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Abstract
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Metbolic disorders such as obesity, type 2 diabetes, liver lipid disorders and metabolic syndrome
are increasing rapidly and have largely been attributed to genetic background and changes
in diet, exercise and aging. However, there is now considerable evidence showing that other
environmental factors, including environmental chemicals, may contribute to the rapid increase
in the incidence of these metabolic diseases. Of particular growing concern is low-dose
developmental exposure to endocrine disrupting chemicals (EDCs). The developing period is an
extremely sensitive window of exposure to environmental stressors, including EDCs, and early
life exposure has been linked to metabolic disorders later in life. Consistent with hormones,
EDCs can act at very low serum concentrations and even small changes in the endocrine system
may lead to extensive effects.

The overall aim of this thesis has been to investigate potential metabolic disruption following
exposure to Bisphenol A (BPA), which is a known EDC. The experimental animal study
demonstrated that male and female rat offspring generally exhibited differential susceptibility
to developmental exposure to BPA (0.5 µg/kg BW/day or 50 µg/kg BW/day). The main results
showed that the lowest dose of BPA induced increased plasma triglyceride levels and increased
adipocyte cell density in inguinal white adipose tissue in female offspring. Further, this low
dose increased fatty acid indices and altered the fatty acid composition in male offspring
and enhanced insulin secretion in pancreatic islets from male and female offspring and dams.
Contrastingly, the higher BPA-dose decreased insulin secretion in pancreatic islets from male
and female offspring and dams. The increased fatty acid indices, and the altered fatty acid
composition together with enhanced insulin secretion may be early risk factors for insulin
resistance. Furthermore, depending on the tissue, dose and sex, BPA altered the expression of
genes involved in lipid and adipocyte homeostasis.

The epidemiological study with a meta-analysis of data from the National Health and
Nutrition Survey (NHANES) did not disclose any associations between urinary BPA and
dyslipidemia. However, considering the cross-sectional nature of the present study, this should
rather be investigated in carefully designed prospective cohort studies with repeated BPA
measurements. Nonetheless, we hope that this paper can encourage researchers to evaluate
NHANES data using meta-analyses instead of pooling of data.

This thesis concludes that exposure to BPA, which is a known EDC, most likely is a
contributor, along with genetic, social and behavioral factors, to the development of metabolic
disorders.
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“You can’t go back and change the beginning, but you can start where you 
are and change the ending" 
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Introduction 

The incidences of metabolic diseases such as obesity, fatty liver disorders, 
type 2 diabetes mellitus (T2DM) and metabolic syndrome (MetS) have dra-
matically risen over the last few decades. The cornerstones of the development 
of these disorders have been and still are largely attributed to genetic heritage, 
imbalance in intake and expenditure of calories, aging, and sleep deficits. 
However, there is now considerable evidence that these parameters cannot 
fully explain the current metabolic disease epidemic. It has been demonstrated 
for example that for a given level of activity and caloric intake, individuals in 
today’s society weigh more than they did 20–30 years ago (1). Consequently, 
other factors are now being implicated in the global deterioration of metabolic 
health, such as exposure to environmental factors.  

One environmental factor that has gained a lot of attention is exposure to en-
docrine-disrupting chemicals (EDCs) that can interfere with the body’s hor-
mones, including hormones involved in metabolic pathways (2). EDCs can be 
found in a wide range of consumer products, which has resulted in ubiquitous 
exposure in humans, in wildlife, and in the environment. There are also natural 
endocrine disruptors that originate from animal, human, or plant (phytoestro-
gen) sources; however, the main international concern is currently focused on 
synthetic chemicals with identified endocrine-disruptive properties. The 
World Health Organization (WHO) and International Programme on Chemi-
cal Safety (IPCS) proposed an EDC definition in 2002 which is now broadly 
accepted within the scientific community: “An endocrine disruptor is an ex-
ogenous substance or mixture that alters function(s) of the endocrine system 
and consequently causes adverse health effects in an intact organism, or its 
progeny or (sub)populations. A potential endocrine disruptor is an exogenous 
substance or mixture that possesses properties that might be expected to lead 
to endocrine disruption in an intact organism, or its progeny, or (sub)popula-
tions.” (3). Scientific criteria for identification of endocrine disruptors, based 
on the WHO/IPCS definition, have been implemented within the EU (EU reg-
ulations 2017/2100 and 2018/605) and read as follows: A substance shall be 
considered as having endocrine properties if it meets all of the following cri-
teria: 

 
a) it shows an adverse effect in [an intact organism or its progeny]/[on-
target organisms]…; 
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b) it has an endocrine mode of action, i.e., it alters the function(s) of 
the endocrine system; 
c) the adverse effects are a consequence of the endocrine mode of ac-
tion. 

The production of synthetic chemicals has increased dramatically since the 
1960s, with a peak of 314 million tonnes within the EU in 2007 (4). However, 
much of the world’s chemical production has since then been moved outside 
the EU, and total chemical production in the world has probably not yet 
reached its peak. There are 1,482 chemicals listed on the TEDX list of known 
or suspected EDCs (5), and studies that link exposure to EDCs with various 
diseases are increasing. Of particular concern is exposure to EDCs during fetal 
development and early childhood, when development and organization of en-
docrine organs take place. A mounting body of evidence demonstrates that 
such exposure early in development may cause alterations that program risks 
for diseases that manifest later in life, possibly via mechanisms of epigenetic 
memory (6-8). The increasing concern regarding potential health effects from 
EDC exposure has prompted two position statements from the Endocrine So-
ciety, a professional, international medical organization in the fields of endo-
crinology and metabolism (9, 10). Within the EU, EDC exposure has been 
reported to contribute to disease and dysfunction across the lifespan, with 
costs that exceed EUR 100 billion annually. And this number is most likely 
an underestimate, since the estimates represent only a small number of EDCs 
and a limited number of diseases (11). 
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Background 

Programming during development 
It has become evident that there are critical periods during early development 
(in utero and during the first years of life) where the susceptibility or set point 
for diseases such as obesity, diabetes and non-alcoholic fatty liver disease 
(NAFLD) is established. These periods are thus extremely sensitive for expo-
sure to environmental stressors, including EDCs (8, 12, 13). The developing 
period can be described as a “one-way street” (9), a unidirectional process of 
events that occur in an organized manner where there is no chance of going 
back to “re-do” the specific developmental events. Hormones act in an organ-
izational manner during this period, whereas, after the onset of puberty, they 
enter a more “activational” role. Critical windows in human development have 
been identified, and chemical exposure during these vulnerable periods can 
lead to subtle changes in gene expression, tissue organization, or other levels 
of biological organization that could induce permanent dysfunction leading to 
increased susceptibility to disease (14).  

Data from epidemiological studies show that exposure to environmental fac-
tors during development is associated with an increased risk of developing 
chronic diseases such as cancer, infertility, diabetes, cardiovascular disease, 
obesity, and behavioral disorders, such as schizophrenia, later in life (15, 16). 
There is growing evidence that disturbances of the central endocrine regula-
tory systems that are developed in early life may cause development of meta-
bolic diseases later in life (17, 18). The developing organism has a number of 
underdeveloped mechanisms, which may be the explanation for its suscepti-
bility to exposure; these include DNA repair mechanisms, the immune system, 
detoxifying enzymes in the liver, and the blood/brain barrier. Additionally, 
compared to adults, children eat and drink more per body weight, which con-
sequently leads to higher chemical exposure.  

Yet another important reason for the increased susceptibility of the developing 
period to EDCs is the epigenetic signaling that regulates gene expression 
which controls development. Even subtle alterations in epigenetic mecha-
nisms during development may lead to persistent changes that have conse-
quences much later in life, or even in the next generation. Epigenetic changes 
can be defined as “any long-term change in gene function that persists even 
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when the initial trigger is long gone and does not involve a change in gene 
sequence or structure” (19). The best-understood epigenetic modifications in-
clude for example post-translational modification of histone tails and methyl-
ation of the DNA at the cytosine base, both of which are important for the 
structure and accessibility of the DNA for transcription factors (20). There is 
now compelling evidence from experimental and epidemiological studies 
showing that EDCs can induce epigenetic changes (21).  

The best-known study of the “early exposure late effects” phenomenon is the 
Dutch famine during the winter of 1944-1945 when the World War II was 
coming to a close. The lack of food for many months led to low birth weight 
for children born to women that were pregnant during this period. A cohort 
study later showed that the prevalence of a number of adult-onset diseases 
such as obesity, diabetes, cardiovascular disease, and renal dysfunction in-
creased for these children when they reached adulthood (22). In addition, re-
sults from a later historical cohort study display that the effects caused by ma-
ternal malnutrition did not stop at the first generation for individuals of the 
famine cohort, but persists in the next generation as well, leading to the con-
clusion that the effects can be transgenerational (23). Yet another cohort-study 
from Finland has confirmed this; low birth weight is strongly associated with 
coronary heart disease, T2DM, and hypertension (24). These and similar find-
ings have given rise to the “developmental origins of health and disease” (DO-
HaD) paradigm (25).  

These later-life consequences of early-life exposure have also been shown to 
be true for pharmaceuticals and chemicals, including EDCs. Many environ-
mental chemicals have the ability to cross the placenta and produce develop-
mental effects in the offspring (26). Among the first and most striking evi-
dence of this was the use of diethylstilbestrol (DES) as an estrogenic pharma-
ceutical drug for women during pregnancy to prevent miscarriage and prema-
ture births. Pregnant women were prescribed DES from 1941 through 1971 
and the American Cancer Society has estimated that about 5 to 10 million 
people were exposed to DES worldwide, including women who took DES 
while pregnant and women and men whose mothers took DES while pregnant 
with them. Regrettably, a higher risk for clear cell adenocarcinoma, infertility, 
miscarriage, ectopic pregnancy, and breast cancer was found for children born 
by DES-treated mothers (27). 

Tissues involved in metabolism 
There are many tissues involved in the regulation of metabolism, including 
the gastrointestinal tract (ghrelin, cholecystokinin, glucagon-like peptide), en-
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docrine pancreas (insulin, glucagon), muscle (insulin), liver (insulin, gluca-
gon), immune system (cross-talk between the immune system and adipose tis-
sue in obesity), brain (neuropeptide y, agouti-related protein, pro-opiomelano-
cortin, alpha melanocyte-stimulating hormone) thyroid gland (thyroid hor-
mone), and adipose tissue (leptin, adiponectin and a variety of other factors) 
(reviewed in (2)).  

Adipose tissue is regarded as one of the most central organs in metabolic ho-
meostasis. The traditional view of adipose tissue is as a depot of superfluous 
energy and as a supportive tissue for other organs. Today it has become evi-
dent that the characteristics and properties of adipose tissue are much more 
advanced than this. In 1994, the hormone leptin was identified and character-
ized, which firmly established adipose tissue as an endocrine organ (28). It is 
now known that the cells of adipose tissue, i.e., adipocytes, express endocrine 
hormones such as leptin, adiponectin, apelin, and others which regulate nutri-
ent homeostasis, food intake, cardiovascular function, blood pressure, blood 
coagulation and inflammation. These hormones have been given the name ad-
ipokines and scientists are continually discovering more of these adipose-se-
cretory products (29). In addition, adipose tissue is highly connected to me-
tabolism of steroid hormones (estrogens, androgens, and glucocorticoids) by 
the expression of various enzymes responsible for activation, interconversion, 
and inactivation (30). Adipose tissue also contains a metabolic machinery that 
enables communication with distant organs, such as the central nervous sys-
tem (CNS) and the immune system. As a result, adipose tissue is involved in 
organizing various biological processes, including energy metabolism and 
neuroendocrine and immune function (31). The liver and adipose tissue inter-
act on the regulation of the metabolism of lipid and glucose by secreting var-
ious factors with diverse metabolic regulatory effects. For example, in the 
liver, excess energy from the diet is stored in the form of glycogen (main 
source of glucose for all tissues), and when glycogen depots are full, any ad-
ditional excess energy is stored in the form of lipids in adipose tissue (32).  

Adipose tissue is classified by morphology and function into white, brown, or 
beige compartments. White adipose tissue (WAT) maintains energy homeo-
stasis through energy storage in the form of triglycerides (TGs). WAT is fur-
ther classified by location, namely subcutaneous (under the skin) and visceral 
(intra-abdominally and around internal organs). Excess visceral adipose tissue 
is associated with a much more deleterious metabolic profile than subcutane-
ous fat accumulation (33). In fact, some studies have shown that subcutaneous 
adipose tissue may even be protective against metabolic diseases, such as di-
abetes (34). Men have a higher tendency towards visceral fat deposition while 
women mainly store adipose tissue in subcutaneous areas (35).  
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Brown adipose tissue (BAT) has a different morphology than WAT and con-
sists of highly concentrated mitochondria which gives its unique characteris-
tics. Mitochondria contain the unique protein uncoupling protein 1 (UCP1), 
which mediates the process of non-shivering thermogenesis that produces 
heat. The function of BAT can be described in a very simplified manner in 
that it transfers energy from food (mainly fatty acids) into heat. This process 
is particularly important for small mammals during hibernation and for human 
infants to obtain core body temperature. Active BAT was traditionally thought 
to be restricted to small mammals and human infants. However, in 2009, stud-
ies unambiguously reported that healthy adult humans indeed have significant 
depots of functionally active BAT (36-38). Beige fat, also called “browned” 
or “brite” depots is a rather new classification of adipose tissue where classical 
WAT compartments contain brown adipocytes. There are many similarities 
between beige fat and BAT; for example, both are highly metabolically active 
and utilize chemical energy for heath production (39). 

The thyroid gland regulates diverse important metabolic pathways, mainly via 
actions of thyroid hormone in the brain, WAT and BAT, skeletal muscle, the 
liver, and the pancreas. During development, thyroid hormone regulates met-
abolic pathways essential for normal growth and development, and in adult-
hood it regulates metabolism (40). Specific mechanisms of action of thyroid 
hormone in metabolic regulation include, for example, positive effects on lipid 
and lipoprotein metabolism (41), cross-talk with nuclear receptors that re-
spond to nutrient signals (42), and regulation of facultative thermogenesis, for 
which BAT is the major site, thus implying that thyroid hormone plays a per-
missive role as a thermogenic hormone for the function of BAT (43). It is well 
known that levels of thyroid hormone are closely connected to body weight 
and energy expenditure, as is evident in the effects of the conditions hyperthy-
roidism (overactive thyroid) and hypothyroidism (underactive thyroid). Indi-
viduals who suffer from hyperthyroidism have increased energy expenditure, 
weight loss, reduced cholesterol levels and increased lipolysis, and gluconeo-
genesis. In contrast, hypothyroidism causes the opposite effects on all of the 
aforementioned parameters (44).      

The endocrine pancreas is built up by the pancreatic islets of Langerhans, 
which is a heterogeneous population of 1000–3000 cells/islets where the in-
sulin-releasing β-cell is the main cell type. In rodent pancreases, the cell pop-
ulation consists of about 70–80 % β-cells and 20 % α-cells. This differs from 
the composition of the human pancreas, which is comprised of 40–45% α-
cells, 50 % β-cells, and up to 10 % δ-cells. The α-cells are responsible for 
glucagon secretion, and the δ-cells for somatostatin release, a master control-
ler of all gastrointestinal hormones. It is crucial for the body to obtain blood 
glucose levels within the normal range, and this is accomplished through var-
ious processes in different tissues. After food intake, blood glucose levels rise, 
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and the glucose is taken up by β-cells; this glucose metabolism then increases 
the ATP/ADP, ratio and insulin can be released. This subsequently closes 
plasma-membrane-sensitive K+ (KATP) channels which are responsible for 
maintaining the resting membrane potential. This leads to cellular depolariza-
tion and insulin can be released from the cell into circulation. Next, insulin 
binds to receptors on the surface of target cells, which allows glucose uptake 
and metabolism in that tissue. If this closely regulated β-cell insulin produc-
tion and/or transport is compromised, the result will be increased blood glu-
cose levels that with time can lead to the development of insulin resistance 
and ultimately diabetes (2). If glucose levels decrease in the body, the pancreas 
will instead respond by releasing glucagon, a process which triggers the liver 
to stimulate glucogenolysis and gluconeogenesis to raise circulating blood 
sugar levels again (45).  

