50



Fig. 2. Relative expression of genes involved in adipocyte metabolism in preadipocytes after two and six days of exposure to increasing concentrations of MeHg (0, 0.3, 1.7, 3.8 mM)
with or without HC in Experiment 1. For each day and each hormonal condition, values with different letters (lowercase letters for the cells without HC and capital letters for the
cells with HC) indicate significant effect of MeHg exposure (p < 0.05). For each day and each MeHg concentration, stars indicate significant effect of the HC (p < 0.05). For each
hormonal condition and each MeHg concentration, hash marks indicate significant effect of the exposure time (p < 0.05). The E�DDCt method was applied for relative gene
expression analysis (Livak and Schmittgen, 2001), using 18S as reference gene and control cells at day 2 as reference condition. Data are presented as mean ± standard error of the
mean (n ¼ 3 except for the condition “0 mMewithout HCeday 6” where n ¼ 2). Abbreviations: ACLY, adenosine triphosphate citrate lyase; ACSL1, long-chain acyl-CoA synthetase 1;
ApoEb, apolipoprotein Eb; C/EBPd, CCAAT/enhancer binding protein d; FABP11a, fatty acid binding protein 11a; FASN, fatty acid synthase; FATP1, fatty acid transport protein 1; G6PD,
glucose-6-phosphate dehydrogenase; GPDH, glycerol-3-phosphate dehydrogenase; HC, hormonal cocktail; LPL, lipoprotein lipase; MeHg, methylmercury; PLIN2, perilipin 2.
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and 200 mg/L, 96 h), with increased number and size of lipid
droplets (Ung et al., 2010). Contrary to neutral lipids, the 6-day
exposure to MeHg did not modify the total amount of phospho-
lipids in preadipocytes (Table 1eC). Similarly, none of the MeHg
concentrations had an effect on the amount of cellular proteins in
this study (data not shown).

3.2.3. Effects of MeHg on lipid metabolism at transcriptional level
The expression level of several geneswas assessed to investigate

their potential involvement in the effects of MeHg on neutral lipid
accumulation. The expression of glucose-6-phosphate dehydroge-
nase (G6PD) was significantly increased at day 2 byMeHg exposure
in both hormonal conditions (Fig. 2). G6PD generates nicotinamide
adenine dinucleotide phosphate (NADPH) through the pentose
phosphate pathway (Fig. 1). NADPH can be used for the de novo
synthesis of fatty acids via the fatty acid synthase (FASN). In the
present study, the expression of FASN was significantly up-
regulated by the highest MeHg concentration at day 2 in pres-
ence of HC as well as at day 6 in both hormonal conditions (Fig. 2)
and could partially explain the accumulation of lipids observed
herein. In in vivo situation, a decrease of FASN expression was,
however, observed in the liver of fatheadminnow exposed toMeHg
(2 mg/g, 96 h) (Klaper et al., 2008). On the other hand, the liver
transcriptome of HgCl2-treated zebrafish revealed the up-
regulation of fatty acid synthesis pathway within 96 h without,
however, specifying the enzyme(s) involved (Ung et al., 2010).
Triphenyltin (TPT), a well-known obesogen, also induced an
increased expression of FASN in trout preadipocytes (Lutfi et al.,
2017). On the other hand, after two and six days of contamina-
tion, a significant and negative impact of MeHg was observed on
the expression of ACLY, another enzyme involved in de novo fatty
acid synthesis pathway (Fig. 1), in absence and presence of HC
(Fig. 2). In Atlantic cod, MeHg also down regulated ACLY in liver at
the protein level (Yadetie et al., 2016).

