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ABSTRACT 

 

Since the mid-20th century, environmental pollution has been raising public awareness. 

There are many different types of pollutants found in the environment (air, soil, and 

water) and in living organisms (wildlife and humans). Endocrine-disrupting chemicals 

(EDCs) are pollutants that affect the endocrine system of organisms. EDCs include 

chemicals such as phthalates, bisphenol A (BPA), dichlorodiphenyltrichloroethane 

(DDT), and perfluorinated compounds (PFCs). When accumulated in the body, EDCs 

can cause many harmful health outcomes including developmental and reproductive 

toxicity. There is a need to investigate the clinical significance of EDC-induced 

disorders and the mechanisms that underlie them. This study focused on 

perfluorooctane sulfonic acid (PFOS), one of the most widely used EDCs. PFOS is 

commonly used to protect paper, leather, and other waterproof products due to its 

unique aqueous surface tension and thermal resistance properties. PFOS has been 

shown to make fetal growth restrictions by interfering with placental function. However, 

the underlying mechanisms are unknown. In chapter 2, pregnant CD-1 mice were fed 

PFOS at 1 mg/kg/day and 3 mg/kg/day from GD4.5 to GD17.5. MeAIB and MeG 

analogs were injected into mothers at GD17.5. Mouse liver, placenta, and fetal liver 

were collected two hours after injection. The liver and body weights were 

recorded. Using LC/MSMS, the concentrations of PFOS, amino acids, and glucose 

analogs in the tissues were measured. The placental histology was analyzed with 

hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC) 

staining. Real-time PCR and western blots were used to measure the expression levels 

of transporter proteins in the placenta. The rest of the mice left for baby delivery for 

further study. The data revealed that high doses of PFOS in utero caused a significant 
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decrease in placental transport efficiency of glucose and amino acid analogs. There was 

a significant reduction in SNAT4 mRNA expression. As a result, PFOS disrupted the 

transport of nutrients from the mother to the fetus, resulting in fetal growth restriction. 

 

Through placental transfer, PFOS accumulated in offspring and likely altered their 

hepatic metabolism. The underlying mechanism of prenatal hepatotoxicity caused by 

PFOS at different developmental stages has not yet been elucidated. A study was 

conducted in chapter 3 examining the effects of prenatal exposure to PFOS on hepatic 

lipid and energy metabolism in male offspring at GD17.5, PND21, and PND80. 

Offspring (PND 21-80) were exposed to 4 different diets. They were given a standard 

diet and water, a high-fat diet and standard water (HFD), a standard diet and high 

sucrose water (HSW), or a high-fat diet and high sucrose water (HFHS). At PND80, 

blood glucose levels were tested after one night of fasting. All mice were then dissected. 

After livers were collected from mice with GD17.5, PND21, and PND80, the liver and 

body weights were recorded. The mRNA expression levels of genes associated with 

lipid and energy metabolism were measured by real-time PCR. The results of this study 

indicate that prenatal PFOS exposure induces steatosis in male mice in a time- and 

dose-dependent manner. In two experimental groups, prenatal exposure to PFOS 

altered the lipid and energy metabolism of the liver during the fetal phase, leading to 

increased liver weight, but decreased body weight. The severity of the effects gradually 

decreased during the postnatal period. In PND21, the prenatal PFOS exposure effects 

still existed in the high-dose group. The interference effects on lipid and energy 

metabolism were intensified under the high-fat diet challenge, as evidenced by the 

cytoplasmic vesicles accumulating in the livers. As a whole, this study stressed the 

dangers of prenatal PFOS exposure via maternal transfer, and how high fat intake can 
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intensify the effects of PFOS. Future studies will examine the epigenetic effects of 

PFOS on liver DNA, the mixed effects of EDCs on fetal growth, and sex-specific 

effects of prenatal PFOS exposure on liver function in offspring.  
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Chapter 1 

Literature review 

 

1.1  Environmental pollution 

1.1.1 General concepts of environmental pollution 

Environmental pollution has always accompanied civilizations. With the rapid 

development of industrialization and population growth to unprecedented levels, 

pollution has become a universal problem (Nathanson, 2021). For example, the Great 

London Smog in 1952 caused at least 4000 people’s death (Bell et al., 2004). In the 

mid-twentieth century, the danger of environmental contamination began to gain 

substantial public attention. Many countries have started to legislate against 

environmental pollution. Taking the United State as an example, the Congress passed 

the Clean Air Act and the National Environmental Policy Act (Nathanson, 2021). As a 

result, the concept of environmental pollution has become more apparent. 

 

In 1867, the National Environmental Research Council gave one definition to 

environmental pollution, which is the discharge of compounds and energy as waste 

products of human activity that cause negative changes in the natural environment 

(Krishna & Manickam, 2017). These waste products are called pollutants that can be 

defined as living, non-living, or any energies that are in their excess, making the 

environment (water, air, and soil) undesirable (Wexler & Harjula, 2005). Living 

pollutants are also called biological pollutants that are or were living organisms, such 

as bacteria, molds, viruses, and pollen. One of the health effects of biological pollutants, 

for example, is an allergic reaction (e.g., sneezing and coughing) (Sedghy et al., 2018). 

Non-living pollutants can be naturally occurring substances or man-made substances. 
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Naturally occurring substances include ash, soot, sulfur dioxide (Bai et al., 2018). Man-

made substances are produced by humans, which are not occurring naturally in the 

environment, like dichlorodiphenyltrichloroethane (DDT) that is used in pest control 

(ATSDR, 2002). Energy pollution can be heat, and noise (Wexler & Harjula, 2005). 

When these substances are released into the environment over natural levels that the 

environment cannot process and neutralize them without any structural and functional 

damage to its system (Krishna & Manickam, 2017), they are considered as pollutants. 

Environmental pollution could be divided into many categories, with different 

physiochemical properties and harmful impacts on human health and the environment.  

 

1.1.2 Sources and health effects of different types of environmental pollution 

There are 5 major types of pollution classified by environmental factors (Berg, 2021); 

they have various emission sources and harm human health. First of all, air pollution 

occurs when some chemicals are in the atmosphere over a particular amount, damaging 

the environment and normal circumstances of human survival and development (Bai et 

al., 2018).  For example, sulfur dioxide (SO2) emits from volcanic eruptions (Popescu 

& Ionel, 2010). From 2014 to 2015, the Holuhraun eruption in Iceland released 11 

million tons of SO2 , distributed throughout Iceland and the Atlantic Ocean. After 

exposure to volcanic eruptions, the incidence of respiratory diseases in Iceland 

increased by nearly a quarter. The incidence of asthma medication distribution 

increased by a fifth (Carlsen et al., 2021).  

  

Secondly, light pollution means altering natural night light levels by artificial light 

sources (Falchi et al., 2016). The pollutant light sources come from excessive or 

misdirected artificial light that appears outdoors at night (Cabrera-Cruz et al., 2018). 



 3 

The current status of light pollution is that roughly 83% of the world's population and 

more than 99% of Americans and Europeans live under light-polluted skies (Falchi et 

al., 2016). When exposed to light pollution, people are more likely to suffer from 

adverse health effects such as heart disease, cancer, sleep disturbances, circadian 

rhythm dysfunctions, and mood disorders (Fonken et al., 2009).  

 

Third, noise pollution refers to an unwanted sound that interferes with everyday human 

life (Goines & Hagler, 2007). The unwanted sound may come from roads, aircraft, 

industries, and high-intensity sonar. The harmful effects include hearing loss, 

hypertension, stress, and sleep disorders. (Gupta et al., 2018). One piece of evidence is 

the research done by Auger et al. (2018). They analyzed 269,263 deliveries on the 

island of Montreal, Canada, between 2000 and 2013, and then concluded that noise 

pollution in the environment may be a new potential risk for pregnancy-related 

hypertension.  

 

Fourth, soil pollution is defined as pollutants present in the soil in a high concentration, 

which mainly results from mining, manufacturing, energy production, construction 

facilities, agriculture, and transportation (UNEP & FAO, 2021). These human activities 

produce various types of soil pollutants (Fig. 1.1), for instance, inorganic compounds 

(such as lead, copper, sulfur, and ammonium) and organic compounds [such as DDT 

and perfluorinated compounds (PFC)].  
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Figure 1.1. Classification and examples of soil pollutants (UNEP & FAO, 2021). 

 

Finally, water pollution occurs when pollutants are released into different water systems, 

including groundwater and surface water  (such as rivers, lakes, and oceans) (Nathanson, 

2021). Pollutants in contaminated water include pathogens, chemical contaminants 

(organic or inorganic), and macroscopic contaminants (Laws, 2017). Chemical 

pollutants like perfluorinated compounds (PFCs) are a kind of endocrine disruptor 

chemical; the harmful effects can be pregnancy-induced hypertension and low birth 

weight of newborns (Darrow et al., 2013; Johnson et al., 2014). Water contamination 

causes deaths and diseases worldwide, and roughly 14000 people die every day as a 

result of it (Soni, 2019).  

 

Among air, soil, and water pollution, many types of pollutants are listed, like chemical 

pollutants, pathogens, energy pollutants, which cause death and diseases in the 

organisms. Pollutants that can affect the endocrine system of organisms are divided into 

other categories called endocrine disruptor chemicals (EDCs). EDCs have been 

explored by scientists for many years, many health effects of EDCs are discovered, 

some are still waiting for further investigation. 
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1.2 General concepts of endocrine disruptor chemicals (EDCs) 

Endocrine disruptors, also known as environmental hormones, disrupt the hormones’ 

functions, increasing various health risks like cancer, reproductive damage, and obesity. 

