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ABSTRACT  

Background: The endocrine-disrupting chemical bisphenol A (BPA) is suggested to 

have a potential role in the development of obesity and metabolic disorders.  Human 

exposure occurs worldwide and the developmental period seems to be particularly 

sensitive, even to very low doses. In January 2015 the European Food Safety Authority 

(EFSA) lowered the tolerable daily intake (TDI) from 50 μg/kg bw/day to 4 μg/kg 

bw/day. Ingestion of BPA-contaminated food is the main route of exposure and 

biotransformation occurs in the liver. Little is known about the effects of BPA exposure 

on basal metabolic rate and hepatic homeostasis. 

Objectives: This study aimed to investigate potential alterations on hepatic gene 

expression and hepatic lipid accumulation due to low-dose perinatal BPA 

developmental exposure. 

Methods: Pregnant Fischer 344 rats were exposed to a lower dose (0.5 μg/kg bw/day) 

and a higher dose (50 μg/kg bw/day) of BPA via their drinking water during gestation 

and lactation until weaning. The offspring were exposed in utero and during lactation. 

They were sacrificed at five weeks of age. Liver mRNA gene expression was measured 

using qPCR and potential lipid accumulation in the liver was examined using image 

analysis (ImageJ) of micrographs of tissue sections. 

Results: Perinatal exposure to BPA altered the mRNA expression in males.  The 

mRNA levels of the pro adipogenic transcription factor CCAAT/enhancer binding 

protein, alpha (C/EBP-α), were 26% lower in higher-dose exposed males compared to 

controls (p=0.05). No significant effects on mRNA expression were seen in females. 

Liver lipid accumulation was not significantly altered by BPA exposure.  

Conclusion: Perinatal low-dose BPA exposure (0.5 and 50 μg/kg bw/day), altered 

hepatic expression of one gene involved in adipogenic transcription in the juvenile male 

offspring. The results support the potential role of low-dose BPA exposure on metabolic 

homeostasis and it might be of concern with regard to the currently allowed TDI and the 

ubiquitous exposure among humans. 
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1.      INTRODUCTION  

Exposure to the endocrine-disrupting chemical bisphenol A (BPA) before birth has been 

shown to induce lipid accumulation in mice and rats (Somm et al. 2009; van Esterik et 

al. 2014). While it is not yet fully understood what is causing the current worldwide 

obesity pandemic, (see section 1.1.1), this relationship has become a crucial area to 

investigate. Several studies suggest that BPA is associated with the development of 

obesity in humans (Shankar et al. 2012; Song et al. 2014). Obesity is a part of the so-

called metabolic syndrome (MS). In the MS independent risk factors for cardiovascular 

disease are present together, and making the risk for disease even higher, and having 

adverse effects on the body and  human health in many different ways (Ogden et al. 

2014). The liver is one of the organs that may be affected by overweight. It has multiple 

vital functions in the body and thus an abnormally working liver can have serious 

consequences (Adams et al. 2009). The liver may, besides being affected of obesity 

itself, also be directly influenced by BPA, with altered hepatic functions as an outcome. 

Given that exposure to BPA is widespread, this is an important topic to examine further.  

1.1   BACKGROUND 

1.1.1   OBESITY: A PUBLIC HEALTH PROBLEM 

Obesity is a worldwide public health problem. Alarming reports from the World Health 

Organization (WHO) suggests that a majority of the world's population lives in 

countries where more people die from overweight than from underweight (World 

Health Organization 2014). An increasing number of studies in this area indicate that 

this is not solely due to a high-energy food intake and low physical activity level (Keith 

et al. 2006). Another factor suggested to contribute to this phenomenon is endocrine 

disrupting chemicals (EDCs) and early life exposure of EDCs may result in overweight 

later in life (Vom Saal et al. 2012). EDCs acting in this manner are so-called obesogens 

(Grun & Blumberg 2006).  

1.1.2   BISPHENOL A 

BPA is a chemical produced in high volumes. It is found in several consumer products, 

commonly as an additive in plastic material due to properties relating to transparency 

and malleability. A large amount is manufactured as polycarbonate and epoxy resins 

and is incorporated in many containers made for food and beverages. Polycarbonate is 
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composed of long BPA chains that can be broken down into monomers upon heating, 

UV radiation, and acid contact as well as with age. Other common sources of BPA are 

epoxy linings of metal cans, receipt paper and dental sealants. The substance can 

migrate from those materials in small amounts and enable human exposure primarily 

through ingestion, but also through inhalation and dermal uptake (Geens et al. 2011; 

Kang et al. 2006). Infants can be exposed through the mother via breast milk and 

gestational exposure, as BPA can cross the placenta (Balakrishnan et al. 2010; Kuruto-

Niwa et al. 2007; van Esterik et al. 2014).  

1.1.2.1   Pharmacodynamics and kinetics 

The half-life of BPA is relatively short due to rapid biotransformation in the body, but 

excreted BPA is almost always detectable in human urine samples (Calafat et al. 2008). 

Since elimination and daily intake is believed to be the same, it reflects frequent 

exposure (Lakind et al. 2012; Olsen et al. 2012; Zhang et al. 2011). The major 

absorption of BPA after ingestion occurs in the intestine, but BPA has also been shown 

to be absorbed sublingually. Hepatic biotransformation is avoided in the latter case. It 

implies direct concentrations of BPA in the mouth cavity with buccal absorption via the 

mucosa, leading to direct uptake across the capillary wall and further transport to the 

heart via the internal jugular vein. This route of exposure does not involve first-pass 

metabolism (Gayrard et al. 2013). However, BPA absorbed by the rest of the 

gastrointestinal (GI) tract undergoes first-pass metabolism in the liver where the main 

part becomes conjugated with glucuronic acid to form an inactive monoglucuronide 

fraction. The glucuronidation is performed by the enzyme UGT2B1 (Rat UDP-

glucuronosyltransferase) in rats. The conjugated BPA (BPA-glucuronide) then leaves 

the body, mainly through urine excretion in humans and in rats mainly via the bile and 

feces (Pottenger et al. 2000; Volkel et al. 2002). An enzyme called β-glucuronidase, 

present in the intestine, has the ability to deconjugate the inactive form of BPA and 

make it active again, which means that not necessarily all BPA transported via the bile 

from the liver to the intestine is excreted. This enzyme is found within various tissues 

and has also been shown to be present in the human placenta (Nahar et al. 2013).  

It has long been known that BPA has endocrine properties (Dodds & Lawson 1938); 

BPA binds to estrogen receptors, and it can also bind to many other receptors inside and 

outside of the nucleus; the thyroid hormone receptor, androgen receptor, G protein-
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coupled receptor 30, estrogen related receptor gamma, peroxisome x receptor, aryl 

hydrocarbon receptor and pregnane-X-receptor. The consequences are that BPA can 

emulate or antagonize endogenous hormones, affect transcription factors, and thus 

impact gene regulation (Kim et al. 2014; Richter et al. 2007; Wetherill et al. 2007).  

1.1.2.2   Epigenetics 

BPA exposure can cause epigenetic modifications in both humans and animals resulting 

in altered gene expression patterns (Anderson et al. 2012; Dhimolea et al. 2014; 

Westhoff et al. 1990). Epigenetics involves changes in gene expression and phenotype 

that are not due to actual alterations in the DNA sequence. Instead, the mechanisms are 

explained by DNA-methylation, histone-modifications or RNA-based gene silencing. 

Methylation can silence gene expression and entails the addition of a methyl group to 

one of the building blocks of DNA, cytosine, within a cytosine-phosphate-guanine 

position. Hypomethylation is also possible and entails increased gene expression. In 

addition, histone modification may affect how tightly wrapped the DNA is around the 

histones and thus how susceptible the genes are to activation. Furthermore, noncoding 

RNA such as micro RNA can block the translation of mRNA and also cause transcript 

degradation. Interestingly, although epigenetics does not affect the DNA sequence 

itself, the epigenetic effects can be inherited trans-generationally (Inbar-Feigenberg et 

al. 2013). 

1.1.3   A POSSIBLE LINK BETWEEN BPA AND OBESITY 

Enhanced susceptibility to alterations caused by BPA seems to exist during the 

developmental period, which may result in deleterious and irreversible effects later in 

life (Bateson et al. 2004). Animal studies indicate relationships between exposure of 

BPA during pre- and neonatal periods and obesity later in life, but the results are not 

consistent (Ronn et al. 2013; Somm et al. 2009; van Esterik et al. 2014; Wei et al. 

