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� A human relevant mixture induced metabolism disrupting effects in larval zebrafish.
� Metabolic rate at 2e5 dpf was lower in mixture-exposed fish than in control fish.
� Fish exposed to the mixture had a larger visceral adiposity than control fish.
� The mixture induced the adipocyte-expressed gene fabp11a.
a r t i c l e i n f o

Article history:
Received 13 May 2019
Received in revised form
9 August 2019
Accepted 13 August 2019
Available online 13 August 2019

Handling Editor: David Volz

Keywords:
Mixtures
Metabolism
Adipogenesis
Zebrafish
Endocrine disrupting chemicals
* Corresponding author.
E-mail address: Anna.mentor@ebc.uu.se (A. Mento

https://doi.org/10.1016/j.chemosphere.2019.124584
0045-6535/© 2019 The Authors. Published by Elsevier
a b s t r a c t

Exposure to endocrine disrupting chemicals has been suggested to contribute to the ongoing globally
increasing obesity trend. The complex chemical mixtures that humans and wildlife are exposed to
include a number of compounds that may have obesogenic properties. In this study we examined a
mixture consisting of phthalate-monoesters, triclosan, and perfluorinated compounds. The mixture was
designed within the EDC-MixRisk project based on serum levels of the compounds in pregnant women
of a Swedish mother-child cohort. The compounds were negatively associated with birth weight of the
children. We assessed whether developmental exposure to this mixture in combination with a calorie-
rich diet affected metabolic rate, blood lipids, adipogenesis and lipid storage, and the whole-body
level of neutral lipids in zebrafish (Danio rerio). Wildtype zebrafish were exposed to the mixture from
3 h post fertilization to 5, 14 or 17 days post fertilization (dpf) at water concentrations corresponding to 1,
10, 20, or 100 times the geometrical mean of the serum concentration (hsc) in the women. Exposure to
the mixture at 20 times hsc lowered metabolic rate at 2e5 dpf, and increased the number of adipocytes
and the amount of visceral adipose tissue at 14 and 17 dpf respectively. Also, mRNA expression of fatty
acid binding protein 11a was increased at 17 dpf by 10 and 20 times hsc of the mixture. This study shows
that a human-relevant mixture of environmental pollutants affects metabolic rate, adipogenesis and lipid
storage in young zebrafish fed a calorie-rich diet, thus demonstrating its potential to disrupt metabolism.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

An increasing global obesity trend is observed in the human
population, both in adults and children. A recent study by the Non-
communicable Diseases Risk Factor Collaboration found that
around 50 million girls and 74 million boys in the age of 5e19 years
were obese worldwide in 2016 (Collaboration, 2017). The same
year, 40.6 million children below the age of 5 were considered
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overweight or obese (UNICEF,WHO,World Bank, 2017). Obesity is a
multifactorial condition that is associated with hypertension,
atherosclerosis, diabetes and other disorders. Along with known
contributing factors, like unhealthy diet, insufficient exercise, and
genetic predisposition, exposure to endocrine disrupting chemicals
(EDCs) has been suggested to contribute to the global obesity
epidemic (Baillie-Hamilton 2002). The term “obesogen”was coined
a few years back (Grün and Blumberg, 2006), referring to chemicals
that disrupt lipid storage, adipogenesis, or metabolic homeostasis
in a way that leads to an increased fat mass. Many obesogens are
commonly used chemicals (Heindel et al., 2015) and consequently
humans and animals are continuously exposed to mixtures of such
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substances.
Exposure to environmental stressors at an early developmental

stage can interfere with metabolic programming resulting in dis-
ease later in life (Barker et al., 1993; Godfrey and Barker, 2000;
Desai et al., 2013). Barker and colleagues highlighted this when
they linked low birth weight to compensatory growth in childhood
and coronary heart disease and diabetes in adulthood (Barker,
2012). Factors such as malnourishment, smoking, and ambient air
pollution have all been implicated in fetal growth restriction
(Gluckman and Hanson, 2004b; van den Hooven et al., 2012;
Nardozza et al., 2017). Moreover, prenatal EDC exposure has been
associated with both high and low birth weight, abnormal lipid
metabolism, a more rapid increase in body weight (BW) and waist
circumference in the early years of life, and higher body mass index
later in life (Smink et al., 2008; Halldorsson et al., 2012; Botton
et al., 2016; Braun et al., 2016; Maresca et al., 2016; Harley et al.,
2017; Minatoya et al., 2017; Zhang et al., 2018; Zhu et al., 2018).
Experimental studies on diethylstilbestrol, perfluorooctanoic acid
(PFOA), and di(2-ethylhexyl)phthalate (DEHP) in rodents support
the epidemiological findings that developmental exposure can
cause long term effects onmetabolism (Newbold et al., 2005; Hines
et al., 2009; Gu et al., 2016). Effects appearing in adults after fetal
exposure are generally attributed to developmental programming;
the fetus adapts to stimuli that occur during gestation resulting in
permanent phenotypic changes that can cause problems later in life
(Gluckman and Hanson, 2004a).

White adipose tissue (WAT) is the main energy storage depot in
the body. The major cell type in WAT is the adipocyte, a cell that
stores fat in an intracellular lipid droplet, mainly in the form of
triglycerides.White adipose tissue can grow larger by incorporating
more lipids in the adipocytes (hypertrophy), by increasing the
number of adipocytes (hyperplasia), or by a combination of the two.
At an early age, hyperplasia is themajor contributor toWATgrowth,
but in adulthood the adipocyte number stay relatively constant in
both obese and non-obese individuals (Spalding et al., 2008); thus,
the number of adipocytes formed during the early years sets the bar
for the WAT size in adulthood. Consequently, any environmental
impact on adipogenesis early in life could have long-term effects.

Cellular bioenergetic processes play a central role in normal
development and metabolism. Homeostatic control of energy bal-
ance is achieved by regulation of energy intake and expenditure,
and metabolic dysregulation has been linked to a number of dis-
eases (Ren et al., 2010; Zhang and Du, 2012; Rojas-Gutierrez et al.,
2017; Simula et al., 2017). Metabolic activity can be estimated by
the use of redox indicators like resazurin (Nociari et al., 1998;
Rampersad, 2012; Renquist et al., 2013). Resazurin is reduced by a
number of metabolically important molecules such as NADH,
NADPH, FADH, and the cytochromes (Rampersad, 2012), and thus
resazurin-based assays reflect the metabolic status of a cell.

The aim of this study was to use zebrafish to determine whether
a mixture of human relevant environmental contaminants has
metabolism disrupting properties. Zebrafish were exposed to the
mixture in combination with a high-fat diet, from 3 h post-
fertilization (hpf) until 5, 14, or 17 days post fertilization (dpf).
Metabolic rate, visceral adiposity, blood lipid levels, whole-body
lipid levels, and mRNA expression of lipid metabolism-related
genes were assessed. We found that this treatment lowered
metabolic rate and increased visceral adiposity.

2. Material and methods

2.1. Fish husbandry

Adult wildtype zebrafish (AB) were kept in the SciLifeLab
zebrafish facility at Uppsala University (http://www.scilifelab.se/
facilities/zebrafish/). Three pairs of fish were allowed to breed
soon after the light was turned on in the morning, and eggs were
collected 1 h later.

Experimental procedures were in accordance with the di-
rectives from the Swedish Board of Agriculture (SJVFS 2012:26).
The protocol was approved by the Uppsala Ethical Committee for
Research on Animals (Dnr C 109615/16; Dnr 5.8.18e03687/2018).

