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Abstract
Mentor, A. 2020. Developmental exposure to mixtures of environmental pollutants.
Studies on metabolism, developmental processes, and reproductive organs in zebrafish and
chicken embryos. Digital Comprehensive Summaries of Uppsala Dissertations from the
Faculty of Science and Technology 1937. 57 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-513-0954-5.

Humans and wildlife are continuously exposed to mixtures of environmental pollutants.
Mixture toxicity can be challenging to predict due to interactions between chemicals and thus
whole-mixture approaches are crucial in toxicology. Developing organisms are generally more
sensitive to chemical insult than adults and early exposure has been linked to metabolic and
reproductive disorders later in life. It is thus imperative to clarify how mixtures of environmental
pollutants affect early development.

Within this thesis, consequences of early exposure to human-relevant chemical mixtures
have been demonstrated using zebrafish and chicken embryos. The mixtures were designed
previously based on negative associations with birth weight (mixture G) or anogenital distance
(mixture S) in Swedish children. Mixture G consist of phthalate monoesters, perfluoroalkyl
acids, and triclosan (TCS). It was assessed for effects on developmental processes (apoptosis
and wnt/β-catenin signaling) and lipid metabolism in zebrafish. Two components of mixture
G were assessed as single compounds: perfluorooctane sulfonate (PFOS) and TCS. Exposure
to mixture G induced apoptosis, reduced wnt/β-catenin signalling, increased visceral adiposity,
and reduced blood- and whole body-lipid levels in developing zebrafish. PFOS induced
apoptosis but not Wnt/β-catenin signaling and TCS had similar effects on lipid levels as the
mixture, although the effect of TCS on adipogenesis was not as pronounced. Mixture S, which
consists of four phthalate monoesters, and a suggested bisphenol A metabolite (4-Methyl-2,4-
bis(4-hydroxyphenyl)pent-1-ene; MBP) were assessed for disruption of reproductive organ
development in chicken embryos. No effects were observed by mixture S. MBP caused
feminization in male embryos (left ovotestis, feminized gonadal mRNA expression pattern, and
Müllerian duct retention). MBP-exposed females displayed smaller left ovaries, malformed left
Müllerian ducts, and right Müllerian duct retention.

In conclusion, a mixture that has been implicated in altered intrauterine metabolism and
growth in Swedish children caused developmental and metabolism disrupting effects in larval
zebrafish. PFOS and TCS most likely contribute to the effects by the mixture. Furthermore,
the suggested bisphenol A metabolite MBP, but not a mixture of phthalate monoesters, altered
both male and female reproductive organ development in chicken embryos. The results were
generated using models of both environmental and human relevance. The results in this thesis
demonstrate the value of combining epidemiological and experimental studies to assess mixture
toxicity.
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Introduction 

Environmental pollutants 
Humans and wildlife are continuously exposed to complex mixtures of envi-
ronmental pollutants from different sources and via different routes of expo-
sure. Some substances have the ability to interfere with endocrine systems and 
may consequently affect health and reproductive performance of exposed or-
ganisms [1-3]. The exposure to such chemicals is vast; substances with poten-
tially harmful properties are found in a range of different products, including 
plastics, food containers, furniture, pesticides, and personal care products 
(WHO 2012). Exposure routes to environmental pollutants include dermal ex-
posure through personal care products (humans) or the surrounding medium 
(aquatic organisms), oral exposure through food and water, and inhalation of 
airborne pollutants. The number of studies linking exposure to endocrine dis-
rupting chemicals (EDCs) to disease is increasing and the estimated cost of 
this exposure in EU reaches billions of Euros annually [4,5].  

Mixture toxicity 
The widespread use and the ubiquitous presence of environmental pollutants 
make single chemical exposures unlikely to occur outside of a laboratory en-
vironment. Toxicological studies and risk assessment have traditionally been 
focused on individual substances, an approach that does not reflect the more 
realistic exposure scenario where organisms are exposed to a range of differ-
ent chemicals. There are advantages of using single substance exposures in 
experimental studies, one being it is needed for mechanistic studies. However, 
mixture studies are crucial as it is still unclear how combined exposure affects 
health of humans and wildlife. The toxic effect of mixtures can at times be 
predicted with models based on the toxicity of the components, e.g. by con-
centration addition [6]. However, due to interaction between the components 
such models are not always accurate. Interaction occurs when substances in-
duce changes that affect the levels or effects of other substances at their target 
site. The toxicity of such mixtures is challenging to predict, potentially leading 
to incorrect estimation of the risk [7,8]. There are other ways to experimentally 
approach the mixture scenario besides component-based prediction models, 
e.g. by studying whole mixtures with environmentally relevant compositions. 
Environmentally relevant mixtures, including those relevant for human health, 



 10 

can be directly sampled from e.g. wastewater treatment plant outlets or surface 
waters, or they can be designed based on chemical analysis of water bodies, 
food, tissues, blood, or urine samples from humans or other animals.   

Developmental origin of health and disease 
Exposures of varying composition occur during entire life-spans and exposure 
during early life stages is of particular concern. Early development is a time 
of high plasticity when the embryo is shaped by a combination of genetic and 
environmental factors. A phenotypic change induced by an external stimulus 
could be adaptive, either by giving the fetus an immediate advantage in utero 
or by “preparing” the fetus for the postnatal environment that the stimulus in 
question is reflecting [9]. Problems arise when the phenotypic change is a mis-
match with the adult environment [9]. This is one way environmental pollu-
tants that affect early development can play a role in the etiology of disease 
and general health status in adult life [9,10]. Chemical exposure can also in-
duce changes during development that result in suboptimally functioning or-
gans, which in turn can cause problems later on. This concept is known as the 
developmental origin of health and disease (DOHaD). 
 
The concept of DOHaD is based on the work by Barker and colleagues in 
nutritional biology in which low birth weight was linked to compensatory 
growth in childhood, and to coronary heart disease and diabetes in adulthood 
[11-13]. Nowadays the concept is widened and includes factors like exposure 
to EDCs [2,14,15]. Epidemiological studies have shown associations between 
prenatal exposure to a number of EDCs and various health indicators, such as 
earlier age of menarche, cryptorchidism and hypospadias, both high and low 
birth weight, abnormal lipid metabolism, and elevated body mass index (BMI) 
[16-26]. Connections between early exposure to environmental pollutants and 
various health outcomes have also been shown in experimental animal studies. 
Examples of this include bisphenol A (BPA) and di(2-ethylhexyl)phthalate 
(DEHP) that affect reproductive development [27-31], and perfluorooctanoic 
acid (PFOA) and DEHP that disrupt lipid metabolism and adipogenesis 
[32,33]. In summary, there is evidence from both epidemiological and exper-
imental studies that indicate potential risks associated with exposure to EDCs 
at an early age. There is thus an urgent need to understand the consequences 
of such exposures. 

Apoptosis 
Apoptosis plays a crucial role in early development [34]. The pathways for 
apoptosis, or programmed cell death, are tightly controlled, evolutionarily 
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conserved suicide programs operating to eliminate unwanted cells [35]. Apop-
totic programs are initiated when cells are irreversibly damaged but also to 
reduce cell numbers (organogenesis often involves overproduction and subse-
quent removal of cells), delete structures not needed (e.g. Wolffian ducts in 
females and Müllerian ducts in males), or shape structures during morphogen-
esis (e.g. removal of interdigital webs in mammals) [34,36,37]. 

Wnt/β-catenin signaling 
Wnt signaling is an evolutionarily conserved signaling network that is highly 
important during early development due to its role in cell differentiation, mi-
gration, proliferation, and polarization [38,39]. Wnt proteins act locally 
through paracrine or autocrine mechanisms. The canonical Wnt signaling 
pathway is dependent on a protein called β-catenin [39]. In a non-active state, 
cytoplasmic β-catenin is continuously phosphorylated and thus marked for 
proteasomal degradation [40,41]. Binding of a Wnt ligand to membrane-
bound receptors inhibits phosphorylation of β-catenin, allowing β-catenin to 
accumulate in the cytoplasm [39,41]. The hypophosphorylated β-catenin is 
translocated to the nucleus where it binds to and activates transcription factors 
belonging to the T cell factor/lymphoid-enhancing factor (TCF/LEF) family 
[39,41]. This pathway is not only important for early development; it may also 
play a role in cellular metabolism and metabolic disease [42,43]. 