2011). Some epidemiological studies demonstrate associations between BPA and 

overweight and thereby support the theory of a relationship (Shankar et al. 2012; Song 

et al. 2014). As long as gaps are still present in epidemiological support for associations 

between human exposure to EDCs, including BPA, and obesity, there are present needs 

for more studies (World Health Organization & United Nations Environment 

Programme 2012). 
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1.2   THE LIVER: A METABOLIC KEY ORGAN 

The liver, the largest gland in the body, is a key organ in detoxification and it has an 

important role in the homeostasis of the whole body. All the blood leaving the GI tract 

reaches the liver via the portal vein. Detoxification of xenobiotic substances occurs in 

the liver by various enzymes in the hepatocytes. Xenobiotics are most often broken 

down to water soluble metabolites, which can be transported to the blood and then to 

the kidneys for excretion. The first-pass effect most commonly occurs in the liver and 

because of this function the liver protects other organs from the xenobiotics, since toxic 

substances do not reach the systemic circulation and are available for other organs until 

they enter the left side of the heart (Jaeschke 2010). Sometimes, instead of being 

excreted, chemicals may be trapped into enterohepatic circulation. The substance then 

travels from the GI tract to the portal blood, to the liver, into the bile, and then back to 

the GI tract. This phenomenon may continue for a long time (Jaeschke 2010). 

1.2.1 FAT METABOLISM IN THE LIVER 

The fat metabolism in the liver is a greatly synchronized process, where nuclear 

receptors and transcription factors control many steps. Malfunctions of such hepatic 

reaction pathways may lead to metabolite accumulation or altered nuclear receptor 

sensing, which can result in impaired liver function and further development into 

pathological states (Nguyen et al. 2008).  

Lipid metabolism carried out by the liver includes several important pathways such as 

formation and uptake of energy-binding fatty acids. Energy-yielding oxidation of 

triglycerides to release fatty acids and enable degradation also occurs here during 

fasting, when glucose is unavailable. Lipoproteins (for instance high-, low-, and very 

low-density lipoprotein) and chylomicrons are important for the transport of 

triglycerides in the blood and synthesis of lipoproteins takes place in the liver. Hepatic 

export of fatty acids and triglycerides occurs when the carbohydrate and protein depots 

are full. Cholesterol, which enables the formation of bile acids and bile salts, as well as 

phospholipids are synthesized in the liver. Additionally, the overall fat metabolism is 

regulated by fatty acids attaching to nuclear receptors, for instance Peroxisome 

Proliferator-Activated Receptor alpha (PPARα), which impacts gene expression 

(Nguyen et al. 2008).  
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1.2.2   OBESITY IS HARMFUL FOR THE LIVER  

Fat accumulation in different organs is one of the consequences of obesity. When fat 

ectopically starts to accumulate in the liver, it may result in defect metabolic functions, 

such as insulin resistance in diabetes. This disease may in turn, as a part of the 

metabolic syndrome, or individually, result in other complications such as 

cardiovascular diseases. Fat accumulation in the liver is also related to non-alcoholic 

fatty liver disease (NAFLD). This disease may develop into nonalcoholic steatohepatitis 

(NASH) as a result of excessive fat accumulation and inflammation (Adams et al. 

2009).  

1.2.3   EXPOSURE TO BPA MAY RESULT IN HEPATIC EFFECTS 

Perinatal exposure to BPA leads to an altered intrauterine environment and may result 

in adverse effects on the liver. Although there are not many human studies done on BPA 

and its effects on the liver, liver specimens from human fetuses were analyzed in a 

study, and altered BPA metabolism was observed compared to adult liver controls 

(Nahar et al. 2013). Some studies with perinatally or juvenile-exposed animals display 

an impact of BPA on liver homeostasis, such as altered gene expression and 

accumulation of fat (Jiang et al. 2014; Marmugi et al. 2012; Ronn et al. 2013; Somm et 

al. 2009; Wei et al. 2014). The lack of understanding of how low doses of BPA might 

affect the liver leaves this field relatively uninvestigated so far. 

1.3   REGULATORY ASSESSMENTS OF BPA 

The tolerable daily intake (TDI) of BPA set by the European Food Safety Authority 

(EFSA) has earlier been 50 µg BPA/kg bw/day and was temporarily lowered in 2014 to 

5 µg BPA/kg bw/day (European Food Safety Authority 2014). In January 2015 EFSA 

lowered the TDI and it was determined to 4 µg BPA/kg bw/day (European Food Safety 

Authority 2015). The US Food and Drug Administration (FDA) estimates the no 

observed adverse effect level (NOAEL) at 5 mg/kg bw/d and their calculated acceptable 

daily intake (ADI) is 50 μg/kg/day (Aungst 2014). However, a growing body of BPA 

animal studies suggest that doses well below the TDI may have adverse effects, 

especially if exposure occurs prior to birth, as BPA works non-monotonically and does 

not necessarily follow a linear dose response curve (Vandenberg 2014; Vom Saal et al. 

2012).  
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1.4   AIM OF THE STUDY 

People are constantly and chronically exposed to low doses of BPA and the risk for 

adverse effects increases if it occurs during early development. This and the fact that 

BPA exposure has been linked to the ongoing obesity epidemic with its associated life-

threating consequences entails that there is a need for more comprehensive studies on 

effects caused by BPA exposure. The primary aim of this study was therefore to analyze 

potential effects of low-dose BPA exposure in utero and until weaning. The main focus 

of this master thesis was to investigate hepatic gene expression implicated in liver 

homeostasis and the potential effect of liver adipose accumulation in five week old 

Fischer 344 rats (F344), exposed to low doses of BPA during development.  

This study was conducted as a part of a more comprehensive study where the siblings of 

the five week old individuals in the present study will be sacrificed and analyzed at 52 

weeks of age. 
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2.      MATERIALS AND METHODS 

2.1   THEORY  

2.1.1 REAL-TIME QUANTITATIVE POLYMERASE CHAIN REACTION (qPCR) 

The expression of different genes can be studied with qPCR on the mRNA level by 

starting with extracting RNA and converting it into complementary DNA (cDNA). 

qPCR compared to PCR implies the possibility of determining at what cycle the product 

emerges and the quantification of the product after each cycle. This makes it possible to 

compare mRNA-expressions from different genes and tissues. Each cycle in qPCR 

consists of three steps: denaturation, annealing and extension. In the first step, a high 

temperature is used to separate the double stranded (ds) cDNA. The second step allows 

the primers to bind to the cDNA at their complementary binding sites. In the final step, 

the replication of the target sequence occurs by primer extension (Bio-Rad Laboratories 

2006; Life Technologies Corporation 2012).  

2.1.1.1   The qPCR-method 

SsoFast
TM

EvaGreen
®
Supermix used in this study is a cocktail of components needed for 

qPCR analysis. The mix contains buffer, deoxynucleotides (dNTPs), DNA-polymerase 

and fluorescent dye. DNA-polymerase is essential for the replication of DNA due to its 

ability to mount dNTPs, the monomers of DNA. Unlike polymerases which work in the 

human body, it has to be thermo-stable. Polymerases can therefore be extracted from 

heat-resistant bacteria. For example, taq polymerase, frequently used in polymerase 

chain reactions, was first found in 1993 in the thermophilic bacterium Thermus 

aquaticus in hot springs in Yellowstone National Park, United States (Macilwain 1998).  

EvaGreen is a fluorescent dye which binds unspecifically to different places in dsDNA. 

DNA-bound EvaGreen forms a dye-DNA-complex which produces a stronger emitted 

signal than unbound dye does. Increasing fluorescent signals are obtained in proportion 

to the amplicons being generated. This makes it possible to quantify the amount of 

amplified DNA product after every single cycle. The mix also contains a dsDNA 

binding protein called Sso7d. It stabilizes the polymerase-template complex and inhibits 

the enzymatic activity of the polymerase in room temperature. The polymerase becomes 

fully active upon heat activation due to denaturation of the Sso7d-protein. This method 

is known as hot-start qPCR. (Bio-Rad Laboratories 2006; Life Technologies 

Corporation 2012). 
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2.1.1.2   How to interpret the results 

A fluorescent signal is thus generated when enough amplicons have been accumulated. 