2.2. Exposure

All exposures were performed via water using carbon filtered
Uppsala municipality tap water with a 12-h light: 12-h dark
photoperiod. Fish were exposed from 3 hpf until 5, 14, or 17 dpf
(Fig. 1). The fish were kept at a density of one individual mL�1 up to
5 dpf and at one individual 100mL�1 from 5 dpf. To avoid
contamination from compounds in plastic, glass petri dishes (3 hpf-
5 dpf) or beakers (5e17 dpf) were used for exposure and the water
was aerated via Pasteur pipettes (from 5 dpf). One day before ex-
posures began, exposure solutions were added to the vials. The
solutions were renewed prior to addition of the fish and daily
during the experiments. Water quality parameters were monitored
(mean values± SD: temperature, 28.7± 0.4 �C; conductivity,
524± 17 mS; NO3, <10mg L�1; NO2, < 1mg L�1; NH3, <0.3mg L�1;
and pH, 7.9± 0.4).

2.2.1. Chemicals
The mixture (mixture G) was designed within the EU project

EDC MixRisk (http://edcmixrisk.ki.se/) as described in Birgersson
et al. (2017) (preprint) and Bornehag et al. (2019). In brief, 20
chemicals were measured in the blood and urine of pregnant
women (Birgersson et al., 2017; preprint; Bornehag et al., 2019) in
the Swedish Environmental Longitudinal, Mother and Child,
Asthma and allergy (SELMA) study. This study follows around 2000
mother-child pairs from early pregnancy aiming to examine asso-
ciations between early chemical exposure and chronic disease later
in life (Bornehag, 2012). The mixture components were selected
based on their negative association with birth weight in SELMA
children (Birgersson et al., 2017, preprint). The concentrations used
in this paper are expressed as “x hsc” where 1x hsc represents the
geometrical mean of the serum levels in SELMA women; 2 mono-
ethyl phthalate (MEP; CAS 2306-33-4; 28 nM), mono-butyl
phthalate (MBP; CAS 131-70-4; 23 nM), mono-benzyl phthalate
(MBzP; CAS 2528-16-7; 11 nM), mono-ethylhexyl phthalate
(MEHP; CAS 4376-20-9; 15 nM), mono-isononyl phthalate (MINP;
CAS 68515-53-7; 21 nM), triclosan (TCS; CAS 3380-34-5; 3 nM),
perfluorohexane sulfonate (PFHxS; CAS 355-46-4; 3 nM), per-
fluorooctanoic acid (PFOA; CAS 335-67-1; 3 nM), and per-
fluorooctane sulfonate (PFOS; CAS 1763-23-1; 10 nM) (Birgersson
et al., 2017; preprint; Bornehag et al., 2019). The concentrations in
urine were recalculated to serum concentrations (Birgersson et al.,
2017; preprint; Bornehag et al., 2019). As vehicle, dimethyl sulfoxide
(DMSO; Sigma Aldrich, Saint Louis, MO, USA) was used (0.01% in
water, v/v).

2.2.2. 5-day exposures: gross morphology, gene expression and
metabolic rate

In a first study aiming to examine morphological effects, em-
bryos/larvae (3 hpf e 5 dpf) were exposed to either vehicle or
mixture G at concentrations ranging from 0.1 to 180x hsc. Each
concentration of the mixture was tested on forty fish, divided into
two dishes. Due to the large number of concentrations tested, the
first study was performed in three parts with a vehicle control in
each: 1) 0.1-8x hsc. 2) 8-120x hsc. 3) 130-180x hsc. Morphological
effects were only noted at 130-180 x hsc and these concentrations
were tested twice. Larvae that developed edemas were
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Fig. 1. Overview of the experimental setup. Wildtype (AB) zebrafish were exposed via water to mixture G from 3 hpf to 5, 14, or 17 dpf. The concentrations used for the different
endpoints are presented in parentheses and are expressed as times the geometrical mean of the serum levels in the pregnant women (x hsc).
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immediately removed and euthanized with benzocaine. The results
served as a basis for selection of concentrations for the subsequent
experiments. In a second 5-day exposure aiming to determine ef-
fects on mRNA expression, embryos/larvae were exposed to 1x, 10x
or 100x hsc in five replicate petri dishes per group with 20 animals
in each. In a third experiment, embryos were exposed to 20x hsc as
described above until 2 dpf when they were moved to a 96-well
plate for examination of metabolic rate (2.3). This experiment
was repeated three times with a total of 20e22 replicate petri
dishes per exposure group.
2.2.3. First 14- and 17-day exposure: adipogenesis
This experiment aimed to investigate effects on adipose tissue

development. The fish were exposed in 8 replicate vials with 10
individuals in each to vehicle, 1x, 10x, or 20x hsc of the mixture. As
the mixture showed higher toxicity at longer-term exposure
(indicated by a pilot study), no higher concentrations than 20x hsc
were used this time. The experiment was repeated three times.
Until 5 dpf, exposure was carried out as in the shorter-term expo-
sures. At 5 dpf, the larvae were moved to beakers containing 1 L of
exposure solution and feeding was initiated. Food was prepared by
mixing 1mL of feed, either Golden Pearl larval diet (size: 5e50 mm;
Brine Shrimp Direct, Ogden, UT, USA) or egg yolk powder (Sigma
Aldrich), with 50mL carbon-filtered Uppsala tap water. One mL of
suspended food was added to each beaker three times a day: once
with Golden Pearl and twice with egg yolk. After the first feeding of
the day at 13 and 16 dpf, 4e5 fish were moved from each exposure
beaker into a separate beaker. These fish were not fed during the
rest of the day to prevent any stomach content from interfering
with the upcoming analyses of adipose tissue (2.4 and 2.5) and
mRNA expression (2.7).
2.2.4. Second 14- and 17-day exposure: blood lipids, whole-body
lipids, and adipogenesis

Another longer-term exposure was performed aiming to
investigate effects on blood lipid levels and whole-body neutral
lipid levels. The fish were exposed to vehicle or 20x hsc of the
mixture with 15 replicate vials per group. The exposure was per-
formed as described above (2.2.3), with the exception that the fish
were fed Zebrafeed (<100 mm; SPAROS Lda, Olh~ao, Portugal)
instead of Golden Pearl. After the first feeding of the day at 13 and
16 dpf, 1 and 6 fish respectively were moved to a separate beaker
and were then deprived of feed to prevent stomach content from
interfering with upcoming analyses. The following day (14 dpf and
17 dpf), one fish per replicate beaker was stained with Nile Red for
analysis of visceral adipose tissue and blood lipids in the vessels in
the tail (2.4 and 2.5). The remaining five fish per replicate beaker
were stained with Oil Red O (ORO) to assess whole-body neutral
lipid content (2.6).

2.3. Metabolic rate assay

Metabolic rate was studied using a resazurin-based assay
developed for zebrafish embryos and larvae by Renquist et al.
(2013). The assay was initiated post-hatching at 2 dpf. Six em-
bryos per replicate exposure vial were transferred to two wells (3
fish per well) in a 96-well plate with 400 ml assay solution (4mM
NaHCO3 and 40 mM resazurin in water) containing vehicle or
mixture (20x hsc). Blanks containing assay solution without fish
were included for both exposure groups. The platewas incubated at
28.5 �C, with a lid to minimize evaporation and aluminum foil to
protect it from light. Fluorescence measurements were performed
using a Victor 3 plate reader (PerkinElmer, Boston, MA; USA) (filter:
Ex 544 nm, Em 590 nm) after 2, 24, 48, and 72 h of incubation. After
the last reading the fish were examined for any edemas or visible
damages and subsequently euthanized with an overdose of tri-
caine. Any wells containing fish with edemas were excluded from
analysis.