Triglycerides can also be composed of exogenous fatty acids
taken up from blood (in vivo) or culture medium (in vitro). The li-
poprotein lipase (LPL) hydrolyses triglycerides from circulating li-
poproteins (Fig. 1). This enzyme is produced by adipocytes and is
considered as an early marker of adipocyte differentiation
(Bouraoui et al., 2012). Fatty acids are then transported across the
membrane by passive diffusion or via fatty acid transport proteins
(FATPs) and in the cytosol via FABPs (Fig. 1). In the present study,
MeHg negatively affected the expression of LPL only at day 6 and in
presence of HC (Fig. 2). As observed herein after two days, the
expression of LPL was not impacted after a 24-h exposure to TBT or
TPT in trout preadipocytes, suggesting the low implication of this
enzyme in the short-term toxicity of lipid metabolism disruptors
(Lutfi et al., 2017). MeHg significantly down-regulated the expres-
sion of FATP1 at day 2 in presence of HC (Fig. 2). A reduction in the
expression of FATP1 byMeHg was also observed in RTL-W1 cell line
(Ferain et al., 2018). The MeHg exposure slightly but significantly
increased the expression of FABP11a at day 2 in both hormonal
conditions (Fig. 2). Similar results were obtained for FABP11b (data
not shown). Note that the FABP11a isoformwas highly expressed in
preadipocytes as evidenced by the low Ct values (data not shown).
The expression of another isoform (FABP10) was also up-regulated
in the muscle of MeHg-contaminated zebrafish (3 nmol Hg/day/
fish, 25 days) (Cambier et al., 2009). The up-regulation of FABP11a
by MeHg reflects an increased need for intracellular fatty acid
transport. This effect could contribute to a higher transfer of fatty
acids towards lipid droplets.

After transport, fatty acids can be activated to acyl-CoA by an
acyl-CoA synthetase (Fig. 1). The exposure to MeHg significantly
reduced the expression of ACSL1 at day 2 in both hormonal con-
ditions (Fig. 2). However, the effect disappeared at day 6.
The triglyceride synthesis also needs glycerol-3-phosphate as
carbon backbone produced from dihydroxyacetone phosphate by
the glycerol-3-phosphate dehydrogenase (GPDH) (Fig. 1). The
highest MeHg concentration decreased the expression of GPDH at
day 6 in absence of HC. On the other hand, no experimental con-
dition exerted a significant effect on the expression of cytosolic
phosphoenolpyruvate carboxykinase (cPEPCK), another enzyme
involved in glyceroneogenesis (Fig. 1) (data not shown). Accord-
ingly, the impact of MeHg on neutral lipid content does not seem to
involve the expression of glyceroneogenesis-related genes.

3.2.4. Modulation of adipocyte differentiation by MeHg
The lipid accumulation observed in contaminated preadipocytes

could be concurrent with the induction of adipogenesis. The
expression of several genes specifically transcribed during the
adipocyte differentiation was therefore evaluated. MeHg down-
regulated (only significantly at day 6) the HC-induced expression
of C/EBPd, whereas no effect of MeHg was observed in absence of
HC (Fig. 2). Opposite results were found in HgCl2-treated zebrafish
liver, where the expression of C/EBPd and b in the liver was upre-
gulated by mercury (Ung et al., 2010). This difference highlights
potential tissue-dependent response to contamination as well as
the fact that organic and inorganic mercury can act via different
mechanisms, especially at the gene expression level, as suggested
by McElwee et al. (2013). The expression of two other key tran-
scription factors, C/EBPa and PPARg, yet involved in adipogenesis in
numerous vertebrate species (Rosen et al., 2002), including
rainbow trout (Bou et al., 2017), was not impacted by the MeHg
exposure (data not shown). Contradictory results were found in
literature regarding the effects of mercury on these transcription
factors. In 3T3-L1 cell line, inorganic mercury significantly
decreased the level of PPARg protein (5 and 10 mM, 48 h) (Barnes
et al., 2003) whereas the PPARg mRNA level increased in Hg-
exposed rats (first dose of 4.6 mg/kg and subsequent doses of
0.07 mg/kg/day, 60 days) (Rizzetti et al., 2019). The implication of
these transcription factors in the toxicity of mercury requires
further research. The exposure of preadipocytes to MeHg sub-
stantially increased the expression of perilipin 2 (PLIN2), a protein
synthesized by adipocytes and present at the surface of lipid
droplets, in both hormonal conditions at day 2 and day 6 (Fig. 2).
PLIN2 mRNA and protein levels have been shown to be higher
during the adipocyte differentiation than during the proliferation
phase (Bou et al., 2017), highlighting the implication of this protein
in the adipocyte maturation process (Sztalryd and Kimmel, 2014;
Bou et al., 2017) and suggesting a potential role in the MeHg
toxicity. ApoE is a component of circulating lipoproteins synthe-
sized inter alia by adipocytes. In the present study, MeHg (1.7 and
3.8 mM) significantly up-regulated its expression at day 6 in both
hormonal conditions while the presence of HC significantly down-
regulated the effect of the MeHg (Fig. 2). The expression of ApoEb
was also up-regulated in the muscle of MeHg-contaminated
zebrafish (Cambier et al., 2009). Previous studies in mice adipo-
cytes revealed that adipocyte-synthesized ApoE facilitates intra-
cellular triglyceride accumulation (Huang et al., 2006, 2009; Li and
Liu, 2014).