A quantification cycle (Cq) is defined as the number of cycles at which this occurs. 

More cycles are needed to generate a product that can be detected if there is a lesser 

amount of template from the start. In contrast, fewer cycles are needed to detect an 

amplified product if there is more template from the start. The Cq values are then used 

to compare different gene expressions. The qPCR amplification generates a plot where 

the fluorescent signal is plotted against the number of cycles. The plot consists of two 

phases, an exponential phase, where the product duplicates in each cycle, and a non-

exponential plateau phase, where at least one of the components is consumed. The Cq-

values comes from a defined threshold line in the exponential phase. A melting curve, 

where the fluorescence is plotted against temperature, can be observed after each qPCR 

run. It yields information about at what temperature fragments of dsDNA melts into 

single stranded (ss) DNA. A big peak indicates the desired product, a lower peak to the 

left may indicate primer dimers, and a lower peak to the right may indicate 

contamination of genomic DNA (gDNA). One way to reduce the risk of getting a signal 

from contaminating gDNA is to design exon-spanning primers which only allows 

cDNA emanating from spliced mRNA to be amplified. Another option is DNAse 

treatment. (Bio-Rad Laboratories 2006; Life Technologies Corporation 2012). 

2.1.1.3   Endogenous standard 

The target genes may be normalized against an endogenous standard that works as a 

reference gene, sometimes called a housekeeper. A reference gene is essential for cell 

viability and should be selected thereafter. Furthermore, the expression of the reference 

gene should be as stable as possible and  not be affected by the experimental conditions 

(Pfaffl 2001).  

2.1.1.4   Primer optimum temperature 

The primers consist of different combinations of the nucleotides guanine, cytosine, 

thymine, and adenine. The sizes of the primers are around 20 nucleotides and their 

melting temperature depends on the amount of guanine-cytosine. Their melting 

temperature can be determined by loading a qPCR plate with a mastermix containing 

the pair of primers to be tested and duplicates of a chosen cDNA sample. Before 

running the plate, the settings are changed so that the rows on the plate represent 
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different temperatures (usually 62 °C down to 55 °C). After the run it is possible to see 

at what temperature the primers have the best capacity to bind. That temperature should 

be chosen as the annealing temperature. A common optimum temperature used for 

annealing is 58 °C. (Bio-Rad Laboratories 2006; Life Technologies Corporation 2012). 

2.1.1.5   Primer efficiency 

To be able to compare two different genes they must have the same primer efficiency. 

This means that their primers should have the same ability to amplify. Their efficiency 

can be tested by dilution series of cDNA (1:1, 1:10, 1:100, 1:1000, 1:10000). A qPCR 

plate is loaded with mastermix for the specific gene to be tested and with the various 

concentrations of cDNA into the wells in duplicates. An amplification curve is obtained 

after the run and the efficiency may then be calculated from a plot of Cq versus 

logarithmic dilutions with the following formula; Efficiency = 10
(-1/-slope) – 1 (Bio-Rad 

Laboratories 2006). An optimum slope corresponds to 100% efficiency. An efficiency 

of 100% +/-20% was acceptable in the current study (Veselenak et al. 2015). 

Calculation with 36B4 (Acidic ribosomal phosphoprotein PO) as an example (Figure 1): 

Efficiency = 10
(-1/-3.226) −1 ≈ 104.2% 

 
Figure 1  
Efficiency plot of 36B4. The equation of the trendline is y = -3.226x + 22,243 and R² (The correlation 
coefficient of the line, accepted if >0.985) = 0.9996. 
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2.2   PERFORMANCE  

2.2.1   CHEMICALS 

Bisphenol A (CAS Nr. 80-05-7, purity ≥ 99%) ordered from Sigma Aldrich, St. Louis, 

MO was dissolved in ethanol (1% of final solution) and diluted with well-flushed tap 

water to obtain the final concentrations to be tested. The concentrations were confirmed 

by analysis. The control vehicle consisted of well-flushed tap water with 1 % ethanol. 

2.2.2   ANIMALS 

This study received ethical approval by Uppsala Animal Ethical Committee (C26/13) in 

June 13
th

 2013 and the animals were kept following guidelines determined by Swedish 

regulations and animal protection laws. 

The study was conducted using 45 mated Fischer F344 rats obtained at gestation day 

(GD) 3.5 from the company Scanbur Nova with delivery from Charles River, Germany. 

The animals were housed in cages made in BPA-free polysulfone plastic. The light was 

on 12 hours during daytime and off 12 hours at nighttime. The temperature (22°C ± 

1°C) and humidity (55% ± 5 %) were kept under controlled surveillance.  

The rats were fed with growth food (RM3) until weaning and maintenance food (RM1) 

after weaning. They ate ad libitum and the food came from Special Diet Services, 

Essex, United Kingdom. The phytoestrogen content in both RM1 and RM3 contained 

levels below the Organization for Economic Co-operation and Development’s (OECD) 

suggested upper limit (Owens et al. 2003). 

The litters were adjusted to six pups (three males and three females) per dam at 

postnatal day (PND) 4. Weaning was done at three weeks of age. The mothers were 

sacrificed at PND 22 and their offspring were then moved to cages with three rats of the 

same sex in each. The pups of the same sex in the same dosing group all had different 

mothers. At five weeks of age, the pups were anesthetized with a combined 

intraperitoneal injection of Ketalar (90 mg/kg) and Rompun (10 mg/kg) and sacrificed 

by aortic bleeding at PND 35. The body weight and liver weight was registered. Liver 

samples were collected in tubes and frozen in liquid nitrogen, and then they were placed 

in a freezer (-80 
o
C) until analysis. 
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2.2.3   EXPOSURE 

The dams were exposed to BPA via drinking water ad libitum and their progeny were 

exposed through their mothers in utero via the placenta, and during lactation. The 

volume consumed by the dams was recorded, and the dosing continued from GD 3.5 to 

weaning (PND 22). The doses aimed for were control (C) 0 μg/kg body weight 

(bw)/day, lower dose (LD) 0.5 μg/kg bw/day, and higher dose (HD) 50 μg/kg bw/day 

(Table 1). The actual doses are shown in Table 2. The concentration of BPA in the 

drinking water was analyzed at Occupational and Environmental Medicine in Lund. The 

results were consistent with the calculations already done (0.24 mg/L and 0.024 mg/L). 

Table 1  
General information about the study. Control; 0 μg/kg bw/day, Lower dose; 0.5 μg/kg bw/day, Higher 
dose; 50 μg/kg bw/day  

 mRNA expression, n 

 Control Lower dose Higher dose Total 

Males 12 11 9 32 

Females 13 10 7 30 

Males and females 25 21 16 62 

 Lipid accumulation, n 

Males 3 4 4 11 

Females 4 4 4 12 

Males and females 7 8 8 23 

     

 

Table 2  
Dosing of BPA. Dams (Fischer 344 rats) exposed to BPA via drinking water during gestation and lactation 
(from GD 3.5 to PND 22). Doses aimed for 0.500 μg/kg bw/day (lower dose) and 50.0 μg/kg bw/day 
(higher dose). Calculated from average consumed dw (ml/day) and average weight for each group (C, 
LD, HD). 

 Vehicle                       BPA  

Exposure 

Control 

(n=14) 

Lower dose 

(n=10) 

Higher dose 

(n=9) 

Concentration in tp  0.0025 μg/ml 0.25 μg/ml 

Actual dose (total)  0.404 μg/kg bw/day  40.1 μg/kg bw/day  

Actual dose (gestation)  0.272 μg/kg bw/day  26.9 μg/kg bw/day  

Actual dose (lactation)  0.530 μg/kg bw/day  52.7 μg/kg bw/day  
BPA: Bisphenol A, C: control, tp: Tap water, GD: Gestation day, HD: Higher dose, LD: Lower dose, PND: Postnatal day 
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2.2.4   TOTAL RNA EXTRACTION 

Liver samples were taken from 62 rats originally from 37 adjusted litters. Thirty of them 

were females and 32 were males. The samples, except from one lower-dose and one 

higher-dose exposed female, were kept in a -70 °C freezer preserved in RNA-later 

(Sigma Aldrich, St. Louis, MO). The two remaining samples were frozen without RNA-

later. 