2.4. Nile red staining: adipocytes and blood lipids

Adipogenesis was studied only in the longer-term experiments
since adipocytes start to form during the second week of life in
zebrafish. At the day of sampling, one unfed fish per replicate
beaker was placed in Nile Red (5 mg/mL water) and kept in the dark
for 30min. Before photographing, the fish were sedated with tri-
caine (175 mg/mL), and then put in a Petri dish with 4% carbox-
ymethyl cellulose containing tricaine. Images of the visceral region
and tail were taken using a Nikon SMZ1500 microscope (eGFP fil-
ter: Ex 470/40, DM495, BA 525/50) fittedwith DS-Vi1 Nikon camera
and NIS Elements Version 4 software.

2.5. Image analysis

All image analyses were performed in ImageJ (Schneider et al.,
2012) and without knowledge of the exposure group. Standard
length (from the tip of the snout to the posterior end of the caudal
peduncle) was measured for all larvae. Adipocytes were counted in



A. Mentor et al. / Chemosphere 238 (2020) 1245844
the Nile Red-stained fish, and each fish was classified into one out
of three categories based on the number of adipocytes observed: 0,
1e6, or >6. Fluorescence analysis of the visceral adipose tissue
(VAT) was based on the method by Tingaud-Sequeira et al. (2011).
The amount of VAT was approximated by the mean fluorescence in
the VAT area of the image, which was calculated as follows: the VAT
area was selected with the selection tool in ImageJ. The average
pixel intensity (API) of the VAT was measured, the API of the sur-
rounding tissue (background value) was subtracted from it, and the
resulting valuewasmultipliedwith the selected VATarea. For blood
lipid analysis, the API in a dorsal aorta, just behind the cloacal
opening, was measured and the API in the tissue above it (back-
ground) was subtracted. All values were normalized to the mean
value of the control group in the respective experiment.

2.6. Oil Red O-staining and extraction: whole-body neutral lipids

At 17 dpf, 5 fish per replicate beaker were euthanized, pooled
into one sample, fixed in formalin, and then stained with ORO as
described by Riu et al. (2014). In short, the specimens were washed
with phosphate buffered saline containing 0.1% Tween 20 (PBT) and
subsequently stained in 0.3% ORO in 10% isopropanol for 3 h in
room temperature. The fish were washed three times in PBT and
stored in 90% glycerol until the extractionwas performed according
to Yoganantharjah et al. (2017). The pool of larvae was washed with
PBT and the dye extracted with 250 ml of 4% (v/v) Igepal CA-630 in
isopropanol. A sample containing a pool of five unstained fish was
used as a blank. Each sample was vortexed briefly and then incu-
bated for 2 h at room temperature. Finally, 200 mL of the solution
was transferred into a transparent 96-well plate and the ORO
absorbance measured at 490 nm with an initial shake of 5 s using
the Victor 3 plate reader.

2.7. Quantitative real time RT-PCR

Relative mRNA levels of genes involved in lipid metabolism and
adipogenesis were analyzed at 5, 14, and 17 dpf. In the shorter
experiment, all 20 larvae in each petri dish were pooled into one
sample. In the longer experiment, 3e4 unfed fish from each repli-
cate beaker were sampled and pooled at 14 and 17 dpf. The fish
were euthanized by hypothermic chock (2e4 �C water), photo-
graphed for length measurements, snap frozen in liquid nitrogen,
and stored at �80 �C awaiting further analysis.

Isolation of RNA, cDNA synthesis, and real time qPCR were
performed using commercial kits according to the manufacturers’
instructions, as previously described (J€onsson et al., 2016). In short,
total RNA was isolated using Aurum™ total RNA fatty and fibrous
tissue kit (Bio-Rad, Hercules, CA, USA). Integrity of RNAwas verified
with agarose gel electrophoresis. The quantity and purity of RNA
was determined spectrophotometrically (NanoDrop ND-1000;
NanoDrop Technologies, Wilmington, DE, USA). Samples with a
260/230 ratio below 1.8 were excluded. Complementary DNA was
synthesized from 0.5 mg of total RNA per sample using the iScript
cDNA Synthesis kit (Bio-Rad). Gene-specific primers for real time
PCR were synthesized by Sigma-Aldrich; (Table A.1). The qPCR
analysis was conducted using a Rotor Gene 6000 real-time PCR
machine (Qiagen, Hilden, Germany). The 20-ml reaction mixtures
consisted of iQ SYBR Green Supermix (Bio-Rad), forward and
reverse primers (5 pmoles of each) and cDNA derived from 12.5 ng
of total RNA. All samples were analyzed in duplicate with the
following PCR protocol: 95 �C for 4min, followed by 40 cycles of
95 �C for 15 s and 62 �C for 45 s. Melt curve analysis was performed
at 55e95 �C to ensure that only one product was formed. Relative
mRNA levels of target genes were calculated according to Pfaffl
(2001), as previously described (J€onsson et al., 2016). As reference
genes we used elongation factor 1-alpha (ef1a) in 14- and 17-dpf
larvae since the mRNA expression of this gene was not affected
by the treatment. In the 5-days old fish, ef1a, ribosomal protein l13
(rpl13) and aryl-hydrocarbon receptor nuclear translocator 2 (arnt2)
were examined as potential reference genes. Each value was stan-
dardized to the mean value of the control group.

2.8. Statistics

Fisher's exact test followed by Benjamini Hochberg correction
was used in the initial concentration-finding study to compare the
number of affected vs unaffected fish. D'Agostino and Pearson
omnibus normality test was used to assess normality of continuous
data. If the data was normally distributed, one-way analysis of
variance (ANOVA) was applied followed by Dunnett's test,
comparing all groups to the control group. If the data were not
normally distributed, Kruskal Wallis H test was used followed by
Dunn's multiple comparison test. When only two groups were
included in the experiment, an unpaired t-test was used and
Welch's correction was applied when the variances differed. When
the number of adipocytes were analyzed, the distribution of fish
between the categories was compared between each exposure
group and the control group using Fisher-Freeman-Halton exact
test. Figures and statistical analysis were performed using Prism 5
(GraphPad Software Inc., San Diego, CA, USA) except for the Fisher-
Freeman-Halton exact test, which was performed using R software
version 3.5.2 with the RStudio version 1.1.463.

3. Results

3.1. Morphological effects

Mixture G was toxic to embryos and young larvae at concen-
trations higher than 120x hsc; fewer larvae with inflated swim-
bladder were observed from 130x hsc, and at higher concentra-
tions the frequency of edemas (pericardial and yolk sac) and mor-
tality increased (Fig. 2; Images of phenotypes are shown in
Figure A1). No morphological effects were observed at lower con-
centrations in any of the experiments, nor was there a difference in
mean standard length (Table A.2e4).

3.2. Metabolic rate

The mean amount of fluorescent product formed during the
assay (2e72 h) was lower in exposed fish (n¼ 20) than in control
fish (n¼ 22) (Fig. 3).

3.3. Effect on adiposity at 14 and 17 dpf

A larger number of fish had at least 7 adipocytes in the group
exposed to 20x hsc of mixture G than in the control group at 14 dpf
(Fig. 4A), while no effect on the adipocyte number was observed at
17 dpf (Fig. 4B). No statistically significant difference in VATamount
was found at 14 dpf, although the mean fluorescence was numer-
ically higher at the higher concentrations of mixture compared to
the control (Fig. 5A). Taken separately, the three repeated individ-
ual experiments (n¼ 6e8 per experiment) did not show a statis-
tically significant effect on the amount of VAT at 17 dpf but pooled
together (n¼ 21e22) an increase compared with the control was
observed in the 20x hsc-group (Fig. 5B).