From the obesogen hypothesis to metabolism disrupting 
chemicals (MDCs) 
Previously, research on EDCs has mainly been implemented in reproductive 
biology but has now an established role in the field of metabolic disruption. 
In 2002, Paula Baille-Hamilton, a physician, wrote the very first review article 
focusing on environmental chemicals and obesity. In the paper entitled 
“Chemical toxins: a hypothesis to explain the global obesity epidemic,” she 
presented an overview of studies showing associations between exposure to 
organochlorine pesticides, solvents, plastic additives such as phthalates and 
bisphenol A (BPA), flame retardants and heavy metals, and increased body 
weight (46). The studies included in the review had overlooked the effects on 
weight gain since the main focus was to study weight loss and other robust 
toxic effects from high dose exposures. In the paper she noted that “Therefore 
it can be posited that the relatively recent presence of synthetic chemicals in 
the environment may be a significant causative factor in the current world-
wide obesity epidemic. These chemicals may be causing weight gain via toxic 
effects on the body’s natural weight-control mechanisms.” (46). Baille-Ham-
ilton succeeded, through her background as a medical doctor and her ability 
to see the connection between environmental contaminants and obesity, in 
putting two scientific fields together. Two of the papers that she cited in the 
review were conducted by scientists in the field of reproductive toxicology, 
and at the time studying the effects of BPA. The authors serendipitously dis-
covered that developmental exposure to BPA increased body weight in rats 
and mice (47, 48).  

In 2006, Grun and colleagues observed that the biocide tributyltin induced 
differentiation of adipocytes in a murine 3T3-L1 cell model, increased lipid 
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accumulation in adipose depots, liver, and testis of neonate mice and for-
mation of ectopic adipocytes in and around gonadal tissues in the amphibian 
Xenopus laevis. These effects were most probably mediated via activation of 
the peroxisome proliferator-activated receptor gamma (PPARγ) and retinoid 
X receptor (RXR), which was examined and confirmed in the study (49). 
Based on this and some other similar studies the term “obesogen” was coined 
later that year in a paper by Grun and Blumberg (50), and the authors wrote a 
follow-up review article on the topic three years later with the title “Endocrine 
disruptors as obesogens.” Obesogens are defined as chemicals that have the 
ability to promote obesity by either increasing the number of adipocytes 
and/or the amount of fat stored in existing adipocytes (2). The definition fur-
ther expands to the ability of obesogens to act via indirect mechanisms to pro-
mote obesity, including altering of the gut microbiota to promote food storage 
(51) and alteration of levels of hormones involved in the control of appetite 
and satiety (52). The obesogen hypothesis puts forward two important points: 
First, susceptibility to the development of obesity starts during development 
(in utero and the first years of life). Secondly, the susceptibility to the devel-
opment of obesity is due in part to exposure to obesogens that alter program-
ming, which in turn disrupts the set point for weight gain later in life (2). Prob-
able mechanisms for obesogens are via epigenetic modifications. Exposure to 
environmental chemicals including several known obesogens has been shown 
to result in epigenetic alterations in vivo and altered epigenetic signatures and 
obesity phenotypes even in unexposed generations, i.e., transgenerational ef-
fects (53-55). Thus it seems that chemical exposure can cause changes in the 
germline leading to observable phenotypes in subsequent generations, show-
ing that these epigenetic alterations can be inherited across generations (56).  

A number of workshops with a focus on developmental exposures to EDCs 
and obesity have been organized worldwide. Two of the workshops were held 
in Uppsala, Sweden in 2010 and 2015, and a consensus statement was pub-
lished as a result of the 2nd International Workshop on Obesity and Environ-
mental Contamination. The authors, who were the speakers at the workshop, 
presented recommendations for an action plan in order to restrict the use of 
contaminants that potentially may induce harmful metabolic-disruptive effects 
(57).     

In 2015, the Parma Consensus Statement proposed that the obesogen field 
should be expanded to also include chemicals that cause or increase the sus-
ceptibility to develop T2DM, NAFLD, MetS, and altered lipid metabolism. In 
line with the Parma statement, a new name for the obesogen hypothesis was 
proposed, and the research field is from now on termed “the metabolism-dis-
rupting chemical (MDC) hypothesis” (58). A number of MDCs have been 
identified through experimental animal studies with consistent associations in 
epidemiological studies, including some phthalates (59), which is a class of 
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chemicals mainly used to promote flexibility in plastic products, but also as 
fixatives in fragranced household and personal care products. In rats, devel-
opmental exposure to the best-studied phthalate di-(2-ethylhexyl) (DEHP) in-
duces elevated blood glucose and impaired insulin and glucose tolerance, 
which are clear signs of β-cell dysfunction (60). Another example of MDCs is 
a family of chemicals denoted polycyclic aromatic hydrocarbons (PAHs), 
which are byproducts of fossil-fuel burning including diesel exhaust, air pol-
lution, and cigarette smoke. Airway exposure to one PAH, benzo[a]pyrene has 
been shown to cause alteration of hepatic lipids in mice, which may be a risk 
factor for the developing of NAFLD (61). Yet another chemical group in 
which some have suspected metabolism-disruptive properties are bisphenols, 
and mainly one bisphenol that has been extensively studied, namely BPA, 
which is the environmental chemical in focus in this thesis and will thus be 
further discussed below. 

Environmental chemicals – Bisphenol A (BPA) 
The world’s industrialization has resulted in a massive increase in the produc-
tion of a great number of various chemicals, many of which are used in the 
plastics industry. The environmental problem of this is evident, but im-
portantly it has also become a human health problem due to the continuous 
and unintentional exposure to monomers and additives in plastic released 
mainly from plastic packaging by direct contact with food, beverages and air. 
BPA is one example of such a chemical. In the 1930s BPA was investigated 
for potential commercial use as a pharmaceutical, and as a result it was con-
firmed that BPA possesses estrogenic qualities. BPA was however compared 
to a far more potent estrogen, namely DES, which initiated the use of the latter 
substance as a pharmaceutical agent instead (62). In 1954, DES was also ap-
proved as hormone supplementation for growth stimulation in cattle and was 
used for this purpose until 1972 when it was taken off the market due to de-
tected residues in edible animal products (63). Another use was found for 
BPA, in the plastics industry. The main use of BPA is in the manufacture of 
polycarbonate plastics and epoxy resins but also as a non-polymer additive to 
other plastics. As a result, BPA can be found in numerous consumer products 
such as baby bottles, food containers and food coatings, toys, building mate-
rials, water bottles, CD/DVDs, receipts, and dental sealants (64). BPA has also 
been used in epoxy lining in water pipes in the past and has therefore been 
found in drinking water in some places in Sweden (65). 

BPA is one of the best-studied chemicals with endocrine-disrupting properties 
because of its high-volume production worldwide, its use in a wide range of 
products, and as a result, the ubiquitous human exposure (66). The estrogenic 
activity of BPA with activation of the nuclear estrogen receptors alpha (ERα) 
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and beta (ERβ) both in vivo and in vitro is the most fully studied mechanism 
of action (67, 68). However, the endocrine activity of BPA is far more com-
plex. In addition to being a nuclear ER agonist, it is also an agonist of the 
membrane ERs (mERs), the G protein-coupled receptor 30 (GPR30/GPER), 
and can act through these receptors via non-genomic pathways at very low 
concentrations. BPA is also an antagonist of the thyroid hormone receptor 
(TR), which together with the GPR30/GPER are important receptors for met-
abolic regulation (69). Further, it has been reported that BPA can activate the 
androgen receptor (AR) and the PPARγ (70, 71). Finally, BPA also binds to 
some orphan receptors, including estrogen-related receptor γ (ERRγ) (72), and 
the aryl hydrocarbon receptor (AhR) (73). This displays the multifaceted na-
ture of BPA and makes it clear that it is an oversimplification to conceptualize 
BPA as simply an estrogenic substance (Figure 1). Thus, it seems that BPA 
can act as a selective estrogen receptor modulator (SERM), meaning that BPA 
can execute other modes of actions than through classical estrogenic path-
ways, and, additionally, that signaling may vary depending on dose, timing of 
exposure, and cell types and tissues (74). The mimicking of or antagonizing 
of estrogens and/or androgens by BPA may alter metabolism and the pattern 
of synthesis of natural hormones involved in for example regulation of appe-
tite and hunger, as well as modifying receptor levels. Fetal exposure to BPA 
in mice has been shown for example to affect food intake during puberty and 
in adulthood, as well as leptin and insulin levels (75), which together with 
other hormones, neurotransmitters, and growth factors control pathways in the 
hypothalamus that regulate food reward mechanisms and food cravings.  

Legislation and low level exposure to BPA 
Because of the widespread usage, ubiquitous human exposure, and subse-
quently concern regarding human health, BPA has been regulated in some ar-
eas of application and products. BPA was banned from baby bottles within the 
EU in March 2011 (76). The production, import, export and marketing of food 
containers containing BPA have also been totally banned in France since Jan-
uary 2013 (77). In Sweden, the use of BPA for epoxy lining in water pipes 
was banned in September 2016. BPA was added to the Candidate List of sub-
stances of very high concern (SVHC) under the EU regulation REACH (Reg-
istration, Evaluation and restriction of Chemicals) due to its toxic properties 
for reproduction (article 57c in REACH) in January 2017. Entry status for 
BPA on the candidate list was updated in June 2017 to also include endocrine-
disrupting properties for human health and in January 2018 for the environ-
ment (Article 57f in REACH) (78). In 2018, new EU legislation resulted in 
the prohibition of materials and products that can leach BPA to foods intended 
for children between 0 and 3 years of age. In January 2020 restrictions were 
adopted within the EU regarding thermal paper (used for receipts and tickets) 
containing BPA, and the concentration limit is 0.02 % by weight. In January 
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2021, the revised drinking water directive was adopted within the EU, where 
limit values were introduced for additional EDCs, including BPA. Sweden has 
to implement the directive in Swedish legislation within 2 years (Directive 
(EU) 2020/2184). 

BPA levels have been detected in human tissues, urine and blood, and BPA 
can be transferred from mother to offspring via the placenta and breast milk 
(66, 79). Biomonitoring studies show that the serum concentration of bioac-
tive (unconjugated) BPA in humans is within the 1–10 nM range (66). The 
main route of exposure is via digestion or oral mucosal absorption. BPA can 
leak from food containers, water bottles and into food, especially when the 
food/water is heated (80-83). Another earlier unstudied route of exposure has 
gained attention in the past few years, namely absorption through the skin 
when handling thermal paper such as receipts and tickets. An increased uri-
nary concentration of BPA after continuously handling receipts for 2 hours 
was reported in a pilot study from the US (84). Studies from other countries 
such as Belgium and China have consistently found that dermal exposure to 
BPA is a significant additional route of exposure, especially for workers han-
dling receipts but also for the general population (85, 86).  

The European Food Safety Authority (EFSA) has previously established a no- 
observed-adverse-effect-level (NOAEL) of 5 mg BPA/kg BW/day, which cor-
responds to a tolerable daily intake (TDI) of BPA of 50 µg/kg BW/day. This 
TDI is based on guideline-driven toxicity studies in rats and mice (87, 88), and 
the doses are generally higher than doses that have been shown to produce 
adverse effects in animals, especially if exposure occurs during development 
(89, 90). The sufficiency of this TDI has therefore been questioned, and it was 
reduced to 4 µg/kg/day within the EU in 2015. However, this TDI is prelimi-
nary, pending results from a two-year study by the U.S. National Toxicology 
Program. The US Environmental Protection Agency (EPA) reference dose for 
BPA remains unaltered at 50 µg/kg BW/day. Alarmingly, an exploratory 
study, where a single dose of 50 µg/kg BW/day, the estimated safe dose for 
humans by EPA, was administered to male and female human volunteers, 
showed that BPA may suppress insulin and C-peptide concentrations in re-
sponse to glucose stimulation. Bioactive BPA was measured in serum and was 
at levels detected in human biomonitoring studies (91). These results have 
been supported by another experimental study where BPA was administered 
at 50 µg/kg BW/day to 11 adult human volunteers. The results indicated that 
a single dose of the EPA presumed safe dose of BPA of 50 µg/kg BW/day 
decreased glucose, insulin, and C-peptide responses to an oral glucose toler-
ance test (92). 
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Figure 1. A potential integrative model of molecular mechanisms of BPA. BPA acts 
in pleiotropic ways to modulate physiological pathways linked to the development 
of various disturbances and diseases. Inspired by and adopted from (93) and (69). 
The figure is protected by copyright and permission is required to distribute the con-
tent.  
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Metabolic fate of BPA 
For humans, the main exposure route of BPA is orally via various dietary 
sources, but there are also a number of possible non-dietary sources of BPA, 
such as through thermal papers (receipts, tickets), cigarette filters, air, dust, 
and personal care products (94). Thus, administration is not limited solely to 
the oral route but can also occur via dermal exposure or via inhalation (83). 
When BPA enters the gastrointestinal tract, it is absorbed into the mesenteric 
blood vessels and transported to the liver where metabolism is thought to oc-
cur rapidly by phase II conjugation by the enzyme uridine diphosphate glu-
coronyltransferase (UGT), resulting in extensive production of the BPA-glu-
curonide (BPA-G) metabolite. The addition of glucuronic acid makes the me-
tabolite more water soluble and excretion can therefore occur via urine. This 
process significantly reduces the concentration of unconjugated or “free BPA” 
circulating in the blood. However, the metabolism is not complete; data from 
both human and animal toxicokinetic studies demonstrate that some unconju-
gated BPA remains and can stay in the circulation even when exposures occur 
strictly via the oral route (95-98). A smaller amount of BPA-sulfate is also 
formed, and this process is catalyzed by sulfotransferase enzymes (99-101). 
These conjugates are thought to be inactive due to their inability to bind to 
estrogen receptors; both of the metabolites are instead eliminated via the urine 
(102, 103). However, BPA-G has been detected in blood, which indicates that 
the metabolites may not be removed from the circulation as efficiently as some 
models suggest (104, 105). A third metabolite formed in small amounts upon 
metabolism of BPA is 4-methyl-2,4-bis(4-hydroxyphenyl)pent-1-ene (MBP) 
which is 250–1000 times more potent than BPA (106-108). 

What makes BPA metabolism even more complex is that there is evidence 
that enzymes in the body can deconjugate BPA metabolites to the bioactive 
form of BPA. This suggests that even conjugated forms of BPA that are pre-
sumed safe may not be inconsequential for human health effects. This may 
occur especially during pregnancy, since deconjugating enzymes are abundant 
in the placenta and fetal tissues (109, 110), thus making fetuses and babies 
especially sensitive to BPA exposure due to their vulnerable underdeveloped 
drug-metabolizing system. Since BPA has a short half-life of only a few hours, 
and since most of the BPA is conjugated and eliminated, it is not a matter of 
any known accumulation of BPA in living organisms, but there are many po-
tential sources for human exposure; thus exposure to BPA is continuous. 

If BPA enters the body from a non-dietary source, for example via dermal 
absorption or inhalation, its passage will not be through the liver before it en-
ters systemic circulation. Studies in animals suggest that the toxicokinetics of 
BPA in these cases can be very different, since phase II-conjugation in the 
liver is by-passed. As a result, unconjugated BPA can circulate in the body for 
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longer periods before being metabolized (95, 111, 112). Also, important to 
acknowledge is that oral BPA exposure may result in additional absorption 
via the tongue and oral mucosa (sublingual absorption). This may result in a 
different metabolism route compared to absorption solely through the gastro-
intestinal tract (if BPA is administered through oral gavage). In a study on 
dogs, the oral transmucosal passage of BPA exposure was evaluated. Three 
different routes of exposure were compared: intravenous, orogastric (oral ga-
vage) and sublingual, and the results implied that BPA can be rapidly and ef-
ficiently absorbed via the oral mucosa after sublingual exposure, and that the 
bioavailability of BPA was higher after this exposure route compared with the 
other routes (113). The toxicokinetics of BPA seem to be similar in mice, rhe-
sus monkeys, and humans after oral exposure. An oral dose of 400 µg/kg ad-
ministered to monkeys and mice yielded an average 24-hour unconjugated se-
rum concentration of 0.5 ng/mL. In comparison, multiple human studies report 
serum BPA concentrations in the range of 0.3-4.4 ng/mL. This indicates that 
the total daily human exposure cannot come from oral exposure alone and that 
the exposure is underestimated (114, 115). Indeed, in a study on human vol-
unteers, where BPA patterns were studied over a 48-h fasting period, the levels 
did not decrease as much as anticipated based on knowledge about for exam-
ple half-time, and fluctuations in BPA levels were evident. The results of this 
study further supports the idea that there are other considerable sources of ex-
posure to BPA that need to be taken into consideration (116). 