Liver pieces were put in tubes with 0.35 ml plastic beads and 1 ml Trizol reagent (Life 

technologies, Carlsbad, CA, USA) and were then fully homogenized (30 seconds) by 

Bullet Blender Storm (Next advance, Averill Park, NY) at speed 8. The samples were 

then kept in room temperature for 5 min before addition of 200 μl chloroform (Merck 

Millipore, Billerica, MA). They were then vigorously vortexed for 15 seconds and held 

on ice for 3 minutes. The tubes were subsequently centrifuged (4 °C, 12000 x g, 15 

minutes) using a Centrifuge 5403 (Eppendorf, Hauppauge, NY) to form aquatic phases 

with mRNA separated from cell debris. The supernatants (500-560 μl) were transferred 

to new tubes. Isopropanol (500 μl) was added to each of them and the tubes were then 

turned upside down a few times and put on ice for 1 hour (Merck Millipore, Billerica, 

MA). The samples were centrifuged again (4 °C, 12000 x g, 10 minutes) to form pellets 

and the isopropanol was removed. Ethanol (75%, 1 ml) was added, and the tubes were 

turned upside down a few times, allowing the pellets to be washed (Solveco AB, 

Rosersberg, Sweden). After being centrifuged (4 °C, 75 x g, 5 minutes) one more time, 

the alcohol was removed from the pellets and 150 μl DEPC-H2O (diethyl pyrocarbonate 

treated water) was added (Sigma Aldrich, St. Louis, MO). The pellets were dissolved by 

vortexing the tubes for 30 seconds. The concentration and purity of the RNA extraction 

were determined by using a NanoDrop nd-1000 Spectrophotometer (Saveen Werner, 

Limhamn, Sweden). An acceptable concentration range was 40-600 ng RNA/μl. The 

samples were then stored in a -70 °C freezer. 

2.2.5   DNase TREATMENT  

The removal of contaminating DNA was conducted using Ambion
®
 DNA-free

TM 
DNase 

Treatment and Removal Reagents (Life Technologies, Carlsbad, CA). Extracted RNA 

(50 μl) was transferred into 1.5 ml Eppendorf tubes. Samples with a concentration over 

200 ng nucleic acids/μl were diluted with 50 μl DEPC-H2O.  
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Table 3  
DNase treatment, protocol 

 Samples 

 Undiluted Diluted 

10X DNAse I Buffer 5 μl 10 μl 

rDNAse I 1 μl 2   μl 

DNAse inactivation reagent 5 μl 10 μl 

   

10X DNAse I Buffer and rDNAse I were added to the tubes (Table 3) and the contents 

were mixed gently by pipetting up and down a few times. The tubes were incubated in a 

37 °C heating cabinet (Termaks, Bergen, Norway) for 40 minutes. DNAse inactivation 

reagent was resuspended by pipetting up and down in the tube and was then transferred 

to the samples and mixed well. The samples were incubated in room temperature and 

mixed (2-3 times) by flicking. The tubes were then centrifuged (Centrifuge 5424, 

Eppendorf, Hamburg, Germany) at 10000 x g for 2 minutes. The supernatants were 

carefully transferred into new Eppendorf tubes. The concentration of DNAse treated 

RNA in the new tubes were measured in Nanodrop and stored in a -70 °C freezer. 

2.2.6   cDNA SYNTHESIS 

High capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA) 

was used for the synthesis of cDNA. An Excel file with a macro was then used to 

calculate the proportions of DEPC-H2O and RNA (from the Nanodrop values) needed. 

DEPC-H2O and RNA was mixed to a volume of 13.2 μl. DNAse-treated RNA was 

thawed on ice. DEPC-H2O was added to qPCR tubes and vortexed RNA was added. 

The contents in the qPCR tubes were then mixed. A mastermix for 70 reactions was 

prepared, Table 4.  

Table 4  
Mastermix, protocol 

Reagent μl/reaction  

10xRT-buffert 2.0  

        Thawed on ice and mixed 25xdNTPs 0.8 

Random primers 2.0 

Multiscribe RT 1.0          

RNAse inhibitor 1.0 

Mastermix (6.8 μl) was pipetted into each qPCR tube resulting in a final volume of 20 

μl with an RNA input of 500 ng. The contents were mixed by pipetting up and down 8-

10 times. A few reverse transcriptase controls (RT-) were also created with mastermix 

Added to the mixture 
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without Multiscribe RT and with RNA from random samples. The samples were then 

run in GeneAmp
®

 PCR system 9700 (Applied Biosystems, Carlsbad, CA) with the 

program shown in Figure 2. The samples were stored in the machine (4˚C) until the next 

day and were then put in a -20 °C freezer.  

 

 
Figure 2 
PCR-program for the synthesis of cDNA. 25°C (10 min), 37°C (2 x 60 min), 85°C (5 min), 4°C (∞ min) 

 

2.2.7   PRIMER DESIGN AND qPCR 

Exon spanning primers (Table 5) were designed and ordered from Roche, Basel, 

Schweiz. The ordered primers arrived as a lyophilized powder. Depending on the 

molarity, different amounts of DEPC-H2O were added to yield 100 μM stock solutions. 

To receive 30 μM working solutions of each primer, 37.4 μl stock solution and 87.5 μl 

DEPC-H2O were mixed into new tubes. Primer efficiency for the primers, in Table 6, 

was tested and performed as described earlier (2.1.1.5 Primer efficiency). 

The cDNA was thawed on ice and diluted with 180 μl DEPC-H2O to gain a greater 

volume of cDNA to work with, resulting in a final volume of 200 μl/tube. Mastermixes 

sufficient for all samples, their duplicates, RT-, and no template controls (NTC) were 

prepared. For one reaction 5.6 μl DEPC-H2O, 10 μl SsOFast EvaGreen, 0.2 μl forward 

primer (30 μM) and 0.2 μl reverse primer (30 μM) were required.  To be able to 

measure the expression of one gene, one and a half plate (iCycler IQ PCR plates, 96 
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well, Bio-Rad, Hercules, CA) was required. Mastermix (16 μl/well) was pipetted into 

the wells by using Multipipette Xstream Repeater (Eppendorf, Hauppauge, NY) with 

0.5 ml PCR-clean tips. Vortexed cDNA (4 μl/well) was then pipetted into the wells. 

Duplicates of each sample were made, RT- and NTCs in duplicate were also added to 

the plates. Microseal film (Bio-Rad, Hercules, CA) was applied and the plates were 

centrifuged at approximately 500 x g for 1 min before put in the qPCR device, CFX96 

Real-Time System, C1000 Touch Thermal Cycler (Bio-Rad, Hercules, CA). The 

program in Figure 3 was used. After completed run, the baseline thresholds were set to 

300 for all genes. The threshold value was chosen based on the middle of the 

exponential phase of the amplifications. Since the Cq values are based on the baseline 

threshold, the precision of the assay is enhanced. The gene chosen to serve as 

endogenous control was 36B4. Gene expression was compared between treatment 

groups in order to ensure that the treatment did not affect the expression of 36B4. 

Table 5 
Forward and reverse sequences of the qPCR primers used for the analysis of mRNA expression and their genes 
Gene Forward primer Reverse primer 

ACC TCCCGGAGCTACTCTTAAAAAATG CCCCAACGCCCACATG 

AdipoR2 ATGTTTGCCACCCCTCAGT GATTCCACTCAGACCCAAGC 

C/EBP-α AGTTGACCAGTGACAATGACCG TCAGGCAGCTGGCGGAAGAT 

FASN GGCATCATTGGGACTCCTT GCTGCAAGCACAGCCTCTCT 

Gata2 AATCGGCCGCTCATCAAG TCGTCTGACAATTTGCACAACA 

Gusb CTCTGGTGGCCTTACCTGAT CAGACTCAGGTGTTGTCATCG 

LPL
1 ACAGTCTTGGAGCCCATGCT AGCCAGTAATTCTATTGACCTTCTTGT 

LPL
1 CAGAGAAGGGGCTTGGAGAT TTCATTCAGCAGGGAGTCAA 

MTTP ATGCAAAATTGAGAGGTCCG TTGCTTCCCAGGTACCATTC 

PGC1α CTGCCATTGTTAAGACCGAGAA AGGGAACGTCTTTGTGGCTTTT 

PPARα TGGAGTCCACGCATGTGAAG CGCCAGCTTTAGCCGAATAG 

Pref-1 CTGCACTGACCCCATTTGTCT TTCCCCCGGTTTGTCACA 

SREBP-1c CATCGACTACATCCGCTTCTTACA GTCTTTCAGTGATTTGCTTTTGTGA 

UGT2B1 GCTGCTTCCAGGAACCTG TGAGGTCCCAACGCTGTCTT 

FABP1 CCTCTCCGGCAAGTACCAAG TTCCCTTTCTGGATGAGGTC 

SCD1 CAACACCATGGCGTTCCA GCGTGTGTCTCAGAGAACTTGTG 

36B4 TTCCCACTGGCTGAAAAGGT CGCAGCCGCAAATGC 

1 = Same gene (LPL) with different primers 
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Table 6 

Primer efficiency (10(−1/−𝑠lope) − 1) based on standard curves from serial dilutions of cDNA from 
Fischer 344 rat liver. k = the slope based on a plot of the number of quantification cycles versus the 
nucleic acid input level. R

2
 = The correlation coefficient of the line, accepted if >0.985. 