The second 17-day study showed a similar trend of increased
adiposity at 17 dpf as the first (mean fold-control value of 1.8, t-test
withWelch's correction, p-value 0.08; Figure A2). The two data sets
were not pooled since the fish in the second study were fed a
different brand of feed and diet composition is known to affect



Fig. 2. Concentration�response relationships for embryo toxicity in 5-day-old zebrafish exposed to mixture G. Fish were exposed to the mixture (0.1-180 x hsc) from 3 hpf to 5 dpf,
at which time the larvae were categorized according to phenotype: normal; lacking or having small swim-bladders (sb); exhibiting bent backs; exhibiting edemas or dead. Statistical
analysis was performed on abnormal (all categories except “normal”) versus normal embryos using Fisher's exact test (alpha: 0.05). The Benjamini Hochberg method was used to
control the false discovery rate (Benjamini and Hochberg, 1995). Groups that differed from each other are marked with different letters. n¼ 40e152 larvae.

Fig. 3. Metabolic rate measured between 2 and 5 dpf in zebrafish exposed to vehicle (0.01% DMSO) or mixture G (20x hsc) from 3 hpf. A) Accumulation of the fluorescent product
during the entire assay period. B) The mean total fluorescence of the product formed during the assay (2e72 h; n¼ 20e22). The error bars represent the standard deviation. A
statistically significant difference was established using unpaired t-test on square root-transformed data. ** P-value: 0.0047.
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adipogenesis.

3.4. Effect on blood lipids at 14 and 17 dpf

There was no difference in blood lipid levels between fish
exposed to the mixture and those exposed to the vehicle. The mean
fold-control value (±SD) of the exposed fish was 0.83 (±0.30) at 14
dpf and 0.97 (±0.30) at 17 dpf.

3.5. Effect on whole-body neutral lipids at 17 dpf

There was no difference in whole-body neutral lipids levels
between fish exposed to the mixture and those exposed to the
vehicle. The mean fold-control value (±SD) of the exposed fish was
1.00 (±0.17) at 17 dpf.

3.6. Effect on mRNA expression

At 5 dpf, no effect on mRNA expression was found for any of the
genes analyzed in fish exposed to mixture G at 1 and 10x hsc. In
those exposed at 100x hsc, lipoprotein lipase (lpl) and the three
reference genes were downregulated. The expression of peroxisome
proliferator-activated receptor gamma (pparg) showed no statisti-
cally significant change but the mean expression was numerically
lower than in the control (Figure A3).

At 14 and 17 dpf, no effect by the treatment was observed for the
two appetite-related genes agouti related neuropeptide (agrp) and
proopiomelanocortin a (pomca), the different ppars, lpl, and fatty
acid synthase (fasn). However, at 17 dpf, the expression of fatty acid
binding protein 11a (fabp11a) was increased in fish exposed to 10x or
20x hsc (Fig. 6).
4. Discussion

In this study we used larval zebrafish to demonstrate the
metabolism disrupting potential of a chemical mixture that has
been negatively associated with birth weight in the Swedish
mother-child cohort SELMA. Birth weight reflects fetal growth, and
a suboptimal birth weight is associatedwithmetabolic disease later
in life (Desai et al., 2013). Mixture Gwas shown to reducemetabolic
rate and stimulate adipogenesis after developmental exposure at a
water concentration only 20 times higher than the geometric mean
value of the serum levels in the SELMA cohort.

Early exposure to some of the mixture components has been
linked to metabolic effects in mammals. In a recent review and
meta-analysis focusing on obesity-related outcomes in rodents,
early life exposure to DEHP (the parent compound of the mixture
component MEHP) was associated with increased fat pad weight,
although the authors noted the need for more evidence to firmly
establish obesogenic effects (Wassenaar and Legler, 2017). Prenatal
exposure of mice to PFOA, another component of themixture, led to
increased body weight and increased leptin and insulin levels in



Fig. 4. Number of adipocytes formed at A) 14 and B) 17 dpf in zebrafish after exposure to mixture G from 3 hpf. The fish were classified into groups based on the number of
adipocytes observed: no (0), between 1 and 6 (1e6), and more than 6 (>6). Each exposure group was compared to the vehicle control (DMSO) using Fisher-Freeman-Halton exact
test. *p < 0.05. C) Representative pictures of the visceral area in a fish with 0, 1, and >6 adipocytes respectively.

Fig. 5. Mean fluorescence in visceral adipose tissue (VAT) in zebrafish at A) 14 dpf (n ¼ 23) and B) 17 dpf (n ¼ 21e22) after exposure to the vehicle (0.01% DMSO) or mixture G (1, 10,
or 20x hsc) from 3 hpf. The error bars represent the standard deviation. Statistically significant differences compared with the DMSO control were determined using Kruskal Wallis
test with Dunn's multiple comparison test and are indicated by * (p < 0.05). C) Fluorescence image of a whole fish. The square in C) is magnified in D); the arrow indicates lipid
droplets of VAT adipocytes.
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adulthood (Hines et al., 2009). In the same study, exposure to the
highest dose led to decreased pup weight at post-natal day 1. In
humans, an association between perfluorinated compounds and
fetal growth is not entirely clear; many studies have reported such
associations but not all were statistically significant (Bach et al.,
2015). To conclude, the metabolic disruption caused by the pres-
ently studied mixture is in accordance with results from mamma-
lian studies on some of the individual components in the mixture.



Fig. 6. Mean mRNA expression (fold-control) in zebrafish exposed to mixture G from 3 hpf to 14 dpf (A, C, E) or to 17 dpf (B, D, F) (n¼ 13e16). Ef1awas used as a reference gene. The
values are standardized to the mean of the control group. The error bars represent the standard deviation. One-way ANOVA followed by Dunnett's test was used when data followed
a normal distribution and otherwise Kruskal Wallis test with Dunn's multiple comparison test was performed, comparing each group to the DMSO control. Significance levels are
indicated by * p � 0.05 and **p � 0.01.
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Exposure of zebrafish to PFOS, diethyl phthalate (parent com-
pound of MEP), and di-isononylphthalate (parent compound of
MiNP) induced lipid droplet formation in the liver (Du et al., 2009;
Kim et al., 2015; Cheng et al., 2016; Fai Tse et al., 2016; Forner-
Piquer et al., 2017). PFOS, DEHP, and di-n-butyl phthalate (parent
compound of MBP) also induced transcriptomic changes involving
lipid metabolism in embryonic zebrafish (Mu et al., 2018; Martínez
et al., 2019). Furthermore, PFOA altered transcript levels of genes
involved in fatty acid metabolism, albeit in a sex dependent
manner; the genes were upregulated in males but suppressed in
females after 28 days of exposure (Hagenaars et al., 2013). In
summation, several G mixture components have been shown to
affect certain aspects of lipid metabolism in zebrafish in single-
chemical experimental setups; however, to our knowledge, no
previous study on these compounds has included direct effects on
adipose tissue.

We found an increased visceral adiposity in G mixture-exposed
fish but no effect on whole-body neutral lipid levels was detected.
However, adipocytes are few and the adipose tissue depot is small
compared to the rest of the body at the studied stage and thus
whole-body lipid levels may not correlate with the size of the ad-
ipose tissue. The absence of effect on whole-body lipid levels is in
accordance with a study on PFOA in which exposed fish had
increased whole-body glycogen content while whole-body lipid
content was unaffected (Hagenaars et al., 2013).

Perfluoroalkyl substances have been associated with increases
serum cholesterol and triglyceride level in epidemiological studies
(Chain et al., 2018) while experimental studies on rodents show an
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opposite effect (Bijland et al., 2011; Wan et al., 2012; Hui et al.,
2017). PFOS has shown sex-dependent effects on blood lipid
levels in adult zebrafish (Cheng et al., 2016; Cui et al., 2016). We did
not detect an effect on total blood lipid levels by the mixture.