In 2002, the International Programme on Chemical Safety (IPCS) document defined 

endocrine disruptors in a general concept as "an exogenous substance or mixture can 

change the function of the endocrine system and thus cause adverse health effects in an 

intact organism, or its offspring, or (sub) population" (Zoeller et al.,2012). Mitchell La 

Merrill, a scientist at the University of California, proposed ten key characteristics of 

endocrine disruptors (Fig. 1.2). These include 1). The chemicals interact with hormone 

receptors to produce adverse biological effects. For example, one pesticide called DDT 

binds to estrogen receptors ERα and ERβ and stimulates ER-dependent transcriptional 

activation and proliferation. During development, inappropriate activation of estrogen 

receptors raises the risk of infertility, reproductive tract cancer, and prostate cancer, 2). 

The chemicals act as receptor antagonists to impede the effects of endogenous 

hormones. For example, DDT inhibits a critical male sexual regulator androgen binding 

to the androgen receptor (AR), as well as androgen-dependent transactivation of AR, 

resulting in male genital tract abnormalities, 3). The chemicals alter receptor expression 

underlying the processes of internalization and degradation. For instance, DDT blocks 

the thyrotropin receptor from internalizing, 4). The chemicals distort signal 

transduction directed by the membrane and intracellular hormone receptors, 5). The 

chemicals cause epigenetic alterations in hormone-producing or hormone-responsive 

cells, 6). The chemicals interfere with the processes of hormone synthesis. For instance, 

testosterone insufficiency in the fetal male rat results from the reduction of testosterone 

synthesis by phthalates, 7). The chemicals affect hormone transport across cell 

membranes, 8). The chemicals affect the distribution or circulating hormone levels, 
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 9). The chemicals affect hormone breakdown or clearance rates, affecting hormone 

concentrations and eventually their activity, 10). The chemicals change the fate of 

hormone-producing or hormone-responsive cells (La Merrill et al., 2019). With the 

definition of EDCs, people can distinguish what pollutants in daily life belong to EDCs. 

 

 

Figure 1.2. Ten key characteristics of EDCs (La Merrill et al., 2019). 

 

EDCs usually present in 1). Plastic and plastic components, like phthalates, 2). 

Pesticides, such as fungicides and herbicides (Combarnous, 2017), 3). Industrial 

chemicals, such as polychlorinated and PFCs, 4). Paints, like organotin, are found in 

antifoulants used to paint hulls of a ship, 5). Detergents, like alkyl phenols, 6). Heavy 

metals, for example, mercury, cadmium, and lead, 7). Natural products, including 

phytoestrogens (e.g., genistein) and fungal estrogens (e.g., zearalenone) (Bharti et al., 

2012). Endocrine disruptors are mainly divided into 9 categories (Table 1.1), according 

to their physical and chemical properties or application regions (Abdallah, 2015).  
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Table 1.1. Classification and examples of common EDCs (Abdallah, 2015). 

Classification Specific Examples of EDCs 

Persistent Organic Pollutants 

(POPs) 

PCDDS/PDFs. PCBs, HCB, Chlordan, Toxaphene, 

Lindan, Endosulphan, Octachlorostyrene, methyl 

sulphones 

Plasticizers and other additives 

in materials and goods 

Phthalate esters, Triphenyl phosphate, n-Butylbenzene, 

Triclocarban, Butylated hydroxyanisole 

Polycyclic Aromatic Chemicals 

(PACs) 

Benzo(a)pyrene. Benzo(a)anthracene, Pyrene, 

Anthracene 

Halogenated Phenolic 

Chemicals (HPCs) 

2,4-Dichlorophenol, Pentachlorophenol, Hydroxy-PCBs, 

Hydroxy-PBDEs 

Non-halogenated Phenolic 

Chemicals (Non-HPCs) 

Bisphenol A, BADGE, Bisphenol F, Bisphenol S, 

Nonylphenol, OctyIphenol, Resorcinol 

Current-use Pesticides 
Carbaryl, Malathion, Mancozeb, Vinclozolin, Procloraz, 

Procymidone, Chlorpyrifos 

Pharmaceuticals, 

Growth Promoters and 

Personal Care Product 

Ingredients 

Endocrine active, Selective serotonin reuptake inhibitors, 

Flutamide, Parabens 

Metals and 

Organometallic Chemicals 

Arsenic, Cadmium, Lead, Methyl mercury, tributyltin, 

Triphenyltin 

Phytoestrogens Isoflavones, Coumestans, Mycotoxins, Prenylflavonoids 
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Table 1.2. Chemical characteristics of some EDCs  

 
EDCs Chemical structure 

Molecular 

Formula 

A BPA 

 

𝐶15𝐻16𝑂2 

B DDT 

 

𝐶14𝐻9𝐶𝑙5 

C Alkylphenols 

 

𝐶14𝐻22𝑂 

D PFC 
 

(main structure) 

/ 

 

Some common EDCs are taken as examples according to their applications mentioned 

above. In plastic and plastic components, phthalate and Bisphenol A (BPA) are 

common raw materials. BPA is an organic compound with two phenolic functional 

groups (Table 1.2A). BPA is toxic to aquatic organisms at concentrations of 1–10 mg/L 

in freshwater and marine environments (Alexander et al., 1988).  In other research, BPA 

was also found to have estrogenic action at a low dosage of 0.23 pg/ml culture medium 

(Wetherill et al., 2007). Female fecundity was enhanced in Mollusc (Potamopyrgus 

antipodarum) subjected to a dose of 5g/L BPA for 9 weeks (Jobling et al., 2003), which 
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may affect the ecosystem. It may also raise the risk of cancer, cardiovascular disease, 

and diabetes (Welshons et al., 2006; Lang et al., 2008).  

 

Among pesticides, DDT (Table 1.2B) is one of the most widely used ingredients. It is 

highly hydrophobic, but it dissolves well in most organic solvents, fats, and oils (WHO, 

1979). When individuals are exposed to it, it can accumulate in the human body and 

affect reproductive capacity and fetal health (Agarwal et al., 2012). Rogan and Chen 

(2005) reported a 32% reduction of pregnancy probabilities with a 10 ug/L DDT 

increase in maternal serum. 

 

One of the common raw materials in detergents is alkylphenol (Table 1.2C), used in 

industry for over 40 years. Alkylphenols are a family of organic compounds obtained 

by the alkylation of phenols (Fiege et al., 2000). Alkylphenols are also xenoestrogens. 

Women exposed to alkylphenols at work have a higher chance of getting breast cancer 

(Paula et al., 2019). Maras et al. (2006) did an in vitro research on breast cancer cells. 

They found that alkylphenols enhance the replication rates of estrogen-dependent 

breast cancer cells (Maras et al., 2006). 

 

Finally, one common chemical used in paints and industries is perfluorinated compound 

(PFC). It is an artificial EDC with many isoforms; perfluorooctanesulfonic acid 

(𝐶8𝐹17𝑆𝑂3𝐻, PFOS) and perfluoroalkyl substances (𝐶8𝐻𝐹15𝑂2, PFOA) are the most 

studied.  
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1.2.1 Perfluorinated compounds (PFCs) 

PFCs are organofluorine compounds that were first developed in the 1940s and used by 

numerous industrial and commercial sectors (Hansen et al., 2001). The main chemical 

structure of PFC (Table 1.2D) contains a fully fluorinated carbon chain (Fernandez et 

al., 2016). PFC can broadly be divided into two groupings (Fig. 1.2): perfluoroalkyl 

and polyfluoroalkyl substances. There is one main difference between perfluoroalkyl 

and polyfluoroalkyl substances. In perfluoroalkyl compounds, except for that 

functional group portion, All carbon atoms (carbon-fluorine bonds alone) are replaced 

by fluorine atoms, resulting in the perfluoroalkyl moiety 𝐶𝑛𝐹2𝑛+1 −. PFOS (Fig. 1.3A) 

and PFOA (Fig. 1.3B) are examples of subsets belonging to perfluoroalkyl substances. 

In polyfluoroalkyl compounds, except for the functional group, their carbon chains are 

mostly saturated with fluorine (carbon-fluorine bonds) but also contain carbon-

hydrogen bonds (Fig. 1.3C) (Buck et al., 2011).  

  

Figure 1.2. PFC family tree. 
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Figure 1.3. Structures of PFOS, PFOA, and polyfluoroalkyl compound 6:2FTS. 

 

1.2.2 Perfluorooctanesulfonic acid (PFOS) 

PFOS is a man-made chemical with an 8-carbon fluorinated tail (Fig. 1.3A), created by 

3M company in 1949 (Paul et al., 2009). PFOS has thermally and chemically stable 

physicochemical characteristics due to the high-energy C-F bond. It is also hydrophobic 

and lipophobic. The stable characteristics make PFOS appealing in industrial and 

manufacturing applications. It is applied in many products, like food packaging in food 

production, photolithographic chemicals and paints in industrial activities, aqueous fire 

fighting foam, impregnation agents for personal and home care products (eg. paper, and 

leather) to make them waterproofed (Glüge et al., 2020).  
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1.2.3 PFOS in the environment and exposure pathways 

PFC has been found in humans and wildlife, such as in fish, with quantities of up to 7 

ng/g wwt (wet weight). Accumulation of PFOS in human bodies can occur directly via 

exposure to the products and indirectly in the environment (Fig. 1.4). There are two 

major pathways for PFOS transporting in the global environment. The first pathway is 

through the atmosphere, the mean PFOS value in articles on PFCs in indoor dust ranged 

from 39 to 1,200 ng/g (D'Hollander et al., 2010); the other pathway involves the oceanic 

currents (Butt et al., 2010). Industries discard PFOS-containing wastes via waste sludge, 

effluent wastewater, landfill leaching, and air emission to the environmental cycling. 