Primers k R
2 

Excluded   𝐄 = 𝟏𝟎
−𝟏

−𝐬𝐥𝐨𝐩𝐞 − 𝟏 

ACC
b
 -3.059 0.999    112.3 % 

AdipoR2
b
 -3.566 0.997      90.7 % 

C/EBP-α
b
 -3.086 0.998    110.9 % 

FASN
b,1

  -3.379 0.999      97.7 % 

Gata2
b
 -3.312 0.999 Two highest dilutions   100.4 % 

Gusb
b 

-2.982 0.983 Lowest dilution   116.4 % 

LPL
b,1

 
 

-3.054 1.000 Highest dilution   112.5 % 

LPL
b,1

 -3.275 0.994 Highest dilution   102.0 % 

MTTP
b
 -3.362 0.999      98.4 % 

PGC1α
b
 -3.054 0.997 Highest dilution   112.5 % 

PPARα
b
 -3.546 0.999 Highest dilution     91.4 % 

PREF-1
b
 -3.332 0.994 Two highest dilutions     99.6 % 

SREBP-1c
b
 -3.493 0.997      93.3 % 

UGT2B1
b
 -3.415 0.991      96.3 % 

FabP1
b
 -3.279 0.998    101.8 % 

SCD1
b  

-3.395 1.000      97.0 % 

36B4
b
 -3.226 1.000    104.2 % 

TNFα
a,1,2

 - -   

TNFα
a,1,2

 - -   

Leptin
a,1,2

 - -   

Leptin
a,1,2

 -1.397 0.946    419.8 % 

Adiponectin
a,2

 - -    

AdipoR1
b,1,2

 -3.513 0.998      92.6 % 

FASN
a,1,2

 - -   

HMBS
a,2

 -2.892 0.989    121.7 % 

PPARg
a,2 

-2.640 0.997    139.2 % 

IL-10
 a,2

 -0.936 0.998 Two highest dilutions 1070.5 % 

GLUT4
a,2

 - -    

AdipoR1
b,1,2 

-3.115 1.000    109.4 % 
a = Not acceptable efficiency (<80%, >120%), b = Acceptable efficiency (>80%, <120%), 

1 = Same genes with different primers, 2 = Genes not further used in the current study  
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Figure 3 

qPCR thermal profile 

2.2.8   HISTOLOGICAL ANALYSIS  

Liver samples were taken from 23 rats, 8 of which were controls (4 males, 4 females), 7 

LD (3 males, 4 females) and 8 HD (4 males, 4 females) exposed. Fresh frozen liver 

tissue sections (5-10 μm thick) were cut using a cryostat, Microm HM560 (Thermo 

Scientific, Waltham, MA) and mounted on microscope slides (Thermo Scientific, 

Waltham, MA) as shown in Figure 4 and Figure 5. The slides were then air dried for 30-

60 minutes at room temperature. Stock solution of Oil Red O (Sigma Aldrich, St. Louis, 

MO) was prepared by solving 0.625 g Oil Red O in 100 ml isopropanol. A working 

solution was then made by mixing 45 ml Oil Red O stock solution with 30 ml distilled 

water. The solution was allowed to stand 5-10 minutes to thicken and was then filtered 

through filter paper. Cuvettes were used for the staining. The slides were put in room 

tempered Oil Red O working solution for 8 minutes and thereafter carefully rinsed with 

tap water for about 3 minutes. The tissue was then counterstained in Mayer’s 

hematoxylin (Histolab, Gothenborg, Sweden) for 30-45 seconds and rinsed with tap 

water until the water reached a transparent color. A water-soluble mounting medium, 

Aqua Pertex (Histolab, Goteborg, Sweden), were then used to mount cover slips 

(Thermo Scientific, Waltham, MA) over the stained tissue. 
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The slides were observed under a Leica DMRB microscope (Leica, Solms, Germany) 

with an associated DFC320 camera (Leica, Solms, Germany). Four micrographs, taken 

with a 40x objective (High Power Field; HPF), at different random sites were taken of 

each tissue section using Leica LAS V.4.3 Software (Leica, Solms, Germany).  

Figure 4                        Figure 5 
Fresh frozen liver tissue mounted on                           Fresh frozen liver section. 
cryostat. Slide with liver section.                 

2.2.9   STATISTICAL ANALYSIS 

Calculations were done in Statistica12 (StatSoft, Tulsa, OK). P-values lower than 0.05 

was regarded as statistically significant. Both parametric and non-parametric tests were 

performed followed by post hoc tests. Pearson correlation coefficient (R
2
) was 

calculated for linear regression and was accepted if greater than 0.985. P-values were 

calculated using analysis of variance (ANOVA) and Kruskal-Wallis H-test (KW-H) 

followed by appropriate post-hoc tests (Bonferroni and Dunnett). The non-parametric 

KW-H is not needed if the data is normally distributed. Shapiro-Wilk normality test 

(SW-W) and Levene’s test for homogeneity of variances (Levene’s) were performed to 

determine if the data was normally distributed. The data was considered normally 

distributed if SW-W was greater than 0.95 or if SW-W p value was greater than 0.05. A 

difference between the variance of the data is present if Levene’s p-value is less than 
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0.05, thus the data was considered normally distributed if Levene’s p was greater than 

0.05.  

3.   RESULTS 

In the present study mRNA expression of genes in liver from BPA-exposed F344 rats 

was investigated using qPCR. Analyses of potential fat accumulation in the liver were 

also carried out using ImageJ. 

3.1   WEIGHT 

The body weight at weaning, the final body weight and, the weight gain, the liver 

weight and the liver somatic index (LSI) are shown in Table 7 (males) and 8 (females). 

There were no statistically significant weight differences. 

Table 7  
Effects of developmental exposure to bisphenol A on weight (g) at weaning (week 3), final body weight 
(week 5), weight gain from week 3 to week 5, liver weight, and Liver Somatic Index (LSI), in five-week-old 
male pups. Results are presented as mean values with standard deviation. 

Treatment Weaning 

bw 

Final bw Weight 

gain   

Liver 

weight 

LSI (%) 

Control (n=13) 40.8 ± 1.0 81.0 ± 1.5 40.2 ± 1.0 3.4 ± 0.1 4.2 ± 0.1 

LD (n=11) 42.0 ± 0.9 81.1 ± 2.2 42.0 ± 1.5 3.2 ± 0.1 4.3 ± 0.1 

HD (n=9) 41.3 ± 1.5 79.9 ± 3.2 41.3 ± 1.9 3.3 ± 0.2 4.1 ± 0.1 

p-value (ANOVA) 0.650 0.921 0.640 0.523 0.216 
Note: See Table 2 

 
 
Table 8 
Effects of developmental exposure to bisphenol A on weight (g) at weaning (week 3), final body weight 
(week 5), weight gain from week 3 to week 5, liver weight, and Liver Somatic Index (LSI,) in five-week-old 
female pups. Results are presented as mean values with standard deviation. 