Metabolism disrupting chemicals 
An increase in the prevalence of metabolic disease has been observed the past 
decades and it has even been called an epidemic. Factors like genetics, diet, 
and physical activity are known to affect the development of obesity and met-
abolic disease but cannot completely explain the increasing trend [44,45]. Me-
tabolism disrupting chemicals have the ability to disrupt metabolic homeosta-
sis e.g. by inducing adipogenesis or altering neuroendocrine control of food 
intake [45]. Exposure to such substances has been suggested as a contributing 
factor to the increasing trend of metabolic disease, and is believed to have the 
largest impact during development [45,46]. White adipose tissue (WAT) and 
its main cell type the adipocyte are central in energy homeostasis and potential 
targets of metabolism disrupting chemicals. WAT is the main storage site for 
lipids in the body but it is also a secretory organ involved in regulation of food 
intake, thermal insulation, and inflammatory processes [47,48]. In humans, 
the number of adipocytes in the body increase in the early years but stay rela-
tively constant in adult life [49]. Exposure to metabolism disrupting com-
pounds during parts of life when important metabolic organs such as WAT, 
the brain, and the pancreas are developing are of particular concern.   
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Mixtures G and S 
The mixtures studied in this thesis were defined within the project EDC-
MixRisk (http://edcmixrisk.ki.se/) and prepared by the EDC-MixRisk partner 
at the Division of Occupational and Environmental Medicine, Lund Univer-
sity. The mixtures were composed using data  from the Swedish Environmen-
tal Longitudinal, Mother and child, Asthma and allergy (SELMA) study [50]. 
The full procedure is described in [51] and [52] but will be summarized here. 
More than 2300 Swedish pregnant women living in the county of Värmland 
were recruited into the SELMA study [50]. Blood and urine were sampled at 
week 10 (median week) of their pregnancy and 20 chemicals were analyzed 
in the samples. The analyzed chemicals included 10 phthalate monoesters 
(metabolites from 5 different phthalate diesters), triclosan (TCS), BPA, and 8 
perfluoroalkyl acids (PFAAs). By means of weighted quantile sum regression, 
subsets of these substances were found to be negatively associated with ano-
genital distance (AGD) in boys at 21 months of age using data from 184 
mother-child pairs or with birth weight in children of both sexes using data 
from 1874 mother-child pairs. For substances measured in urine, serum levels 
were calculated from estimated daily intakes of the analyzed substances (al-
kylphenols) or the parent compounds (phthalates)[52]. Mixtures were de-
signed based on geometric means of measured and estimated serum concen-
trations in all SELMA mothers [51,52]. The mixture negatively associated 
with AGD is herein called mixture S and the mixture negatively associated 
with birth weight is called mixture G. Mixture concentrations are expressed 
as factors of the geometrical mean serum concentrations of the women (x hsc). 
The compositions of the mixtures, and the names of the parent compounds, 
when relevant, are presented in table 1.  

Phthalates 
Phthalate monoesters are metabolites of phthalate diesters, commonly used as 
plasticizers and solvents. Phthalate diesters are used in a vast number of prod-
ucts, including food containers, medical products, personal care products, 
electronic equipment, and building materials. The diesters do not form stable 
bonds with the material they are in, making them prone to leach into the sur-
roundings. Because of this, several phthalates are ubiquitously present in the 
environment, and humans and wildlife are continuously exposed [53-55]. Ep-
idemiological studies have shown associations between human exposure and 
several health outcomes, including increased incidence of allergic diseases 
like asthma and eczema [56,57], increased BMI and waist circumference in 
girls [58,59], altered behavior in children (internalizing, ADHD-like, and 
atypical early childhood behaviors)[60-62], delayed pubarche in girls [63], de-
creased semen quality [64], and shorter AGD in boys [65]. Physiological ef-
fects of phthalates in experimental models include decreased AGD, changes 
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in testicular morphology and weight, decreased prostate weight, decreased 
sperm count, and obesity [66-68]. The monoester phthalates are considered as 
bioactive metabolites, mainly responsible for the testicular effect of phthalate 
exposure [69,70]. 

Perfluoroalkyl acids 
Perfluoroalkyl acids are used in a vast number of consumer and industrial 
products, e.g. firefighting foams, pesticides, and surface coatings for clothing, 
furniture, paper products, and cosmetics [71].  PFAAs have various effects in 
experimental systems. Examples of observed effects on male reproductive de-
velopment or function include reduced AGD, nipple retention, and sperm 
quality [72-74]. PFAAs have the ability to disrupt thyroid hormone signaling 
[75,76], and are hepatotoxic. Hepatotoxic effects include liver hypertrophy, 
hepatosteatosis (fatty liver), and induction of PPARα-regulated genes [77,78]. 
Developmental exposure to PFOA has been linked to increased body weight 
and obesity in both humans and mice [17,32,79,80]. However, there are also 
studies in which no such link was found [77,81]. Other epidemiological stud-
ies have found associations between PFAAs and thyroid disease [82] and 
some have found negative associations with birth weight [83]. Most studies 
seem to find a positive association with thyroid stimulating hormones (TSH), 
but there are inconsistencies regarding the direction of the association between 
PFAAs and thyroxine (T4) levels [84-86].  

Triclosan 
Triclosan is an antimicrobial agent used in a range of different personal care 
products as well as in household, veterinary, and industrial products [87]. A 
range of endocrine disrupting properties of TCS has been reported. In vitro 
studies have demonstrated both agonism and antagonism to ER and AR [88-
90]. In vivo, TCS was shown to act as both a weak androgen and a weak es-
trogen in Japanese medaka (Oryzias latipes) [91,92] and as an estrogen in fe-
male rats [93]. It has also been shown to cause decreased levels of serum lu-
teinizing hormone, follicle stimulating hormone, cholesterol, pregnenolone, 
and testosterone, as well as histopathological malformations in testes and ac-
cessory tissues in male rats [94]. Few studies have assessed metabolic disrup-
tion by TCS. In vitro studies indicate that TCS suppresses adipocyte differen-
tiation [95,96]. Mice displayed hyperphagia and obesity after exposure to TCS 
in utero [97] and infusion of TCS in sheep caused fetal hypothalamic tran-
scriptional changes in pathways related to lipid metabolism, food intake, and 
energy metabolism [98]. In zebrafish embryos, TCS altered the metabolic pro-
file [99] and was found to disrupt lipid metabolism [100,101]. 
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4-Methyl-2,4-bis(4-hydroxyphenyl)pent-1-ene (MBP) 
Bisphenol A is a well-known EDC that is used as a precursor in the production 
of polycarbonate plastics and epoxy resins. The estrogenic activity of BPA 
was shown to increase when it was incubated with S9 fraction from rat liver 
[102]. Further investigation showed that the increased estrogenic activity was 
caused by a metabolite of BPA, 4-methyl-2,4-bis(4-hydroxyphenyl)pent-1-
ene (MBP) and a hypothesis on the potential mechanism for formation of MBP 
from BPA was presented [103]. Its estrogenic characteristics have been shown 
in vivo in Japanese medaka and zebrafish [104-106], as well as in ovariecto-
mized rats [107]. Furthermore, in silico-docking simulations indicate that 
MBP activates the human ERs [108] and that it interacts with the human an-
drogen and progesterone receptors [109]. The estrogenic potency of MBP is 
250-1000 times that of BPA in rats and fish [104-107] but its effects in birds 
have not previously been studied. 