As previously mentioned, the expression of G6PD was upregu-
lated by MeHg at day 2. It could reflect the possible growing need
for reducing equivalents to copewith the oxidative stress generated
by MeHg, in addition to supply fatty acid de novo synthesis. Indeed,
MeHg is known to increase the level of reactive oxygen species
(ROS) in organisms or cultured cells (Farina et al., 2011; Ynalvez
et al., 2016). Although contradictory results are found in the liter-
ature, the majority of recent studies in mouse, rat and human
models attributed a pro-adipogenic role to ROS, especially in the
beginning of the differentiation process (De Villiers et al., 2017). In
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Atlantic salmon, oxidative stress negativelymodulated the terminal
differentiation of preadipocytes (Todor�cevi�c et al., 2010). The global
impact of ROS on preadipocyte therefore seems to depend on the
stage of differentiation of the cells.
3.2.5. Modulation of neutral lipid fatty acid composition by MeHg
The concentrations of all fatty acids except 22:1 n-9 were

significantly higher at 3.8 mM MeHg than at lower MeHg concen-
trations (0 and 0.3 mMMeHg in absence of HC and 0, 0.3 and 1.7 mM
MeHg in presence of HC) (Table 1eB). Nevertheless, the level of
increase was not the same for all fatty acid classes. The total n-3
polyunsaturated fatty acids (PUFA) showed the highest level of
increase (þ584% and þ396% in presence and absence of HC,
respectively) followed by the total n-6 PUFA (þ417% and þ188%)
and the total monounsaturated fatty acids (MUFA) content (þ346%
and þ222%). The total saturated fatty acids (SFA) content showed
the lowest increase (þ147% and þ142%). When data are expressed
in terms of proportions, the highest increase was also observed for
n-3 PUFA, while the proportions of SFA dropped in both hormonal
conditions (Table A.3-A). As a result of the preferential accumula-
tion of n-3 PUFA, the n-3/n-6 ratio increased in a dose-dependent
manner in both hormonal conditions. In the literature, contami-
nation of holothurians with HgCl2 induced an increase of the pro-
portion of n-3 PUFA, especially docosahexaenoic acid (DHA, 22:6 n-
3), and a decrease of n-6 PUFA (Telahigue et al., 2019). The pro-
portion of total SFA also increased although the proportion of 16:0,
the most abundant SFA in preadipocytes, decreased at the highest
doses of inorganic mercury in sea cucumber (Telahigue et al., 2019).
Note that this study analysed the fatty acid composition of the total
lipids, possibly hiding lipid fraction-dependent effects.
3.2.6. Modulation of phospholipid fatty acid composition by MeHg
MeHg significantly affected the membrane phospholipids fatty