Treatment Weaning  

bw 

Final bw  Weight  

gain 

Liver 

weight 

LSI (%) 

Control (n=13) 38.8 ± 1.0 76.8 ± 1.5 38.0 ± 0.8 3.1 ± 0.1 4.1 ± 0.5 

LD (n=10) 37.9 ± 1.0 74.9 ± 1.6 37.0 ± 1.2 3.1 ± 0.1 4.2 ± 0.1 

HD (n=7) 35.9 ± 0.7 77.7 ± 2.8 41.8 ± 3.1 3.2 ± 0.2 4.1 ± 0.1 

p-value (ANOVA) 0.158 0.582 0.124 0.852 0.669 
Note Table 1 and 2: The animals were exposed to BPA from GD (Gestational Day) 3.5 till weaning at week 3, and 
subsequently sacrificed at week 5. Weight gain is recorded from week 3 till week 5. Lower-dose dams were treated 
with 0.5 µg BPA/kg bw/day, and higher-dose dams with 50 µg BPA/kg bw/day. The LSI is calculated as [liver weight 
(g)/body weight (g) × 100] (percentage). LD: Lower dose, HD: Higher dose 
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3.2   GENE EXPRESSION 

The mRNA expressions of all the genes studied are shown in Figure 6 (males) and 

Figure 7 (females). There was a statistically significant difference in mRNA expression 

of one gene involved in adipogenic transcription. The mRNA expression of C/EBP-α 

was significantly 26 % lower in HD BPA-exposed males compared to controls 

(p=0.048). The observed mRNA expression of MTTP (Figure 8.A/C) was, although not 

significantly, 39% higher in LD BPA-exposed males compared to HD-exposed 

(p=0.082). 

No statistically significant differences in gene expression were observed in any of the 

other genes studied, neither in males nor in females.  

The LD-exposed male rats had 8% lower mRNA expression of C/EBP-α compared to C 

and 24% higher mRNA expression of MTTP compared to C. The HD-treated male rats 

had 15% lower mRNA expression of MTTP compared to C. However, it was not 

statistically significant. Although, the corresponding outcomes in females neither were 

statistically significant (Figure 8.B/D), the mRNA expression of C/EBP-α was slightly 

lower and the mRNA expression of MTTP slightly higher for both exposed groups.  

Comprehensive statistical results from the analyzed genes are shown in Table 9 (males) 

and Table 10 (females). 

3.3   LIPID ACCUMULATION 

Based on Oil Red staining and ImageJ processing (Figure 9), the lipid content in liver of 

BPA-exposed animals on PND 35 was not different from that of controls in either 

gender (Figure 10). Comprehensive statistical results are shown in Table 11. 
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Figure 6  
Effects on gene expression in liver of five-week-old male Fischer 344 rats after perinatal exposure to 
BPA, n=32 (C:12, LD:11, HD:9) animals. Lower-dose dams were treated with 0.5 µg BPA/kg bw/day, and 
higher-dose dams with 50 µg BPA/kg bw/day. Results shown are mean + SEM, relative mRNA levels 
(compared with endogenous control 36B4). BPA; Bisphenol A, C; control, HD; Higher dose, LD; Lower 
dose.  
*p<0.05 

Figure 7  
Effects on gene expression in liver of five-week-old female Fischer 344 rats after perinatal exposure to 
BPA, n=30 (C:13, LD:10, HD:7) animals. Lower-dose dams were treated with 0.5 µg BPA/kg bw/day, and 
higher-dose dams with 50 µg BPA/kg bw/day. Results shown are mean + SEM, relative mRNA levels 
(compared with endogenous control 36B4). BPA: Bisphenol A, C: control, HD: Higher dose, LD: Lower 
dose. 
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Figure 8  
Effects on gene expression in liver of five-week-old Fischer 344 rats after perinatal exposure to BPA. 
Results shown are relative mRNA levels (compared with endogenous control 36B4). Lower-dose dams 
were treated with 0.5 µg BPA/kg bw/day, and higher-dose dams with 50 µg BPA/kg bw/day. A. Mean + 
SEM, Males, n=32 (C:12, LD:11, HD:9), *p<0.05, a p=0.08. B. Results are shown as mean + SEM, Females, 
n=30. C. Results are shown as medians, 1

st
 quartile and 3

rd
 quartile (same data as in A). D. Results are 

shown as medians, 1
st

 quartile and 3
rd

 quartile (same data as in B). BPA: Bisphenol A, C: control, HD: 
Higher dose, LD: Lower dose. 
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Table 9  
Gene expression (qPCR) in liver of five-week-old male Fischer 344 rats after perinatal exposure to BPA, n=32 (C:12, LD:11, HD:9). Lower-dose dams were treated with 
0.5 µg BPA/kg bw/day, and higher-dose dams with 50 µg BPA/kg bw/day. 

Gene 

Difference
a 

(%) ± SEM (%) 

LD                HD                 SW-W Levene's ANOVA (p-value) 

ANOVA Post-Hoc 

Bonferroni Dunnett 

ACC   99 ± 11   81 ±   9 0.923   p = 0.023 0.555 0.424 NS NS 

AdipoR2   90 ± 10   78 ±   8 0.863   p = 0.001 0.564 0.324 NS NS 

C/EBP-α   92 ±   6   74 ±   5 0.944   p = 0.095 0.298 0.048 0.047 (C-HD) 0.029 

FABP1     97 ±   7   86 ±   9 0.887   p = 0.003 0.531 0.539 NS NS 

FASN  123 ± 25 103 ± 20 0.907   p = 0.010 0.333 0.681 NS NS 

Gata 2 102 ± 10   97 ±   8 0.852   p = 0.001 0.775 0.916 NS NS 

Gusb  110 ±   6 102 ±   8 0.977   p = 0.704 0.176 0.654 NS NS 

LPL
1 

102 ± 18   97 ± 13 0.931   p = 0.041 0.325 0.970 NS NS 

LPL
1
  107 ± 19   99 ± 14 0.936   p = 0.059 0.202 0.918 NS NS 

MTTP 124 ± 15   85 ± 11 0.893   p = 0.004 0.848 0.082 0.089 (LD-HD) NS 

PGC1α   97 ± 11   76 ± 16 0.914   p = 0.014 0.305 0.176 NS NS 

PPARα     0 ±   8   97 ± 10 0.955   p = 0.197 0.994 0.962 NS NS 

Pref1   98 ± 14   91 ±   9 0.853   p = 0.001 0.642 0.877 NS NS 

SCD1 125 ± 25   82 ± 20 0.919   p = 0.019 0.491 0.377 NS NS 

SREBP1c 169 ± 97   59 ± 32 0.513   p = 0.000 0.081 0.505 NS NS 

UGT2B1      87 ±   8   78 ±   9 0.915   p = 0.015 0.845 0.242 NS NS 
ANOVA: analysis of variance, C: control, HD: higher-dose, KW-H: Kruskal-Wallis H-test, LD: lower dose, Levene's: Levene's test for homogeneity of variances, NS: Not significant,  
SW-W: Shapiro–Wilk normality test 
1       Same gene, different primers 
a       mRNA Gene expression compared to 100% expression of endogenous housekeeper (36B4)  
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Table 10 
Gene expression (qPCR) in liver from perinatal bisphenol A-exposed 5-week-old female Fischer 344 rats, n=30 (C:13, LD:10, HD:7). Lower-dose dams were treated 
with 0.5 µg BPA/kg bw/day, and higher-dose dams with 50 µg BPA/kg bw/day. 

Gene 

Difference
a 

(%) ± SEM (%) 

LD                HD              SW-W Levene's KW-H ANOVA (p-value) 

ANOVA Post-Hoc 

Bonferroni Dunnett 

ACC   89 ± 12 105 ± 14 0.967   p = 0.461 0.262  0.571 NS NS 

AdipoR2   84 ±   8   89 ±  6 0.978   p = 0.703 0.596  0.192 NS NS 

C/EBP-α   90 ±   7   98 ±  7  0.960   p = 0.303 0.663  0.539 NS NS 

FABP1     98 ±   7 119 ± 17 0.861   p = 0.001 0.213  0.316 NS NS 

FASN    85 ± 19 115 ± 21 0.956   p = 0.239 0.235  0.474 NS NS 

Gata 2   96 ±   8 107 ± 12 0.938   p = 0.079 0.483  0.662 NS NS 

Gusb    99 ±   9 107 ± 15 0.948   p = 0.145 0.102  0.802 NS NS 

LPL
1 

  98 ± 17 133 ± 35 0.791   p = 0.000 0.020 p = 0.729    

LPL
1
    97 ± 14 125 ± 28 0.877   p = 0.002 0.106  0.470 NS NS 

MTTP 101 ± 10 112 ± 16 0.881   p = 0.003 0.078  0.690 NS NS 

PGC1α   88 ±   8 106 ± 26 0.732   p = 0.000 0.083  0.614 NS NS 

PPARα     0 ±   9 111 ± 15 0.922   p = 0.029 0.241  0.666 NS NS 

Pref1   96 ± 11 112 ± 13 0.950   p = 0.168 0.900  0.617 NS NS 

SCD1   85 ± 21   93 ± 16 0.946   p = 0.133 0.390  0.791 NS NS 

SREBP1c   99 ± 36   44 ±   6 0.769   p = 0.000 0.026 p = 0.146    

UGT2B1    103 ± 11   88 ±   6 0.946   p = 0.136 0.088  0.568 NS NS 
ANOVA: analysis of variance, C: control, HD: higher dose, KW-H: Kruskal-Wallis H-test, LD: lower dose, Levene's: Levene's test for homogeneity of variances, N: Not significant,  SW-W: 
Shapiro–Wilk normality test 
1       Same gene, different primers  
a        mRNA Gene expression compared to 100% expression of endogenous housekeeper (36B4) 