Zebrafish as a model 
Zebrafish is an important vertebrate model within developmental, genetic, and 
biomedical research. Zebrafish have a number of advantageous qualities, such 
as a short life cycle, a high fertility rate, convenient size, and they are easy and 
cost-effective to keep in a laboratory. Their genome is fully sequenced and it 
is relatively easy to create genetic mutants. Zebrafish has been used as a model 
for early development and disease for decades, and is now increasingly used 
to study metabolic disruption. The metabolic system of fish shares many im-
portant features with that of mammals such as insulin-responsive organs, neu-
ronal circuits controlling appetite, and pathways involved in lipid metabolism 
and transport [110-112]. Chemically induced disruption of adipogenesis or li-
pid metabolism in zebrafish has been demonstrated using chemicals like TBT, 
perfluorooctane sulfonic acid (PFOS), and bisphenol S (BPS) [113-116]. Fur-
thermore, five human hypolipidemic drugs (simvastatin, lovastatin, ezetimibe, 
bezafibrate and hyodesoxycholic acid) reduced blood lipid levels in zebrafish 
fed a high fat diet [117]. Zebrafish larvae are semi-transparent, allowing lipid 
depots to be visualized in vivo [116,118], further demonstrating the value of 
the zebrafish as a model for metabolic disruption.  

The chicken embryo as a model for endocrine disruption 
Chicken (Gallus gallus domesticus) has been an important model for the study 
of early vertebrate development for more than a century and has more recently 
become an established model for studying effects of endocrine disrupting 
compounds on developing reproductive systems [119-122]. Advantages of 
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this model include that the egg is a relatively closed system in which gas ex-
change is the main connection to the outside, that the embryo develops sepa-
rate from the mother, and that the egg allows for precise, non-invasive injec-
tions. The differentiation of the reproductive tract in female chicken embryos 
is asymmetric, as it is in most birds. Sexual differentiation initiates around 
embryonic day 3.5 (E3.5) and is histologically distinguishable around E6.5 
[123]. In females, the left gonad develops into an ovary and the left Müllerian 
duct develops into an oviduct, whereas the corresponding structures on the 
right side regress [124]. The Wolffian ducts degenerate into vestigial struc-
tures [124]. In the male, both Müllerian ducts regress, the Wolffian ducts dif-
ferentiate into vasa deferentia, and both gonads develop into testes [124]. Fe-
male differentiation is directed by endogenous estrogens acting via estrogen 
receptor alpha [125], and exposure to chemicals that interfere with this signal-
ing impairs reproductive organ development in both females and males 
[125,126]. Exposure to synthetic estrogens like diethylstilbestrol and ethinyl 
estradiol causes feminization of male gonads, and retention as well as malfor-
mation of Müllerian ducts [126,127]. Such exposures can cause long-term ef-
fects such as altered adult behavior, cloacal deformation, and affected shell 
gland function and morphology [128-132].  
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Objectives 

The overall aim of this project was to assess whether chemical mixtures that 
have been associated with developmental effects in humans caused related ef-
fects in experimental models. An additional aim was to assess effects by se-
lected single chemicals. To achieve these aims, four studies with the following 
objectives were designed: 
 
 Determine whether mixture G and one of its components, PFOS, alter 

the fundamental developmental processes apoptosis and Wnt-signal-
ing in embryonic zebrafish (Paper I).  
 

 Determine whether mixture G disrupts adipogenesis and metabolism 
after developmental exposure in zebrafish fed a high calorie diet (Pa-
per II). 
 

 Determine whether mixture G and one of its components, triclosan, 
affects adipogenesis, blood lipid levels, and whole-body neutral lipid 
levels in zebrafish at 7 dpf (Paper III). 
 

 Determine whether mixture S has endocrine disrupting properties and 
thus affects development of reproductive organs in chicken embryos 
(Paper IV). 
 

 Determine whether 4-methyl-2,4-bis(4-hydroxyphenyl)pent-1-ene 
(MBP), a potential metabolite of bisphenol A, affects development of 
the reproductive organs in chicken embryos (Paper IV). 
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Methods 

The following methods were used to study developmental and metabolic dis-
ruption in zebrafish and disruption of reproductive organ development in 
chicken embryos. Experimental setups are presented in figures 1 (paper I), 3 
(papers II and III), and 5 (paper IV). For more detailed descriptions of the 
methods used, please see the respective papers.  

Zebrafish exposure  
Zebrafish (wildtype fish of the AB line unless otherwise stated) were exposed 
via the ambient water in semi-static systems from 3 hours post fertilization 
(hpf). Water was changed daily to achieve high water quality and maintain 
relatively stable chemical concentrations. In the longer exposure experiments, 
the water was aerated from 5 days post fertilization (dpf) and water quality 
parameters were monitored (pH, temperature, conductivity, NH3-, NO3- and 
NO2-levels). DMSO (0.01% v/v) was used as a solvent.  
 
In paper I, zebrafish were exposed to the mixture G (1-100x hsc) or PFOS 
(0.2-10 µM) until 1-4 dpf. Zebrafish of a transgenic line (Tg(6xTcf/LefBS-
miniP:d2EGFP)isi04) were exposed to mixture G (1-100x hsc), the Wnt-sig-
naling suppressor XAV939 (10 nM), or PFOS (2 µM) until 2 dpf.  
 
In paper II, a concentration-finding study of mixture G was performed (0.1-
180x hsc) and subsequently the zebrafish were exposed (1-100x hsc) until 5, 
14, and 17 dpf.  
 
In paper III, zebrafish were exposed to mixture G (1-100x hsc), TCS (1-100x 
hsc), or the known obesogen TBT (0.2-5 nM) until 7 dpf. 
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Figure 1. Experimental setup for studying the effect of mixture G on the de-
velopmental processes apoptosis and Wnt/β-catenin signaling (paper I). 

Wnt/β-catenin signaling and fin morphology 
Wnt/β-catenin signaling and fin morphology were studied in a transgenic line 
of zebrafish carrying a Tcf/Lef-linked reporter that indicates Tcf/Lef-depend-
ent transcription by an enhanced green fluorescent protein (EGFP; 
Tg(6xTcf/LefBS-miniP:d2EGFP)isi04). At 2 dpf, the fish were sedated and 
photographed under a fluorescence microscope. Morphological measurements 
of the caudal tail were performed using ImageJ [133]. Intensity of the EGFP 
signal was analyzed in two ways: manually in ImageJ and with a script in 
CellProfiler [134]. With CellProfiler the fin was localized and encircled in the 
bright-field images and the total fluorescence in the circle was analyzed in the 
respective overlapping dark-field images using a fully automatized method. 
Representative images of a caudal tail (brightfield and fluorescence), with the 
morphometric measurements indicated, are displayed in figure 2. 

Apoptosis 
The effects of mixture G and PFOS on apoptosis were studied using three 
different assays: acridine orange (AO) staining, terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL), and an assay for caspase 3-like 
activity. The AO staining was used for quantifying apoptosis in the whole em-
bryo; measurements were performed both on intact stained embryos (1dpf) 
and on supernatants of homogenized stained embryos (1-3 dpf). TUNEL was 
used for estimating the amount of apoptosis in the tail fin. Staining was per-
formed on embryos at 2-4 dpf and brightfield images were taken of the tail. 
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The number of labeled spots was counted manually. The caspase-3-like activ-
ity was measured at 3 dpf using a colorimetric assay kit (Sigma Aldrich, Saint 
Louis, MI, USA).  

 
 

 
Figure 2. A) Morphometric analyses were performed on the tail and caudal 
fin. The following measurements were made: fin area (the area enclosed by 
the hatched line), length of the fin (a), height of the fin in two places (b-c), and 
height of the tail (d). B) Active Wnt/b-catenin signaling, indicated by en-
hanced green fluorescent protein fluorescence, was measured in the area de-
fined in the corresponding brightfield image (hatched line).  

Metabolic rate 
The metabolic rate assay used in papers II and III is a resazurin-based assay 
adapted to in vivo use in zebrafish by Renquist et al. [135]. The assay was 
initiated after hatching at 2 dpf by transferring zebrafish to 96-well plates con-
taining assay buffer with the substrate resazurin. Fluorescence measurements 
were performed 2, 24, 48, and 72 hours after initiation of the assay, following 
the formation of the fluorescent product between 2 and 5 dpf. 