PFOS showed bioaccumulation in murine, plant, and livestock, potentially 

contaminating the food chain. In summary, contaminants present in water or other 

products, via environmental cycling, eventually be taken in by organisms (Hamid & Li, 

2016).   

 

  

Figure 1.4. PFOS exposure pathways (EEA, 2019). 
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1.2.4 Uptake, distribution, metabolism, and excretion of PFCs in mammals 

PFC absorption can occur by oral, inhalation, or cutaneous exposure, according to data 

from animal studies. When ingested orally, PFOS and PFOA are rapidly and almost 

completely absorbed. Male rats resorbed 95% of the 𝐶14 -labeled PFOS (4.3 mg/kg BW) 

and 93% of the 𝐶14 -labeled PFOA (11 mg/kg BW) within 24 hours. Human tolerable 

daily intake (TDI) for PFOS is 150 ng/kg BW/day and for PFOA is 1500 ng/kg BW/day 

(EFSA, 2008; Stahl et al., 2011). In terms of overall PFOS exposure, drinking water 

contributes the most. An average consumer's PFOS absorption from drinking water 

ranged from 0.02 to 0.08 ng/kg BW/day. The other data reveals that male rats' blood 

had a mean content of 108 mg/L after 10 inhalations of 84 mg/ 𝑚3  ammonium 

perfluorooctanoate (APFO). After 84 days, the APFO blood levels had dropped to 0.84 

mg/L. (Stahl et al., 2011). After topical application of APFO, research done by Kennedy 

(1985) shows a dose-dependent rise in blood concentrations of organofluoro 

compounds in rats. Blood concentrations of 118 mg/L were obtained after subchronic 

cutaneous treatment with 2000 mg APFO/kg.  

 

PFOS and PFOA bind to proteins preferentially. As a result, PFOS and PFOA are 

predominantly extracellular, following absorption and accumulate in the liver, blood 

serum, and kidneys. The chemicals are also present in minor levels in other tissues. In 

human livers and brains, the median levels of perfluorohexanoic acid (PFHxA) are 68.3 

and 141 ng/g, respectively (Pérez et al., 2013). The liver to serum ratio for PFOS is 

around 2.5, according to research by Austin et al. (2003) and Seacat et al. (2003). PFOS 

and PFOA were also discovered in chicken livers and kidneys (Yoo et al., 2009). The 

concentration of PFOS in the mother's and cord blood was highly correlated. The 

concentration of PFOS in the maternal blood ranged from 4.9 to 17.6 g/L after prenatal 



 14 

exposure, whereas the concentration in the cord blood ranged from 1.6 to 5.3 g/L (Inoue 

et al., 2004). PFCs have also been found in breast milk after postnatal exposure, 

providing an additional route of exposure for babies. In 2007, Liu et al. (2010) collected 

samples from urban areas in 12 Chinese provinces and found mean PFOS 

concentrations of 54.6 pg/ml and PFOA values of 114.8 pg/ml in human milk (Table 

1.3).  

 

Table 1.3. The numbers of mothers from 12 Chinese provinces (urban area), average 

ages (years), and concentrations (pg/ml) of 6 PFCs in human breast milk (Liu et al., 

2010). (LOD: limit of detection) 

 

 

In animals, PFOS and PFOA cannot be metabolized. In contrast, FTOH is affected by 

phase II metabolism of defluorination or biotransformation (Stahl et al., 2011). Fasano 

et al. (2006) found glucuronide and glutathione conjugates in the bile and 

perfluorooctanoate and perfluorhexanoate in excrements and plasma of male and 
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female rats given a single oral dosage of 𝐶14 -labeled 8:2 FTOH. This indicates that 

FTOH is metabolized and that CF2 groups are removed. 

 

Because some PFCs such as PFOS and PFOA cannot be digested by mammals, the only 

way to get rid of their harmful effects once they have been absorbed by the body is 

through feces and urine. PFC concentrations in urine and feces were measured in rats, 

and the elimination half-life (Table 1.4) for PFOS was found to be more than 90 days. 

The half-life of PFOA is significantly shorter and gender-dependent, ranging from 2 to 

4 hours in female rats to 4 to 6 days in male rats (Lau et al., 2007). In humans, the 

average elimination half-life of PFCs is 3.8 years (Olsen et al., 2007). The buildup of 

PFOS in the body will pose health hazards in the long run. 

 

Table 1.4. Elimination half-lives of 5 PFCs in various species and gender (F: female, 

M: male, h: hours) (Lau et al., 2007; Stahl et al., 2011). 

Species PFOS PFOA PFHxS PFBA PFBS 

 M/F F M F M F M F M 

Chicken 125days - 4.6days - - - - - - 

Rat 100days 2 to 4h 

4 to 6 

days 

- - 

1.6 to 

1.8h 

7 to 9h 4h 4.5h 

Mouse - 17days 19days - - 3h 7h - - 

Rabbit - 7h 5.5h - - - - - - 

Dog - 

8 to 

13days 

20 to 30 

days 

- - - - - - 

Monkey 150days 30days 21days 87days 141days 1.7days - 3.5days 4days 

Human 5.4years - 3.8years - 8.5years - - 25.8days 30days 
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1.3 Effects of PFCs in experimental studies 

1.3.1 Developmental and reproductive toxicity  

PFCs show developmental and reproductive toxicity in humans and animals. Including 

low birth weight, thyroid disruption, pregnancy-induced hypertension are provided by 

many studies using different models. 

 

1.3.1.1 Human research 

PFOA-induced low birth weight was observed by Johnson et al. (2014) in a case study. 

During pregnancy, PFOA levels in maternal serum are related to decreased birth weight, 

with a 1ng/mL increase in serum or plasma PFOA resulting in a birth weight difference 

of -18.9 g. 

 

PFCs can induce pregnancy-induced hypertension (preeclampsia). In 2005-2006, 

Darrow et al. (2013) tested PFOA and PFOS levels in women’s serum and then 

followed up their reproductive history. The results of pregnancy-induced hypertension 

among 1330 women born after January 1st, 2005, were compared to birth records and 

birth weight among full-term infants. The findings demonstrate that serum PFOA and 

PFOS were positively related to preeclampsia, with adjusted odds ratios (ORs) per log 

unit rise in PFOA and PFOS of 1.27 [95% confidence interval (CI): 1.05, 1.55] and 

1.47 (95% CI: 1.06, 2.04), respectively. 

 

1.3.1.2 Animal research 

PFCs have been shown in animal experiments to impair thyroid hormone production 

and sex steroid hormone biosynthesis. When mature male rats were given PFOA for 14 

days, their serum and testicular testosterone levels dropped. PFOA exposure throughout 
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development and adulthood has also been associated with sperm count reductions (Lau 

et al., 2007).  

 

PFOS and PFOA have moderate acute toxicity in animal models. For a single oral 

dosage of PFOS, the fatal dose with 50% lethality (LD50) in rats is 251 mg/kg body 

weight. PFOA's LD50 values vary from 430 to 680 mg/kg body weight per day, with a 

daily average of 540 mg/kg body weight. For 104 weeks, groups of 40 to 70 male and 

female rats were fed the potassium salt of PFOS at dosages of 0.5, 2, 5, and 20 mg/kg 

mixed with their diet in research on chronic toxicity and carcinogenicity of PFOS. A 

separate comparison group was given the maximal PFOS dose for 52 weeks, followed 

by 52 weeks of a control diet free of PFOS. After being exposed to PFOS, rats had 

hepatotoxic and carcinogenic consequences. For male and female rats, a no observed 

adverse effect level (NOAEL) of 2 mg/kg feed or 0.14 mg/kg body weight/day was 

determined based on the hepatotoxic effects (Stahl et al., 2011). 

 

1.3.2 Neurotoxicity 

PFCs may have neurobehavioral consequences, especially in developmentally exposed 

animals, according to the research (Mariussen, 2012). 

 

1.3.2.1 Animal research 

Most studies on PFOS and PFOA in rodents have discovered that the most critical effect 

in prenatally exposed animals is the delay in neuromotor development. Butenhoff et al. 

(2009) studied neurotoxic end-points in gestational and lactationally exposed newborn 

rats, discovering that newborns exposed to 1 mg PFOS/kg body weight/day through 

their mothers, had higher motor activity and reduced habituation on postnatal day (PND) 
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17. Johansson et al. (2008) examine the developmental effects of PFCs on the 

cholinergic system. At PND 10, single doses of PFOS (0.75 and 11.3 mg/kg) and PFOA 

(0.58 and 8.7 mg/kg) were administered to mice. Mice exposed to high doses of PFOS 

and PFOA demonstrated impacts on spontaneous behavior (locomotion, rearing, and 

total activity) as well as habituation after 4 months. After the 4-month test, the rats were 

given 80 μg/kg BW of nicotine, and their spontaneous behavior was examined. The 

mice exposed to PFOS and PFOA had a hypoactive reaction to nicotine, whereas the 

control animals had a hyperactive response, showing that the cholinergic system had 

been affected. 