In risk assessments it is essential to understand how much BPA enters the 
human body. For BPA, accurate assessment in humans requires the measure-
ment of bioactive BPA (unconjugated) in serum and the metabolites in urine. 
Biomonitoring studies have mainly focused on analyzing BPA in urine over 
time, which has been thought to give quite good insight to human exposure to 
BPA over time. However, a recent study in which new direct assay methods 
were used to measure BPA metabolites show that previous studies using indi-
rect techniques have underestimated actual human levels of BPA (117). 

CLARITY-BPA 
A lot of controversy exists regarding human health risks from especially low-
dose exposure to BPA. The lack of corroboration between the results from 
academic laboratories and those from traditional regulatory toxicity studies 
(guideline studies) has contributed to the ongoing debate and prompted an in-
ter-agency collaboration between the National Institutes of Environmental 
Health Sciences (NIEHS), the National Toxicology Program, and the US Food 
and Drug Administration (FDA). In 2012, this collaboration resulted in the 
Consortium Linking Academic and Regulatory Insights on Toxicity of BPA 
(CLARITY-BPA) whose purpose was to combine guideline and academic 
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studies to deliver comprehensive data for accurate risk assessment and ulti-
mately resolve uncertainties on BPA toxicity (118). To date, CLARITY-BPA 
is the most comprehensive study investigating a full range of health effects of 
different BPA doses in rats. BPA or vehicle-treated rats from an FDA facility 
were used to conduct a guideline study and animals and/or tissues were sub-
sequently provided to academic researchers for investigation. In September 
2018, the full report consisting the results from the core guideline study of 
CLARITY-BPA was released with the conclusion that BPA exposure causes 
minimal health effects and single low-dose effects and non-monotonic pat-
terns were dismissed (119, 120). In contrast, academic researchers, some that 
have conducted research within the CLARITY-BPA study and some that have 
evaluated all of the CLARITY-BPA data, conclude that “the cumulative re-
sults of the CLARITY study provide solid documentation of BPA effects in the 
low-dose range, below the current NOAEL, and conclude that the TDI dose is 
not reasonably protective of public health” (121).  
 
The goal from the beginning was that an integrative publication of all CLAR-
ITY-BPA data from both the core guideline study and the studies from the 
independent researchers should be prepared at the finalization of the studies. 
However, it now seems that FDA is not interested in participating in writing 
such a publication. Instead, the independent researchers have published, with 
help from other experts in the field, a final report of 8 of the independent stud-
ies. In this report they present their data from CLARITY-BPA and put it in 
perspective to their previously published data on BPA. One of the conclusions 
from this unique publication is “Because the low dose of BPA affected end-
points in the same animals across organs evaluated in different labs, we con-
clude that these are biologically - and toxicologically relevant” (122).  

Effects of BPA exposure 
Mammalian experimental studies have shown that early life exposure to low 
doses of BPA can induce various effects in endocrine-driven systems involved 
in growth, metabolism, behavior, fertility, and cancer risk (123). More specific 
effects include for example altered spatial learning, disturbed development of 
male and female reproductive organs (124, 125), altered hormone levels (126), 
reduced immune response (127), increased incidence of female mammary 
gland adenocarcinoma (128), and altered bone geometry (129, 130). In addi-
tion, BPA exposure has been reported to result in numerous disturbances of 
multiple metabolic outcomes such as augmented glucose-stimulated insulin 
secretion (131), insulin resistance (132), elevated blood lipids (133, 134) and 
glucose levels (133), increased liver fat (135, 136), and body weight (47, 75, 
134, 137) in animal studies. The timing of exposure to EDCs during develop-
ment is critical, and various developing periods have different susceptibility. 
In mice, different exposure windows have been evaluated with regard to low 
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dose BPA exposure. Groups of mice were exposed to BPA before implanta-
tion only; during fetal life after implantation only; during lactation only; and 
during both post-implantation fetal life and lactation. The results showed that 
the most critical periods of susceptibility to the metabolic effects of BPA were 
the post-implantation periods of fetal exposure (138). When it comes to expo-
sure to BPA in humans, mounting epidemiological studies have consistently 
reported a link between urinary levels of BPA and metabolic disorders, in-
cluding T2DM, cardiovascular disease, obesity, and MetS (139). These and 
several other similar studies have resulted in BPA having been put forward as 
an MDC (2).  

Risk of regrettable substitution – BPA analogues  
The increasing concern regarding BPA exposure and consequences for human 
health, together with a growing number of restrictions for BPA, has prompted 
the removal of BPA from many products, often labeled “BPA free”. This has 
caused a shift towards the usage of BPA analogues instead. In 2017, the Swe-
dish chemicals agency identified over 200 chemical substances that have a 
chemical structure similar to BPA and may be found on the European market, 
and 37 of these substances may have endocrine-disrupting properties similar 
to those of BPA (140). The two main chemicals that BPA has been and is 
being replaced with are bisphenol S (BPS) and bisphenol F (BPF), and studies 
report widespread exposure in for example personal care products (94), food-
stuffs (141), thermal paper (142), and in humans (143).  
 
Compared with BPA, our knowledge about potential human health effects of 
BPS and BPF is rather limited. However, a review article from 2015 reports 
results from 32 in vivo and in vitro studies showing that BPS and BPF have 
estrogenic, antiestrogenic, androgenic, and antiandrogenic effects. Example 
of effects reported in different experimental models are alterations of plasma 
estrogen and testosterone, disrupted reproduction and induction of uterine 
growth following BPS and/or BPF exposure in different models (144). More 
recent studies also report metabolism-disrupting properties of these BPA an-
alogues. In one study using an in vitro assay with a preadipocytic 3T3-L1 cell 
line, BPS and BPF showed an even greater adipogenic differentiation capacity 
than BPA (145). An epidemiological study revealed that patients with NAFLD 
had higher BPF concentrations than those in a control group. In concordance 
with these results, BPF induced NAFLD-like changes with evident lipid drop-
let deposition and increased levels of TGs and fatty acids in mouse livers 
(146). In addition, data from the U.S. National Health and Nutrition Exami-
nation Survey (NHANES) report associations between BPS and BPF urine 
concentrations and measures of obesity in children (147, 148). BPS and BPF 
have molecular structures similar to BPA, so it is not surprising that these 
bisphenols are also hormonally active and can induce endocrine-disrupting 
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effects. Lastly, a recent study reported that mixtures of BPA, BPS, and BPF 
had ER and anti-androgen activity at lower concentrations than the bisphenols 
had alone, clearly demonstrating additive mixture effects (149).  

When it comes to substitution of harmful chemicals, the ideal would evidently 
be to choose only substitutes that are inert, or at least far less toxic than the 
original chemical. Unfortunately, sometimes the replacements are not thor-
oughly tested before they enter the market, often resulting in the phenomenon 
of regrettable substitution. A safe-and-sustainable-by-design set of criteria for 
chemicals will be developed in the European Commission’s recently adopted 
EU chemicals strategy for sustainability (150). This criteria will ensure finan-
cial support for the commercialization and uptake of safe and sustainable 
chemicals. It is expected that the risk of regrettable substation should mark-
edly decrease through the efforts through this new strategy. In addition, an 
endocrine-disruption fitness check that preceded the new chemicals strategy 
for sustainability showed that there are differences in regulatory approaches 
regarding EDCs among authorities within the EU (151). The European Com-
mission will therefore now coordinate and simplify actions across EU chemi-
cal legislation by for example developing a “one-substance-one assessment” 
process. This would make assessment processes simpler and more transparent, 
and it would also support the current development of regulating substances by 
groups rather than substance-by-substance. It is neither realistic nor econom-
ically feasible to assess chemicals one by one, however, and a scientific con-
sensus is thus emerging that the effect of chemical mixtures needs to be con-
sidered and integrated into chemical risk assessment. This is important since 
humans and wildlife are continuously exposed to mixtures of chemicals. With 
the new chemicals strategy, the Commission will assess how to best introduce 
a mixture assessment factor in REACH and how to introduce provisions to 
take into account effects of mixtures in other relevant legislation, such as leg-
islation on water, food additives, toys, food-contact materials, and cosmetics 
(150).  

Low doses and non-monotonic dose response (NMDR) 
Endogenous hormones act on target tissues throughout the body at extremely 
low concentrations, normally in the picomolar to nanomolar range. Corre-
spondingly, studies have documented that EDCs can act at very low concen-
trations, typically in the nanomolar to micromolar range (152). Within the sci-
entific community, low dose has been defined as doses that are in the range of 
human exposure or doses below those traditionally tested in toxicological 
studies (153). Non-monotonic dose response curves (NMDRCs) are the oppo-
site of typical dose-response patterns where increasing doses produces larger 
effects, the so-called “the dose makes the poison” principle. With NMDRCs, 
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the slope of the dose-response curve changes direction within the range of 
doses examined, resulting in U or inverted U shapes (154). There is still an 
ongoing debate as to whether EDCs can induce NMDRCs or not, this despite 
the fact that many studies regularly report that non-monotonic dose responses 
are remarkably common for EDCs (153) and that regulatory agencies includ-
ing ANSES, the French Agency for Food, Environmental and Occupational 
Health and Safety, have recognized that NMDRCs are biologically plausible 
for EDCs (155). For BPA in particular, there is strong evidence for NMDRCs. 
A pilot study analyzing the frequency of NMDRCs for BPA reported that they 
occur in greater than 20% of all experiments and in at least one endpoint in 
more than 30% of all studies examined (156). The fact that EDCs can induce 
effects at very low doses and produce NMDRCs undoubtedly complicates risk 
assessment. Importantly, principles of endocrinology, including the under-
standing of “low-dose” effects, NMDRs, and the presence of sex-specific and 
tissue-specific effects of EDCs, need to be considered (157).  

Within the EU, confirmed EDCs under REACH are considered non-threshold 
substances if a threshold cannot be proven; thus it is not possible to establish 
safe (or acceptable) exposure levels for confirmed EDCs (158). Outside of 
EU, the debate regarding whether thresholds should apply for EDCs or not is 
still ongoing. Many researchers in the field of endocrine disruption and endo-
crinology argue that since EDCs can act by the same mechanism as endoge-
nous hormones, which will cause an addition in the particular mode of action 
line and increase the effect of biological processes in the body that are already 
ongoing, the same should apply for EDCs as for genotoxic compounds (159). 
This additivity-to-background argument is well established for genotoxic 
compounds that are generally considered as non-threshold agents. Others ar-
gue that the body through systems of homeostasis and repair can handle small 
amounts of toxicants without causing any adverse effects in the individual.  

Key characteristics (KCs) of human carcinogens have been developed to fa-
cilitate evaluation of mechanistic data for cancer hazard identification. In-
spired by this method, an expert consensus statement including ten KCs of 
EDCs has been published by leading researchers in the field (159). The goal 
would be to use these in order to identify, organize, and utilize mechanistic 
data when evaluating chemicals as EDCs. BPA, DES and perchlorate are used 
as examples, where there is evidence that BPA triggers nine out of these ten 
characteristics of an EDC. A very short list of the ten KCs of EDCs from the 
consensus statement is the following (159): 
 

KC1: Interacts with or activates hormone receptors 
KC2: Antagonizes hormone receptors 
KC3: Alters hormone receptor expression 
KC4: Alters signal transduction in hormone-responsive cells 
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KC5: Induces epigenetic modifications in hormone-producing or hor-
mone-responsive cells 
KC6: Alters hormone synthesis 
KC7: Alters hormone transport across cell membranes 
KC8: Alters hormone distribution or circulating levels of hormones 
KC9: Alters hormone metabolism or clearance 
KC10: Alters the fate of hormone-producing or hormone-responsive 
cells  

Sensitive test methods and route of administration for 
endocrine disruptors 
Guideline studies follow validated protocols and have traditionally examined 
overt signs of toxicity, for example changes in organ and body weight, pup 
survival, and histopathological changes of selected target tissues, which are 
all endpoints that have obvious relevance to adversity. However, researchers 
in the EDC field have noted that the endpoints included in guideline studies 
are not comprehensive for accurate risk assessments of EDCs (160). Concerns 
have also been raised that guideline endpoints are not relevant enough to ef-
fectively identify complex health outcomes and that they are not sensitive 
enough to determine safe doses for human exposure (e.g., TDI) (161). Look-
ing forward, it is important to include non-guideline endpoints that are more 
sensitive; these could be for example insulin secretion, ovarian and testis func-
tion, gender-specific learning behaviors, blood lipid levels, fibrosis and car-
diac lesions and inflammation (121). These endpoints may be more relevant 
when evaluating EDCs, and many of them are probably also more relevant to 
human diseases. However, these endpoints would have to be properly vali-
dated before they could be considered for inclusion in guideline studies. In-
tensive work is now ongoing in Europe within the EURION (European Cluster 
to Improve Identification of Endocrine Disruptors) cluster, which is funded by 
the European Commission, where one of the goals are to develop appropriate 
test methods and assays in order to improve the identification of EDCs. Cur-
rently there are no validated in vivo or in vitro test or screening methods for 
regulatory purposes that can identify potential MDCs. The three projects 
within the EURION cluster that are focusing on different aspects of MDCs are 
GOLIATH (Beating Goliath: Generation of novel, integrated and internation-
ally harmonized approaches for testing metabolism disrupting chemicals), 
EDCMET (Metabolic effects of Endocrine Disrupting Chemicals: novel test-
ing METhods and adverse outcome pathways) and OBERON (Integrative 
strategy of testing systems for identification of endocrine disruptors inducing 
metabolic disorders) (162-164).  
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It is of particular importance to carefully consider the route of administration 
in BPA (and other EDC) research, since endocrine-sensitive endpoints are ex-
amined. The most likely route of exposure should be used, and within REACH 
three major exposure routes are mainly considered in consumer exposure es-
timation, namely oral, dermal, and inhalation, and in special cases other routes 
of exposure must be considered, e.g., eyes (splashing) (165). Gavage is one 
type of oral exposure that has been and is still often used (especially outside 
EU, e.g., in the CLARITY-BPA study) despite the fact that extensive research 
data show that gavage induces rapid, pronounced and statistically significant 
effects on stress-related responses (166). Examples of demonstrated responses 
are increasing levels of corticosterone which is a stress-response hormone 
(167), and increased blood pressure and heart rate (168). The main advantage 
of gavage is its practical simplicity, since it allows for exact delivery of chem-
icals, even to neonates. In addition, in studies where non-palatable substances 
are tested, administration through gavage could be the only option. However, 
researchers in the EDC field maintain that gavage should be abandoned as the 
default route of administration for risk assessments of EDCs, because it avoids 
exposure pathways, is stressful, and thus interferes with endocrine responses 
(169). 
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Objectives  

The overall aim of this thesis was to investigate metabolic disruption follow-
ing exposure to BPA, which is an environmental EDC. 

The specific aims of the studies were:  

I To examine the influence of low-dose developmental BPA exposure 
on adipose tissue and metabolic biomarkers in 5-week-old male and 
female Fischer (F344) rat offspring. 

II To examine if low-dose developmental BPA exposure alters tissue-
specific fatty acid composition in 5-and 52-week-old male and female 
F344 rat offspring.  

 
III To examine if low-dose developmental BPA exposure alters insulin 

secretion and content in isolated pancreatic islets from dams and 5-
and 52-week-old male and female F344 rat offspring. 
 

IV To assess potential associations between urinary BPA concentrations 
and dyslipidemia in children and adults within the National Health 
and Nutrition Examination Survey (NHANES) cohort. 
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Material and methods 

Experimental animal study (papers I, II, and III) 

Ethical statement 
The Uppsala Ethical Committee on Animal Research approved this study 
(C26/13) following guidelines laid down by the European Union Legislation 
(Council of Europe 1986 and European Parliament and the Council of the Eu-
ropean Union 2010). All animals were treated humanely and with regard for 
alleviation of suffering. 
 