Adiposity and lipid measurements 
Adiposity measurements and blood lipid levels were analyzed by staining lar-
vae with the fluorescent dye Nile Red, photographing them under a fluores-
cence microscope, and analyzing the images. Representative images of fish 
stained with Nile Red are shown in figure 4. At 7dpf, the lipid content (inten-
sity of the staining) in the dorsal aorta and the presence of visceral adipocytes 
were assessed (paper III). At 14 and 17 dpf, the lipid content in the dorsal aorta 
was measured, the number of visceral adipocytes of each fish was estimated, 
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Figure 4. Images of zebrafish larvae stained with the fluorescent dye Nile Red 
which was used for quantifying lipid staining. A) Brightfield image of a 
zebrafish larva at 17 dpf. The rectangles indicate regions shown in B-D. B) A 
section of the tail with Nile red staining clearly visible in the vessels. C) The 
head and trunk. The arrow indicates lipid droplets in adipose tissue. D) The 
visceral area of zebrafish having 0, 1-6, or >6 adipocytes.  
 
 
and the area and intensity of staining in the visceral adipose tissue were ana-
lyzed (paper II). Fluorescence analysis of the visceral adipose tissue was based 
on the method by Tingaud-Sequeira et al. [116].  
 
Whole-body neutral lipid levels were analyzed using another lipophilic dye, 
Oil-Red-O (ORO). Lipid levels were assessed at 7 dpf (paper III) and 17 dpf 
(paper II) by staining, extraction, and quantification of ORO. The ORO stain-
ing was performed according to the method described by Riu et al. [136] and 
the extraction and quantification according to the method described by 
Yoganantharjah et al. [137]. 
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Exposure of chicken embryos 
Chicken embryos were used for studying the potential endocrine disrupting 
effects of mixture S and MBP. Eggs were injected via air sac injection on 
embryonic day 4 (E4) with either DMSO (vehicle, 20 µl), MBP (100 µg/g 
egg), or mixture S (in total 85 μg/g egg). The eggs were candled regularly 
during incubation and any dead embryos were removed and recorded. At E19, 
two days before expected hatching, embryos were euthanized and sampled. 
Body and liver weights were recorded. Experimental setup is shown in figure 
5.  
 

 
Figure 5. Experimental setup to study effects on reproductive organ develop-
ment in chicken embryos. Injection of DMSO, Mixture S, and MBP was per-
formed on embryonic day 4 (E4) and sampling was performed on E19. MD: 
Müllerian duct. 

Morphology of the reproductive organs 
All assessments and analyses of the reproductive organs were performed with-
out knowledge of exposure groups. A first assessment of reproductive organs 
was performed during the dissection: an initial determination of the sex was 
performed based on the appearance of the gonads and the Müllerian ducts, the 
reproductive organs were visually inspected for any abnormalities, and the 
length of the right Müllerian duct was measured if present. Gonads were pho-
tographed through a stereomicroscope. A second assessment of the gonads 
was performed based on the images taken. The size of each gonad was meas-
ured, a second visual sex determination was performed, and any abnormalities 
were noted when studying the photos. 
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Genetic sex determination 
Sex is genetically determined in birds; females are heterogametic (ZW) and 
males are homogametic (ZZ). Genetic sex was determined from liver samples, 
using a method based on the allele-specific products formed by the CDH1 
gene [138]. DNA was extracted and a PCR was run using primers designed 
by Fridolfsson and Ellegren [138]. A melt curve analysis was performed and 
sex was determined based on the number of products formed; females have 
both Z- and W-linked products and males only have the Z-linked product.  

Quantitative real-time PCR 
Quantitative real time RT-PCR was used for analyzing mRNA expression in 
papers I, II, and IV. RNA isolation, cDNA synthesis, and real time qPCR were 
performed using kits from BioRad (Hercules, CA, USA) according to the in-
structions. Integrity of RNA was verified with agarose gel electrophoresis and 
purity and quantity of RNA were determined spectrophotometrically. Primer 
sequences were designed or found in the literature; the sequences are pre-
sented in the respective papers. Melt curve analysis was performed to ensure 
that a single product was formed.  
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Results 

The main effects of mixture G and its two components (PFOS and TCS) in 
embryonic and larval zebrafish are summarized in figure 6 (papers I-III). The 
effects by MBP on reproductive organ development are summarized in figure 
7 (paper IV).  

Paper I: Zebrafish 
Wnt/β-catenin signaling and fin morphology 
Wnt/β-catenin signaling in the zebrafish embryo tail, assessed by both average 
and total fluorescence in the fin area, was reduced by the mixture at a concen-
tration of 100x hsc but not at 20x hsc. The reduction in Wnt-signaling was 
accompanied by a reduction of the area of the caudal fin and reduced tail and 
fin heights. The Wnt inhibitor XAV939 reduced the Wnt signaling in the tail, 
as expected, and reduced tail height. No effect on Wnt/β-catenin signaling was 
observed after exposure to 2 µM PFOS. 

Apoptosis 
Apoptosis was induced by mixture G as shown in all three assays, although 
the AO and TUNEL results varied with age. The amount of AO staining in 
whole embryos was enhanced at 1 dpf in fish exposed to 100x hsc of the mix-
ture, an effect that remained at 2 dpf but could not be detected at 3 dpf. The 
effect of PFOS, which was included because it is a component of mixure G 
and because it has been shown to induce apoptosis in other studies, varied with 
age. The AO staining was higher at 1 dpf and lower at 2 dpf compared with 
the control, but no effect was observed at 3 dpf. The number of spots indicat-
ing apoptosis in the TUNEL assay was induced by mixture G at 20x and 100x 
hsc. It was also induced by PFOS at 2 and 10 µM (corresponding to PFOS 
levels of 200 and 1000x hsc), but not at 0.2 µM of PFOS (corresponding to 
20x hsc). The pro-apoptotic effects observed with the staining methods were 
corroborated by the results in the caspase-3 like assay; enzyme activity was 
induced by 20x and 100x hsc of mixture G and by 2 and 10 µM PFOS. mRNA  
 



 26 

 
Figure 6. The main effects by mixture G, PFOS, and TCS on embryonic and larval 
zebrafish. The numbers within the circles represents the age of the fish when the ef-
fects were observed. dpf: days post fertilization. fabp11a: fatty acid binding protein 
11a. 
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expression of the apoptosis-regulating genes (p53, mdm2, and baxa) was un-
affected by treatment.  

Paper II and III: Zebrafish 
Concentration-response study, 5 dpf  (II) 
Mixture G was toxic to zebrafish embryos and larvae at concentrations higher 
than 120x hsc; reduced swim-bladder inflation was observed from 130x hsc, 
and at higher concentrations the frequency of edemas (pericardial and yolk 
sac) and mortality increased. 

mRNA expression, 5 dpf (II) 
At 100x hsc of mixture G, lipoprotein lipase (lpl) and the three reference genes 
(elongation factor 1-alpha, ef1a; ribosomal protein l13, rpl13; aryl-hydrocar-
bon receptor nuclear translocator 2, arnt2) were downregulated. Peroxisome 
proliferator-activated receptor gamma (pparg) showed no statistically signifi-
cant change although a tendency towards a decrease was observed. These 
downregulations could be gene specific but we cannot exclude possible 
changes in RNA composition. 

Metabolic rate, 2-5 dpf (II & III) 
Mixture G lowered metabolic rate in zebrafish at a concentration of 20x hsc 
in paper II, which was the only tested concentration for this endpoint in that 
study. In paper III, a concentration response study was performed using 1x, 
20x, 60x, and 100x hsc. A reduction of metabolic rate was observed at 1x hsc 
(in two out of three replicate experiments) and no effect was found at 20x hsc. 
The response in the two highest dose groups differed between replicate exper-
iments: the response varied between no effect and an induction at 60x hsc and 
both enhanced and reduced activity at 100x hsc. The effect of TCS followed 
a classic monotonic dose response in which reduced metabolic rate occurred 
at all concentrations but 1x hsc. TBT did not alter this endpoint at any of the 
doses tested.    