The endogenous appetite regulating molecules neuropeptide Y
and leptin influence metabolic rate. Leptin suppresses appetite
(Londraville et al., 2014). It also increases metabolic rate in rodents,
as measured by oxygen consumption (Mistry et al., 1997). It has the
same effect in fish, as shown with oxygen consumption measure-
ments and the resazurin assay used in this paper (Dalman et al.,
2013; Renquist et al., 2013). Neuropeptide Y has the opposite ef-
fect; it stimulates appetite (Stanley and Leibowitz, 1985; Narnaware
et al., 2000; Aldegunde andMancebo, 2006) and reduces metabolic
rate (Walker and Romsos, 1993). Since mixture G reduced meta-
bolic rate in this study, it would be interesting to examine its effect
on appetite.

Diet is an important factor in adipogenesis and HFD is known to
stimulate development of adipocytes (den Broeder et al., 2017). We
used HFD to stimulate adipogenesis in order to enable detection of
suppressing effects on fat storage and adipocyte number and to
ensure that most of the fish had adipocytes at an age when few
melanocytes had developed (pigmentation can interfere with the
fluorescence signal). If chemicals and HFD both affect lipid meta-
bolism and adipogenesis, potential combination effects could occur.
A combination of HFD and BPA exposure resulted in increased
levels of cholesterol in the liver and increased hepatosomatic index
in rats, whereas BPA and HFD alone had no effect (Wei et al., 2014).

Obesity is associated with both adipocyte hypertrophy and hy-
perplasia (Spalding et al., 2008). Chemical exposures that induce
adipocyte hyperplasia could therefore potentially increase the risk
of developing obesity and associated disorders. An increased
number of adipocytes was observed at 14 dpf in fish exposed to 20x
hsc. The same effect may also have occurred at 17 dpf, but the
method used does not allow discrimination of individual adipo-
cytes in a reliable way when adipocytes become abundant. There-
fore, all fish with more than six adipocytes were grouped together
in the statistical analyses. The increase in lipid accumulation in the
viscera of fish exposed to 20x hsc at 17 dpf could mean that a larger
number of adipocytes had developed. It is also possible that the
increased fluorescence reflects higher lipid content in a similar
number of adipocytes, or a combination of increased adipocyte
number and a higher lipid content in each adipocyte.

Messenger RNA levels of genes involved in adipogenesis and
lipid metabolism were measured, showing increased expression of
fabp11a, a fatty acid binding protein that is the suggested homolog
to the FABP4 in mammals (Santhosh et al., 2008). It is expressed in
adipocytes, and likely also in pre-adipocytes, and has been shown
to serve as a marker for zebrafish adipocytes (Flynn et al., 2009).
Two genes involved in appetite regulation, agrp and pomca, were
included in the analysis since the increase in visceral adipose tissue
could be caused by changes in feeding behaviour. Both genes are
expressed in the hypothalamus; agrp is orexigenic (appetite stim-
ulating) and pomca is anorexigenic. Neither was affected at the time
points studied. However, more studies are needed to examine a
potential effect by the mixture on food intake.

The concentration of the mixture that affected zebrafish is of
high relevance as it represents levels that are found in human
plasma. Noteworthy is that the 1x hsc value represents the geo-
metric mean of the cohort, and not the women with the highest
levels of chemicals in their blood. However, it is important to stress
that exposure of developing fish via the ambient water cannot be
directly compared with exposure of a human fetus to compounds
present in themother's blood. Most likely, the internal absolute and
relative levels of the chemicals differ somewhat between the hu-
man fetuses in the SELMA cohort and the zebrafish larvae in the
present study.
In conclusion, we showed that a mixture of phthalates, triclosan

and perfluorinated compounds reduced metabolic rate in young
zebrafish (2e5 dpf) at a water concentration that is 20 times higher
than the geometric mean in serum of pregnant women in the
SELMA cohort. At the same concentration it also stimulated adi-
pogenesis at 14 dpf and increased the amount of visceral adipose
tissue at 17 dpf. Furthermore, it affected mRNA expression of a
potential adipocyte and preadipocyte marker at both 10x hsc and
20x hsc. Thus, this mixture is metabolism disrupting for developing
fish at concentrations that are relevant for humans. The concen-
trations used in the study are based on levels measured in humans
but the mixture is also relevant for wildlife as its chemical com-
ponents are ubiquitously present in the environment (Huang et al.,
2008; Dann and Hontela, 2011; Llorca et al., 2012; Net, 2014;
Zolfaghari et al., 2014). By showing these effects, we highlight the
need for further experimental studies on metabolic disruption by
mixtures relevant for humans and wildlife.

Conflicts of interest

The authors declare that there are no conflicts of interest.

CRediT authorship contribution statement

Anna Mentor: Conceptualization, Methodology, Validation,
Formal analysis, Investigation, Writing - original draft, Writing -
review & editing, Visualization, Project administration. Bj€orn
Brunstr€om: Writing - review & editing, Supervision. Anna
Mattsson:Writing - review & editing, Supervision.Maria J€onsson:
Conceptualization, Methodology, Supervision, Funding acquisition,
Writing - review & editing.

Acknowledgements

This workwas supported by the European Union’s Horizon 2020
research and innovation programme under grant agreement No
634880. We would like to thank the EDC MixRisk consortium for
valuable scientific interaction.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.chemosphere.2019.124584.

References

Aldegunde, M., Mancebo, M., 2006. Effects of neuropeptide Y on food intake and
brain biogenic amines in the rainbow trout (Oncorhynchus mykiss). Peptides
27, 719e727.

Bach, C.C., Bech, B.H., Brix, N., Nohr, E.A., Bonde, J.P.E., Henriksen, T.B., 2015. Per-
fluoroalkyl and polyfluoroalkyl substances and human fetal growth: a sys-
tematic review. Crit. Rev. Toxicol. 45, 53e67.

Barker, D.J.P., 2012. Developmental origins of chronic disease. Public Health 126,
185e189.

Barker, D.J.P., Godfrey, K.M., Gluckman, P.D., Harding, J.E., Owens, J.A., Robinson, J.S.,
1993. Fetal nutrition and cardiovascular disease in adult life. The Lancet 341,
938e941.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B 57, 289e300.

Bijland, S., Rensen, P.C., Pieterman, E.J., Maas, A.C., van der Hoorn, J.W., van Erk, M.J.,
Havekes, L.M., Willems van Dijk, K., Chang, S.C., Ehresman, D.J., Butenhoff, J.L.,
Princen, H.M., 2011. Perfluoroalkyl sulfonates cause alkyl chain length-
dependent hepatic steatosis and hypolipidemia mainly by impairing lipopro-
tein production in APOE*3-Leiden CETP mice. Toxicol. Sci. 123, 290e303.

Birgersson, L., Borbely, G., Caporale, N., Germain, P.-L., Leemans, M., Rendel, F.,
D'Agostino, G., Bressan, R.B., Cavallo, F., Chorev, N.E., Kos, V.M., Lazzarin, M.,
Pollard, S., Sundstrom, B., Tobon, A.L., Trattaro, S., Zanella, M., Bergman, A.,
Damdimopoulou, P., Jonsson, M., Kiess, W., Kitraki, E., Kiviranta, H., Oberg, M.,
Rantakkoko, P., Ruden, C., Soder, O., Bornehag, C.-G., Demeneix, B., Fini, J.-B.,

https://doi.org/10.1016/j.chemosphere.2019.124584
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref1
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref1
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref1
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref1
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref2
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref2
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref2
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref2
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref3
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref3
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref3
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref4
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref4
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref4
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref4
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref5
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref5
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref5
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref6
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref6
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref6
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref6
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref6
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref6


A. Mentor et al. / Chemosphere 238 (2020) 124584 9
Gennings, C., Nanberg, E., Ruegg, J., Sturve, J., Testa, G., 2017. From cohorts to
molecules: adverse impacts of endocrine disrupting mixtures. Deposited as
preprint on BioRxiv. https://doi.org/10.1101/206664 bioRxiv 206664.