 

1.3.2.2 Cell line research 

Many other researchers have looked into PFC neurotoxicity in vitro. In the rat cerebellar 

Purkinje cell, Harada et al. (2005) observed that 30 μM of PFOS had a complex 

modulating effect on ion currents, causing voltage-gated 𝐶𝑎2+, 𝑁𝑎+, and 𝐾+ channels 

to hyperpolarize. In cultured neurons, PFOS has also been demonstrated to decrease 

neurite development and synaptogenesis (Liao et al., 2009). 

 

1.3.3 Immunotoxicity 

In order to avoid infection, illness, or other biological invasions, the immune system is 

an essential biological defensive system. PFCs have been demonstrated in vivo and in 

vitro to interfere with immune cell proliferation, differentiation, and proper function, 

as well as the production and activity of immune-active chemicals (Zeng et al., 2019). 
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1.3.3.1 Human research 

Brieger et al. (2011) discovered that PFOA and PFOS could alter both pro- and anti-

inflammatory pathways, resulting in a net anti-inflammatory effect in vitro. They 

measured TNF-a and IL-6 levels in human volunteers after incubation blood with 

lipopolysaccharide (LPS, activates cells of the innate immune system) and 0.1 mg/mL 

to 100 mg/mL of PFOA or PFOS. TNF-a levels were lower after exposure to PFOS, 

whereas IL-6 levels were higher after exposure to PFOA and PFOS. 

 

1.3.3.2 Animal research 

Anti-IgM-IgG plaque formation was prevented by oral treatment of PFOA in mice (10 

days, 0.02 % in diet), as was an increase in serum concentration of immunoglobulin M 

(IgM) and immunoglobulin G (IgG) that typically occurs after vaccination with horse 

red blood cells. PFOA also reduces spleen cell growth (Yang et al., 2002). According 

to Keil et al. (2008), natural killer cells (NKCs) activity and IgM production in mice 

was dramatically reduced at the age of 8 weeks after prenatal oral exposure to 5 mg/kg 

BW/day PFOS from gestational day 1 to 17. Natural killer cells are innate cytotoxic 

lymphocytes whose activity is frequently utilized to assess innate immunity. IgM is a 

basic antibody generated by B cells that are commonly used to assess humoral 

immunity (adaptive immunity). After PFOS exposure, both innate and adaptive 

immunity was suppressed, according to the findings.  

 

1.3.3.3 Cell line research 

Corsini et al. (2011) used human promyelocytic cell line THP-1 to demonstrate the in 

vitro exposure to PFOS and PFOA suppressed cytokine production. After 24-hours of 

LPS treatment, the release of IL-6 from THP-1 was 122 ± 21 pg/ml. While in the cells 
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treated with 10 μg/ml of PFOS, IL-6 reduction was observed (89 ± 25 pg/ml, pb 0.05). 

Moreover, in THP-1 cells, PFOS reduced LPS-induced IL-8 release in a dose-

dependent manner, while PFOA suppressed IL-8 release in LPS-treated cells only at 

the dose of 100μg PFOA/ml. 

 

1.3.4 Hepatotoxicity 

Toxicological investigations have frequently revealed liver effects. In investigations on 

subchronic and chronic toxicity, for example, liver enlargement was linked to 

hypertrophy and vacuolization of liver cells.  

 

1.3.4.1 Human research 

Bassler et al. (2019) investigated the correlation between PFOA (mean 95 ng/mL) and 

two biochemical markers of hepatocyte apoptosis: cytokeratin18-M30 and cytokeratin 

18-M65. They chose 200 people at random, ranging in age from 40 to 70, who had no 

history of hepatitis and did not use much alcohol. According to the results, the blood 

levels of PFOA and cytokeratin 18-M65, particularly cytokeratin 18-M30, were shown 

to have a positive association. As a result, PFOA induces hepatocellular apoptosis and 

non-alcoholic fatty liver disease. 

 

In a population-based study of 1016 adults over the age of 70, Salihovic et al. (2012) 

looked at connections between PFCs and liver damage across time. They were followed 

up on when they were 75 and 80 years old. The initial mean concentrations of PFOS 

and PFOA were 13.2 and 3.3 ng/mL, respectively. In the case of alanine transaminase 

(ALT), there was a statistically significant relationship between the change in 

PFOS/PFOA and the change in serum ALT. ALT is an enzyme mainly present in the 
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liver (Lala et al., 2021). ALT is released into the circulation when liver cells are 

destroyed. The results indicated that PFOS and PFOA could harm human livers 

(Salihovic et al., 2012). 

 

Yu et al. (2020) did an epidemiological study with 2747 pregnant women in Shanghai. 

They found that PFCs was associated with abnormal glucose homeostasis. Also, PFOS 

was highly related to gestational diabetes mellitus that is due to the abnormal glucose 

metabolism. PFCs disrupt glucose homeostasis through one of the pathways called the 

peroxisome proliferator-activated receptors (PPARs) pathway. PPARs are a group of 

three ligand-inducible transcription factors with 3 isoforms: PPAR-alpha, PPAR-

beta/omega, and PPAR-gamma. PPAR has been shown to influence a collection of 

genes involved in lipid metabolism, and metabolic balance in both in vivo and in vitro 

studies. PPARalpha is expressed mostly in energy-demanding tissues with high rates 

of beta-oxidation and ketogenesis. Some PFCs have been discovered to have the ability 

to activate human PPAR-alpha and to weakly bind to human PPAR-beta. The 

expression of PPAR-alpha and PPAR-beta may reduce glucose uptake, inhibit the 

conversion of pyruvate to acetyl-CoA, and enhance gluconeogenesis.  

 

1.3.4.2 Animal research 

In rats and mice, the effects of PFCs on liver toxicity and peroxisome proliferation were 

investigated. For all PFCs studied, liver weights and hepatic acyl-CoA oxidase (ACOX) 

activity were considerably enhanced in male Sprague–Dawley rats given 5 consecutive 

daily doses of PFBS, PFHS, or PFOS (Ehresman et al., 2007). In subchronic toxicity 

tests in rats, hepatomegaly was also found to be a significant consequence of PFBS or 

PFBA. Significant increases in liver weights were seen in a 28-day toxicity trial in rats 
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administered PFBS at 900 mg/kg (Lau et al., 2007). PFBA was administered to rats at 

dosages of 6, 30, and 150 mg/kg in a 28-day oral toxicity trial. In the mid- and high-

dose males, the results indicated an increase in liver weight and a drop in serum 

cholesterol (Butenhoff et al., 2012). 

 

Jacobsen et al. (2018) reported that PFOS affected the fatty acid metabolism-related 

gene expression in the livers of chicken embryos, by using KEGG pathway analysis. 

The KEGG pathway is a reference database consists of a series of pathway maps to 

represent experimental results on metabolism and other cellular and biological 

functions. The results showed that carnitine palmitoyltransferase 1 (CPT1), acetyl-CoA 

acyltransferase 2 (ACAA2), and acetyl-CoA acetyltransferase 1 (ACAT1) were 

downregulated the dosage of 0.1 g/g egg of PFOS. These genes are positive regulators 

of mitochondrial beta-oxidation. Lipid metabolism in the liver can be divided into three 

steps. First of all, fatty acid uptake and synthesis. The second step is lipid storage, 

including triglyceride synthesis and lipid droplets formation. The last step is lipid 

consumption, which includes lipolysis, fatty acid oxidation, and the export of very-low-

density lipoproteins. In a liver cell, fatty acid oxidation happens peroxisome, 

mitochondria, and endoplasmic reticulum (ER) (Fig 1.6). Very long-chain fatty acids 

(i.e. carbon chain more than C22) either go through peroxisomal beta-oxidation or ER 

omega-oxidation to shorten their carbon chain. Then the fatty acids with a carbon chain 

less than C22 enter mitochondrial beta-oxidation  (Waston et al., 2021). 

 

PFCs also disrupt glucose homeostasis in livers. Yan et al. (2015) reported PFOA 

affected glucose metabolism and induced insulin hypersensitivity in mice that exposed 

to PFOA for 28 days. In this study, PFOA exposure reduced the expression of the 



 23 

phosphatase and tensin homologue protein (PTEN), and increased phosphorylation of 

AKT serine/threonine kinase (AKT). PTEN and AKT are key factors of the 

phosphatidylinositol 3-kinase-serine/threonine protein kinase (PI3K-AKT) signaling 

pathway that regulates glucose homeostasis. In addition, tolerance tests revealed that 

PFOA exposure resulted in increased insulin sensitivity and glucose tolerance in mice. 

PFOA exposure decreased hepatic glycogen production, which might be due to 

gluconeogenesis suppression, according to biochemical studies (Yan et al., 2015; Qiu 

et al., 2016). 

 

Figure 1.6. Schematic diagram of fatty acid oxidation in a liver cell. 
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1.3.4.3 Cell line research 

Hu & Hu (2009) designed a study to see how PFOA and PFOS affected liver 

hepatocellular carcinoma (HepG2 cells) in a single and combined exposure. According 

to their findings, PFOA and PFOS (50–200 mol/l) caused the formation of reactive 

oxygen species (ROS), the dissipation of mitochondria membrane potential, and death 

in HepG2 cells. Cells treated with PFOA and PFOS mixture showed a significant 

difference in non-apoptotic rates, indicating a summation effect when combining these 

two chemicals. 
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Working Hypothesis 

 

How does PFOS, an endocrine disruption chemical, affect the transportation functions 

of the placenta and further affect the endocrine and metabolic functions of the fetus? 