Animals and housing  
See Figure 2 for a visual summary of the animal study with investigated tis-
sues and endpoints. Forty-five time-mated 9-week-old female F344 rats 
(Charles River, Germany) were weighed and chip-marked upon arrival in our 
laboratory (in an Uppsala University animal facility). The dams were ran-
domly divided into three BPA dosing groups [0 [CTRL] (n=17), 0.5 [BPA0.5] 
(n=12) or 50 [BPA50] (n=15) μg BPA/kg BW/d. The rats were kept in en-
riched polysulfone cages (Euro Standard IV) with glass water bottles and were 
housed in a temperature- (22°C ± 1°C) and humidity-controlled room (55% ± 
5 %) with a 12-h light/dark cycle and air turnover ten times per hour. The 
polysulphone cages, glass water bottles and cardboard shelters were used to 
minimize the risk of migration of BPA that potentially could confound the 
results. The rats were housed one dam per cage until postnatal day (PND) 22. 
The litters were adjusted to six animals (3 males and 3 females) per dam and 
cage at PND 4. On PND22, the dams were sacrificed, and one male and one 
female from each litter were randomly selected, chip-marked, and moved to a 
new cage that contained 3 offspring of the same sex and treatment group. The 
pups of the same gender in the same dosing group all had different mothers. 
In total, there were 50 control offspring (25 males, 25 females), 37 BPA0.5 
offspring (dams exposed to 0.5 μg/kg BW/d; 19 males, 18 females), and 32 
BPA50 offspring (dams exposed to 50 μg/kg BW/d; 17 males, 15 females). 
Food and water were available ad libitum, and intake was registered per cage. 
The manufacturer specified the nutrient and phytoestrogen content of the feed 
and all phytoestrogen levels were well below the Organization for Economic 
Co-operation and Development’s (OECD’s) upper limit (170). 
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Figure 2. A simplified overview of the investigated tissues and endpoints in the ani-
mal study. The results of papers I, II, and III in the thesis originate from data from 
this animal study. The figure is protected by copyright and permission is required to 
distribute the content. 
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Exposure 
To mimic the most likely route of human exposure, dams were exposed to 
BPA via their drinking water ad libitum directly upon arrival at gestational 
day (GD) 3.5 and were then continuously exposed until PND 22 (Figure 3). 
Thus, the main route of BPA-exposure for the pups was in utero via the pla-
centa and via lactation, the exposure ended at weaning. Based on the volume 
consumed by the dams in our pilot study, we aimed for average doses of 0.5 
μg BPA/kg BW/d (denoted BPA0.5), which is well below the current TDI and 
50 μg BPA/kg BW/day (denoted BPA50), which corresponds to FDA’s cur-
rent reference dose. BPA (purity ≥99%, CAS no. 80-05-7) (Sigma Aldrich) 
was dissolved in ethanol (1 % of final solution) and diluted with well-flushed 
tap water to defined concentrations. The dilutions were sent to the Department 
of Medical Sciences in Lund, Sweden for analysis using a modified method 
described in (171), and the actual average doses of BPA were obtained after 
calculating the amount of water the animals consumed (Table 1). The concen-
tration of BPA in the drinking water given to control animals was below the 
limit of detection (0.2 ng/l). 

 

Table 1. Exposure to BPA, doses aimed for and actual average doses that the dams 
consumed. Dams were given either water or BPA – 0.0025 or 0.25 mg/L. 

Exposure [CTRL] (n=17) [BPA0.5] (n=12) [BPA50] (n=15) 

Dose in drinking 
water 

0 0.0025 mg/L 0.25 mg/L 

Dose aimed for  0 0.5 µg/kg 
BW/day 

50 µg/kg BW/day 

Actual dose 
(GD 3.5-PND 22) 

0 0.404 µg/kg 
BW/day 

40.1 µg/kg 
BW/day 

Actual dose 
(GD 3.5-till birth) 

0 0.272 µg/kg 
BW/day 

26.9 µg/kg 
BW/day 

Actual dose 
(birth-PND 22) 

0 0.530 µg/kg 
BW/day 

52.7 µg/kg 
BW/day 

Note: [CTRL]: Control, [BPA0.5]: 0.5 µg BPA/kg BW/day, [BPA50]: 50 µg BPA/kg 
BW/day, GD: Gestational day, PND: Postnatal day. 
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Figure 3. Schematic illustration over the dosing of BPA. Abbreviations: GD: Gesta-
tional day, PND: Post natal day. The figure is protected by copyright and permission 
is required to distribute the content.  

Blood and organ sampling 
Blood and organ samples were collected from all offspring. Retroperitoneal 
white adipose tissue (rWAT) was collected from the dorsal wall of the ab-
dominal cavity, and gonadal WAT (gWAT) from areas surrounding the epidi-
dymis, testis, and the ovaries. Inguinal WAT (iWAT) was dissected from the 
area around the pelvis and hind limb thigh. The conflated interscapular brown 
and white adipose tissues were separated into interscapular brown adipose tis-
sue (iscpBAT) and interscapular white adipose tissue (iscpWAT). Fat depots 
and liver were weighed, snap frozen in liquid nitrogen, and stored at -70 °C. 
The liver somatic index (LSI; liver weight/BW × 100), anogenital index 
(AGDi; AGD/3√BW (Clark 1999)) and heart somatic index (HSI; heart 
weight/BW × 100) were calculated. 

Histological analysis of adipose tissue and liver 
Histological analyses were conducted on gWAT, iWAT and iscpBAT from 5-
week-old offspring (n=36) and 52-week-old offspring (n=36); 6 males and 6 
females were selected at random from each dose within each age group. Fro-
zen sections (8-9 µm thick) were cut at two levels with a distance of 300 μm 
using a cryostat (Leica CM1860 UV; Leica Microsystems) and were stained 
with Oil Red O/hematoxylin. Micrographs were taken of four different areas 
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of each section at 40× magnification using a Leica DMST camera (Leica Mi-
crosystems). Adipocyte number in adipose tissue depots and percentage of 
liver fat were quantified per high power field (HPF) (40× magnification) using 
the software package Image Processing and Analysis in Java (ImageJ; Na-
tional Institutes of Health).  

Real-time quantitative polymerase chain reaction (RT-qPCR) 
Total RNA was extracted from adipose tissue and liver samples using the Tri-
zol method (Life technologies/Thermo Fisher) according to the manufac-
turer’s instructions. DNase treatment was performed for all RNA preparations 
to remove potential contaminating DNA (Ambion® DNA-freeTM DNAse 
Treatment and Removal Reagents, Life Technologies). RNA concentration 
and quality (260/280 ratio ≥1.7) were measured using a Nanodrop™ ND-1000 
spectrophotometer (Thermo Scientific). Alterations in the expression of genes 
involved in metabolism were measured in adipose tissue and liver using real-
time quantitative polymerase chain reaction (RT-qPCR). We tested 26 target 
genes and 2 housekeeping genes. The specific genes were chosen for their 
indicative and representative roles in de novo lipogenesis, beta-oxidation, lipid 
mobilization, hormonal function, and inflammation.  

Plasma lipid analyses 
To assess whether BPA exposure affected circulating lipid levels, TGs, adi-
ponectin, leptin, high-density lipoprotein (HDL-C), low-density lipoprotein 
(LDL-C), and total cholesterol (TC) were measured in the offspring. Plasma 
TG and cholesterol analyses were performed using an Architect c8000/c16000 
analyzer (Abbott Laboratories) and four different kits: Triglyceride Cat. No. 
7D74-21, Cholesterol Cat. No. 7D62-21, LDL-Cholesterol Cat. No. 1E31-20, 
and HDL-Cholesterol Cat. No. 3K33-21 (Abbott Laboratories) at the Central 
Clinical Chemistry Laboratory, Uppsala University Hospital, Uppsala, Swe-
den. 

Plasma adiponectin and leptin levels were measured in duplicate by enzyme-
linked immunosorbent assay (ELISA) (Rat Total Adiponectin/Acrp30 Quan-
tikine and Mouse/Rat Leptin Quantikine kits; R&D Systems).  

Analysis of fatty acids 
Fatty acid composition was measured by gas chromatography (172) as previ-
ously described (173). Fatty acids were investigated in four lipid fractions in-
volved in fatty acid handling and metabolism: plasma cholesterol esters (PL-
CE), liver triglycerides (liver-TGs), inguinal white adipose tissue triglycerides 
(iWAT-TGs) and interscapular brown adipose tissue triglycerides (IscpBAT-



 37

TGs). The fatty acids were identified by comparison of the retention times of 
separation and controlled by Nu Chek Prep (Elysian, MN, USA) GLC refer-
ence standard GLC- 68A. Individual fatty acids are presented as the relative 
percentage of the total amount of fatty acids analyzed and is therefore a rela-
tive measure. As such, fatty acids are inter-related; a change in the proportion 
of one type of fatty acid will influence the proportions of others.  

Epidemiological study – NHANES (paper IV) 
 
Ethical statement 
NHANES is a publicly available data set, and all participants in NHANES 
provided written informed consent prior to the study, consistent with approval 
by the National Center for Health Statistics Institutional Review Board. 

Study population 
NHANES is a continuous cross-sectional surveillance program administered 
by the National Center for Health Statistics, which is part of Centers for Dis-
ease Control and Prevention. The aim of NHANES is to assess the health and 
nutritional status of the general United States population for both children and 
adults. A detailed description of the NHANES study design and methods is 
available elsewhere (174). Results in the present study are based on data from 
the following six NHANES cycles containing BPA measurements: NHANES 
2003-2004, NHANES 2005-2006, NHANES 2007-2008, NHANES 2009-
2010, NHANES 2011-2012, and NHANES 2013-2014. Data from the de-
mographics, dietary, questionnaire, laboratory and physical examination com-
ponents of each NHANES cycle were downloaded from the NHANES web-
site https://www.cdc.gov/nchs/nhanes/index.htm. For the present study, a total 
of 4,604 children, aged 6–17 years, and 10,989 adults, aged 18 years or older, 
with BPA measurement data in urine, were eligible. 

Urinary BPA 
A spot urine sample was collected from a one-third random subset of partici-
pants of each NHANES cycle that were then analyzed for BPA concentration. 
Total urinary BPA (free and conjugated; nanograms per milliliter) concentra-
tions were measured using online solid-phase extraction coupled to high per-
formance liquid chromatography (HPLC)-isotope dilution tandem mass spec-
trometry at the Division of Environmental Health Laboratory Sciences (Na-
tional Center for Environmental Health). Comprehensive quality assurance 
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and quality control (QC) were performed to ensure that samples were not con-
taminated during handling, storage and analysis (64). Urinary creatinine was 
included in all multivariate models to correct for urinary dilution of BPA, as 
done in previous publications (64, 175). 

Lipid measures 
TC, TGs and HDL-C were analyzed enzymatically in serum using spectro-
photometric measurement of the color of a reaction byproduct. The color in-
tensity is directly proportional to the concentration of the respective lipid. 
LDL-C levels were calculated from measured values of TC, TG and HDL-C 
based on the Friedwald equation ([LDL-C]=[TC]-[HDL-C]-[TG/5]), which is 
valid for individuals with TC levels <400 mg/dL (176). Apolipoprotein B 
(ApoB) was measured with an immunochemical light spectrometry method. 
Details of analyte extraction and measurement are available under each of the 
six different cycles under “Laboratory Methods” at the NHANES website: 
https://www.cdc.gov/nchs/nhanes/index.htm.  

Demographic and lifestyle factors 
Information on demographic and lifestyle factors of study participants was 
collected using standardized questionnaires. Potential confounders were iden-
tified in the current literature (177-181) and included after theoretical struc-
tured ordering of factors by use of directed acyclic graphs (DAGs) (Figure 5) 
in the web application DAGitty (182). Since obesity could have a big impact 
on lipid levels, we assumed the causal pathway to be: BPA exposure->obesity-
>dyslipidemia. We therefore did not adjust for BMI or other markers of obe-
sity, since we regard obesity to be on the causal pathway between BPA and 
lipid disturbances, i.e., obesity is regarded as an intermediate in the present 
study and should thus not be adjusted for.  

Sex was categorized as male or female. Race/ethnicity was categorized into 
five groups: Mexican American, other Hispanic, non-Hispanic White, non-
Hispanic Black, and other. Self-reported education/caregiver educational at-
tainment was categorized into four levels: <9th grade, 9–11th grade, high 
school or general educational development and some college. Smoking was 
characterized using serum cotinine, a major metabolite of nicotine that is used 
as a marker for both active smoking and as an index of environmental tobacco 
smoke exposure, or “passive smoking.” Income-to-poverty ratio is a continu-
ous measure calculated using the Department of Health and Human Services 
poverty guidelines. For children, physical activity was characterized as the 
number of times per week the participant plays or exercises hard. For adults, 
physical activity was categorized as having performed vigorous activity dur-
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ing the past 30 days or not. Statins was characterized as currently taking pre-
scribed medicine (adults only). Alcohol intake was characterized as how often 
the participants (adults only) have drunk alcohol over past 12 months. Energy 
intake was obtained as mean total caloric intake (kcal) per day.  

Statistical analyses 

Papers I and II 
Basically the same statistical methods were used in papers I and II, with just 
a few additional analyses in study II. Statistical analyses were conducted using 
STATISTICA 12 (StatSoft Inc.), with the exception of analyses of weight 
changes (paper II) which were done using the statistical software R. Males and 
females were analyzed separately based on the fact that BPA is an endocrine 
disruptor with likely sex-specific effects.  

Histograms with Shapiro-Wilk normality test (SW-W) were conducted to de-
termine whether data was normally distributed. Differences between control 
and exposed groups were evaluated by one-way analysis of variance 
(ANOVA) if normally distributed, or Kruskal-Wallis-H (KW-H) test if not. 
These analyses were followed by post-hoc tests (Dunnett’s or Mann Whitney 
U). In paper II, partial eta square (ηp²) was calculated to provide the effect 
size for the significant observations. The ηp2 statistic reports the practical sig-
nificance of each term, based upon the ratio of the variation accounted for by 
the effect, and represents an index of strength of association between an ex-
perimental factor and the dependent variable ranging between 0 and 1. Larger 
values of ηp2 indicate a greater amount of variation accounted for by the 
model effect, which in the present study is BPA exposure. A p-value of <0.05 
was considered to be statistically significant. Results are expressed as mean ± 
SD. 

Analyses regarding weight changes (paper II) were conducted using R, ver-
sion 3.2.3 and the rms, nlme and lattice packages. Generalized least squares 
(GLS) were used to assess weight changes in relation to the dose and adjusted 
for initial weight, food consumption, and litter size. 

Paper III 
Statistical analyses were performed in GraphPad Prism v6.0 (GraphPad Soft-
ware, La Jolla, CA). All sets of data passed the Kalmogorov-Smirnov test of 
normality. Statistical significance between two conditions was analyzed by 
the Student’s paired t-test. Differences across several groups were analyzed 
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by using one-way ANOVA followed by Bonferroni post-hoc test. A p-value 
of <0.05 was considered to be statistically significant. Results are expressed 
as mean ± SD. 

Paper IV 
Statistical analyses were performed in STATA15 (Stata Inc., College Station, 
TX). Separate analyses were performed for adults (≥18 years old) and children 
(≤17 years old), which is the most commonly used approach in this type of 
study. This due to the different impacts BPA may have during childhood and 
adolescence versus in adulthood. Also considering BPA’s timeline in the 
sense of production and usage, exposure could be very different for children 
and adolescence versus adults. The children in this study were likely more 
exposed even before birth, while the adults at different ages would be very 
heterogeneous in that respect. 

Due to a right-skewed distribution, urinary BPA concentrations, TGs, and uri-
nary creatinine were log-transformed. Linear regression analysis was per-
formed with the lipid variables (LDL-C, HDL-C, TC, TG and ApoB) as de-
pendent variables in separate models for each lipid variable and with BPA as 
the main independent variable.  

In the first set of models, adjustment was performed for age, sex, urinary cre-
atinine, and race. In the second set of models, we also included other a priori 
chosen confounders because of their biological relevance to both the exposure 
and outcome: education/caregiver education, smoking (serum cotinine), in-
come-to-poverty ratio, physical activity, alcohol intake (adults only), caloric 
intake, statins (adults only) and pregnancy (adults only). In a third set of mod-
els, an interaction term between sex and BPA was included to evaluate poten-
tial sex differences. In a fourth set of models, a squared term was included for 
BPA to evaluate potential non-linear relationships.  

Missing data on education, alcohol intake, smoking (serum cotinine), statin 
use, physical activity and energy intake were imputed by using multiple im-
putation (Markov-Chain Monte Carlo, MCMC) with 20 imputations. Each ex-
amination cycle was analyzed separately, and the results from all examination 
cycles were meta-analyzed using the inverse-variance weighted fixed effect 
technique.  