Bornehag, 2012. The SELMA study: a birth cohort study in Sweden following more
than 2000 motherechild pairs. Paediatr. Perinat. Epidemiol. 26, 456e467.

Bornehag, C.-G., Kitraki, E., Stamatakis, A., Panagiotidou, E., Rud�en, C., Shu, H.,
Lindh, C., Ruegg, J., Gennings, C., 2019. A novel approach to chemical mixture
risk assessment - linking data from population based epidemiology and
experimental animal tests. Risk Anal. https://doi.org/10.1111/risa.13323.

Botton, J., Philippat, C., Calafat, A.M., Carles, S., Charles, M.-A., Slama, R., the, E.m.-
c.c.s.g., 2016. Phthalate pregnancy exposure and male offspring growth from
the intra-uterine period to five years of age. Environ. Res. 151, 601e609.

Braun, J.M., Chen, A., Romano, M.E., Calafat, A.M., Webster, G.M., Yolton, K.,
Lanphear, B.P., 2016. Prenatal perfluoroalkyl substance exposure and child
adiposity at 8 years of age: the HOME study. Obesity 24, 231e237.

Chain, E.Panel o.C.i.t.F., Knutsen, H.K., Alexander, J., Barregård, L., Bignami, M.,
Brüschweiler, B., Ceccatelli, S., Cottrill, B., Dinovi, M., Edler, L., Grasl-Kraupp, B.,
Hogstrand, C., Hoogenboom, L., Nebbia, C.S., Oswald, I.P., Petersen, A., Rose, M.,
Roudot, A.-C., Vleminckx, C., Vollmer, G., Wallace, H., Bodin, L., Cravedi, J.-P.,
Halldorsson, T.I., Haug, L.S., Johansson, N., van Loveren, H., Gergelova, P.,
Mackay, K., Levorato, S., van Manen, M., Schwerdtle, T., 2018. Risk to human
health related to the presence of perfluorooctane sulfonic acid and per-
fluorooctanoic acid in food. EFSA Journal 16, e05194.

Cheng, J., Lv, S., Nie, S., Liu, J., Tong, S., Kang, N., Xiao, Y., Dong, Q., Huang, C., Yang, D.,
2016. Chronic perfluorooctane sulfonate (PFOS) exposure induces hepatic
steatosis in zebrafish. Aquat. Toxicol. 176, 45e52.

Collaboration, N.R.F., 2017. Worldwide trends in body-mass index, underweight,
overweight, and obesity from 1975 to 2016: a pooled analysis of 2416
population-based measurement studies in 128$9 million children, adolescents,
and adults. The Lancet 390, 2627e2642.

Cui, Y., Lv, S., Liu, J., Nie, S., Chen, J., Dong, Q., Huang, C., Yang, D., 2016. Chronic
perfluorooctanesulfonic acid exposure disrupts lipid metabolism in zebrafish.
Hum. Exp. Toxicol. 36, 207e217.

Dalman, M., Liu, Q., King, M., Bagatto, B., Londraville, R., 2013. Leptin expression
affects metabolic rate in zebrafish embryos (D. rerio). Front. Physiol. 4.

Dann, A.B., Hontela, A., 2011. Triclosan: environmental exposure, toxicity and
mechanisms of action. J. Appl. Toxicol. 31, 285e311.

den Broeder, J.M., Moester, J.M., Kamstra, H.J., Cenijn, H.P., Davidoiu, V.,
Kamminga, M.L., Ariese, F., de Boer, F.J., Legler, J., 2017. Altered adipogenesis in
zebrafish larvae following high fat diet and chemical exposure is visualised by
stimulated Raman scattering microscopy. Int. J. Mol. Sci. 18.

Desai, M., Beall, M., Ross, M.G., 2013. Developmental origins of obesity: pro-
grammed adipogenesis. Curr. Diabetes Rep. 13, 27e33.

Du, Y., Shi, X., Liu, C., Yu, K., Zhou, B., 2009. Chronic effects of water-borne PFOS
exposure on growth, survival and hepatotoxicity in zebrafish: a partial life-cycle
test. Chemosphere 74, 723e729.

Fai Tse, W.K., Li, J.W., Kwan Tse, A.C., Chan, T.F., Hin Ho, J.C., Sun Wu, R.S., Chu
Wong, C.K., Lai, K.P., 2016. Fatty liver disease induced by perfluorooctane sul-
fonate: novel insight from transcriptome analysis. Chemosphere 159, 166e177.

Flynn, E.J., Trent, C.M., Rawls, J.F., 2009. Ontogeny and nutritional control of adi-
pogenesis in zebrafish (Danio rerio). J. Lipid Res. 50, 1641e1652.

Forner-Piquer, I., Maradonna, F., Gioacchini, G., Santangeli, S., Allar�a, M., Piscitelli, F.,
Habibi, H.R., Di Marzo, V., Carnevali, O., 2017. Dose-specific effects of di-isononyl
phthalate on the endocannabinoid system and on liver of female zebrafish.
Endocrinology 158, 3462e3476.

Gluckman, P.D., Hanson, M.A., 2004a. The developmental origins of the metabolic
syndrome. Trends Endocrinol. Metab. 15, 183e187.

Gluckman, P.D., Hanson, M.A., 2004b. Maternal constraint of fetal growth and its
consequences. Semin. Fetal Neonatal Med. 9, 419e425.

Godfrey, K.M., Barker, D.J.P., 2000. Fetal nutrition and adult disease. Am. J. Clin. Nutr.
71, 1344Se1352S.

Gu, H., Liu, Y., Wang, W., Ding, L., Teng, W., Liu, L., 2016. In utero exposure to di-(2-
ethylhexyl) phthalate induces metabolic disorder and increases fat accumula-
tion in visceral depots of C57BL/6J mice offspring. Exp Ther Med 12,
3806e3812.

Grün, F., Blumberg, B., 2006. Environmental obesogens: organotins and endocrine
disruption via nuclear receptor signaling. Endocrinology 147, s50es55.

Hagenaars, A., Vergauwen, L., Benoot, D., Laukens, K., Knapen, D., 2013. Mechanistic
toxicity study of perfluorooctanoic acid in zebrafish suggests mitochondrial
dysfunction to play a key role in PFOA toxicity. Chemosphere 91, 844e856.

Halldorsson, T.I., Rytter, D., Haug, L.S., Bech, B.H., Danielsen, I., Becher, G.,
Henriksen, T.B., Olsen, S.F., 2012. Prenatal exposure to perfluorooctanoate and
risk of overweight at 20 Years of age: a prospective cohort study. Environ.
Health Perspect. 120, 668e673.

Harley, K.G., Berger, K., Rauch, S., Kogut, K., Claus Henn, B., Calafat, A.M., Huen, K.,
Eskenazi, B., Holland, N., 2017. Association of prenatal urinary phthalate
metabolite concentrations and childhood BMI and obesity. Pediatr. Res. 82, 405.

Heindel, J.J., Newbold, R., Schug, T.T., 2015. Endocrine disruptors and obesity. Nat.
Rev. Endocrinol. 11, 653.

Hines, E.P., White, S.S., Stanko, J.P., Gibbs-Flournoy, E.A., Lau, C., Fenton, S.E., 2009.
Phenotypic dichotomy following developmental exposure to perfluorooctanoic
acid (PFOA) in female CD-1 mice: low doses induce elevated serum leptin and
insulin, and overweight in mid-life. Mol. Cell. Endocrinol. 304, 97e105.