Adipogenesis, blood and whole-body lipid levels, 7 dpf (III) 
Adipocytes start to appear in the second week of life in zebrafish. The number 
of fish with visible adipocytes at 7 dpf was larger in mixture-exposed fish, 
indicating an induced adipogenesis. This effect was similar to that caused by 
the known obesogen TBT. There was a tendency for induced adipogenesis 
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also with TCS, but the induction was modest and not statistically significant 
(p = 0.051).  
 
Both lipid content in the blood and whole-body neutral lipid levels were re-
duced by mixture G and the two single compounds at 7 dpf.  Lipid content in 
the blood was reduced by Mixture G at concentrations of 60x and 100x hsc, 
by TCS already at 1x hsc, and by TBT at 1 nM and 5 nM. Whole-body lipids 
were reduced by mixture G in one out of two replicate experiments at 20x and 
60x hsc, and in both replicate experiments at 100x hsc. The effect by TCS was 
similar to that of the mixture; the lipid levels were reduced at the two highest 
concentrations. Fish exposed to 5 nM TBT had lower whole-body neutral lipid 
levels than those of the control. 

Adiposity, lipid levels, and mRNA expression, 14 and 17 dpf (II) 
A higher frequency of the fish exposed to 20x hsc of mixture G had more than 
6 adipocytes than in the control group at 14 dpf, while no difference compared 
with the control was found for any exposure group at 17 dpf. The amount of 
visceral adipose tissue (VAT) was increased in the 20x-hsc group at 17 dpf, 
and a similar trend, although not significant, was visible at 14 dpf.  
  
No effect was observed on lipid content in the blood at 14 or 17 dpf by 20x 
hsc of mixture G, nor was there a difference in whole-body neutral lipid con-
tent at 17 dpf.  
  
At 14 and 17 dpf, relative mRNA expression levels were analyzed in whole-
body homogenates but no effect by the treatment was observed for the two 
appetite-related genes agouti related neuropeptide (agrp) and proopiomelano-
cortin a (pomca), the different ppars, lpl, and fatty acid synthase (fasn). How-
ever, at 17 dpf, the expression of fatty acid binding protein 11a (fabp11a) was 
increased in fish exposed to 10x and 20x hsc (Figure 5).  

General toxicity, 5 – 17 dpf (II & III) 
There were no observable morphological effects in any of the groups at any 
age. Most experiments did not indicate any effects on length by the exposures, 
except at 7 dpf when a tendency towards a reduction was observed with TCS 
and mixture G. Larvae exposed to 100x hsc of mixture G and 60x or 100x hsc 
of TCS were shorter than the control fish in one of the replicate experiments. 
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Paper IV: Chicken 
Schematic representations of reproductive organs in DMSO- (vehicle) and 
MBP-exposed chicken embryos are displayed in figure 7. 

Gonad size and morphology 
The mean gonad size of chicken embryos at E19 did not differ between con-
trol- and mixture S-exposed embryos of either sex. The left gonad was smaller 
in MBP-exposed females than in the control females. MBP-exposed males 
exhibited a smaller right gonad and a larger left one compared with control 
males. All males exposed to MBP developed a left ovotestis, as assessed by 
the shape and structure of the left gonad. Four out of the twelve MBP-exposed 
males were morphologically indistinguishable from females at the visual in-
spection during the dissection but were determined to be males by genetic sex 
determination. 

Müllerian ducts 
In control females, a developing shell gland was visible at the caudal end of 
the left Müllerian duct, and the right Müllerian duct was largely regressed 
(about 4 mm remained). In control males, both Müllerian ducts were com-
pletely regressed. The Müllerian duct morphology in the group exposed to the 
mixture S did not differ from that in the control group. The right Müllerian 
duct was retained in both males and females in the MBP-exposed group. 
Seven out of the 24 MBP-exposed females did not have a visible shell gland 
in the left Müllerian duct, and one had a noticeably small one.  

mRNA expression 
mRNA expression of three genes involved in ovarian differentiation (DNA 
meiotic recombinase 1, DMC1; forkhead box L2, FOXL2; cytochrome P450 
family 19 subfamily A member 1, CYP19A1/aromatase) was upregulated in 
the left testis of male embryos exposed to MBP. The expression of the male-
associated gene sex determining region Y-box 9 (SOX9) was downregulated 
in the left testis in this group and the expression was correlated with increased 
size of the organ. No changes in relative mRNA expression was observed after 
exposure to mixture S. 

General toxicity 
Body weight, liver weight, and hepatosomatic index (HSI) were not affected 
by the mixture S or MBP, and did not differ between sexes. No exposure-
induced mortality was observed. 
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Figure 7. Schematic representations of gonads and accessory ducts in female and 
male chicken embryos at E19 following exposure to DMSO (vehicle control) or MBP 
from E4. Müllerian duct retention (¤) occurred in both males and females exposed to 
MBP. MBP-exposed females had smaller left ovaries (§) and some individuals lacked 
a primordial shell gland on the left Müllerian duct (#). Males exposed to MBP had 
smaller right testes (*) and larger left testes (+). MBP caused feminized mRNA ex-
pression patterns in the left testis of male chicks (red box = suppressed; green box = 
induced; grey box = unaffected). O: Ovaries. T: testes. rMD/lMD: right/left Müllerian 
duct. SG: primordial shell gland. WD: Wolffian duct. m: mesonephros.  
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Discussion 

Exposure scenarios in nature are complex and involve many different chemi-
cals; thus, there is a need for understanding the effect of multicomponent mix-
tures. Mixture toxicity studies can be designed in a number of different ways. 
In this thesis, human-relevant mixtures that were designed based on biostatis-
tical analyses of epidemiological data [51,52] were studied in experimental 
systems using a whole-mixture approach.  

Effects of mixture G in zebrafish 
Apoptosis and Wnt/β-catenin signaling 
Mixture G is suspected to disrupt metabolism and growth during early devel-
opment based on its negative association with birth weight in Swedish chil-
dren belonging to the SELMA cohort [51]. Birth weight is generally used as 
an indicator for intrauterine growth and thus we aimed at determining the ef-
fects of the mixture on two important developmental molecular pathways. We 
demonstrated that developmental exposure to mixture G induced apoptosis at 
concentrations of 20x hsc and higher (paper I). Previous studies on PFAAs, 
MEHP, and TCS have indicated pro-apoptotic properties in various models 
[139-146], corroborating our findings on the mixture. Noteworthy is that fish 
exposed to 20x hsc of mixture G had a larger number of apoptotic cells in the 
tail fin (TUNEL) and increased caspase-3-like activity compared with controls 
whereas the corresponding PFOS dose (0.2 µM) did not induce an effect. This 
indicates involvement of other components in addition to PFOS. We also 
demonstrated the ability of mixture G to reduce Wnt/β-catenin signaling (pa-
per I). Some components or their parent compounds have previously been 
shown to reduce Wnt signaling in mammalian models, both in vitro (PFOS, 
DEHP, and MEHP) and in vivo (PFOS, DEHP, and DBP) [147-151]. This 
corroborates our results on the mixture but, unlike these mammalian studies, 
we did not see a reduction by PFOS. In zebrafish embryos, DBP induced lev-
els of nuclear β-catenin [148]. The processes of apoptosis and Wnt/β-catenin 
signaling are of high importance for early development as they are involved 
in cell proliferation, migration, polarization, morphogenesis, and organogen-
esis [38,152] and dysregulation of these may have severe consequences for a 
developing individual. 
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Adiposity 
Mixture G increased adipose tissue accumulation in zebrafish, as indicated by 
earlier appearance of mature adipocytes, larger number of adipocytes at 14 
dpf, and larger VAT and increased mRNA expression of the adipocyte-asso-
ciated gene fabp11a at 17 dpf (papers II and III). It also reduced blood- and 
whole-body neutral lipid contents (paper III). Mixture G has been studied in 
other systems and, among other effects, it induced transcriptional changes of 
genes associated with adipogenesis, birth weight and obesity, and increased 
lipid accumulation in human mesenchymal stem cells, hMSCs [51]. It also 
decreased thyroid hormone (TH) signaling in a transgenic tadpole model and 
induced the expression of TH receptor mRNA zebrafish larvae at 5 dpf [51]. 
TH signaling is important in the hypothalamic control of food intake and en-
ergy expenditure [153], and the TH responsive neurons in the hypothalamus 
receive input from e.g. AgRP- and POMC-expressing neurons [154]. While 
we did not observe changes in mRNA expression of pomc or agrp at 14 and 
17 dpf, a study on the potential impact of mixture G on feeding behavior would 
be valuable since an increased food intake could explain the increased adipos-
ity in the larval zebrafish.  
 