A sensitivity analysis was performed by excluding all individuals taking 
statins. A Bonferroni adjustment was used to account for multiple testing; five 
lipids analyzed in children and adults giving 10 models (critical level of sig-
nificance (0.05/10) = 0.005).  
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Summary of main results  

Low-dose effects from developmental BPA exposure in 
the experimental animal study 
The results of the animal study (papers I, II, and II) show in general that 
males and females exhibited differential susceptibility to the developmental 
exposure to the two different doses of BPA, and also that many of the effects 
were tissue-specific. Ultimately, most effects were seen in males and at the 
lowest dose tested (0.5 µg BPA/kg BW/day [BPA0.5]). See Table 2 for a sum-
mary of all the significant results of papers I, II, and III.  

Paper I – increased plasma lipids and adipocyte cell density, and 
altered gene expression 
BPA exposure increased plasma triglyceride levels in 5-week-old female rat 
offspring exposed to BPA50 and in 5-week-old male rat offspring exposed to 
BPA0.5 compared with controls. In addition, BPA0.5 increased adipocyte cell 
density (number of fat cells) by 122% in iWAT of female offspring. Further-
more, the expression of genes involved in lipid and adipocyte homeostasis was 
significantly different between exposed and control animals depending on the 
tissue, dose, and sex. 

Paper II – increased fatty acid indices and altered fatty acid 
composition in various tissues 
Exposure to BPA0.5 increased SCD-16 (estimated as the 16:1n-7/16:0 ratio) 
and SCD-18 (estimated as the 18:1n-9/18:0 ratio) indices in iWAT-TG and in 
PL-CE, respectively, in 5-week-old male offspring. These indices are esti-
mates of the activity of SCD-1, which is a fatty acid desaturating enzyme. In 
addition, BPA0.5 altered the fatty acid composition in male offspring, for ex-
ample by decreasing the levels of the essential fatty acid linoleic acid (18:2n-
6) in iWAT and liver-TG, and increasing the most common saturated fatty 
acid palmitic acid (16:0) and palmitoleic acid (16:1n-7) in iWAT-TG. No dif-
ferences were seen regarding the studied fatty acids in 52-week-old offspring 
but a slightly increased body weight was observed in BPA50-exposed females 
when food consumption was adjusted for. 
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Paper III – Low-dose insulin hypersecretion 
See Figure 4 for a visual summary of the procedure and the results of study 
III. Basal (5.5mM glucose) islet insulin secretion was not affected in islets 
from BPA exposed animals. However, stimulated (11mM glucose) insulin se-
cretion was enhanced by about 50% in islets isolated from BPA0.5-exposed 
5- and 52-week-old female and male offspring and by 80% in islets from 
dams, compared with control animals. In contrast, the higher dose, BPA50, 
induced decreased GSIS by 40% in both 5- and 52-week-old female and male 
offspring and dams, compared with controls. 

Paper IV – Epidemiological study using NHANES data 
During the examined study period (2003–2014), 25 172 children (<18 years 
of age) and 35 915 adults (>=18 years of age) participated in NHANES. The 
analytical sample in the present study comprised of the 4,604 children and 
10,989 adult participants randomly selected for measurement of urinary BPA 
concentrations. The mean levels of urinary BPA varied over the whole study 
period, from 2.21 ng/mL to 6.10 ng/mL in children and from 2.97 ng/ mL to 
4.89 ng/mL in adults. For children, mean urinary BPA levels were highest in 
the 2003–2004 examination cycle and then decreased over time, with the low-
est mean value for the 2013–2014 cycle. For adults, no such pattern could be 
seen. The present study did not reveal any major associations between urinary 
BPA levels and dyslipidemia in children or adults despite the large sample 
sizes achieved by the meta-analysis performed using several examination cy-
cles of NHANES data. After strict Bonferroni correction for multiple tests and 
after adjustments for potential confounders, the meta-analysis did not disclose 
any significant associations between urinary BPA concentrations and LDL-C, 
HDL-C, TC, TG, and ApoB in children or adults. Further, including a squared 
term for BPA in the models did not disclose any significant non-linear rela-
tionships, either in children or in adults. 
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Discussion  

The prevalence of metabolic disease is continuously increasing. Metabolic 
disorders such as obesity, fatty liver disorders, T2DM, and MetS have dramat-
ically risen over the last few decades. Variables that are the major drivers of 
the development of metabolic diseases include genetic heritage, changes in 
diet, exercise, and aging. However, there is now evidence that these variables 
are not sufficient to fully explain the rapid rise of metabolic disorders. Con-
current with the epidemic of metabolic disease there has been a worldwide 
exponential increase in human exposure to synthetic environmental chemi-
cals. Of particular concern is exposure to EDCs, which can alter our hormone 
systems. Metabolic disorders involve endocrine mechanisms, including hor-
mones and growth factors controlling adipose tissue metabolism, adipogene-
sis, and mediate appetite and food intake (2).  

There are vulnerable windows during development that are particularly sensi-
tive to environmental stressors, including exposure to EDCs (8). Most aspects 
of metabolic activity is programmed in utero, and during the first years of life, 
and the sensitivity and set points for obesity, diabetes, liver disease, and other 
diseases are established during these periods (183). EDCs can interfere with 
the normal trajectories in the development of these various metabolic systems. 
Thus, EDCs are highly likely contributors, together with genetic, social and 
behavioral factors, to the development of metabolic disorders. 

The overall aim of this thesis was to investigate metabolic disruption due to 
exposure to BPA, which is a well-known EDC. This was done by investigating 
data from an experimental animal study on developmental low-dose exposure 
to BPA in rats and an epidemiological study on environmental exposure to 
BPA in humans. 

Experimental animal study 
Low-dose- and sex-specific effects 
The aim of the experimental animal study, which the results of papers I, II, 
and III are based on, was to investigate metabolic disruption in 5- and 52-
week-old rat offspring following developmental oral exposure, via drinking 
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water, to two different doses of BPA (0.5 [BPA0.5] or 50 [BPA50] 
BPA/kg BW/day). The findings of the animal study add to the literature re-
porting effects of environmentally relevant doses of BPA, i.e., doses that hu-
mans are typically exposed to. The dose that induced the greatest number of 
effects was BPA0.5, a dose that is considerably lower than the EFSA’s current 
TDI for BPA of 4 μg/kg BW/day. Further, the results suggest that males and 
females have different susceptibility to BPA. These findings are in concord-
ance with several previous studies reporting sex-specific effects of BPA on 
for example behavior (184) cardiovascular (185), reproduction, metabolic 
(186), and immune-related endpoints (187). Several factors can contribute to 
differences in the effects of BPA between males and females, including hor-
monal differences, genetic differences in xenobiotic metabolism, and sex-spe-
cific placental responses to environmental factors such as EDCs (188-190). 
 
In CLARITY-BPA, both the guideline and academic studies have reported 
adverse effects from exposure to 2.5 μg BPA/kg BW/day. Therefore, aca-
demic researchers now conclude that this should be the new lowest-observed 
adverse-effect-level (LOAEL) for BPA. Using a 1000-fold linear safety factor 
to account for animal-to-human variability (10x), variability among people 
(10x) and the use of a LOAEL instead of a NOAEL (10x) would give a new 
TDI of BPA of 2.5 ng/kg/day (191). Prior studies, including ours, have even 
reported effects of BPA at doses below this (e.g., on brain and behavior (192)), 
mammary gland development (193), and female reproduction (194)). Thus, it 
may be impossible to conclude a safe TDI for BPA that is sufficiently protec-
tive for public health, thus implying that there is no safe threshold for BPA 
exposure.  

Lipid levels and adipocyte hyperplasia 
Elevated TG plasma levels were observed in 5-week-old female offspring ex-
posed to BPA50 and in 5-week-old male offspring exposed to BPA0.5 (paper 
I). This is in line with many previous experimental animal studies examining 
effects of BPA exposure on TG levels in rodents (134, 195-198), while others 
report conflicting decreased levels (199). Probable explanations to inconsist-
encies among studies could be differences in animal models, doses, routes of 
administration, duration of exposures, diets, developmental stage, and sex of 
the animals, which are all consistent with possible biological differences. El-
evated TGs are an independent risk factor for cardiovascular disease and may 
be an early sign of the development of MetS. Developmental exposure to DES 
increased plasma TGs early in life in mice that developed overweight and obe-
sity as adults; thus elevated TGs may be an important early marker of subse-
quent adult disease including MetS (200).  
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Adipose tissue is a complex endocrine organ with main responsibility for en-
ergy homeostasis control. Obesity develops through the expansion of WAT 
which in turn expands by an increase in adipocyte volume (hypertrophy) 
and/or an increase in adipocyte number (hyperplasia). Although adipocyte hy-
pertrophy has more frequently been linked to obesity-associated metabolic 
complication, it has been shown that adipocyte hyperplasia is a major deter-
minant for the fat mass in adults. Spalding et al, demonstrated that the number 
of adipocytes remains constant in lean and obese adults, even after clear 
weight loss, thus indicating that adipocyte number is tightly regulated and de-
termined during childhood and adolescence. In addition, obese individuals 
definitely have more adipocytes than lean individuals (201). Thus, it is likely 
that individuals that suffers from obesity were born with more adipocytes be-
cause of prenatal programming or development early in life. Adipogenic stim-
uli (such as exposure to obesogens or inappropriate diet) that occurs during 
development could permanently increase the number of adipocytes which may 
cause an altered metabolic set point that favors the storage of calories as fat in 
adulthood. Hence, it could be speculated that the increased number of adipo-
cytes seen in the young BPA0.5 exposed female rat offspring in the present 
study (paper I) could increase the risk of storing more fat in each cell, which 
in turn could increase the risk of increased body weight or development of 
obesity later in life. 

Altered fatty acid levels 
All of the effects of BPA on fatty acids in the present study were observed in 
5-week-old male offspring in the lowest dosage group [BPA0.5] (paper II). 
The fatty acid profile and their ratios in plasma have been linked to metabolic 
disorders such as obesity, insulin resistance, and T2DM in both humans and 
experimental animals (202-204). In the present study the lowest dose of BPA 
induced alterations in fatty acid metabolism in 5-week-old male offspring, 
e.g., by elevating indices of SCD-1 activity and de novo lipogenesis, and al-
tering the fatty acid composition. Overall, such fatty acid patterns have con-
sistently been linked to insulin resistance and cardiometabolic disease (204-
206). The observed increased SCD-16 in iWAT-TG and SCD-18 in PL-CE 
indices in the present study (paper II) may reflect higher activity of SCD-1, 
which is the rate-limiting enzyme responsible for catalyzing the biosynthesis 
of monounsaturated fatty acids, mainly palmitic acid (16:0) to palmitoleic acid 
(16:1n-7) and stearic acid (18:0) to oleic acid (18:1n-9). Increased activity of 
SCD-1 has been linked to decreased fat oxidation and increased fatty acid syn-
thesis, thus implying a role in metabolic complications including obesity and 
insulin resistance (205, 206).  
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The hypothalamus regulates energy homeostasis through satiety signals which 
are matched to adiposity (primarily leptin) and blood (primarily insulin) hor-
monal signals to control food intake; thus the hypothalamus can be considered 
as the starting point of insulin resistance. Elevated levels of saturated fatty 
acids (especially palmitic acid) can induce inflammatory responses in the hy-
pothalamus which may subsequently lead to resistance to the satiety signaling 
of both insulin and leptin (207). In line with the elevated SCD-indices in our 
study, levels of palmitic acid (16:0) and palmitoleic acid (16:1n-7) were also 
increased by BPA exposure. Palmitic acid (16:0) is the most common satu-
rated fatty acid which, together with palmitoleic acid (16:1n-7), has been as-
sociated with increased risk of some of the following metabolic disorders, e.g., 
obesity, dyslipidemia, insulin resistance, and by extension diabetes in humans 
(208-210). In addition, among the saturated fatty acids, it seems that palmitic 
acid (16:0) can induce the most damage to the function of pancreatic β-cells. 
Exposure of adult rat pancreatic islets to palmitic acid (16:0) reduces the pro-
liferative capacity of β-cells and induces β-cell death through apoptosis. In 
contrast, beneficial effects of palmitoleic acid (16:1n-7) were observed, with 
promotion of β-cell proliferation and counteraction of the toxic effects of pal-
mitic acid (16:0) (211).   

BPA exposure and body weight 
The elevated TG levels seen in 5-week-old BPA exposed male and female 
offspring did not correlate with increased body weight or an increase of the 
weight of any of the adipose tissue depots in these animals. However, we have 
only investigated the weight, which is not a sensitive endpoint; it would have 
been more informative to quantify the volume of the adipose tissue depots 
using magnetic resonance imaging (MRI) or computed tomography (CT) 
scanning. We did observe slightly increased body weight in 52-week-old fe-
male offspring exposed to BPA50; however this was not accompanied by any 
alterations in lipid levels in these animals. The data on body weight was ad-
justed for the difference in food consumption across the exposure groups over 
time; thus overeating is probably not the explanation to the body weight gain 
in these animals. It is probable that BPA-exposure altered the set point for 
obesity during development and that these animals therefore are predisposed 
to store more ingested calories as fat in each of their adipocytes. Data from 
previous studies regarding effects of developmental exposure to BPA on body 
weight in rodents are inconsistent with observations of increased (134, 195, 
212-215), decreased (199, 216, 217), and no effect (218-221). The debate re-
garding whether developmental BPA exposure can induce later effects on 
body weight is still ongoing. Rubin et al. stress that the controversy regarding 
this does not seem to emerge from the lack of reproducibility of similar stud-
ies, but rather from the difference of the animal models studied, dosage, route 
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and time of exposure, chow diet, stage of development, and sex of the animals 
(214). 

Insulin hyper- and hyposecretion 
T2DM is rising intensely worldwide. The disease can be characterized by el-
evated blood glucose levels in the context of insulin resistance together with 
deficient insulin secretion. In our study, the highest BPA dose, BPA50, re-
duced GSIS (insulin hyposecretion). Contrastingly, GSIS was enhanced (in-
sulin hypersecretion) in BPA0.5-exposed 5- and 52-week-old offspring and 
dams (paper III). These findings emphasize the long-lasting effects of BPA, 
even long after exposure is terminated. The underlying mechanism to this 
early exposure late effect pattern may involve epigenetic modifications. In 
first generation mice offspring, developmental exposure to two doses of BPA 
(10 µg/kg/day and 10 mg/kg/day) impaired insulin secretion and mitochon-
drial function and the observed adverse effects of β-cells persisted in the sec-
ond generation offspring. In addition, the increased expression of the im-
portant β-cell gene, insulin-like growth factor 2, persisted in the islets of first 
and second generation male offspring and was associated with altered DNA 
methylation (222). Further evidence for transgenerational epigenetic inher-
itance of alterations in glucose homeostasis by BPA exposure is the induction 
of histone modifications affecting for example the expression of insulin-like 
growth factor in rats (223).  

The pattern of reduced insulin secretion induced by BPA50 is similar to that 
of diabetic patients and individuals with impaired glucose tolerance, a known 
precursor for T2DM, and seems to be the earliest detectable defect of β-cell 
function (224). However, insulin hypersecretion seen from BPA0.5 exposure 
could also be detrimental, as prolonged hypersecretion of insulin may cause 
exhaustion or added stress to the β-cell that could lead to damage. A prolonged  
demand for insulin production could overload the endoplasmic reticulum 
(ER), and studies have shown that β-cells are sensitive to ER stress and that 
ER-mediated apoptosis in the β-cell has been linked to the development of 
T2DM (225). In addition, insulin is considered to be an anabolic hormone 
since it has major effects on metabolism including for example increase of the 
uptake of TGs from the blood into adipocytes, stimulation of fatty acid and 
TG synthesis in tissues and stimulation of glycogen synthesis in muscle, adi-
pose tissue, and the liver (226). Insulin hypersecretion can occur inde-
pendently of insulin resistance (227) but can also be a precursor of insulin 
resistance and an early initiating event which may lead to the development of 
metabolic disease, including T2DM (228, 229). 

Despite the altered GSIS that BPA exposure evoked in the present study, we 
could not detect any altered insulin content in the islets, and unfortunately we 
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could not analyze the plasma insulin levels; thus we do not know anything 
about the internal insulin levels in the rats. One explanation for our results 
could be that β-cells contain large amounts of insulin which is encased in gran-
ules. The insulin that is secreted comes from the readily releasable pool and 
the remaining insulin that is not readily releasable will stay in a reserve pool. 
Each β-cell in mouse pancreas contain ~9000 secretory granules, and a strong 
depolarization has been shown to cause an insulin release of 200-300 gran-
ules/cell, which is only about 2-3 % of the insulin/β-cell (230). Thus, it seems 
that the insulin content in β-cells is not altered easily, not even when insulin 
secretion is strongly induced. 