Huang, P.C., Tien, C.J., Sun, Y.M., Hsieh, C.Y., Lee, C.C., 2008. Occurrence of phthalates
in sediment and biota: relationship to aquatic factors and the biota-sediment
accumulation factor. Chemosphere 73, 539e544.
Hui, Z., Li, R., Chen, L., 2017. The impact of exposure to environmental contaminant

on hepatocellular lipid metabolism. Gene 622, 67e71.
J€onsson, M.E., Mattsson, A., Shaik, S., Brunstr€om, B., 2016. Toxicity and cytochrome

P450 1A mRNA induction by 6-formylindolo[3,2-b]carbazole (FICZ) in chicken
and Japanese quail embryos. Comparative biochemistry and physiology. Toxi-
cology & pharmacology : CB (Curr. Biol.) 179, 125e136.

Kim, S.-M., Yoo, J.-A., Baek, J.-M., Cho, K.-H., 2015. Diethyl phthalate exposure is
associated with embryonic toxicity, fatty liver changes, and hypolipidemia via
impairment of lipoprotein functions. Toxicol. In Vitro 30, 383e393.

Llorca, M., Farr�e, M., Pic�o, Y., Müller, J., Knepper, T.P., Barcel�o, D., 2012. Analysis of
perfluoroalkyl substances in waters from Germany and Spain. Sci. Total Environ.
431, 139e150.

Londraville, R.L., Macotela, Y., Duff, R.J., Easterling, M.R., Liu, Q., Crespi, E.J., 2014.
Comparative endocrinology of leptin: assessing function in a phylogenetic
context. Gen. Comp. Endocrinol. 203, 146e157.

Maresca, M.M., Hoepner, L.A., Hassoun, A., Oberfield, S.E., Mooney, S.J., Calafat, A.M.,
Ramirez, J., Freyer, G., Perera, F.P., Whyatt, R.M., Rundle, A.G., 2016. Prenatal
exposure to phthalates and childhood body size in an urban cohort. Environ.
Health Perspect. 124, 514e520.

Martínez, R., Navarro-Martín, L., Luccarelli, C., Codina, A.E., Raldúa, D., Barata, C.,
Tauler, R., Pi~na, B., 2019. Unravelling the mechanisms of PFOS toxicity by
combining morphological and transcriptomic analyses in zebrafish embryos.
Sci. Total Environ. 674, 462e471.

Minatoya, M., Araki, A., Miyashita, C., Sasaki, S., Goto, Y., Nakajima, T., Kishi, R., 2017.
Prenatal di-2-ethylhexyl phthalate exposure and cord blood adipokine levels
and birth size: the Hokkaido study on environment and children's health. Sci.
Total Environ. 579, 606e611.

Mistry, A.M., Swick, A.G., Romsos, D.R., 1997. Leptin rapidly lowers food intake and
elevates metabolic rates in lean and ob/ob mice. J. Nutr. 127, 2065e2072.

Mu, X., Huang, Y., Li, J., Yang, K., Yang, W., Shen, G., Li, X., Lei, Y., Pang, S., Wang, C.,
Li, X., Li, Y., 2018. New insights into the mechanism of phthalate-induced
developmental effects. Environ. Pollut. 241, 674e683.

Nardozza, L.M., Caetano, A.C., Zamarian, A.C., Mazzola, J.B., Silva, C.P., Marcal, V.M.,
Lobo, T.F., Peixoto, A.B., Araujo Junior, E., 2017. Fetal growth restriction: current
knowledge. Arch. Gynecol. Obstet. 295, 1061e1077.

Narnaware, Y.K., Peyon, P.P., Lin, X., Peter, R.E., 2000. Regulation of food intake by
neuropeptide Y in goldfish. Am. J. Physiol. Regul. Integr. Comp. Physiol. 279,
R1025eR1034.

Net, 2014. Case study of PAHs, Me-PAHs, PCBs, phthalates and pesticides contam-
ination in the Somme River water, France. Int. J. Environ. Res. 8.

Newbold, R.R., Padilla-Banks, E., Snyder, R.J., Jefferson, W.N., 2005. Developmental
exposure to estrogenic compounds and obesity. Birth Defects Res A Clin Mol
Teratol 73, 478e480.

Nociari, M.M., Shalev, A., Benias, P., Russo, C., 1998. A novel one-step, highly sen-
sitive fluorometric assay to evaluate cell-mediated cytotoxicity. J. Immunol.
Methods 213, 157e167.

Rampersad, S.N., 2012. Multiple applications of Alamar Blue as an indicator of
metabolic function and cellular health in cell viability bioassays. Sensors 12,
12347e12360.

Ren, J., Pulakat, L., Whaley-Connell, A., Sowers, J.R., 2010. Mitochondrial biogenesis
in the metabolic syndrome and cardiovascular disease. J. Mol. Med. 88,
993e1001.

Renquist, B.J., Zhang, C., Williams, S.Y., Cone, R.D., 2013. Development of an assay for
high-throughput energy expenditure monitoring in the zebrafish. Zebrafish 10,
343e352.

Riu, A., McCollum, C.W., Pinto, C.L., Grimaldi, M., Hillenweck, A., Perdu, E., Zalko, D.,
Bernard, L., Laudet, V., Balaguer, P., Bondesson, M., Gustafsson, J.-A., 2014.
Halogenated bisphenol-A analogs act as obesogens in zebrafish larvae (Danio
rerio). Toxicol. Sci. 139, 48e58.

Rojas-Gutierrez, E., Mu~noz-Arenas, G., Trevi~no, S., Espinosa, B., Chavez, R., Rojas, K.,
Flores, G., Díaz, A., Guevara, J., 2017. Alzheimer's disease and metabolic syn-
drome: a link from oxidative stress and inflammation to neurodegeneration.
Synapse 71, e21990.

Santhosh, K., M.,D.W.E., Christine, T., Bernard, T., M.,W.J., 2008. The evolutionary
relationship between the duplicated copies of the zebrafish fabp11 gene and
the tetrapod FABP4, FABP5, FABP8 and FABP9 genes. FEBS J. 275, 3031e3040.

Schneider, C.A., Rasband, W.S., Eliceiri, K.W., 2012. NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods 9, 671.

Simula, L., Nazio, F., Campello, S., 2017. The mitochondrial dynamics in cancer and
immune-surveillance. Semin. Cancer Biol. 47, 29e42.

Smink, A., Ribas-Fito, N., Garcia, R., Torrent, M., Mendez, M.A., Grimalt, J.O.,
Sunyer, J., 2008. Exposure to hexachlorobenzene during pregnancy increases
the risk of overweight in children aged 6 years. Acta Pædiatrica 97, 1465e1469.

Spalding, K.L., Arner, E., Westermark, P.O., Bernard, S., Buchholz, B.A., Bergmann, O.,
Blomqvist, L., Hoffstedt, J., N€aslund, E., Britton, T., Concha, H., Hassan, M.,
Ryd�en, M., Fris�en, J., Arner, P., 2008. Dynamics of fat cell turnover in humans.
ON Nat. 453, 783.

Stanley, B.G., Leibowitz, S.F., 1985. Neuropeptide Y injected in the paraventricular
hypothalamus: a powerful stimulant of feeding behavior. Proc. Natl. Acad. Sci. U.
S. A. 82, 3940.