There are two hypotheses in this study: (1) maternal PFOS exposure during pregnancy 

affects the transport of nutrients across the placenta, (2) prenatal PFOS exposure has 

long-term effects on offspring’s hepatic metabolic functions in later life. The objectives 

are: (1) test the placental functions by analyzing the transport efficiency of nutrients 

and expression level of functional genes, (2) investigate the metabolic functions of 

different-ages offspring by analyzing the functional genes transcription level in livers. 
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Chapter 2 

Effects of In Utero Exposure to PFOS on Placental Functions 

 

Abstract 

Endocrine-disrupting chemicals (EDCs) are environmental pollutants. They enter and 

accumulate in animals to perturb homeostasis, leading to various abnormal health 

conditions. As a member of EDCs, perfluorooctane sulfonate (PFOS) is also a type of 

persistent toxic global pollutant, which is proven to elicit developmental toxicity in a 

fetus by affecting placenta functions. However, the underlying mechanistic effects on 

placental function disruption are not clear. It was hypothesized that PFOS affects the 

placental nutrient transport functions via placenta morphology and gene expression 

alteration. In this experiment, pregnant CD-1 mice were exposed to either 1 mg 

PFOS/kg body weight/day, 3 mg PFOS/kg body weight/day, or corn oil by oral gavage, 

from gestational day (GD) 4.5 to GD 17.5. The fetal body weight, placenta morphology, 

transport efficiency of glucose and amino acid, and the expression level of glucose 

transporters (GLUT1 and GLUT3) and system A amino acid transporters (SNAT1, 

SNAT2, SNAT3, and SNAT4) in the placenta were investigated. The results showed a 

significant decrease in fetal body weight, placental transport efficiency of glucose and 

amino acid analogs, and SNAT4 mRNA expression level in utero exposure to high dose 

PFOS. However, there were no obvious changes in placenta weight and placenta 

morphology. Overall, the results might illustrate that the decreased expression levels of 

transportation functional genes disrupt the placenta transport of glucose and amino acid 

by PFOS.  
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2.1 Introduction 

Perfluorinated compounds (PFCs) are a type of endocrine-disrupting chemicals widely 

utilized in industry. Its persistence makes it a contaminant with bioaccumulation effects 

in the environment. Perfluorooctane sulfonic acid (PFOS) is one of the members, which 

was the first PFC to show the global extent of pollution in animals (Hansen et al., 2001). 

Because of its unparalleled aqueous surface tension, thermal and acid resistance 

properties, PFOS is commonly used as a surface protector for paper, leather, and other 

waterproof products (Wang et al., 2010). Therefore, PFOS can easily release into the 

environment via aqueous effluent, sludge, and air emissions, then be ingested and 

accumulated in organisms. The amounts of PFOS in human blood ranged from 3.06 to 

34.0 g/L (Pan et al., 2010). The human tolerable daily intake (TDI) dose of PFOS is 

150 ng/kg body weight/day (Clarke et al., 2010), which is relatively low. However, the 

5.4-year half-life makes PFOS accumulate in humans for a long time and causes health 

problems, like developmental and reproductive risks. Studies have proved that serum 

PFOS was positively associated with pregnancy-induced hypertension (preeclampsia) 

(Darrow et al., 2013). Also, PFOS has been associated with decreased birth weight (Li 

et al., 2020). 

 

The placenta is an organ that connects the mother and the fetus during pregnancy. Some 

embryonic cells would progressively penetrate and differentiate to create the placenta 

after the embryo was implanted into the uterus’s upper anterior or posterior wall. The 

development of the fetus is dependent on placental transport to collect critical 

components such as oxygen and nutrition while also removing metabolic wastes 

(Guibourdenche et al., 2010). The placenta has complicated transport processes. If the 

placental transport functions are disrupted, it may result in fetal growth deficits or 
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overgrowth (Hayward et al., 2018). The placenta is now being studied using various 

models. Ex vivo models, such as human placentas that have been perfused. The animal 

placenta is also used by researchers. There are three distinct layers of a mature mouse 

placenta (Fig 2.1). Histologically, the maternal part of the placenta consists of decidua, 

and the fetal part of the placenta consists of the junctional zone and labyrinth zone. 

Decidua is the endometrium that undergoes thickening and increasing blood supply 

under the action of progesterone. The junctional zone serves as the placenta's central 

endocrine compartment, delivering hormones and cytokines to assist pregnancy (Sarkar 

et al., 2014; Woods et al., 2018). The labyrinth zone serves as a bridge for maternal and 

fetal circulations to exchange materials (Sarkar et al., 2016). PFCs caused aberrant 

histopathological lesions in the mature placenta, according to Bevin E. Blake's research. 

Labyrinth congestion, atrophy, early fibrin clots, labyrinth necrosis, and placental 

nodules were the most prevalent abnormalities (Blake et al., 2020). 

 

Figure 2.1. Placental structure. 

 

This study focuses on how PFOS exposure affects fetal growth through the maternal-

fetal interface. It was hypothesized that PFOS affects the placental nutrient transport 
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functions via placenta morphology and gene expression alteration. Under nutritional 

disturbances, the fetus may develop abnormally. In order to prove the hypothesis, 

pregnant mice were exposed to different dosages of PFOS (1 mg/kg/day and 3 

mg/kg/day). Then the fetal growth, the structure of the placenta, feto-placental nutrients 

transport function, and expression level of transporters were investigated. 

 

2.2 Materials and Methods 

2.2.1 Experimental animals and chemicals  

Thirty 8-week old female CD-1 mice were purchased from the Chinese University of 

Hong Kong. The mice were housed under controlled temperature (22 ºC ± 1ºC) and 

12L:12D cycles. The mice were fed with standard chow and water. The perfluorooctane 

sulfonate (Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO, Sigma-

Aldrich). Then the dissolved PFOS was mixed with corn oil for animal tube feeding. 

First of all, 60 mg/ml PFOS stock was prepared by dissolving 0.06 g PFOS powder in 

1 ml DMSO. There were two dosages of PFOS for animal exposure. The high-dose 

PFOS (3 mg/kg body weight) was made by mixing 100 μl PFOS stock with 10 ml corn 

oil. The low-dose PFOS (1mg/kg body weight) was made by mixing 5 ml high dose 

PFOS with 10 ml corn oil. 

 

The mice were bred for two nights; each female mouse was bred with one male mouse 

in an individual cage. The day after the first breeding night counts as GD 0.5. After 

breeding, the female mice were randomly and evenly separated into three groups, one 

control group that was fed corn oil, one low dose group that fed 1 mg PFOS per kg 

body weight per day, and one high dose group that fed 3 mg PFOS per kg body weight 

per day. Pregnant mice were exposed to low-dose PFOS or high-dose PFOS or corn oil 
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using syringe needles every day at 10:00 am. from GD 4.5 to GD 17.5. Body weights 

were recorded every day just before the PFOS exposure. The ratio of body weight to 

oil-fed was 20kg: 0.1ml. At GD 17.5, three dams were dissected to collect maternal 

serum [blood was centrifuged (Eppendorf, centrifuge 5424R) at 5000g for 15 min to 

collect supernatant], maternal liver, placenta, and fetal liver. The remaining mice gave 

birth to offspring for further studies.  

 

2.2.2 PFOS concentration analysis 

The PFOS concentrations in maternal and fetal livers and placenta were analyzed using 

liquid chromatography with tandem mass spectrometry (LC/MSMS). Three maternal 

livers in each group were used. Three fetal liver and two placenta in each dam, 3 dams 

per group were used. The tissue samples were homogenized with isotopically labeled 

internal standard (IL-IS), 0.25 M sodium carbonate buffer, 0.5 M tetrabutylammonium 

hydroxide solution (TBA), and methyl tert-butyl ether (MTBE), then mixed at 250 rpm 

for 20 min. Centrifugation at 3000 rpm for 15 min was set for phase-separation of the 

solution. The organic phase was collected, dried using a nitrogen evaporator and 

nitrogen gas. The dried pellet dissolved 40% acetonitrile/60% ammonium acetate in 

Milli-Q water (MQ). The samples were analyzed using an Agilent 1200 series liquid 

chromatography system (Waldbronn, Germany), an Agilent ZORBAX Eclipse Plus C8 

Narrow Bore guard column, and an Agilent ZORBAX Eclipse Plus C8 Narrow Bore 

column (Wan et al., 2020). The experiment was repeated twice with similar results.  

 

2.2.3 Placental transport analysis 

Pregnant mice at GD17.5 were used to test the maternal-fetal transfer of non-

metabolizable glucose analog (3-O-methyl-D-glucose, MeG) and neutral amino acid 
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[α-(methylamino)isobutyric acid, MeAIB]. MeG and MeAIB were dissolved in 

phosphate-buffered saline (PBS, gibco 21600-069) at concentrations of 0.3 and 0.1 

mg/μL. Pregnant mice were intraperitoneally injected with 0.75 mg of MeG/g body 

weight and 0.25 mg of MeAIB/g body weight one hour before dissection. Placenta, and 

fetal liver were collected and then homogenized in methanol (RCI Labscan, AR1115) 

with a 500 ppb internal standard (L-methionine sulfone) and a sample-to-solvent ratio 

of 1:4 (weight/volume). The homogenate was mixed with MQ and chloroform, which 

was vortexed for 10 min, and then centrifuged at 14,000g for 10 min at 4 °C to obtain 

the upper phase. The extraction procedure was repeated twice. All the upper phases 

were pooled and were then dried using a vacuum centrifuge and re-dissolved in 500 μL 

of MQ for LC/MSMS analysis (Wan et al., 2020). The experiment was repeated twice 

with similar results. In the first time, 2 control dams, 6 low-dose dams, and 3 high-dose 

dams, each dam with 2 placenta and fetal livers were used. In the second time, 3 dams 

in each group, 3 placenta and fetal livers per dam were used. 