acid profile (Table 1eC). Especially, the n-6 PUFA content greatly
decreased after exposure to 3.8 mM MeHg (�26% in absence
and �35% in presence of HC compared to non-exposed cells). The
highest drop of concentrations could be noticed for 18:2 n-6, 20:3
n-6 and arachidonic acid (AA, 20:4 n-6). No difference in the total n-
3 PUFA content was observed after MeHg contamination. However,
eicosapentaenoic acid (EPA, 20:5 n-3) concentration was signifi-
cantly lower in cells exposed to 3.8 mM MeHg as compared to
control cells. On the other hand, DHA concentration was signifi-
cantly higher in cells exposed to 1.7 mMMeHg as compared to non-
exposed cells in presence of HC. As a result of the n-6 PUFA
depletion, the n-3/n-6 ratio significantly increased in the mem-
branes of preadipocytes exposed to 3.8 mM MeHg. No modification
was observed regarding SFA and MUFA contents. In terms of pro-
portions, comparable results were obtained especially regarding
the effects of MeHg on the n-6 PUFA and DHA (Table A.3-B). Similar
results were found in the literature concerning the n-6 PUFA. The
proportions of 18:2 n-6, 20:3 n-6 and AA also decreased in the Hg-
contaminated sea cucumber body wall (Telahigue et al., 2019) and
tended to decrease in phospholipids of AA-enriched RTL-W1 cells
after exposure to MeHg (Ferain et al., 2018). The reduction of AA
frommembrane phospholipids was also observed in phospholipids
of Atlantic salmon brain after chronic dietary exposure to MeHg
(5 mg/kg, 3 months) (Amlund et al., 2012), in primary rat neurons
(Shanker et al., 2004) and astrocytes (Shanker et al., 2002), and in
bovine pulmonary artery endothelial cell line (Mazerik et al., 2007;
Sherwani et al., 2013) (5 mMMeHg, 0e120min). Concerning the n-3
PUFA in phospholipids, Olsvik et al. (2011) also showed a reduced
content of EPA in Atlantic salmon brain after a 3-month exposure to
MeHg (5 mg/kg) and Telahigue et al. (2019) showed a lower pro-
portion of EPA and a higher proportion of DHA after HgCl2
contamination. Fatty acids with twenty carbons, particularly AA
and EPA, are known to be released from phospholipids by phos-
pholipases (mainly cytosolic phospholipase A2 (cPLA2)) to provide
precursors of eicosanoids which are involved in various biological
processes like inflammation (Kremmyda et al., 2011). The reduction
of AA and EPA could be related to an increased activity and/or
expression of cPLA2 (Shanker et al., 2004). In our experiments, the
expression of cPLA2was however not influenced byMeHg (data not
shown). Similarly, no modification of cPLA2 mRNA level was
observed in MeHg-treated RTL-W1 cells (Ferain et al., 2018).
However, such results do not exclude the possibility that MeHg
exerts an impact on cPLA2 at a post-transcriptional level.

3.3. Preadipocytes exposed to MeHg and HC for increasing
durations (Experiment 2)

3.3.1. No time-dependent accumulation of MeHg within days
In the second experiment, preadipocytes were contaminated

with 3.8 mM MeHg during three exposure durations (two, four and
six days). After two days, the percentage of MeHg accumulation by
the cells was 39% of the total MeHg amount added in the culture
medium. As presented above, this percentagewas much lower after
six days (around 10%). The difference can be explained by the fact
that no additional cellular MeHg accumulation occurred between
day 2 and day 6 of exposure, even if MeHg was still added in the
medium. Indeed, the intracellular mercury concentration did not
differ between two, four or six days of exposure (Fig. 3, black bars).
A similar behaviour was observed in PC12 cells exposed to 10 nM
MeHg for six days (Meacham et al., 2005). The present study reveals
that the retention limit of preadipocytes for MeHg is fairly quickly
reached, as opposed to other more fat-soluble pollutants like PCBs
that can be accumulated at extremely high concentrations in
cultured fat cells (Bourez et al., 2012a).