Tingaud-Sequeira, A., Ouadah, N., Babin, P.J., 2011. Zebrafish obesogenic test: a tool
for screening molecules that target adiposity. J. Lipid Res. 52, 1765e1772.

van den Hooven, E.H., Pierik, F.H., de Kluizenaar, Y., Willemsen, S.P., Hofman, A., van
Ratingen, S.W., Zandveld, P.Y., Mackenbach, J.P., Steegers, E.A., Miedema, H.M.,

https://doi.org/10.1101/206664
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref8
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref8
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref8
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref8
https://doi.org/10.1111/risa.13323
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref10
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref10
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref10
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref10
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref11
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref11
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref11
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref11
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref12
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref12
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref12
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref12
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref12
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref12
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref12
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref12
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref13
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref13
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref13
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref13
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref14
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref14
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref14
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref14
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref14
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref14
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref15
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref15
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref15
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref15
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref16
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref16
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref17
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref17
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref17
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref18
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref18
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref18
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref18
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref19
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref19
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref19
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref20
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref20
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref20
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref20
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref21
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref21
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref21
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref21
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref22
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref22
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref22
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref23
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref23
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref23
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref23
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref23
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref23
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref24
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref24
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref24
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref25
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref25
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref25
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref26
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref26
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref26
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref27
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref27
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref27
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref27
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref27
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref28
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref28
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref28
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref29
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref29
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref29
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref29
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref30
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref30
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref30
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref30
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref30
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref31
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref31
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref31
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref32
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref32
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref33
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref33
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref33
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref33
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref33
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref34
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref34
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref34
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref34
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref35
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref35
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref35
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref36
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref36
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref36
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref36
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref36
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref36
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref36
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref36
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref37
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref37
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref37
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref37
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref38
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref38
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref38
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref38
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref38
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref38
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref38
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref39
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref39
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref39
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref39
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref40
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref40
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref40
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref40
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref40
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref41
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref41
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref41
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref41
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref41
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref41
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref42
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref42
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref42
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref42
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref42
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref43
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref43
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref43
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref44
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref44
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref44
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref44
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref45
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref45
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref45
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref45
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref46
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref46
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref46
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref46
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref47
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref47
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref48
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref48
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref48
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref48
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref49
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref49
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref49
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref49
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref50
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref50
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref50
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref50
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref51
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref51
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref51
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref51
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref52
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref52
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref52
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref52
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref53
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref53
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref53
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref53
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref53
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref54
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref54
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref54
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref54
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref54
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref54
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref55
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref55
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref55
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref55
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref56
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref56
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref57
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref57
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref57
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref58
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref58
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref58
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref58
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref59
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref59
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref59
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref59
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref59
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref59
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref59
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref60
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref60
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref60
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref61
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref61
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref61
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref62
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref62


A. Mentor et al. / Chemosphere 238 (2020) 12458410
Jaddoe, V.W., 2012. Air pollution exposure during pregnancy, ultrasound mea-
sures of fetal growth, and adverse birth outcomes: a prospective cohort study.
Environ. Health Perspect. 120, 150e156.

Walker, H.C., Romsos, D.R., 1993. Similar effects of NPY on energy metabolism and
on plasma insulin in adrenalectomized ob/ob and lean mice. Am. J. Physiol. 264,
E226eE230.

Wan, H.T., Zhao, Y.G., Wei, X., Hui, K.Y., Giesy, J.P., Wong, C.K.C., 2012. PFOS-induced
hepatic steatosis, the mechanistic actions on b-oxidation and lipid transport.
Biochim. Biophys. Acta 1820, 1092e1101.

Wassenaar, P.N.H., Legler, J., 2017. Systematic review and meta-analysis of early life
exposure to di(2-ethylhexyl) phthalate and obesity related outcomes in ro-
dents. Chemosphere 188, 174e181.

Wei, J., Sun, X., Chen, Y., Li, Y., Song, L., Zhou, Z., Xu, B., Lin, Y., Xu, S., 2014. Perinatal
exposure to bisphenol A exacerbates nonalcoholic steatohepatitis-like pheno-
type in male rat offspring fed on a high-fat diet. J. Endocrinol. 222, 313e325.

Yoganantharjah, P., Byreddy, A.R., Fraher, D., Puri, M., Gibert, Y., 2017. Rapid
quantification of neutral lipids and triglycerides during zebrafish embryogen-
esis. Int. J. Dev. Biol. 61, 105e111.

Zhang, F., Du, G., 2012. Dysregulated lipid metabolism in cancer. World J. Biol. Chem.
3, 167e174.

Zhang, Y.-w., Gao, H., Mao, L.-j., Tao, X.-y., Ge, X., Huang, K., Zhu, P., Hao, J.-h.,
Wang, Q.-n., Xu, Y.-y., Jin, Z.-x., Sheng, J., Xu, Y.-q., Yan, S.-q., Tao, X.-g., Tao, F.-b.,
2018. Effects of the phthalate exposure during three gestation periods on birth
weight and their gender differences: a birth cohort study in China. Sci. Total
Environ. 613e614, 1573e1578.

Zhu, Y., Wan, Y., Zhang, B., Zhou, A., Huo, W., Wu, C., Liu, H., Jiang, Y., Chen, Z.,
Jiang, M., Peng, Y., Xu, S., Xia, W., Li, Y., 2018. Relationship between maternal
phthalate exposure and offspring size at birth. Sci. Total Environ. 612,
1072e1078.

Zolfaghari, M., Drogui, P., Seyhi, B., Brar, S.K., Buelna, G., Dub�e, R., 2014. Occurrence,
fate and effects of Di (2-ethylhexyl) phthalate in wastewater treatment plants: a
review. Environ. Pollut. 194, 281e293.

http://refhub.elsevier.com/S0045-6535(19)31808-9/sref62
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref62
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref62
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref62
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref63
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref63
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref63
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref63
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref64
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref64
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref64
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref64
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref65
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref65
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref65
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref65
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref66
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref66
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref66
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref66
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref67
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref67
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref67
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref67
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref68
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref68
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref68
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref69
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref69
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref69
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref69
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref69
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref69
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref69
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref70
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref70
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref70
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref70
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref70
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref71
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref71
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref71
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref71
http://refhub.elsevier.com/S0045-6535(19)31808-9/sref71

	Developmental exposure to a human relevant mixture of endocrine disruptors alters metabolism and adipogenesis in zebrafish  ...
	1. Introduction
	2. Material and methods
	2.1. Fish husbandry
	2.2. Exposure
	2.2.1. Chemicals
	2.2.2. 5-day exposures: gross morphology, gene expression and metabolic rate
	2.2.3. First 14- and 17-day exposure: adipogenesis
	2.2.4. Second 14- and 17-day exposure: blood lipids, whole-body lipids, and adipogenesis

	2.3. Metabolic rate assay
	2.4. Nile red staining: adipocytes and blood lipids
	2.5. Image analysis
	2.6. Oil Red O-staining and extraction: whole-body neutral lipids
	2.7. Quantitative real time RT-PCR
	2.8. Statistics

	3. Results
	3.1. Morphological effects
	3.2. Metabolic rate
	3.3. Effect on adiposity at 14 and 17 dpf
	3.4. Effect on blood lipids at 14 and 17 dpf
	3.5. Effect on whole-body neutral lipids at 17 dpf
	3.6. Effect on mRNA expression

	4. Discussion
	Conflicts of interest
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A. Supplementary data
	References