Table 11 
Lipid content in fresh frozen liver sections from perinatal bisphenol A-exposed 5-week-old Fischer 344 rats, n=11

a
 (males), n=12

b
 (females).  Lower-dose dams 

were treated with 0.5 µg BPA/kg bw/day, and higher-dose dams with 50 µg BPA/kg bw/day. 

Gender 

Lipid content
1 

(%) ± SEM (%) 

C              LD          HD          SW-W Levene's   ANOVA (p-value) 

ANOVA Pos-tHoc 

Bonferroni Dunnett 

Females 14 ± 4 15 ± 4 12 ± 2 0.903   p = 0.172 0.188  0.828 NS NS 

Males   9 ± 1 10 ± 3 11 ± 1 0.944   p = 0.571 0.395  0.515 NS NS 
ANOVA: analysis of variance, KW-H: Kruskal-Wallis H-test, Levene's: Levene's test for homogeneity of variances, N: Not significant, SW-W: Shapiro–Wilk normality test 
a    n = Control:4, Lower dose:3, Higher dose:4    
b    n = Control:4, Lower dose:4, Higher dose:4  

1    Lipid content levels based on calculations from two sections of the liver and four pictures at each section. 
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Figure 9  
Representative liver sections (HPF; 40x) from perinatal bisphenol A-exposed 5-week-old male Fischer 
344 rats. Left: control, lipids are stained red. Right: higher-dose (50 µg BPA/kg bw/day), image 
transformed to black and white where the black dots corresponds to the lipids.  

 

 

 

 

 

 

Figure 10 
Lipid content in liver from perinatal bisphenol A-exposed 5-week- male and -female Fischer 344 rats. 
The results are shown as lipid content levels based on calculations from two sections of the liver and 
four pictures at each section, all in all 8 HPF per animal have been analyzed. Lower-dose dams were 
treated with 0.5 µg BPA/kg bw/day, and higher-dose dams were treated with 50 µg BPA/kg bw/day. A. 
Males, n=11, results are shown as SEM. B. Females, n=12, results are shown as SEM. C. Results are 
shown as medians, 1

st
 quartile and 3

rd
 quartile (same data as in A). D. Results are shown as medians, 1

st
 

quartile and 3
rd

 quartile (same data as in B).  
BPA: Bisphenol A, C: control, HD: Higher dose, LD: Lower dose, PND: Postnatal day.
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4.   DISCUSSION 

In this study, the mRNA expression C/EBP-α in male rats was significantly lower in 

HD BPA-exposed males compared to controls. No statistically significant effects on 

mRNA expression were seen in females. 

4.1   LOW DOSE EFFECTS 

Until recently a daily intake of BPA not exceeding 50 µg/kg bw/day was regarded as 

safe. It has changed since EFSA lowered the TDI to 4 µg/kg bw/day in January 2015. 

However and noteworthy, this study demonstrates that BPA exposure may cause effects 

in very low doses. In the present study, doses close to the TDI affected the mRNA gene 

expression for C/EBP-α in the liver of perinatal BPA-exposed male rats.  

Effects of perinatal and juvenile exposure to BPA have been investigated in vivo in 

several previous reports (Ronn et al. 2013; Somm et al. 2009; van Esterik et al. 2014). 

It was previously known that effects occurs after low dose exposure to BPA, less than 

50 mg/kg and day, and this has also been reviewed (Richter et al. 2007). Yet the 

specific endpoints used in this study have to the best of my knowledge never been 

investigated earlier.  

4.2   EFFECTS IN THE LIVER 

The gene that were affected in the present study are involved in the metabolism of 

lipids. C/EBP-α is a pro-adipogenic transcription factor that recognizes a certain 

promoter region. The formed protein can affect the expression of genes that regulates 

body weight (National Center for Biotechnology Information 2015). The fact that this 

gene seemed to be affected in the present study supports the idea of a link between BPA 

and body weight. 

A previous study shows altered mRNA expressions in liver after perinatal exposure to 1 

mg BPA/L in drinking water (approximately 70 μg BPA/kg/day) in female Sprague-

Dawley rats (Somm et al. 2009). Their findings indicate increased expression of acetyl 

coenzyme A carboxylase (ACC), fatty acid synthase (FASN) and transcription factor 

sterol regulatory element binding protein-1c (SREBP-1C). Although these results are 

not in accordance with the outcomes of the present study, they show that mRNA 

expressions in the liver were demonstrably affected. The differences may possibly be 

explained by variations between strain and gender as well as non-monotonic dose 

response curves. 
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The hypothesis that the liver may be a target for BPA is in accordance with earlier 

findings regarding estrogenic substances similar to, but more potent than BPA such as 

diethylstilbestrol (DES) and ethinylestradiol, thus supporting the findings in the present 

study. In a recent report (Nishikawa et al. 2012) progeny of dams exposed to DES 

during gestation exhibited altered liver mRNA expression. 

4.2.1   HEPATIC LIPID ACCUMULATION 

Although no liver lipid accumulation could be seen in the present study, it has been 

shown in other studies. Liver fat infiltration arose in the offspring of exposed Wistar 

rats, a different strain than in our study, after oral gavage of 50 µg BPA/kg bw/day 

during pregnancy and appeared as moderate hepatic steatosis. Offspring in the same 

study that also were fed a high-fat diet developed NASH since the liver fat 

accumulation increased (Wei et al. 2014). The exposure-route, however, was different 

from the exposure route used in the present study. Another study illustrated liver lipid 

accumulation in BPA exposed CD1 male mice compared with controls. The lipid 

droplets occurred more frequently and were larger in animals exposed to 50 µg/kg/day 

compared with animals exposed to 5,000 µg/kg/day (Marmugi et al. 2012). This is an 

example where low-dose exposure effects may differ from high-dose exposure effects. 

However, significantly altered fat accumulation could not be seen in the livers in our 

study, although more animals will be analyzed. 

4.3   DIET 

Animal diets with or without soy may contain estrogenic components, which might 

affect study results (Richter et al. 2007). However, this should not have influenced the 

results in the current study since the estrogenic content of RM1 and RM3 was 

characterized as low according to the OECD standards (Owens et al. 2003). It is 

possible that the distribution of nutrients in the diet may affect the outcome. The 

influence of diet is so far relatively uninvestigated, but the progeny of Wistar rats 

perinatally exposed to 50 µl BPA/kg bw/day in a study had a higher body weight later 

in life if the offspring consumed a high fat diet. This metabolic effect was not seen after 

exposure to higher doses (Wei et al. 2011).  Furthermore, Rönn et al. found higher liver 

fat content in female Fischer 344 rats exposed to BPA via drinking water that was 

supplemented with fructose but not in fructose controls (Ronn et al. 2013). However, in 

our study the animals received a normal diet. It is noteworthy that nutritional 

components in commercial feed may influence research results in unknown ways and 
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that the nutrient content between different manufacturers cannot be guaranteed to be 

identical. A further difference is that some manufacturers provide irradiated or 

autoclaved food, which may affect the characteristics of the diet and thus affect the 

outcome of the experiment. 

4.4   EXTRAPOLATION FROM RATS TO HUMANS AND STRAIN 

DIFFERENCES  

Although rats are not humans, studies on this species contribute to our knowledge of 

how perinatal exposure to BPA may disturb the homeostasis of the whole body and that 

of specific organs such as the liver, even at very low doses.  