 

2.2.4 RNA isolation and mRNA expression level analysis 

Total RNA of the placenta was isolated with Trizol reagent (Molecular Research Center, 

5941). Two control dams, 5 low-dose dams, and 3 high-dose dams, 2 placenta per dam 

were used. Fifteen to twenty milligram tissue was weighed and collected in a 1.5 ml 

Eppendorf tube (Axygen, MCT-150-C), homogenized in 200 μl Trizol reagent with a 

grinder (Fisher scientific, PES-15-B-SI; Cola-Parmer, WW-44468-25). After the mix 

became uniform, an extra 500 μl Trizol reagent was added. Then 140 μl chloroform 

(sigma-Aldrich, 496189) was used for phase separation. The volume ratio of Trizol 

reagent to chloroform is 5:1. The tube was vortexed vigorously to mix the Trizol and 

chloroform; the substance’s color turned light pink from red. Then the tube was set on 
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a rack for phase separation, the upper phase was in white, and the bottom phase was in 

red. After centrifugation at 12,000xg for 20 min at 4 ºC, three layers were displayed, 

the top layer was transparent, the middle layer was white, and the bottom layer was red. 

The top aqueous layer containing RNA was transferred to a new Eppendorf tube using 

a 200-μl pipette. Ice-cold 2-propanol (in 1:1 ratio, sigma, I9516) was added into the 

sample, which was vortexed to mix. Centrifugation 12,000xg for 15 minutes at 4ºC was 

performed to remove the supernatant, a white RNA pellet remained. 600 μl 75% Depc.-

treated ethanol (VWR, 19K274031) was then added to wash the RNA pellet. The 

supernatant was removed after 8,000xg centrifugation for 5 minutes at 4ºC. After 

repeating this washing step once, short spin and remove traces of ethanol leftover with 

200 μl pipette, and then air-dry the pellet until the pellet becomes transparent. RNA 

was dissolved in 30 μl Depc.-treated water (Depc. water) under 60 ºC for 10 minutes. 

RNA concentration and A260:A280 were measured using a spectrophotometer 

(BioDrop, 80-3006-55). If the RNA concentration was too high, dilute the RNA sample 

to 100 to 300 ng/μl with Dec. water.  

 

Total RNA with A260:A280 within 1.8~2.0 (indicating the good quality of RNA 

sample) was used for reverse transcription to get complementary DNA (cDNA) using 

SuperScript VILO cDNA Synthesis Kit (Applied Biosystems, Foster City, CA). One 

hundred fifty ng of total RNA (with 0.4 μl VILO and top up the solution to 2 μl with 

Dec. water) was used to synthesize cDNA. The reverse transcription was conducted at 

25 ºC 10 min, 42 ºC 1h, 85 ºC 5 min in a thermal cycler  (MJ Research, PTC-200), then 

the cDNA was diluted with 14 μl Dec. water and stored in -20 ºC. The mRNA 

expression level of glucose transporters (GLUT1 and GLUT3) and the system-A amino 

acid transporter (SNAT1-4) were measured using a StepOne Real-time PCR system 
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(Thermo Fisher, 4376357). Each reaction with 1 μl cDNA, 0.1 μl gene-specific forward 

primer (50 μM), 0.1 μl gene-specific reverse primer (50 μM) (Table 2.1), 5 μl KAPA 

SYBR FAST qPCR master mix (Roche, KR0389_S) and 3.8 μl Dec. water was used in 

Real-Time PCR. The program of Real-Time PCR started from holding stage 95 ºC for 

20 seconds, followed by 40 cycles of 95 ºC for 3 seconds and 60 ºC for 30 seconds. 

Finally, CT values were recorded for statistical analysis. The relative expression levels 

were normalized with the transcript levels of mouse Actin. The specificity of primers 

was detected by melting curve analysis. 

 

Table 2.1. List of primers. 

 

 

2.2.5 Protein isolation and protein expression level analysis 

Protein isolation was carried out using RIPA lysis buffer [50 mM Tris−HCl, pH 7.4, 

150 mM NaCl, 2 mM Ethylenediaminetetraacetic acid (EDTA), 0.1% sodium dodecyl 

sulfate (SDS) and 1% NP-40], protease inhibitor (Roche, 11235000) and phosphatase 

inhibitor (phosSTOP, Roche 04906837001). The half of a placenta was homogenized 
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in a 200 μl RIPA lysis buffer with a homogenizer in an Eppendorf tube, then 500 μl 

more RIPA lysis buffer was added. The homogenized placenta was sonicated on ice 

(time on: 30s, time off: 35s, cycle: 5, low power) using a sonication device (Bioruptor, 

Diagenode B01020001). The lysates were then centrifuged at 11,000g 4 °C for 15 min 

to remove tissue debris, the supernatant containing proteins was transferred to a new 

Eppendorf tube. The total protein concentration was measured by DC protein assay 

using a 96-well plate. The reagent package of DC protein assay includes an alkaline 

copper tartrate solution (reagent A, bio-rad #500-0113), a dilute folin reagent (reagent 

B, bio-rad #500-0114), and reagent S (bio-rad, #500-0115). In each well, 25 μl of 37 °C 

pre-warmed working reagent (10 ml reagent A + 200 μl reagent S), 2 μl MQ or 2 μl 

BSA or 0.5 μl protein sample, 200 μl reagent B were added in turn. The plate was 

incubated for 10 min in the dark, then measured OD 750 nm using a microplate reader 

(BioTeck, ELX800). The standard concentration curve was based on bovine serum 

albumin (BSA) with known concentrations (0.25, 0.5, 1, 2 mg/ml BSA). 

 

Then glucose transporters (GLUT1 and GLUT3) and the system-A amino acid 

transporter (SNAT1-4) were analyzed using western blotting. First of all, protein 

samples were prepared by mixing 15 μg of protein, 3.6 μl 5X loading dye, and MQ (top 

up to 18 μl), then the mixture was heated at 95 ºC for 10 min to denature the proteins. 

The denatured protein samples were used in gel electrophoresis for protein separation, 

with 4% stacking gel and 10% resolving gel, and the voltage used was 100-120V 

(Pharmacia Biotech, EPS600). Proteins in the gel were then transferred onto a PVDF 

membrane (bio-rad, #1620177) using a semi-dry electrophoretic transfer cell (bio-rad, 

#1703940), with 15V for 1h. After transferring the protein to the PVDF membrane, 5% 

non-fat milk (Carnation Instant Nonfat Dry Milk) in PBST (0.05% tween 20 in PBS 
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solution) was used for 1-hour blocking. Then the membrane was incubated in primary 

antibody (Table 2.2) overnight at 4ºC, followed by the 1-hour incubation of horseradish 

peroxidase (HRP) secondary antibody (Table 4); the secondary antibody was diluted in 

3% non-fat milk. Finally, the light signal was detected by applying chemiluminescence 

substrate (Ab frontier, TJA07) onto the membrane. The medical x-ray film was exposed 

for 10 min with the membrane, and the bands were developed and fixed in a dark room. 

The experiment was repeated three times with similar results. Three dams per group, 

one placenta per dam was used to isolate proteins each time. 

 

Table 2.2. List of antibodies. 
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2.2.6 Placental morphology Study 

2.2.6.1 PFA preparation 

Four percent pH=7.4 paraformaldehyde solution (PFA) was used to fix the placenta. 

Eight grams of PFA power (Sigma-Aldrich, P6148) was dissolved in 150ml PBS 

solution (95.5g PBS powder was dissolved in 1L MQ) at 70°C and continuously string, 

in the meantime, three NaOH tablets (Riedel-de Haen, 30620) were added to fasten the 

dissolving process. Cool it down to room temperature (around 25°C) when the PFA 

solution turns clear. Then adjusted its pH to 7.4 with HCl and NaOH solution. After 

that, top up the solution to 200ml using the PBS solution. Finally, 4% pH=7.4 PFA 

solution was filtered with a filter paper (Whatman, 1441 110) and stored at 4°C in the 

dark. 

 

2.2.6.2 Placenta section preparation  

The placenta was fixed in 4% pH=7.4 PFA solution overnight. Then the placenta was 

cut in half (Fig 2.2). Then the placenta was dehydrated in graded ethanol. In this step, 

the placenta was dehydrated respectively in 10ml 30% ethanol for 1h, 50% ethanol for 

1h, 70% ethanol overnight, 80% ethanol for 1h, 100% ethanol for 30 min, and another 

100% ethanol for 30 min. After dehydration, the placenta was cleared in 1:3 xylene 

(Sigma, 214736) : absolute ethanol for 8 min, 1:1 xylene : absolute ethanol for 8 min, 

3:1 xylene : absolute ethanol for 8 min, xylene for 8 min, and another xylene for 8 min. 

The ratio of xylene volume to the placenta was at least 6:1. Shaking was always 

performed through fixing, dehydration, and clearing processes. After the clearing step, 

the placenta was impregnated in melted paraffin (Sigma, P3808) overnight at 80°C. 