Our results of no effect of BPA on insulin content in pancreatic islets are in-
consistent with previous studies, where one explanation evidently could be 
differences in study design. Alonso-Magdalena et al. investigated develop-
mental exposure of BPA, using subcutaneous injections, however, and ob-
served a 2 times higher insulin secretion in BPA-exposed male mice offspring, 
together with elevated plasma insulin levels (221). In yet another study 
Alonso-Magdalena et al. reported an increase in pancreatic β-cell insulin con-
tent after 2 days of subcutaneous injections of 10 µg/kg/day of BPA or 17β-
estradiol in adult mice and chronic hyperinsulinemia and insulin resistance 
after 4 days of treatment (231). Insulin hypersecretion together with increased 
pancreatic insulin content has also been demonstrated in isolated rat islets sub-
sequently exposed to 17β-estradiol and four phenolic estrogens, including 
BPA. Low doses of all five agents increased pancreatic insulin content in a 
non-monotonic manner, with an inverted U-shaped curve, while a higher dose 
of BPA and two of the other investigated phenolic estrogens (DES and 17β-
estradiol) decreased insulin content (232).   

In agreement with our study, Song et al., reported an inverted U-shaped rela-
tionship between BPA exposure and GSIS, indicating an NMDR. Their lowest 
dose, 0.1 µg BPA/L induced increased GSIS, whilst the higher doses, 25 and 
250 µg BPA/L, caused a significant decrease. The data showing that BPA can 
induce different effects over a range of different doses are not surprising given 
clear evidence from the literature that BPA exposure can induce NMDRCs 
(156). Moreover, Song et al. showed that BPA exposure caused impaired mi-
tochondrial function in β-cells, swelled mitochondria within the membrane 
and altered the mRNA expression of genes important for β-cell and mitochon-
drial function (232). Additional potential mechanisms for BPA-mediated al-
terations of GSIS could be via β-cell ion channels. Martinez-Pinna et al. 
demonstrated that the expression of more than 50 genes that are important for 
NA+ and K+ channel subunits were altered in isolated islets from BPA-treated 
(100 μg/kg per day for 4 days) mice. Further, BPA altered several mechanisms 
that affect β-cell electrical activity. ERβ knock-out mice did not display BPA-
induced alterations, indicating that ERβ mediates the modulation of Na+ and 
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K+ by BPA (233). BPA has also reported to dramatically decrease the KATP-
channel activity, a key molecule in the stimulus secretion coupling of β-cells, 
in human islets (234).  

Further evidence that the effects of BPA on insulin levels and secretion and 
on β-cells are ERβ- and/or ERα-mediated comes from additional studies in 
ERα and ERβ knockout mice. Effects of BPA on glycemia and GSIS were for 
example absent in islets from ERα knockout mice but not from ERβ knockout 
mice, which strongly implies that ERα is the main receptor involved (235). 
Another study evaluated the effects of 10 µg BPA/kg/day in heterozygous 
ERβ knock-out mice and wild-type mice and found increased pancreatic β-
cell proliferation in the wild-type mice but no effect in the knock-out mice 
(236). Taken together, there is strong support from experimental animal stud-
ies for a link between BPA exposure, pancreatic β-cell function, electrical ac-
tivity, and insulin resistance, which all are processes crucial to the regulation 
of glucose homeostasis. 

A high fat diet and carbohydrates aggravate the metabolic effects 
of BPA 
The western diet with increased high-fat, carbohydrate, and sugar consump-
tion is one of the main risk factors for the development of metabolic diseases. 
Many of the metabolic disturbances observed from BPA exposure in experi-
mental animal studies has been shown to be exacerbated by a high-fat diet 
(HFD) (134, 237, 238). Wistar rats developmentally exposed to 50 µg 
BPA/kg/day and fed an HFD displayed accelerated and exacerbated detri-
mental metabolic effects (metabolic syndrome, including obesity, 
dyslipidemia, hyperleptindemia, hyperglycemia, hyperinsulinemia, and glu-
cose intolerance) compared to rats on a normal diet (134). The same research 
group conducted a similar study a few years later and observed that offspring 
of rats exposed to BPA and on an HFD developed a non-alcoholic steatohep-
atitis-like phenotype with characteristics like extensive accumulation of lipids, 
enlarged lipid droplets, impaired liver function, and increased inflammation 
(238). Additionally, another report showed that long-term exposure to 50 μg 
BPA/kg per day impaired glucose intolerance and pancreatic function and that 
these adverse effects were more pronounced in BPA-exposed rats given an 
HFD than control rats on an HFD (237). Further, also carbohydrates have been 
shown to aggravate the effects of BPA exposure. Rönn et al. observed that 
BPA in combination with fructose (an amount corresponding to concentra-
tions in common soft drinks), but not BPA-exposure alone, induced fat infil-
tration in the liver of F344 rats (239). Similarly, in another study it was ob-
served that BPA and fructose exposure groups independently induce 
dyslipidemia, insulin resistance and hepatic fat accumulation in Wistar rats, 
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but that these effects were exacerbated in the combined exposure group with 
both BPA and fructose (240).  

Strengths and limitations of the experimental animal study  
(papers I–III) 

Doses of BPA 
One strength of the present study is the choice of low BPA doses, both of 
which are within environmentally relevant levels, i.e., doses that humans typ-
ically are exposed to. The lowest dose, 0.5 μg BPA/kg BW/d is considerably 
lower than the current preliminary European Food Safety Authority (EFSA) 
TDI of 4 μg/kg BW/d, which is based on the human equivalent dose (HED) of 
609 BPA/kg BW/day applied by EFSA. The higher dose, 50 μg BPA/kg BW/d 
corresponds to the former EFSA TDI (see European Food Safety Author-
ity, http://www.efsa.europa.eu/en/topics/topic/bisphenol) and the current 
FDA reference dose (241). However, the use of only two doses in the present 
study is rather low. It is recommended to include at least three doses and one 
control group in order for a study to be performed according to good labora-
tory practice (GLP) guidelines. The use of only two BPA-dose groups and one 
control group in this study was owing to limited resources. 

Due to the ubiquity of BPA, control animals may not be completely free from 
BPA exposure; this is especially complex in low-dose exposure studies. One 
strength of this present study is that rats were given drinking water in glass 
bottles and shelters were made of cardboard (instead of polycarbonate) to min-
imize background BPA exposure. Furthermore, the well-flushed drinking wa-
ter including that given to control animals, was analyzed for BPA (Table 1). 
On the other hand, we made an effort to measure internal doses of BPA but 
unfortunately no results could be obtained. The internal dose is not something 
that has been reported in many studies in the past due to controversy and dif-
ficulties regarding accurate measurement of unconjugated BPA in blood. 
However, in recent years it has been proven that BPA in can fact be measured 
accurately, and therefore it is now recommended to always include the internal 
dose of the animals (242, 243). 

Timing of exposure 
Exposures to EDCs have different effects depending on the life stage of the 
exposed animals. Another strength of this study is therefore the choice of de-
velopmental exposure and the continuous exposure throughout the lactation 
period. Effects can be reversible when exposure occurs during adult life. How-
ever, if exposure occurs during organ development (beginning during prenatal 
development and continuing in postnatal life through puberty), then effects 
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may result in persistent alterations of the affected systems, even in the absence 
of continuous exposure (10, 190).  

Route of exposure 
There is an ongoing debate in the scientific community on whether the use of 
oral gavage should be abandoned as exposure route when it comes to evalua-
tion of effects of EDCs (169). Previously, many hazard assessments of envi-
ronmental chemicals have been based on animal studies using intra-gastric 
gavage (because it ensures precise and accurate dosing) to assess effects from 
oral exposure. Unfortunately, this does not appropriately model human dietary 
exposures for many EDCs, including BPA. This because of the fact that chem-
icals can interact with numerous surfaces in the oral cavity, which is by-passed 
when gavage is used. Chemical absorption occurs efficiently via the oral cav-
ity, leading to rapid transport to the arteries delivering the chemical to tissues. 
Importantly, chemicals that are absorbed via this route (also dermal and inha-
lation) evade a sequential first-pass metabolism first by the gut wall and then 
by the liver. Thus, exposure by gavage may result in significant differences in 
toxicokinetics compared to oral exposure. In addition, gavage typically in-
volves only a single bolus, which is not representative of real-life exposure to 
BPA, which occurs continuously (169).  
 
Finally, many studies have reported that gavage can induce rapid and pro-
nounced effects on stress-related responses (244) including increase of the 
stress-hormone corticosterone, increased blood pressure and heart rate (245, 
246) in laboratory animals, which of course is especially problematic when 
investigating endocrine endpoints. Ultimately, maternal gavage has been 
shown to induce altered gene expression in the newborn rat offspring brain 
(247). Therefore there is now an ongoing debate as to whether oral gavage 
should be abandoned in the investigation of effects of EDCs (169). In our 
study, we chose to administer BPA orally and continuously through the drink-
ing water in order to mimic the most common human exposure route and to 
avoid the potential stress that oral gavage has been shown to induce in animals.  

Inclusion of both male and female offspring 
For a long time, males have been the most commonly included sex in rodent 
studies, rather than females because of their cyclical hormonal fluctuations. 
Because of this, information is lacking even regarding basic endocrine func-
tion of metabolic organs and sex specificities of detoxification. Evidently, this 
also applies for information on how females respond to exposure to various 
EDCs. There are clear sex-differences in the regulation of processes that con-
trol metabolic homeostasis; thus metabolic organs can respond differently to 
EDCs depending on sex (248, 249). There are data from both animal and hu-
man studies showing that the effects of BPA are different (and sometimes op-
posite) between males and females (Reviewed in (250)). Importantly, females 
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of the F344 rat strain in the present study have a 2-fold greater glucuronide 
capacity of BPA than males, which clearly displays a sex difference regarding 
the clearance of BPA (251). A strength in our study is thus that we have in-
cluded both male and female rat offspring and furthermore that we have in-
vestigated all of the females in their diestrus stage in order to decrease the risk 
of confounding by different hormonal fluctuations.  

Animal models relevant to humans 
There has been and still is an ongoing debate in the scientific community re-
garding whether animal models are appropriate for examining human effects 
of EDCs. In fact, some argue that clinical trials with oral administration of 
BPA to humans are needed to ultimately fulfill this purpose (252). Ethically, 
it would be impossible to administer a compound with the hypothesis that it 
somehow could cause harm to the individual. Evidently, experimental animal 
and epidemiological studies are conducted in order to avoid human harm. As 
Vandenberg et al. elegantly put it: “Thus, the default position must be that 
animal data are indicative of human effects until proven otherwise” (153). In 
line with this, the European Chemicals Agency (ECHA) and EFSA refers to 
the scientific criteria for determining ED properties “A substance shall be con-
sidered as having endocrine-disrupting properties that may cause adverse ef-
fect in humans […] unless there is evidence demonstrating that the adverse 
effects identified are not relevant to humans”. Thus, data from animal studies 
should be regarded as relevant for humans until proven otherwise, and in order 
to disprove human relevance it is necessary to show that there are differences 
in the mechanisms of action of the investigated substance in human and in test 
animals (158). Clearly, there are many differences in human and animal phys-
iology, but there are also vast commonalities in the biology of most mammals, 
due to evolutionary conservation, and many human diseases can also affect 
animals. In fact, many of the mechanisms of these diseases are similar; 90 % 
of veterinary pharmaceuticals are identical or very similar to those used to 
treat humans. Animal models have successfully been used in a number of 
breakthroughs within basic science and medical research and the European 
Commission underlined in a statement in 2015 that animal experimentation 
remains important for improving human and animal health (253).  

Regarding BPA exposure, there are data that report various differences be-
tween species. It has been shown that liver microsomes in rats are much more 
effective in the glucuronidation process than human liver microsomes; thus 
the same administered dose may result in higher internal doses in humans than 
in rats (254). On the other hand, contradictory data suggest that the half-life 
of BPA is longer in rats than in primates, which may be due to enterohepatic 
circulation in rats. From these results, the elimination of BPA in primates is 
considered to be similar to that in humans due to the similarity in hepatic 
blood-flow rate; in addition the major assumed elimination route for primates 
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is by renal excretion, as in humans (95). Despite differences in physiology 
between humans and rodents, when considering the effects of another estro-
genic substance DES, in women, rodent studies showed to be predictive, thus 
indicating that rodents can be sufficiently similar to humans to reliably esti-
mate endocrine effects (255, 256). However, looking forward, toxicological 
testing of EDCs will most likely be moving from animal models to new ap-
proach methodologies (NAMs) which are now under development. Already 
in 2006, the REACH regulation (EC No, 1907/2006) called for the use of 
NAMs where suitable, in assessing toxicity of industrial chemicals. Thus, the 
future of toxicological testing will probably be conducted through a combina-
tion of predictive in silico models (e.g., of human exposure and structure re-
lated-toxicities), in vitro assays (e.g., human cell-based systems), computa-
tional models and other systematic frameworks like adverse outcome path-
ways (AOPs) and integrated approach to testing and assessment (IATA) (257, 
258).  

The choice of a sensitive rat strain 
The chosen F344 rat belongs to an estrogen-sensitive strain which should in-
crease the chance of picking up low-dose effects of EDCs (259, 260). Various 
strains of rodents display different sensitivity towards estrogenic substances 
(261). The Charles-River Sprague-Dawley (CD-SD) rat is a traditionally used 
model in BPA studies, even though studies do not observe significant low-
dose effect from BPA exposure (262-264). This is not surprising since the CD-
SD rat strain also has low sensitivity to the potent estrogenic drug ethinylestra-
diol (265). Thus, it could be that the CD-SD rat is not sensitive enough to pick 
up endocrine effects. In addition, when comparing F344 and Wistar rats, there 
seems to be an organ-specific difference in sensitivity, with F344 being the 
more sensitive rat model of these two (260), thus, suggesting that the F344 rat 
model may be more appropriate for picking up sensitive endocrine effects of 
EDCs. 

Positive control 
In order to assess positive or negative effects and especially when a study dis-
plays no significant effects, it is desirable to include a positive control and 
most importantly an appropriate one. All that can be interpreted from studies 
with no positive control that show no significant effects is that the investiga-
tors failed to find any effects. If exposure to BPA induces effects in a study 
but no effect is seen for the positive control then it can be concluded that the 
finding represent a “true negative.” If significant effects are found in a study 
where only a negative control and the test compound has been included, it is 
however still legitimate to conclude that there are a different response between 
the exposure groups. But still, it is often recommended to include a positive 
control; therefore this is a limitation of the present study.  
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The lack of a positive control is due to limited resources; more animals were 
prioritized in the control and the low BPA dosage groups instead. Since BPA 
possesses known estrogenic properties, it would have been appropriate to in-
clude a well-characterized positive control estrogen. Appropriate positive con-
trols when BPA is administered orally could be DES or ethinylestradiol as a 
number of studies have successfully demonstrated (266, 267). However, BPA 
is not a traditionally estrogenic substance, and its mode of action is very com-
plex, compared to DES and ethinylestradiol, both of which possess more clas-
sic estrogenic properties. One aspect of using a positive control that has been 
debated and considered problematic is the lack of reproducibility of effects of 
positive controls across studies, especially when it comes to guideline studies. 
For example, the effects of the chosen positive control 17α-ethinylestradiol in 
the CLARITY-BPA study were considerably different (or missing) from that 
in a previous guideline study (268). 

Epidemiological study – NHANES data  
Despite the fact that more than 100 epidemiological studies link BPA expo-
sure with various undesirable conditions and diseases, controversy still re-
mains as to whether BPA exposure can cause harm in humans (269). The ma-
jority of the published studies are cross-sectional in design, which of course 
makes it impossible to confirm causality between BPA exposure and disease, 
and the risk of bias and confounding is quite high. The risk of bias and con-
founding is significantly lower in prospective epidemiological studies and the 
direction of the associations is often more certain, but unfortunately it is still 
impossible to prove causality also with this type of study design. Nevertheless, 
prospective studies are the best option available when it comes to evaluating 
potential risk of chemical exposure to human health. There are now dozens of 
prospective studies showing that exposure to BPA is associated with anxiety, 
depression, aggression, and hyperactivity in children (270) and fertility out-
comes in men and women, including lower sperm concentration, vitality, and 
motility and lower peak estradiol levels and decreased numbers of oocytes in 
women undergoing IVF (271).  
 