The F344 rat strain is estrogen sensitive and should hence increase the chance of 

picking up low-dose effects of estrogenic compounds, but other strains of rats used in 

BPA studies such as Sprague-Dawley have been suggested to be less sensitive to 

estrogen compared with F344 (Long et al. 2000; Steinmetz et al. 1997; Steinmetz et al. 

1998). It is thus likely that effects may have been missed or underestimated in BPA 

studies with strains other than F344. Out of 13 studies done on Sprague-Dawley rats, 

none could draw conclusions about whether low-dose exposure to BPA had effects. 

This was summarized in a review, and these results are not unexpected since it has been 

shown that Sprague-Dawley rats are also insensitive to low doses of the more estrogen-

potent ethinylestradiol (0.5 μg/kg/day) (Richter et al. 2007). 

4.4.1   EXPOSURE ROUTES AND BPA METABOLISM 

An oral exposure route, through drinking water, was chosen as it resembles the way 

humans most commonly are exposed to BPA (World Health Organization & Food 

Agriculture Organization of the United Nations 2010). In comparison with Sprague-

Dawley rats, F344 excrete more BPA-metabolites via the kidneys similar to humans 

(Snyder et al. 2000).  The fact that effects in our study could be seen after lower-dose 

orally administrated BPA is interesting since this route of exposure has been shown to 

result in lower bioavailability of BPA than intraperitoneal and subcutaneous 

administration in F344 (Pottenger et al. 2000).  

Rats are different from humans in many ways, and it is not easy to extrapolate findings 

from BPA studies on rats to humans. Some physiological aspects indicate that rats are 

suitable to use when outcomes of BPA exposure are investigated. The blood flow to the 

liver has been studied in rats and primates and is suggested to partly determine the 
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clearance of BPA (Tominaga et al. 2006). Since rats have a faster hepatic blood-flow 

rate than humans, this would be an argument that effects observed in rats do not 

overestimate potential effects in humans. Furthermore, BPA metabolism in human and 

rat hepatocytes has been compared and indicates a similar metabolism. This supports 

the idea that results from studies on rats can be used to predict effects on humans 

(Pritchett et al. 2002). 

The results in the present study indicate gender differences in gene expressions. 

Alterations in the ability to glucuronidate BPA have been found between male and 

female rats and also between pregnant and non-pregnant rats. Wistar–Imamichi female 

rats express more UGT2B1 than male rats. Further, pregnant Sprague-Dawley rats have 

decreased levels of UDP-enzymes, the family to which UGT2B1 belongs, compared to 

non-pregnant rats, implying that their hepatic glucuronidation ability is lower (Inoue et 

al. 2005; Takeuchi et al. 2004). Moreover, individuals in the perinatal period may be 

particularly susceptible to BPA, which is supported by results from a study where lower 

hepatic UGT-levels (glucuronosyltransferases) were found in fetuses than in adults 

(Matsumoto et al. 2002). Consequently, fetuses may be less able to metabolize BPA 

than adults.  

Whether those differences apply to F344 is unclear, but since BPA had a higher 

influence on males than on females in the present study on the liver, those results 

confirm the aforementioned gender variances. 

4.5   EPIGENETICS  

The molecular mechanism behind how BPA affects the liver is currently unknown, but 

potential clarifications may originate from reported effects on epigenetic markers. 

Altered DNA-methylation patterns were found in the liver of the offspring of BPA 

treated Wistar rats (50 μg/kg/day), with concurrent development of insulin resistance 

and glucose intolerance (Ma et al. 2013). Their study thereby supports the theory that 

perinatal exposure to BPA affects the liver-, and that this subsequently contributes to 

obesity development. No effect on weight in the five-week-old animals was seen in this 

study, but it will be interesting to see the results of the weight increase in a follow-up 

study on 52-week-old animals. Further, polymorphisms (point mutations) are believed 

to affect diversity among humans, and polymorphisms in the genome can affect the 

epigenome due to altered methylation prevalence (Hellman & Chess 2010). This 

suggests varying sensitivity to BPA exposure among people. 
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4.6   BPA INDUCED BONE AND ADIPOSE TISSUE DISTURBANCES MAY 

CONTRIBUTE TO OBESITY 

A possible link between obesity and BPA is suggested to depend on a disrupted 

differentiation of bone marrow mesenchymal stem cells (BMMCSs) into adipocytes and 

osteocytes, where adipogenesis is favored in an abnormally high proportion. As a result 

of the promoted adipose tissue formation reduced bone formation may occur (Masuno 

et al. 2002). This theory is supported by a German study where treatment with the 

EDCs bis(2-ethylhexyl)phthalate (DEHP) and tributyltin (TBT) affected the 

proliferation of mesenchymal stem cells. Both DEHP and TBT favored the adipogenic 

differentiation of murine mesenchymal stem cells (Biemann et al. 2012). A similar 

outcome was observed when cells were treated with a mixture of DEHP, TBT and BPA 

in a later study (Biemann et al. 2014). 

4.7   POTENTIAL IMPACT OF METHODS 

So called batch-to-batch variability is hard to avoid, especially when several samples 

are to be analyzed at several different stages. However, samples from controls and 

exposed individuals were put in the same analytical runs (bullet blender, centrifuges, 

PCR, qPCR) even though all the samples could not fit in the same run and on the same 

days. The small sample size is a factor that may have influenced the lipid accumulation 

results.  Furthermore, the lipid analyses using ImageJ may be seen as semi-quantitative 

as the settings are done separately for each image. However, this was performed by the 

same person, thus limiting interpersonal variability, so if a difference did exist it would 

probably have appeared.  

The lack of positive controls in our study may be criticized. However, the use of potent 

compounds such as DES or ethinylestradiol would not be suitable as positive controls 

since very low doses of BPA may result in different outcomes and even opposite effects 

(Richter et al. 2007). Since BPA is ubiquitous in our environment, control animals may 

not be completely free from BPA exposure; therefore low-dose exposure studies are 

challenging. BPA-free cages were chosen for the present study, and the animals were 

given drinking water in glass bottles. 

Different health outcomes may occur due to the time point at which BPA exposure 

occurs. The developmental period is especially vulnerable and effects may be observed 

early or later in the adulthood (Schug et al. 2011). In our study, we chose perinatal 
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exposure starting at GD 3.5 till weaning at PND 21. If the exposure occurred at a 

different time we may have found other outcomes.  

4.8   FUTURE 

The rats of the present study were sacrificed at five weeks of age, and it cannot be ruled 

out that some consequences induced by BPA exposure would appear much later in life. 

It will therefore be interesting to see if other results of developmental BPA exposure 

will emerge in a follow-up to this study, where the siblings of the rats at five weeks of 

age, analyzed in the present study, will be sacrificed at 52 weeks of age. 

It would be desirable for samples to be sent for RNA sequencing and for a 

bioinformatician to help interpret those results. It would also be desirable to use relevant 

methods to find out more about how BPA may affect the epigenome. 

Health outcomes in humans are dependent on a complexity of different determinants: 

genetics (inherited susceptibility), environment (modifiable susceptibility), time 

(age/duration, windows of susceptibility). Nutritional status based on diets and career 

choices are just two examples of factors that make us different from each other. The 

consequences of BPA exposure on humans may therefore be very hard to predict, but 

the results in the present study are relevant because they show that BPA has effects in 

very small doses. Humans are generally exposed to low doses of BPA and might 

therefore be at risk of deleterious consequences. Thus, it therefore might be a reason for 

EFSA to consider lowering their limits of BPA even more, or completely banning it. 
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5.   CONCLUSIONS 

In conclusion, this study indicates that low-dose BPA exposure during the 

developmental period alters the mRNA gene expression of C/EBP-α in the liver of 

juvenile male Fischer 344 rats. The methods used in this study were not able to detect 

significantly altered liver fat accumulation in BPA-exposed rats.  

Taken together, low-dose BPA exposure might be of concern since the affected genes 

are involved in the body metabolism of lipids and the altered expression indicates 

disrupted metabolism. Thus, it cannot be excluded that the ubiquitous BPA exposure of 

humans may contribute to altered liver homeostasis and may also in the long run 

contribute to obesity, a public health problem with increasing impact. The fact that 

developmental BPA exposure has effects in very low doses should not be ignored, and 

the current ranges of safe doses set by authorities should be further reviewed to protect 

human health. 
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