The next day, the placenta was embedded; the two halves from the same placenta were 

embedded in the same wax block, with cross-sections facing downwards.  
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Figure 2.2. Schematic diagram of cutting a placenta 

 

Placenta blocks were sectioned to 5 μm with a microtone (Leica, RM2125) and attached 

to glass slides (sail brand, 7150). Then the slides were stored in a 50°C oven (JP Selecta, 

2000237) overnight to evaporate excess water. The dry sections were dewaxed in 

xylene for 5 min twice and then rehydrated in graded ethanol, 100% ethanol for 5 min, 

95% ethanol for 5 min, 70% ethanol for 5 min, tap water for 5 min. Some rehydrated 

tissue sections were stained using hematoxylin. Hematoxylin was applied on sections 

for 8 min; after washing away the hematoxylin, 1% acid alcohol (1% HCl in 75% 

ethanol) for 10 seconds was used to remove excess stain, the 1% acid alcohol was 

washed away under running water for 1 min. Then the bluing reagent 0.2% ammonia 

water was added for 30 seconds. Finally, the slides were washed in water and mounted 

by toluene solution (Fisher Scientific, SP15-500) after air-drying.  

 

Other rehydrated tissue sections were used in immunohistochemical (IHC) staining. 

The sections were incubated in a boiling citrate buffer (10 mM sodium citrate, 0.05% 

Tween 20, pH 6), followed by 0.2% triton in PBST (0.05% Tween 20 in PBS) for 

permeabilization for 10 min. The sections were blocked with the buffer (10% normal 

goat serum in PBST) for 1 hour. Then the sections were incubated in a primary antibody 
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solution 1:100 diluted in the blocking buffer (rabbit anti-Tpbpa) for 1 to 2 hours at room 

temperature. After washing away the primary antibody using PBST, the sections were 

incubated with a solution of goat anti-rabbit-alkaline phosphatase (AP) (ZyMax, 81-

6122) 1:200 diluted in the blocking buffer at room temperature for 1 hour. Then the 

antibody was washed away, followed by 1mM levamisole (in PBST) incubation for 10 

min to inhibit endogenous alkaline phosphatase activity. The color was developed in 

sections after applying freshly prepared 1mM levamisole in nitro-blue tetrazolium 

chloride and 5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt (NBT/BCIP) 

solution (Roche, 40005500), which was stopped after 15 min by washing with MQ. The 

slides were mounted with the toluene solution. The stained slides were observed, and 

images were acquired using a light microscope (Invitrogen, EVOS M5000). 

 

2.2.7 Statistical analysis 

Differences between PFOS treated groups and control groups were tested for statistical 

significance using Student's t-tests. The “*” indicated the results that had significant 

changes. The error bars indicated the standard deviation (SD) that showed the variation 

of results within each group. All statistical evaluations were performed using GraphPad 

Prism 8.0.2 (GraphPad Software, Inc.). 
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2.3. Results 

2.3.1 Weights 

After the pregnant mice were treated with PFOS from GD4.5 to GD17.5, the weights 

were collected on GD17.5. The formulas of relative weights are  

Relative liver weight (%) = 
𝑙𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡(𝑔)

𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡(𝑔)
X 100% 

Relative placental weight (%) = 
𝑝𝑙𝑎𝑐𝑒𝑛𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡(𝑔)

𝑓𝑒𝑡𝑎𝑙 𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡(𝑔)
X 100% 

The maternal body weights did not change, while the fetal body weights decreased 

significantly in the high dose group (Fig. 2.3A). The relative maternal liver weight (Fig. 

2.3B left panel) increased dramatically with the high dosage of PFOS. The relative fetal 

liver weights (Fig 2.3B right panel), placenta weight (Fig. 2.3C left panel), and the 

relative placenta weights (Fig. 2.3C right panel) did not change. 
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Figure 2.3. Weights of the maternal body, fetal body, maternal liver, fetal liver, and 

placenta at GD 17.5. (A) maternal body weights (left panel), fetal body weights (right 

panel), (B) the relative maternal liver weight (left panel), and relative fetal liver weight 

(right panel). (C) placenta weight (left panel) and relative placenta weight (right panel). 

Data were presented as the mean ± S.D. (*P<0,05, **P<0.01) 
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2.3.2 Tissue PFOS concentration 

Tissues were collected at GD 17.5, and the PFOS concentration was measured using 

LC/MSMS. In the maternal liver (Fig. 2.4A), placenta (Fig. 2.4B), and fetal liver (Fig. 

2.4C), the PFOS concentration increased significantly in both low dose and high dose 

groups, compared with control groups. Moreover, in maternal (Fig. 2.4A) and fetal liver 

(Fig. 2.4C), the PFOS concentration significantly increased in the high-dose group 

compared with the low-dose group. Results show a positive correlation between tissue 

PFOS concentration and PFOS dosage—more PFOS accumulated in the maternal liver 

than in the placenta and less accumulated in the fetal liver. 

 

Figure 2.4. Effects of maternal PFOS exposure on PFOS concentrations in maternal 

liver, placenta, and fetal liver at GD 17.5.  (A) PFOS concentration in maternal liver, 

(B) PFOS concentration in the placenta, (C) PFOS concentration in fetal liver. Data 

were presented as the mean ± S.D. (*P<0.05) 
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2.3.3 MeAIB and MeG transportation 

The concentration of MeG and MeAIB in the placenta and fetal liver were injected and 

measured at GD 17.5. The MeG concentrations in the placenta (Fig .2.5A left panel) 

and fetal liver (Fig. 2.5A right panel) decreased significantly in low and high dose 

groups compared with their control groups. The MeAIB concentrations in the placenta 

(Fig. 2.5B left panel) were significantly reduced in the high dose group and 

significantly lower in two treatment groups in the fetal livers (Fig. 2.5B right panel). 

 

  

Figure 2.5. Effects of maternal PFOS exposure on the placental transport function of 

MeG and MeAIB. (A) MeG concentration in placenta (left panel) and fetal liver (right 

panel), (B) MeAIB concentration in placenta (left panel) and fetal liver (right panel). 

Data were presented as the mean ± S.D. (*P<0.05, **P<0.01) 
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2.3.4 Transporter 

The mRNA expression level was measured by real-time PCR, and the protein 

expression level was detected using western blot. The mRNA expression levels of 

amino acid transporters (SNAT1, SNAT2, SNAT3, SNAT4) and glucose transporters 

(GLUT1, GLUT3) did not display any changes (Fig. 2.6A). The protein expression 

levels of amino acid transporters (SNAT1, SNAT2, SNAT3) and glucose transporters 

(GLUT1, GLUT3) did not display any changes, except for the SNAT4 protein that 

decreased significantly in the treatment groups (Fig. 2.6B). 
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Figure 2.6. The expression level of transporters of placenta at GD17.5 from the control 

and  PFOS-exposed maternal mice. (A) The mRNA expression level of amino acid 

transporters (SNAT1, SNAT2, SNAT3, SNAT4) and glucose transporters (GLUT1, 

GLUT3). (B) The protein expression level of amino acid transporters (SNAT1, SNAT2, 

SNAT3, SNAT4) and glucose transporters (GLUT1, GLUT3). Data were presented as 

the mean ± S.D. (*P<0.05) 
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2.3.5 Placenta morphology 

The placenta morphology at GD 17.5 was investigated by H&E and 

immunohistochemical staining. In H&E staining (Fig. 2.7A), nuclei were stained blue, 

and proteins were stained purple. In immunohistochemical staining (Fig. 2.7B), Tpbpa 

protein-enriched junctional zone was blue, and the labyrinth area had no color stained. 

There was no significant difference between control and treatment groups regarding the 

ratios of the junctional zone area/total area, the labyrinth zone area/total area, and the 

labyrinth/junctional area (Fig. 2.7C). 
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Figure 2.7. Effects of maternal PFOS exposure on the placental morphology at GD 

17.5. (A) H&E staining and (B) Immunohistochemical staining of Tpbpa of the placenta 

from the control, low-dose, and high-dose PFOS exposure. (C) the ratio of the 

junctional zone area/total area, the labyrinth zone area/total area, and the 

labyrinth/junctional area. Data were presented as the mean ± S.D. (n=3) 
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2.4 Discussion 

In this study, the PFOS dosages were 0, 1, and 3 mg PFOS per kg body weight per day, 

designed based on tolerable daily intakes (TDI). The human tolerable daily intake of 

PFOS is 150 nanograms per kilogram of body weight per day (EFSA, 2008). The mice 

were CD-1 mice. Their usual life span of about 80 to 90 weeks may be divided into 

three periods: the infantile period up to the 21st day after birth, the juvenile period from 

the 21st to the 50th day, and the adult period after the 7th week (Kimura & 

Takeuchi,1988). The mice purchased were 8-week old adult females that reached 

sexual maturity. They were mated with adult male mice individually for two nights to 

maintain a high conception rate. Sperm-positive smears could distinguish the mice that 

were successfully bred. The PFOS gavage was started from GD 4.5, the day that 

blastocyst implants into the uterus (Hemberger et al., 2019), and trophectoderm 

epithelium begins to differentiate to form different trophoblast cell types (Lu et al., 

2011). Starting at GD 6.5, the amnion, chorion, and allantois develop. The 

chorioallantoic fusion allows mesodermal-derived blood vessels to penetrate the 

chorionic trophoblast, forming the placental labyrinth (Scifres & Nelson, 2009). 