3.3.2. Release of THg accumulated in cells when MeHg exposure
stops

Cells exposed to MeHg during only two or four days were
thereafter maintained in a MeHg-free medium until day 6. The THg
concentration in these cells at day 6 significantly dropped
compared to the concentrations measured at days 2 and 4 (Fig. 3,
dark grey bars). Indeed, 95% and 79% of the THg accumulated in
preadipocytes at days 2 and 4 respectively, were released into the
culture medium at day 6 (Fig. 3, light grey bars). For both durations,
the sum of the THg concentration measured at day 6 in cells and in
medium equaled the intracellular THg concentration at day 2 or 4.
Such phenomenon suggests an efficient efflux of MeHg from pre-
adipocytes. MeHg efflux was studied in C6 and RBE4 cell lines and
LAT1/2 did not seem to be involved in this process (Kerper et al.,
1996; Heggland et al., 2009). The presence of L-cysteine (100 mM)
and L-cystine (1 mM) in the culture medium has been shown to
increase the MeHg efflux and to lead to an almost complete
depletion of intracellular MeHg after 60 min in these cell lines
(Heggland et al., 2009). The authors suggested that the high
extracellular concentration of cysteine and cystine induces an in-
crease of the intracellular concentration of cysteine and, as a
consequence, the synthesis of glutathione (GSH), cysteine being in
most cases the limiting amino acid in this pathway (Wu et al.,
2004). The MeHg-GSH complex generated by exchange reaction
could then be transported out of the cells. Additional experiments
are however required to validate such mechanism of efflux in
preadipocytes.

3.3.3. Accumulation of neutral lipids persisted after the onset of
mercury release by the cells

The cells exposed to MeHg during four or six days stored similar



Fig. 3. THg concentration in cells exposed to MeHg (black bars; left y-axis) and no longer exposed to MeHg (dark grey bars; left y-axis) and in culture medium (light grey bars; left
y-axis) measured at different times of the cell culture, and total fatty acid concentration in cellular NL (hatched bars; right y-axis) measured at day 6 in preadipocytes exposed to
3.8 mM MeHg for zero, two, four or six days in presence of HC in Experiment 2. Stars indicate significant difference between two measurements (p < 0.05). Values of total fatty acid
concentration with different capital letters indicate significant effect of exposure duration (p < 0.05). Data are presented as mean (in mg of THg per g of cellular proteins, or in mmol
of fatty acids per g of cellular proteins) ± standard error of the mean (n ¼ 3). Abbreviations: HC, hormonal cocktail; NL, neutral lipids; MeHg, methylmercury; THg, total mercury.
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amounts of neutral lipids at day 6 (Fig. 3, hatched bars), which
suggests that the effect induced by MeHg on the intracellular pool
of lipids continued beyond the initiation of intracellular THg drop.
As previously described, this lipid storage might be associated with
the adipocyte differentiation induced by the production of ROS as
well as the upregulation of lipogenic genes. A recent study showed
that chronic mercury contamination (HgCl2, first dose of 4.6 mg/kg
and subsequent doses of 0.07 mg/kg/day, 60 days) impaired rat
epididymal white adipose tissue metabolism even though the
mercury concentration in the adipose tissue of treated rats was not
significantly different from untreated animals (Rizzetti et al., 2019).
The authors suggested the implication of the oxidative and endo-
plasmic reticulum stresses in adipose tissue. Moreover, an offset
between MeHg exposure and the appearance of MeHg-related
adipose disruption is often observed. In a recent in vivo study, it
has been shown that the exposure of female rats to cadmium and
MeHg at the periconception period, when adipose tissue is differ-
entiating, led to adult male offspring with higher body and
abdominal adipose tissue weights (Camsari et al., 2016). Similarly,
in the present study, preadipocytes were exposed to MeHg as early
as the induction of adipocyte differentiation. As explained above,
the moment of MeHg exposure seems to be a critical element to
determine the potential future effects.
4. Conclusion

In summary, environmentally relevant MeHg concentrations
exerted pro-adipogenic effects on rainbow trout preadipocytes. A
dose-dependent accumulation of neutral lipids (mainly n-3 PUFA)
was observed even after the onset of mercury release by the cells.
The accumulation of lipids could be explained in part by an increase
in the expression of FABP11a and FASN. Adipocyte-related genes
(PLIN2 and ApoEb) were positively modulated by MeHg and could
also contribute to adipogenic properties of the organo-metal.
Further experiments are however required to better understand
the impacts of MeHg on the adipogenesis process and lipid meta-
bolism but this study provides evidence to consider MeHg as an
actor in the current obesity pandemic.
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