Abdominal obesity is a risk factor for metabolic disease and substances that 
can induce adiposity are thus of concern. Mixture G-exposed fish displayed 
increased adiposity at 7, 14, and 17 dpf compared with the control group; the 
frequency of fish with visible adipocytes was increased at 7 dpf, the number 
of adipocytes was larger at 14 dpf, and the size of the visceral adipose tissue 
depot was larger at 17 dpf (papers II and III). There are previously published 
studies on some components of the mixture. Developmental exposure to 
MEHP increased body weight and fat pad weights in male but not female 
mice, while exposure to PFOA reduced white adipose tissue weight [32,155]. 
PFOS- and PFHxS-exposed mice displayed reduced perigonadal fat pad 
weights [156]. Previously published results on TCS from in vitro and in vivo 
studies appear slightly contradictory; TCS inhibited lipid accumulation and 
adipocyte differentiation in human- and mouse-derived cell models [95,96] 
while it induced hyperphagia, obesity, and hypothalamic transcriptional 
changes that are implicated in feeding behavior in mammals [97,98,157]. In 
our study, TCS tended to induce adipogenesis, albeit the effect was modest 
(paper III). Our study is the first, to our knowledge, to assess the effect of 
TCS on adiposity in zebrafish. Previous mammalian studies on some compo-
nents in combination with our results on TCS corroborate the obesogenic ef-
fect of the mixture.  
 
Wnt-signaling is important for cell differentiation, proliferation, and polariza-
tion [38] but it is also involved in the regulation of adipogenesis [158,159]. 
Activation of the canonical Wnt signaling pathway activates transcription of 
genes that ultimately repress adipogenesis, and suppression of the pathway 
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stimulates adipocyte differentiation [158-160]. Transgenic mice with an over-
expression of Wnt10b (which activates canonical Wnt-signaling) have lower 
adiposity compared with control mice [161] and are resistant to diet-induced 
obesity [162]. We demonstrated that mixture G reduced Wnt/β-catenin signal-
ing in zebrafish embryos (paper I). If the reduced Wnt/β-catenin signaling 
observed at 2 dpf persisted and was present in adipocyte progenitor cells, it 
could explain the increased adiposity observed in older fish (papers II and 
III). 
 
The consequences of excessive lipid storage in white adipose tissue can be 
severe. Abdominal obesity along with a number of other conditions such as 
hypertension, dyslipidemia, insulin resistance, and hyperglycemia are con-
sistent with a high risk for cardiovascular disease, type II diabetes, stroke, kid-
ney disease and certain types of cancers [163]. In humans, the number of adi-
pocytes is set during the early years while it remains relatively constant in 
adult life (of both obese and non-obese individuals)[49]. This means that the 
number of adipocytes formed early in life largely influences the adipose tissue 
size in adults [49], and developmental exposures to obesogenic mixtures like 
mixture G are thus particularly worrisome.    

Lipid levels 
Lipid levels in the blood were reduced at 7 dpf by 60x and 100x hsc of mixture 
G (paper III). The perfluorinated compounds have all been shown to reduce 
serum lipid levels in mammalian studies [156,164-168]. The effects on serum 
lipids in mammals by phthalate diesters vary from an increase to a decrease 
[68,169-172], including no effect [169,173]. The monoesters are less exten-
sively studied but MEHP-exposure increased serum lipid levels in male but 
not female mouse pups [155]. In zebrafish, DEP has been shown to reduce 
serum lipid levels [174], and males exposed to PFOS exhibited reduced levels 
while females remained unaffected or displayed an increase [114,175]. TCS 
has not been extensively studied in this regard but serum levels of cholesterol 
have both been induced and reduced by TCS in rats, while triglyceride levels 
remained unaffected [94,157]. In our study, we demonstrated blood lipid re-
ducing effects by TCS (paper III). TCS, but not the mixture, had a statistically 
significant effect already at 1x hsc at 7 dpf; however, it should be noted that 
the mean values did not differ much between TCS groups and the correspond-
ing mixture-groups. The results from studies on the mixture components in 
various species suggest that the lipid lowering effect by the mixture could be 
caused by several components. Our results suggest that TCS is a driving com-
ponent; however, all components in Mixture G have not been studied regard-
ing their effects on blood lipids and zebrafish studies are scarce.  
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The reduction of lipid content in the blood (paper III) may be consistent with 
the increase in adiposity (paper II and III); signals to increase storage could 
induce a reduction in circulating lipids in favor of uptake into adipose tissue 
and liver. However, reduced levels of circulating lipids were observed in TCS-
exposed fish already at the human serum level while an effect on adipogenesis 
was not apparent at 1x hsc. In addition, fish exposed to 20x hsc of mixture G 
had increased visceral adiposity at 14 and 17 dpf but blood lipid levels were 
unaffected (paper II). Furthermore, the reduction in whole-body lipids ob-
served at 7 dpf (paper III) indicates that it is not only a question of redistri-
bution of lipids but rather that their metabolism was increased or their uptake 
reduced. We measured lipid levels in whole-body samples; however, sub-
stances may affect lipid turnover in various organs in different ways. The ob-
served increase in visceral adiposity means that WAT is not the organ in which 
lipids are reduced; thus, lipid analyses of e.g. the liver would be of interest. 
Disruption of lipid metabolism during development may be cause for concern 
considering that lipids are important as an energy source during development 
[176].  

Metabolic rate 
The difference in response to mixture G in the metabolic rate assay between 
the replicate experiments limits interpretation of the results. The mixture ap-
pears to affect metabolic rate in zebrafish but the response to different mixture 
concentrations remains to be clarified. The underlying mode of action of the 
mixture and TCS on this endpoint is not yet known but factors that could affect 
metabolic rate include mitochondrial toxicity, swimming activity, and sub-
strate availability for the citric acid cycle (e.g. yolk utilization). Triclosan, 
which decreased metabolic rate in our study, has been found to disrupt the 
ultrastructure of mitochondria [178] and was implicated as a mitochondrial 
uncoupler and inhibitor of complex II in the respiratory chain  [178-180]. The 
mixture components or their parent compounds have in other studies been 
shown to both increase (PFOS, TCS) and reduce (PFOA, DEHP, DBP) yolk 
utilization in zebrafish [100,101,140,181-183]. Exposure to 100x hsc of mix-
ture G increased locomotor activity in larval zebrafish [51], something that 
could explain the observed increase in metabolic rate at the higher doses. 
Components of different potency that act through different modes of action, 
inducing effects in different directions, could explain the indicated u-shaped 
response in one of the mixture experiments.  
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Effects of mixture S and MBP in chicken embryos 
Mixture S 
Mixture S, negatively associated with AGD in boys within the SELMA study, 
and a suggested BPA metabolite (MBP) were examined regarding effects on 
reproductive organ development in chicken embryos. The mixture caused no 
visible effects on the reproductive organs (paper IV). While some phthalate 
diesters have been shown to activate the estrogen receptor in vitro [184,185], 
we could not detect any estrogen-like effects by the mixture on reproductive 
organ development. Developmental exposure to mixture S caused reduced 
AGD in mice [186], an effect that indicates disruption of androgen signaling 
in utero [187]. Effects of androgens on reproductive organ development in 
birds is not as well studied as estrogenic effects; however, there are studies 
that suggest that ovarian histology may be dependent on androgen signaling 
[188,189]. No histological examinations were performed in paper IV and it is 
therefore possible that there were undiscovered histological changes; how-
ever, we saw no mRNA expression changes in mixture S-exposed animals that 
implied altered gonad sex differentiation.  