When it comes to metabolic outcomes, BPA exposure has been associated 
with MetS (272) and its components hypertension (273), insulin resistance, 
T2DM (274) and obesity, with rather conflicting results from different studies, 
especially when it comes to measures of obesity. Especially worrying is that 
links between BPA exposure and metabolic disorders are observed in children, 
too (177, 275-277). The National Center for Health Statistics, which is part of 
Centers for Disease Control and Prevention in the US administers NHANES, 
which is a continuous cross-sectional surveillance program to assess the health 
and nutritional status of the general US population. Data from NHANES is 
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comprehensive and freely downloadable for scientists to use in their research 
studies. There are some previous studies using NHANES data showing a link 
between BPA exposure and metabolic disorders such as obesity in both chil-
dren (177, 276) and adults (177, 278) diabetes (279, 280) and NAFLD in 
adults (281). However, to our knowledge, studies investigating associations 
between BPA exposure and dyslipidemia using NHANES data are scarce. In 
addition, most of the previous studies have only included one or a couple of 
the NHANES cycles. Therefore, the aim of the present study (paper IV) was 
to investigate potential associations between urinary BPA and dyslipidemia in 
US children and adults by performing a meta-analysis of data from six NA-
HES cycles from 2003 to 2014. We hypothesized that urinary BPA, as a sur-
rogate biomarker for BPA exposure, is linked to disturbed lipid metabolism. 
 
Our hypothesis was disproved, since our study did not reveal any associations 
between urinary BPA and any of the lipids examined (LDL-C, HDL-C, TC, 
TGs and ApoB). A consistent pattern of a negative association could be seen 
between BPA and all five investigated lipids, but none of these associations 
were significant following Bonferroni adjustment. With the large sample size 
(4,604 children and 10,989 adult participants) and the meta-analysis with thor-
ough statistical analysis, we should have had enough power to reveal existing 
associations between urinary BPA and lipid levels within these particular 
NHANES examination cycles. In agreement with our study, Lang et al. did not 
find any associations between urinary BPA and LDL-C or TGs in their analysis 
of the 2003-2004 examination cycle, despite evident associations with cardio-
vascular diagnoses and diabetes (282). In yet another study, including children 
only and using pooled data from NHANES cycles 2003 to 2010, no associations 
could be found between BPA and TC, HDL-C, LDL-C or TGs (276). In con-
trast, another study on data from NHANES cycles 2003–2008 did find associa-
tions between increasing levels of urinary BPA and increased TGs and de-
creased HDL-C levels, together with a positive association with the prevalence 
of MetS (272). In conclusion, it could be that single or a few examination cycles 
stand out and drive the associations, which in our meta-analysis are potentially 
leveled out. Also, BPA is a confirmed EDC, and there is mounting evidence 
from the literature, especially from experimental animal studies, that BPA can 
also disturb lipid metabolism; therefore, we believe that there is a true associa-
tion between BPA and obesity, diabetes, and dyslipidemia. However, there is a 
need for better well-planned prospective cohort studies with repetitive measure-
ments of total BPA (unconjugated in blood and conjugated in urine) in order to 
truly confirm the direction of the associations. 
 
Since our paper was published, a couple of studies have been published that 
have included a prospective follow-up in investigating associations between 
BPA exposure and dyslipidemia. A five-year prospective study on 574 adults 
reported that serum BPA at baseline was negatively associated with serum 
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levels of HDL-C and positively associated with LDL-C. In addition, the pro-
spective cohort analysis over the 5-year period showed that each SD increase 
in baseline serum BPA concentration was associated with a 2.8-fold higher 
risk of low HDL-C (283). In agreement with this study, a four-year follow-up 
study of 1872 participants showed that participants with high urinary BPA 
concentrations had higher LDL-C and TGs, when compared with those indi-
viduals that had low urinary BPA concentrations (284).  

BPA exposure and measurement 
A general problem with studying EDCs in epidemiological studies is the ab-
sence of unexposed controls. EDC exposure is ubiquitous, and it is impossible 
to identify study participants that are completely unexposed to BPA. One at-
tempt to assess chronic exposure could be to compare occupational exposure 
(selected occupations where individuals have documented high exposure) 
with environmental exposure (the general population). A number of studies 
report a greater risk for workers with high occupational exposure and sexual 
dysfunction in men, including for example decreased semen quality and al-
tered sex hormone levels (285). 
 
Much controversy has existed and still exists regarding the accurate measure-
ment of unconjugated BPA in blood. Concerns expressed involve the insensi-
tivity of the analytical methods used in different studies, possible contamina-
tion of solvents and reagents with BPA, and potential post-exposure contam-
ination (BPA leaching from materials used for sample collection and storage) 
(286-288). To address this controversy, four laboratories participated in a 
round-robin study to investigate if it is possible to analyze BPA without con-
tamination. They succeeded in identifying materials and reagents that do not 
introduce BPA contamination and developed sensitive and accurate methods 
for the direct quantification of unconjugated BPA and the major metabolite, 
BPA-G (243). In concordance, others that have reviewed biomonitoring data 
of BPA exposure conclude that BPA in fact can be accurately measured and 
that assay contamination is adequately controlled in most labs (242). 

Humans are exposed to many different EDCs simultaneously; this mixture ef-
fect could be a confounder in epidemiological studies where EDCs often are 
studied one by one. There are several EU projects that aim to develop im-
proved risk assessment to respond to these concerns, for example by develop-
ing models for exposure assessment and developing joint epidemiological-
toxicological approaches for mixture risk assessment and for prioritizing mix-
tures of concern. One of these projects is EDC-MixRisk (Integrating epidemi-
ology and experimental biology to improve risk assessment of exposure to 
mixtures of EDCs) (289). The results and actions of these EU projects, to-
gether with the expected introduction of a mixture assessment factor in 
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REACH by the European Commission will most likely facilitate risk assess-
ment and risk management of mixture exposure (150).  

Strengths and limitations of the epidemiological study (paper IV) 
In general, the main strength of cross-sectional studies, and much of the reason 
why they are so common, is that they are relatively quick and inexpensive to 
conduct. The main disadvantage is the risk of selection bias and the inability 
to determine causal inference between the exposure and outcome.  

Meta-analysis 
NHANES is a continuous cross-sectional study, i.e., each cycle should be re-
garded as a unique cross-sectional study. The main strength of the present 
study is the choice to perform a meta-analysis and thus analyze each NHANES 
examination cycle separately as a unique set of data. Previous studies using 
NHANES data for evaluating associations between urinary BPA and meta-
bolic disorders have included only one or a few examination cycles. In the 
latter, the data from the different survey cycles are often pooled, which can 
lead to false-positive findings and concealment of effects that actually exist 
amongst subgroups. One apparent limitation of meta-analyses is heterogeneity 
of findings, which of course makes it difficult to directly compile the results 
from the different studies.  

Potential confounders identified by causal directed acyclic graphs 
Another strength of the present study is that confounders were identified a 
priori and included using DAGs (Figure 5). In epidemiological studies, it is 
important to account only for the covariates that can be defined as confounders 
in order to receive the most accurate causal effect estimate. A covariate should 
be regarded as a confounder if it is a common cause for the exposure and the 
outcome. A covariate should not be adjusted for if it is a common effect of 
exposure and the outcome, i.e., a collider; neither should adjustment be made 
for an intermediate variable between the exposure and the outcome. Bias will 
be introduced if adjustment is made for covariates that are not defined as con-
founders (290). DAGs are qualitative causal path diagrams, which provides 
graphical criteria to identify suitable sets of covariates for potential adjust-
ment. This method for including potential confounders is increasingly used in 
various areas in epidemiological research (182).  

Measurement of BPA 
A weakness in NHANES is the evaluation of BPA exposure using only single 
spot urine samples, which is a poor proxy for chronic exposure. Thus, it is 
important that future studies of long-term effects of short-lived EDCs, like 
BPA, include serial measurements of BPA levels (both free in blood and con-
jugated in urine).
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Concluding remarks & future perspectives  

BPA has been intensively researched for more than 20 years, and the amount 
of evidence of harm from both experimental animal and human epidemiolog-
ical studies is overwhelming. One conclusion that can be drawn with certainty 
is that low doses of BPA can induce effects on hormone-sensitive organs in 
various animal models. The doses used in the experimental animal study in 
the present thesis are both considered low and relevant to human exposure. 
The lowest dose 0.5 µg/kg BW/day (BPA0.5) is much lower than the present 
EFSA TDI of 4 µg/kg BW/day and the dose that induced the greatest number 
of effects in the rat offspring. The higher dose, 50 µg/kg BW/day (BPA50) 
corresponds to FDAs current reference dose.  
 
The work presented in this thesis demonstrates that low doses of developmen-
tal BPA exposure can induce metabolic disruption in both female and male rat 
offspring (papers I–III) and in dams (paper III). We showed that a very low 
dose (BPA0.5) of BPA during development induces elevated plasma TGs in 
5-week-old male offspring and increased numbers of adipocytes in iWAT of 
5-week-old female offspring. In addition, both doses of BPA altered the 
mRNA expression of genes involved in lipid and adipocyte homeostasis, de-
pending on the tissue, dose, and sex (paper I). Furthermore, we showed that 
all of the effects of BPA on fatty acids were observed exclusively in male 
offspring of the lowest dose group (BPA0.5) (paper II). This very low dose 
of BPA increased SCD-1 indices, which is a desaturating enzyme, and altered 
the fatty acid composition for example by decreasing the levels of the essential 
fatty acid linoleic acid and increasing the most common saturated fatty acid, 
palmitic acid. This pattern of increased fatty acid indices and altered fatty acid 
composition has consistently been linked to insulin resistance and cardiomet-
abolic disease (204-206, 291). Further, a slightly higher body weight could be 
seen in 52-week-old female offspring in the BPA50 dose group compared with 
control animals (paper II). Lastly, we could also observe that the two differ-
ent doses of BPA had diverse effects on insulin secretion in isolated pancreatic 
islets, with BPA0.5 inducing insulin hypersecretion (increased) in both male 
and female offspring and in dams, and BPA50 inducing insulin hyposecretion 
(decreased) in both male and female offspring and in dams (paper III). 
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Earlier studies using NHANES data have reported associations between uri-
nary BPA levels and metabolic disorders including obesity, diabetes and 
NAFLD. One study has also found that higher urinary BPA levels are linked 
to elevated TGs and decreased HDL-C levels, together with the incidence of 
MetS (272), while others have found no associations (276, 282). We did not 
find any associations between urinary BPA levels and the five different lipid 
variables investigated (LDL-C, HDL-C, TC, TGs and ApoB) (paper IV). This 
was surprising considering the large sample size (4,604 children and 10,989 
adult participants) and design of the study including a meta-analysis with thor-
ough statistical analysis. However, the study is cross-sectional in nature; thus 
results should be clarified in carefully prospective cohort studies with repeated 
measurement of total BPA levels (unconjugated in serum and conjugated in 
urine). In fact, after our study was published a couple of prospective studies 
have been conducted showing associations between urinary and blood BPA 
levels and dyslipidemia (283, 284). Ultimately, BPA is a confirmed EDC, and 
it is quite evident from previous studies, especially from experimental animal 
studies that BPA can also disturb lipid metabolism; therefore, we believe that 
there is a true association between BPA exposure and obesity, diabetes, and 
dyslipidemia. We hope that the methods used in the present study (paper IV) 
can inspire others to investigate NHANES data using meta-analysis where 
each examination cycle is considered as a unique study. Ideally, a comprehen-
sive study similar to NHANES should be designed but with prospective fol-
low-up on EDC exposure with repetitive measurements, together with various 
well-described health outcomes that are relevant to human disease.     

Humans are continuously exposed to mixtures of environmental chemicals in 
their everyday life (the cocktail effect). Therefore, in recent years the focus 
has and should also in future studies be on studying links between mixtures of 
EDCs and negative health effects. Additionally, it is important to study envi-
ronmentally relevant levels (within the range of internal levels in humans). 
Further, through political will, strengthening of existing regulations and leg-
islation, together with the safe substitution of harmful chemicals will limit hu-
man exposure further. However, substitution is evidently a difficult task, as 
seen with the regrettable substitution of BPA for other bisphenols with prob-
ably the same endocrine-disruptive properties.   

In conclusion, based on reviewed data from previously published studies and 
the results of the present thesis, it can be concluded that exposure to BPA, 
which is a known EDC, is likely to contribute, along with genetic, social, and 
behavioral factors, to the development of metabolic diseases in society, and 
thus BPA should be regarded as an MDC. 
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Svensk sammanfattning/Swedish summary 

Metabolismstörande kemikalier 
Metabola störningar som fetma, typ 2-diabetes, fettlever och det metabola 
syndromet ökar i en alarmerande takt världen över, även i utvecklingsländer. 
En individs genetiska bakgrund, tillsammans med ett ökat välstånd med lät-
tillgänglig och energität mat, samt en livsstil med begränsad fysisk aktivitet 
har varit de allmänt accepterade förklaringarna till epidemin av metabola sjuk-
domar som observerats under de senaste decennierna. Idag finns dock bety-
dande bevis att andra miljöfaktorer, däribland exponering för miljögifter, kan 
bidra till den snabba ökningen av förekomsten av dessa metabola sjukdomar 
(2). Särskilt växande oro rapporterar forskare angående exponering för hor-
monstörande kemikalier under utvecklingen när endokrina organ utvecklas 
och organiseras.  

Hormonstörande kemikalier är syntetiskt framställda kemikalier som kan 
störa syntes, utsöndring, transport, metabolism, bindning till receptorer och 
eliminering av naturliga hormoner i kroppens olika endokrina system. Precis 
som hormoner så kan dessa kemikalier verka och ge effekter vid väldigt låga 
doser medan högre halter kan resultera i en annan effekt, eller ingen effekt 
alls. Detta kallas på engelska för non-monotonic dose response curves, vilka 
är vanligt förekommande för hormoner, näringsämnen, vitaminer och läkeme-
del, dessutom finns nu övertygande bevis för att detta förekommer även för 
hormonstörande kemikalier (292). Vi människor är konstant exponerade för 
hormonstörande kemikalier i vår vardag och de återfinns i princip överallt i 
miljön. Den vanligaste exponeringsvägen för oss är via mat då hormonstö-
rande kemikalier kan läcka från matförpackningar, men vi kan också bli ex-
ponerade via damm, vatten, luft, och genom hantering av kassakvitton och 
användning av hudvårdsprodukter. 
 
En omfattande forskningsstudie visar att hälsoeffekter av exponering för hor-
monstörande ämnen kostar 157 miljarder Euro årligen för länderna inom EU. 
Denna siffra är högst troligt en underskattning eftersom endast ett fåtal hor-
monstörande kemikalier och hälsoeffekter kunde inkluderas i studien (11). 
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Bisfenol A (BPA) – en hormon- och 
metabolismstörande plastkemikalie 
Under de senaste 20 åren har bisfenol A (BPA) blivit en av de mest välstude-
rade hormonstörande kemikalierna. Detta på grund av en fortsatt hög produkt-
ionsvolym, bred användning i en mängd olika produkter och exponering som 
dokumenterats i människor över hela världen. Redan år 1936 upptäckte man 
att BPA hade östrogena egenskaper och BPA utvärderades då för användning 
i läkemedel. BPA jämfördes då med dietylstilbestrol (DES) som visades vara 
mer potent och valdes därför istället. Från 1950-talet började man även an-
vända DES som ett tillväxthormon i djurindustrin men denna användning 
stoppades efter några år då man upptäckte spår av DES i animaliska produkter. 
I mitten av 1900-talet gavs DES till gravida kvinnor i USA och Europa, men 
i begränsad omfattning i Sverige, för att förhindra missfall och förtidig födsel. 
Det har uppskattats att mellan 5 och 10 miljoner människor blev exponerade 
för DES, dessa inkluderar då dels kvinnor som tog läkemedlet samt döttrar 
och söner vars mammor tog DES under graviditeten. Senare studier har visat 
att döttrarna löper stor risk att drabbas av bröstcancer, en ovanlig typ av vagi-
nal cancer och infertilitet (293). Det har också visat sig att sönerna har större 
risk att utveckla prostatacancer och missbildningar på könsorganen (294).  

DES-tragedin är fortfarande ett av de främsta exemplen på kopplingen mellan 
hormonstörning under fostrets utveckling och negativa hälsoutfall uppkomna 
senare i livet. Detta kom senare att bli ett exempel på David Barkers foster-
miljöhypotes, DOHaD (Developmental Origins of Health and Disease), som 
myntades på tidigt 1990-tal och som idag är ett väletablerat koncept för många 
olika exponeringar tidigt i livet och utveckling av senare sjukdom. Det har 
identifierats många känsliga fönster under utvecklingen vilka kan påverkas av 
exponering för olika miljöfaktorer, inklusive hormonstörande kemikalier, och 
tidig exponering har kopplats till negativa hälsoeffekter på både kort och lång 
sikt. Även små förändringar i endokrina system under utvecklingen kan leda 
till omfattande skadliga effekter senare i livet.  