MBP 
The suggested BPA metabolite MBP disrupted reproductive organ develop-
ment in both male and female embryos. The MBP-exposed males displayed 
retention of Müllerian ducts, smaller right testes, development of ovotestes on 
the left side, and feminized gene expression patterns in the gonads; effects that 
indicate an estrogenic mode of action [125,126,190]. The effects were similar 
to those previously reported for BPA [191-193]. In females, retention of the 
right Müllerian duct occurred; something that also indicates an estrogenic ef-
fect [125,190]. The smaller left ovary of MBP-females is in line with effects 
by anti-estrogens [194,195]. The apparent antiestrogenic effect of MBP on the 
left ovary could be due to partial agonism of MBP on the estrogen receptor, 
something that would result in reduced receptor activation by endogenous es-
trogens. 

Doses and environmental relevance 
The doses used in papers I-III are referring to geometric mean serum levels in 
the women of the SELMA cohort. This means that some women in the cohort 
had much higher levels than 1x hsc of the reference mixture and others had 
lower. In addition, the levels in the women likely changed over time during 
pregnancy. While the concentrations present in the mother give an indication 
of what the fetus is exposed to, transfer of the various substances over the 
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placenta to the fetus likely differs due to inherent characteristics of each chem-
ical. This means that the relative concentrations of the substances in the fe-
tuses most likely differed from those in the mothers. Furthermore, exposure 
of the embryos in our experimental studies is not directly comparable with the 
exposure of the human fetuses. Exposure of a human fetus to substances via 
the blood of the mother is different compared to a zebrafish embryo exposed 
via the ambient water or a chicken embryo exposed via the air sac. Distribution 
and metabolism of each chemical will also differ depending on species and 
developmental stage. Early zebrafish embryos without developed gills and 
prior to external feeding will primarily absorb substances by diffusion over 
the skin while older larvae will also absorb substances via respiration and in-
gestion. The ability of the chicken embryo to absorb substances injected into 
the air sac will likely increase during development as the vascular system of 
the chorioallantoic membrane grows and covers the air sac membrane. The 
doses in the studies of this thesis are expressed at x hsc to put the doses into 
perspective and give a sense of the environmental/human-relevance but it is 
important to note that the concentrations should not be directly translated be-
tween embryos of different species.  
 
The environmental relevance of MBP is difficult to assess due to the lack of 
exposure data but embryos and fetuses are hypothesized to be more at risk 
than adult organisms [103]. The main metabolite of BPA in mammals is a 
monoglucuronide [196-198] but the glucuronidation capacity during early de-
velopment is limited [199-203]. It has therefore been suggested that MBP is 
more likely to be formed during that time [103]. The dose used in this thesis 
was selected such that it would be comparable to previous studies examining 
the effect of BPA in chicken [191,204] rather than of environmental relevance.  
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Concluding remarks & perspectives 

The work presented in this thesis demonstrate developmental and metabolism 
disrupting effects in embryonic and larval zebrafish of a human-relevant mix-
ture (mixture G) suspected of altering intrauterine metabolism and postnatal 
growth in children within the SELMA cohort. We showed that mixture G dis-
rupts two important developmental processes in zebrafish: Wnt/β-catenin sig-
naling and apoptosis (paper I). Furthermore, we showed that developmental 
exposure to mixture G alters lipid metabolism and adipogenesis in larval 
zebrafish in a way similar to that of the known metabolism disrupting chemi-
cal TBT (paper II & III). It was also demonstrated that TCS, one of the com-
ponents of mixture G, had similar effects as the mixture with regard to metab-
olism (paper III). 
 
Mixture G was designed based on the negative association with birth weight 
in a Swedish pregnancy cohort. Birth weight is commonly used as an indicator 
of intrauterine growth, and low birth weight (defined as <2500 g by the World 
Health Organization) is associated with an increased risk for metabolic disease 
[205]. The work included in this thesis was not aimed at determining a causal 
link between birth weight and exposure to the mixture; however, effects on 
processes like apoptosis, Wnt/β-catenin signaling, and metabolism may all af-
fect intrauterine growth. Furthermore, apoptosis and Wnt/β-catenin signaling 
are important for development of structures in the placenta that are crucial for 
effective oxygen and nutrient transport to the fetus [206,207]. Disruption of 
these processes in an organ so important for the normal intrauterine develop-
ment and growth may contribute to lower birth weight. The results presented 
in this thesis thus support the hypothesis formed within the EDC-MixRisk 
project, that mixture G alters development and growth.  
 
A second human-relevant mixture, mixture S, has been negatively associated 
with anogenital distance in boys [52], and is thus suspected of affecting early 
sexual development. We did not produce any results in our model supporting 
that mixture S disrupts sexual development, albeit there are additional end-
points that could be explored (paper IV). The compositions of the two mix-
tures overlap; the four phthalate monoesters that make up mixture S are also 
part of mixture G. It would therefore be interesting to explore potential me-
tabolism disrupting effects of mixture S as well as its effect on apoptosis and 
Wnt-signaling.  
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We have also demonstrated effects on reproductive organ development by the 
suggested BPA metabolite MBP in an avian model for the first time. Unlike 
mixture S, MBP disrupted both male and female reproductive organ develop-
ment in chicken embryos (paper IV). We demonstrated estrogenic effects by 
MBP that resemble those previously observed for BPA [191-193], the sug-
gested parent compound.  
 
Both mixtures examined within this thesis are relevant for humans as they are 
associated with health outcomes in Swedish children [51,52] but the mixtures 
are of environmental relevance as well. The components in the mixtures are 
present in various environmental compartments, including water bodies, sed-
iments, and biota [208-212].  
 
Our results inspire to follow up studies in different directions. One aspect that 
should be clarified is the contribution of all mixture components to the effects. 
This could be achieved by directly testing all components in comparison to 
the mixture; however, a stepwise fragmentation of the mixture based on chem-
ical group could prove a more efficient way forward. This entails separating 
mixture G into phthalate monoesters, PFAAs, and TCS as an initial step and 
subsequent further fragmentation of the sub-mixtures if needed. In such a 
setup, potential combination effects could be discovered. Furthermore, the ac-
tual exposure of the embryos should be determined. Accurate analysis of in-
ternal exposure in a small organism with a high area to volume ratio like the 
zebrafish embryo is challenging to achieve; however, chemical analyses of 
external (water concentrations) and internal exposure over time would be most 
valuable for interpretation of the toxicological data. With regard to the effect 
of MBP on reproductive organ development in chicken embryos, a thorough 
investigation of the environmental relevance of this substance should be per-
formed. The focus of such a study should be on the conversion of BPA to 
MBP in developing organisms as they most likely are at risk of exposure to 
this metabolite.     
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Svensk sammanfattning/Swedish summary 

Produktionen och användningen av syntetiska kemikalier har ökat kontinuer-
ligt de senaste årtiondena. Ett av problemen med den utbredda kemikaliean-
vändningen är att många ämnen läcker från produkter och ut i omgivningen. 
Som ett resultat av detta återfinns syntetiska kemikalier i mark, ytvatten, 
grundvatten, samt i djur och människor. Vi är alltså kontinuerligt exponerade 
för ett stort antal kemikalier och då större delen av den toxikologiska forsk-
ningen utförs på enskilda substanser vet vi fortfarande inte tillräckligt mycket 
om hur blandningar av kemikalier påverkar vår hälsa. Något som dock varit 
känt sedan länge är att känsligheten för störningar är som högst under foster-
utvecklingen. Både experimentella och epidemiologiska studier har visat att 
tidig exponering för kemikalier kan ge negativa hälsoeffekter på både kort och 
lång sikt.  