Exponering och verkningsmekanism 
Idag används BPA framförallt vid framställning av polykarbonatplast och 
epoxi men också som tillsatts i många andra typer av plaster. BPA återfinns 
därför i många olika produkter och material som exempelvis plastflaskor, mat-
lådor, elektronik, byggmaterial, material som används för att renovera vatten-
rör, s.k. relining, tandfyllnadsmaterial, skyddande ytbehandling på insidan av 
förpackningar för livsmedel (t.ex. insidan av konserv- och läskburkar) och på 
ytan av utskriftspapper för termoskrivare (t.ex. kassakvitton och biljetter). Vi 
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blir främst exponerade via mat och dryck som förvarats i behållare som inne-
håller BPA och då speciellt vid uppvärmning, om behållaren är repad eller 
skadad och om maten har ett lågt pH (t.ex. tomatsås). När man får i sig BPA i 
kroppen via mat eller dryck så absorberas det från mag-tarmkanalen till me-
senteriska blodkärl och transporteras sedan till levern där en första fas meta-
bolism sker. BPA konjugeras där främst till två olika metaboliter, BPA-glu-
kuronid och BPA-sulfat. Den största delen av dessa två metaboliter utsöndras 
sedan från kroppen via njurarna och urin, studier har dock visat att BPA-glu-
kuronid kan återfinnas i blod (105, 295), vilket innebär att utsöndringen inte 
är fullständig alla gånger. Metabolismen av BPA minskar betydligt halten av 
fritt (okonjugerat) BPA i blodet. Dock har både experimentella djurstudier och 
epidemiologiska studier visat att denna metabolism inte är helt fullständig, en 
del fritt BPA blir alltså kvar i cirkulationen. Detta kan ske speciellt då man 
exponeras för BPA via huden eller vid inandning (95, 251). En tredje metabo-
lit som bildas i små mängder vid metabolism av BPA är 4-methyl-2,4-bis(4-
hydroxyphenyl)pent-1-ene (MBP) som är 250-1000 gånger mer potent än 
BPA (106-108).  

En upptäckt som ytterligare ökar komplexiteten kring metabolism av BPA är 
att metaboliterna kan dekonjugeras och återgå till den aktiva formen av BPA 
i vissa vävnader, detta kan exempelvis ske under graviditet på grund av när-
varon av dekonjugerande enzymer i moderkakan och fostervävnader (109, 
110). Med sin molekylstruktur passar BPA in i bindningsfickan på både östro-
genreceptor alfa och beta. Den mest välstuderade verkningsmekanismen för 
BPA är just dess östrogena effekt men dess endokrina verkningssätt är mycket 
mer komplex. BPA kan exempelvis också verka som en agonist för G-prote-
inkopplad receptor 30 (GPR30/GPER) (296), antagonist för tyreoideahor-
monreceptorer (297) och binda till andra receptorer som östrogen-relaterade 
y-receptorn (298) och Ah-receptorn (73). 

Lågdoseffekter och lagstiftning 
Lågdoseffekter av kemikalier är något man traditionellt sett inte förväntat sig 
när man riskvärderat kemikalier eftersom man utgått från principen ”ju högre 
koncentration desto mer toxiskt” (Eng. ”the dose makes the poison”). Inom 
riskbedömning testar man i djurstudier ofta höga doser och undersöker vid 
vilken dos kemikalien inte längre är toxisk, därefter dividerar man den dosen 
med osäkerhetsfaktorer för att få fram en dos som är säker för oss människor 
att exponeras för dagligen (det tolerabla dagliga intaget, TDI). Detta tillväga-
gångssätt fungerar för kemikalier som är klart toxiska, i.e., som inte ger några 
allvarliga effekter vid låga doser. Däremot fungerar detta inte för hormonstö-
rande kemikalier vars effekter kan uppvisa non-monotonic dose response cur-
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ves. Forskare världen över föreslår nu därför att detsamma bör gälla för hor-
monstörande ämnen som för cancerogena ämnen, att inga gränsvärden för sä-
ker exponering ska tolereras. Inom Europas kemikalielagstiftning REACH 
(registrering, utvärdering, tillstånd och begränsningar) har man kommit en bra 
bit på vägen när det gäller reglering av hormonstörande kemikalier och där är 
man överens om att inga gränsvärden för bekräftade hormonstörande kemika-
lier ska finnas. 
 
Det som ytterligare komplicerar riskbedömning är att vi är exponerade för 
flera hormonstörande kemikalier samtidigt. Vissa kan ha samma effekt medan 
andra har motsatta och kan på så sätt försvaga eller förstärka den totala effek-
ten av exponeringen, detta kallas för ”kumulativa effekter” eller ”cocktailef-
fekter”. Den mesta delen av kunskapen vi har kring kemikalier kommer från 
studier där man studerat kemikalierna en och en, var för sig. EU-kommiss-
ionen presenterade under 2020 en ny ambitiös kemikaliestrategi vars syfte är 
att förbättra skyddet för människor och miljön från skadliga kemikalier med 
åtgärder som bland annat rör hur man på ett bättre sett ska implementera re-
glering av cocktaileffekter av hormonstörande kemikalier i lagstiftningen 
(150).  

Den stora mängd forskningsstudier som visar att BPA är kopplat till olika ne-
gativa hälsoutfall har lett till regleringar och förbud av BPA i olika material 
och produkter. Det som kom först var ett förbud mot BPA i nappflaskor inom 
EU från år 2011. Frankrike är det land som gått före alla andra länder och 
förbjöd år 2013 all produktion, import och export av matförpackningar som 
innehåller BPA. Under 2015 sänktes TDI för BPA inom EU från 50 µg/kg 
kroppsvikt/dag till 4 µg/kg kroppsvikt/dag och detta gränsvärde kan komma 
att sänkas ytterligare då det nu pågår en ny utvärdering av den senaste genom-
förda studierna på BPA. År 2016 förbjöds epoxibaserade material innehål-
lande BPA vid renovering av vattenledningar i Sverige, då man hade upptäckt 
oönskade nivåer av BPA i dricksvattnet. BPA blev uppsatt på kandidatlistan 
över särskilt farliga ämnen (SVHC) inom REACH på grund av dess reprotox-
iska egenskaper år 2017 och i juni samma år blev den statusen uppdaterad till 
att även innefatta hormonstörande egenskaper för människors hälsa. I januari 
2018 blev statusen ytterligare uppdaterad för att även inkludera hormonstö-
rande egenskaper för miljön. Ny EU-lagstiftning som trädde i kraft under 2018 
innebär att gränsvärden för BPA i material och produkter har sänkts kraftigt i 
hela EU. Bland annat så är det nu förbjudet att producera material och pro-
dukter som kan överföra BPA till livsmedel som riktar sig till barn mellan 0 
och 3 år. I januari 2020 kom restriktioner gällande termopapper (används för 
att göra kassakvitton och biljetter) som innehåller BPA och det är nu förbjudet 
att sälja termopapper som innehåller 0.02 % eller mer per viktenhet. I januari 
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2021 började ett nytt dricksvattendirektiv gälla inom EU där gränsvärden in-
förts för fler hormonstörande och kemiska ämnen, inklusive BPA, och Sverige 
har nu 2 år på sig att införa direktivet i svensk lagstiftning. 

”BPA-fria” produkter 
När en kemikalie förbjuds eller regleras, som i fallet med BPA, så finns en 
stor risk att den kemikalien byts ut mot en annan i samma grupp av kemikalier 
(eng. regrettable substitution). Det finns idag många produkter på marknaden 
som är märkta ”BPA-free”, tyvärr visar studier att medan nivåer av BPA mins-
kar i blodet hos människor världen över så ökar nivåer av andra bisfenoler. År 
2017 identifierade Kemikalieinspektionen i Sverige över 200 kemiska ämnen 
på den europeiska marknaden som har en kemisk struktur som liknar BPA och 
37 av dessa ämnen misstänks ha liknande hormonstörande egenskaper som 
BPA. Bisfenol S (BPS) och bisfenol F (BPF) är de två huvudsakliga bisfenoler 
som ersatt BPA. Studier har visat att även dessa har hormonstörande egen-
skaper med liknande östrogena, androgena och antiandrogena effekter i olika 
in vitro tester (299) och båda kan påverka signalvägar som är involverade i 
lipidmetabolism och utvecklingen av fettceller (300). I och med EU:s nya ke-
mikaliestrategi kommer ett nytt ”safe-and-sustainable-by-design” kriterium 
för kemikalier att utvecklas. Detta kommer säkerställa ekonomiskt stöd för 
utveckling och framställning av säkra och hållbara kemikalier. Troligtvis 
kommer detta leda till en betydligt lägre risk för ”regrettable substitution” av 
kemikalier. Dessutom kommer riskbedömningsprocessen av kemikalier 
mycket troligt att se annorlunda ut i framtiden. Hittills har man riskbedömt en 
kemikalie i taget men i och med den nya kemikaliestrategin kommer metoder 
utvecklas som kommer underlätta riskbedömning av grupper av kemikalier 
med liknande egenskaper (150).  

Avhandlingens syfte och resultat 
Det övergripande syftet med denna avhandling har varit att experimentellt och 
epidemiologiskt undersöka om exponering för den hormonstörande kemika-
lien BPA kan ge upphov till metabola störningar. I den experimentella djur-
studien exponerades råttor för låga doser av BPA (0,5 µg BPA/kg kropps-
vikt/dag eller 50 µg BPA/kg kroppsvikt/dag) under dräktighet och laktation. 
En grupp ungar avlivades efter 5 veckor och den andra efter 52 veckor och 
vävnader togs om hand för analys av potentiella metabola effekter (artikel I-
III). Generellt visade resultaten att hon -och hanråttor som exponerats under 
utvecklingen uppvisade olika känslighet för de två olika doserna av BPA. 
Sammanfattningsvis så inducerade den lägsta dosen, 0.5 µg BPA/kg kropps-
vikt/dag, flest effekter med bland annat förhöjda triglyceridnivåer i blodet hos 
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hanar, ökade antal fettceller (hyperplasi) i vit fettvävnad hos honor, ökat fett-
syreindex och förändrad fettsyresammansättning hos hanliga avkommor. Vi-
dare förändrade båda BPA doserna insulinsekretionen i de langerhanska öarna 
från hanliga och honliga avkommor och från deras mamma. Det ökade fett-
syraindexet, tillsammans med den förändrade fettsyresammansättningen och 
den förändrade insulinsekretionen kan vara tidiga riskfaktorer för utveckl-
ingen av diabetes. Dessutom, beroende på vävnad, dos och kön, så förändrade 
BPA uttrycket av gener involverade i homeostas av lipider och fettceller. 

Syftet med den epidemiologiska studien var att undersöka potentiella associ-
ationer mellan BPA nivåer i urin och dyslipidemi (förändrade nivåer av trig-
lycerider, total kolesterol, LDL-kolesterol, HDL-kolesterol och apolipopro-
tein B) hos vuxna och barn genom att utföra en meta-analys av 6 undersök-
ningscykler från 2003 till 2014 i NHANES (National Health and Nutrition 
Examination Survey) (artikel IV). NHANES är ett kontinuerligt tvärsnittsö-
vervakningsprogram i USA med syftet att utvärdera hälsa och näringsstatus 
hos den allmänna amerikanska befolkningen. Eftersom tidigare djurstudier vi-
sat att olika doser av BPA kan förändra lipidprofilen var vår hypotes att urin-
nivåer av BPA, som en surrogatbiomarkör för BPA exponering, skulle vara 
positivt associerad med triglycerider, total kolesterol, LDL-kolesterol och 
apolipoprotein B och negativt korrelerad med HDL-kolesterol som är klassat 
som det goda kolesterolet. Vår hypotes blev motbevisad eftersom vi inte 
kunde observera några associationer mellan BPA nivåer i urin och nivåer av 
de 5 olika lipiderna. Dock bör nämnas att studien är en meta-analys av tvär-
snittsdata med bara ett mätvärde av BPA i urin per individ, och därför vore 
resultatet mer tillförlitligt om det utvärderades i noggrant utformade prospek-
tiva kohortstudier med upprepade BPA-mätningar. I en ideal studie skulle man 
behöva utföra inte bara upprepade mätningar av BPA i urin utan även i blodet 
för att få en bättre bild över den totala BPA exponeringen hos en individ.  

Sedan vår artikel publicerades har ett par studier med prospektiv design pub-
licerats som utvärderat associationer mellan BPA och dyslipidemi över tid. I 
en studie på 574 vuxna som följdes över fem år var nivåer av BPA i serum 
negativt associerade med serumnivåer av HDL-kolesterol och positivt associ-
erade med serumnivåer av LDL-kolesterol. Dessutom visade denna studie att 
en ökning av BPA-nivåer med en standardavvikelse var associerad med en 2,8 
gånger högre risk för låga nivåer av HDL-kolesterol (283). HDL-kolesterol är 
generellt klassat som det goda kolesterolet eftersom det är med och transpor-
terar bort andra skadliga former av kolesterol från blodet. I överensstämmelse 
med denna studie visade en fyra års uppföljningsstudie av 1872 deltagare att 
individer med höga BPA-koncentrationer i urinen även hade höga nivåer av 
LDL-kolesterol och triglycerider, jämfört med de individer som hade låga 
BPA-koncentrationer (284).  
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Tidigare studier som analyserat associationer mellan BPA exponering och li-
pider med hjälp av NHANES data har ofta inkluderat bara en eller ett fåtal 
undersökningscykler, och i de fall då flera cykler inkluderats har data slagits 
samman från de olika cyklerna vilket kan medföra bias och därmed otillförlit-
liga resultat. Vi valde istället att utföra en meta-analys där vi behandlade varje 
undersökningscykel som en egen studie (p.g.a. NHANESs tvärsnittsdesign). 
Vi hoppas att denna artikel (artikel IV) kan uppmuntra forskare att utvärdera 
NHANES-data genom metaanalyser istället för att slå samman data från olika 
undersökningscykler. 

Slutsats 
Resultaten från den experimentella djurstudie i denna avhandling adderar till 
den stora mängden studier som visar att exponering för låga doser av BPA 
under utvecklingen kan ge upphov till metabola störningar. Det som är unikt 
med just denna studie är att den lägsta dosen, 0,5 µg BPA/kg kroppsvikt/dag, 
som gav upphov till flest antal effekter, är lägre än vad andra utvärderat i sina 
forskningsstudier och jämförbar med vad vi människor exponeras för dagli-
gen. Dosen är också betydligt lägre än EFSAs (Europeiska myndigheten för 
livsmedelssäkerhet) nuvarande tolerabla dagliga intag för BPA på 4 µg/kg 
kroppsvikt/dag inom EU. Dessutom är forskning kring just metabola stör-
ningar från hormonstörande kemikalier ett relativt nytt forskningsområde och 
metabola effekter av en så låg dos av BPA som i denna studie är tidigare okänt. 
 
Vi observerade inga associationer mellan urinnivåer av BPA och förändrade 
lipidnivåer i den epidemiologiska studien baserad på NHANES data. Därför 
kan vi inte utifrån vår studie säga att BPA exponering är kopplad till metabola 
störningar, men detta gäller bara denna specifika studie. BPA är en bekräftad 
hormonstörande kemikalie, och det finns bevis från litteraturen, särskilt från 
djurförsök att BPA också kan störa lipidmetabolismen; därför tror vi att det 
finns en sann koppling mellan BPA exponering och fetma, diabetes och dysli-
pidemi. När det gäller human data finns det dock ett behov av bättre välplane-
rade prospektiva kohortstudier med upprepade mätningar av kortlivade hor-
monstörande kemikalier som BPA (okonjugerad i blod och konjugerad i urin) 
för att kunna fastställa de sanna associationerna mellan BPA exponering och 
hälsoutfall hos människor. 

Utifrån granskad data från tidigare publicerade artiklar och resultaten i denna 
avhandling kan slutsatsen dras att exponering för BPA, som är en känd hor-
monstörande kemikalie, sannolikt är bidragande, tillsammans med genetiska, 
sociala och beteendefaktorer, till utvecklingen av metabola sjukdomar i sam-
hället och att den därför bör klassas som en metabolism störande kemikalie. 
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