 
Den här avhandlingen handlar om hur tidig utveckling kan påverkas av expo-
nering för flera kemikalier samtidigt. De två kemikalieblandningarna som stu-
derades i avhandlingen togs fram av samarbetspartners med hjälp av expone-
ringsdata från den svenska graviditetskohorten SELMA (the Swedish Envi-
ronmental Longitudinal, Mother and child, Asthma and allergy study). Blod- 
och urinprov togs från fler än 2300 gravida värmländska kvinnor tillhörande 
SELMA-studien runt vecka 10 av deras graviditet. Tjugo olika kemikalier 
analyserades sedan i proverna. En grupp bestående av nio av dessa kemikalier 
associerades med lägre födelsevikt i kvinnornas barn, d.v.s. ju högre nivåer av 
kemikalierna i mammornas blod/urin, desto lägre var födelsevikten. En annan 
grupp bestående av fyra av kemikalierna associerades med kortare avstånd 
mellan anus och könsorganet hos pojkar vid 21 månaders ålder, d.v.s. ju högre 
koncentration av de fyra kemikalierna i mammorna, desto kortare avstånd hos 
pojkarna. Kemikalieblandningarna har i den här avhandlingen studerats i zeb-
rafisk- och kycklingembryon. 

 
Kemikalieblandningen som kopplades till lägre födelsevikt i SELMA-barnen 
(Mix G) innehåller ftalater (används t.ex. som mjukgörare i plast), perfluore-
rade alkylsyror (används t.ex. i brandskum och för att impregnera textilier) 
och triklosan (antibakteriellt ämne som används i t.ex. kosmetika). Då födel-
sevikt används för att uppskatta tillväxt under fosterutvecklingen är det viktigt 
att fastställa eventuella metabolism- och utvecklingsstörande effekter av 
blandningen. 
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Zebrafiskembryon användes för att studera effekten av Mix G på två signale-
ringsnätverk som är viktiga för normal embryoutveckling: apoptos (program-
merad celldöd) och Wnt/β-catenin-signalering. Apoptos och Wnt/β-catenin-
signalering är bland annat involverade i cellcykeln, celldifferentiering och 
bildandet av organ. Med hjälp av en genetiskt modifierade zebrafiskar vilkas 
Wnt/β-catenin-signalering är kopplad till ett fluorescerande protein kunde vi 
mäta mixens och en av komponenternas (PFOS) påverkan på den viktiga sig-
naleringsvägen. Vi använde även tre olika metoder för att mäta apoptos i zeb-
rafiskar: två metoder där man färgar in celler som genomgår apoptos samt en 
metod där man mäter enzymaktivitet. Resultaten visade att Mix G minskade 
Wnt/β-catenin-signalering och ökade mängden apoptiska celler. PFOS ökade 
också mängden apoptos men det krävdes en högre koncentration av den en-
skilda substansen för att få liknande effekt som med Mix G. Troligtvis bidrar 
fler komponenter än PFOS till kemikalieblandningens effekt.  

 
En välfungerande ämnesomsättning är avgörande för en normal tillväxt under 
utvecklingen men även för god hälsa i vuxenlivet. Därför undersöktes 
huruvida Mix G påverkade metabolisk hastighet, fettnivåer i blod- och hel-
kroppsprover, bildning av fettceller tidigt under utvecklingen samt storlek på 
fettvävnaden i buken i zebrafiskyngel. Det visade sig att exponering för kemi-
kalieblandningen påverkade alla dessa variabler: Mix G-exponerade fiskar 
hade lägre nivåer av fetter i blod- och helkroppsprover, de fick fettceller tidi-
gare och de hade mer fettvävnad i buken när de var runt 2 veckor gamla jäm-
fört med kontrollgruppen. I en av de två metabolismstudierna inkluderades 
även triklosan, en av komponenterna i Mix G. Triklosan minskade blod- och 
helkroppsfetter och minskade metabolisk hastighet i fiskarna. En tendens till 
ökad fettcellsbildning observerades i triklosanexponerade fiskar men ök-
ningen var svag och inte statistiskt säkerställd. Vi har alltså i de här två studi-
erna visat att exponering för Mix G under utvecklingen stör metabolismen hos 
unga zebrafiskar. Resultaten visar även att triklosan troligtvis bidrar till, och 
eventuellt driver, effekten av Mix G på fettomsättningen men det är möjligt 
att även andra ämnen i blandningen bidrar.  

 
Den andra kemikalieblandningen som studerades (Mix S) är associerad med 
kortare avstånd mellan anus och könsorganet hos pojkar tillhörande SELMA-
studien. Detta avstånd är generellt kortare hos flickor än hos pojkar och studier 
har påvisat samband mellan kortare avstånd hos nyfödda pojkar och lägre 
testosteronhalt samt sämre spermiekvalitet i vuxenlivet. Mix S består av fyra 
ftalater, en grupp ämnen som orsakat reproduktionsstörande effekter i ett fler-
tal studier. 

 
Ett annat välkänt reproduktionsstörande ämne är bisfenol A (BPA). BPA, som 
är en plastkemikalie, har visats sig störa reproduktion och tidig utveckling och 
är nu på grund av detta förbjudet att använda i flertalet produkter inom EU 
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som riktar sig till barn upp till 3 år. Förbudet minskar risken för exponering 
efter födseln men inte exponeringen via mamman under graviditeten. För ett 
antal år sen upptäckte en japansk forskargrupp att den östrogena effekten av 
BPA ökade när den bröts ner med leverenzymer i provrörsstudier. Nedbryt-
ningsprodukten som misstänks orsaka effekten benämns MBP (4-methyl-2,4-
bis(4-hydroxyphenyl)pent-1-ene). 

 
Då Mix S och MBP misstänks vara hormonstörande undersökte vi om de stör 
utvecklingen av reproduktionsorgan i kycklingembryon. Kycklingembryon 
har använts länge för att studera effekter på embryonal utveckling och har eta-
blerats som en modell för att studera östrogena effekter av kemikalier. Vi un-
dersökte framför allt testiklarna, äggstockarna, samt Müllerska gångarna 
(d.v.s. förstadier till äggledarna) för att se att de utvecklats normalt. Mix S 
påverkade inte embryona på något märkbart sätt men MBP störde utveckling 
av reproduktionsorgan i både honor och hanar. MBP-exponerade hanar hade 
en mer honlik utveckling av könsorganen. Fyra individer var feminiserade till 
den grad att de misstogs för honor under dissektionen; deras rätta könstillhö-
righet visades sedan genom genetisk analys. Både höger och vänster testikel 
var påverkad och Müllerska gångar fanns kvar i några individer trots att de 
normalt sett borde ha tillbakabildats i hanar av den här åldern. Även genut-
trycket i vänster testikel var feminiserat. Både Müllerska gångarna samt ägg-
stockarna var påverkade i honor som exponerats för MBP. Feminiseringen av 
hanarna samt effekten på Müllerska gångar i honor pekar på att MBP, liksom 
dess modersubstans, är östrogent.  

 
Sammanfattningsvis visar zebrafiskstudierna i avhandlingen att en blandning 
av kemikalier som var associerad med lägre födelsevikt hos svenska barn i 
SELMA-studien stör fettcellsutveckling, fettmetabolism, samt två signalvägar 
som är viktiga för embryonal utveckling. Resultaten i avhandlingen visar även 
att en nedbrytningsprodukt av BPA, men inte en kemikalieblandning som var 
associerad med kortare anogenitalt avstånd i unga pojkar, stör utvecklingen av 
reproduktionsorgan i kycklingembryon. Studierna i avhandlingen styrker vik-
ten av att studera miljörelevant kemikalieblandningars påverkan på tidig ut-
veckling. Processerna som påverkades i de experimentella modellerna är vik-
tiga för en väl fungerande embryonal utveckling och således kan en sådan ex-
ponering få allvarliga konsekvenser i längden. 
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