Between GD 10 and GD 14.5, the labyrinth structure becomes more complex to 

promote the supply of nutrients and gas to the embryo (Hemberger et al., 2019). In the 

post-implanted embryo, the gastrulation forms, the position of blastocyst cells changes 

to form an embryo structure composed of three germ layers (endoderm, mesoderm, and 

ectoderm). In the first few days of birth, organs developed, and the embryo's size 

gradually increased. It usually takes 19-20 days for the fertilized eggs to develop into a 

fetus (Frank, 2011). The oral gavage of PFOS was stopped at GD 17.5, which is the 

third trimester of pregnancy mice. The placenta, livers, and other tissues were collected. 
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We measured the PFOS concentration in the maternal liver, placenta, and fetal liver. 

Results (Fig. 2.4) show a positive relation between tissue PFOS concentration and 

PFOS dosage. The results also indicate that more PFOS accumulated in the maternal 

liver than in the placenta and less in the fetal liver. During pregnancy, the placenta is 

the crucial determinant of fetal exposure to maternally-delivered xenobiotics (Ho et al., 

2017), which means PFOS  can transfer from mother to fetus through the placenta. A 

study showed that maternal xenobiotic metabolism might reduce fetal exposure to 

maternal compounds. Some transporters and processes exclude certain molecules from 

the fetus's circulatory system, thereby reducing the fetus's exposure. For most chemical 

categories, such as PFC, the cord blood concentration was similar to or lower than the 

concentration in maternal blood. The reported ratio of the umbilical cord to maternal 

was usually between 0.1 and 1 (Aylward et al., 2014). 

 

At GD 17.5 after the PFOS exposure, the reduced maternal liver weight and fetal body 

weight (Fig. 2.3) indicate that PFOS exposure may affect maternal liver function and 

metabolism and reduce fetal growth and development. Other studies also proved that 

higher PFOS concentrations were associated with decreased average birth weights. The 

researchers looked at the levels of PFOA and PFOS in pregnant women's blood and 

umbilical cords and correlated them with birth weight. Their results demonstrated that 

exposure to PFOS or PFOA in utero was associated with birth weight loss (Bach et al., 

2014). Except for fetal growth, PFOS also affects liver function. The liver provides 

many essential metabolic, exocrine, and endocrine functions (Zorn, 2008). Gallo et al. 

(2012) looked at the cross-sectional relationship between blood PFOS levels and liver 

function indicators in 69,030 adults. Natural log (ln)-transformed alanine transaminase 
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(ALT) results on PFOS were fitted with linear regression models. Their findings reveal 

a link between PFOS concentrations and serum ALT levels, a liver damage marker. 

 

After we noticed the developmental toxicity of the fetus in high-dose PFOS exposure, 

we further investigated the placenta structure and functions because the placenta plays 

a vital role in connecting the mother to the fetus. We observed whether the placenta 

structure could be changed by PFOS exposure. Immunohistochemical staining of 

Tpbpa (the trophoblast-specific protein) was used to distinguish the placenta's three 

different layers: the decidua layer, the junctional layer, and the labyrinth layer. Tpbpa 

specifically locates in the junctional zone (Salbaum et al., 2011). Therefore, Tpbpa can 

easily highlight the junctional zone between the decidua layer and the labyrinth area. 

The decidua layer belongs to the maternal part of the placenta. The junctional zone 

serves as an energy store and produces hormones to support the normal progress of the 

pregnancy. The labyrinth zone is the largest layer of a normal placenta, the interface 

for material exchange between maternal and fetal circulation (Ain et al., 2003). There 

was no noticeable change of junctional zone area/total area ratio, labyrinth zone 

area/total area ratio, and junctional zone area/labyrinth zone area ratio (Fig 2.7B), 

taking the control group as a comparison. This result indicates that PFOS exposure may 

not have effects on placenta structure. Therefore, we further investigated the transport 

functions of the placenta.  

 

Glucose and amino acid are two elements that transport through the placenta to support 

fetal development. Glucose is the primary energy source for intrauterine development, 

and it is passed from mother to fetus in a continuous stream (Scholl et al., 2001). One 

of the most important nutrients for embryonic life is amino acids. They are necessary 
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for embryonic development and growth, and protein production, including nucleotides 

(purine and pyrimidine) and neurotransmitters (Avagliano et al., 2012). The transport 

efficiency of glucose and the amino acid was demonstrated using non metabolized 

analogs of glucose (MeG) and neutral amino acid (MeAIB). The MeG and MeAIB 

concentration in the placenta or fetal liver significantly decreased as the PFOS exposure 

dosage increased (Fig 2.5). The data showed that PFOS reduced the placenta's glucose 

and amino acid transport efficiency. Low glucose or amino acids levels in the fetus are 

common characteristics of intrauterine growth restriction (IUGR) (Avagliano et al., 

2012; Hay et al., 2016;). Then the expression level of transporters was considered to 

connect with this effect. The mRNA and protein expression levels of glucose 

transporters (GLUT1, GLUT3) and system A amino acid transporter (SNAT1-4) were 

measured. 

 

Glucose uptake and transport by the placenta are mediated by facilitative transporter 

proteins, particularly GLUT1 and GLUT3 (Hay, 2006). GLUT1 glucose transporter 

exists on the basement membrane of the syncytial barrier and is the main isoform 

involved in the movement of glucose through the placenta. Although GLUT3 is widely 

distributed, GLUT3 protein locates in the arterial component of the vascular 

endothelium, and it may play a role in enhancing transplacental glucose transport 

(Illsley, 2000). Amino acids are transported through the placenta by active transport 

employing a complicated system with 3 types of carriers: accumulative amino acid 

transporters (system A amino acid transporters), exchange transporters, and facilitated 

transporters (Cleal et al., 2011; Cleal et al., 2018). The maternal facing microvillous 

and fetal facing basal membranes of the placental syncytiotrophoblast express distinct 

amino acid transporters (Novak et al., 2006; Cleal et al., 2018). The amino acid 
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transport system A activity exists in rodents and the human placenta. In the third 

trimester of pregnancy, mRNA expression of SNATs increases, which coincides with 

the period when fetal amino acid delivery is most needed (Novak, 2006). Inhibition of 

this transport system is associated with delayed fetal development. A previous study 

reported that paternal knockout of SNAT4 causes placental hypoplasia related to 

intrauterine growth restriction in mice (Matoba et al., 2019).  The real-time PCR results 

(Fig 2.6A) show no difference in amino acid transports nor glucose transporters 

transcription levels; however, the protein expression level (Fig 2.7B) of SNAT4 protein 

significantly decreased in treatment groups. 

 

2.5 Conclusion 

In conclusion, high dose PFOS exposure in the maternal mice caused developmental 

toxicity of the fetus, which appeared in the lower fetal weights. The transport efficiency 

of glucose and amino acid analogs in the placenta had a negative correlation with PFOS 

dosage. Moreover, the SNAT4 protein expression level was downregulated after PFOS 

treatments. Thus, PFOS disrupts the expression of the transporter in the placenta and 

affected the transport of essential nutrients involved in fetus growth, from mother to 

fetus, and caused fetal body weight to decrease. 
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Chapter 3 

Effects of Prenatal PFOS Exposure and Postnatal Diet-challenge on Liver 

Functions of Offsprings 

 

 

Abstract 

 

Perfluorooctane sulfonate (PFOS), an artificial chemical, is used in various consumer 

products. PFOS persists in the environment and accumulates in the livers with relatively 

high concentrations. Animal studies proved that PFOS could induce hepatocellular 

damage. It is reported that maternal PFOS exposure during the gestational period can 

have long-lasting liver disorders in the later life of offspring. However, the underlying 

mechanism of prenatal PFOS-elicited hepatotoxicity at different developmental stages 

has not yet been fully understood. This study aimed to identify the signs of hepatic lipid 

and energy metabolism in utero and during the postnatal phase after PFOS exposure at 

gestation. In this study, pregnant CD-1 mice were fed with either 1 and 3 mg PFOS/kg 

body weight/day or corn oil from gestational day (GD) 4.5 to GD17.5.  Weaning 

(PND21) offspring were fed standard, high-fat, and high-sucrose water until postnatal 

day (PND) 80. Livers of GD17.5, PND21, and PND80 male mice were collected. Liver 

histology and mRNA expression of biomarkers for hepatic lipid and energy metabolism 

were investigated. PND80 mice fasting glucose was measured, and the oral glucose 

tolerance test (OGTT) was reported. The outcomes indicated that prenatal PFOS 

exposure induced steatosis in a time- and dose-dependent manner male offsprings. The 

lipid and energy metabolic dysfunction appeared in fetal livers, but the severity of the 

impacts gradually reduced during the postnatal stage. Moreover, under high-fat diet 

challenges, the disturbance effects on lipid and energy metabolism were exacerbated. 
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3.1 Introduction 

 

Perfluoroalkyl acids (PFAAs) are a class of perfluorinated compounds with a carbon 

backbone of 4–14 carbon atoms and a charged functional group. Carbon-fluorine bonds 

are some of the most powerful bonds. Fully fluorinated hydrocarbons are nonflammable, 

non-degradable in strong acids or alkalis, and non-photodegradable in the air at high 

temperatures (over 150°C) (Lau et al., 2007). Because of these properties, PFAAs are 

extensively applied in many consumer products, for example, surfactants and stain-

resistant coatings for leather. PFOS can accumulate in humans and brings toxicities, 

including hepatotoxicity. Studies have proved that PFOS can cause liver enlargement 

and increased expression of genes involved in fatty acid oxidation and nonalcoholic 

fatty liver disease (NAFLD) (Wan et al., 2012; Jin et al., 2020). 

 

Livers differentiate from endoderm (Baptista et al., 2014). Throughout fetal life, the 

liver has crucial connections and hematological functions. Because nutrients are 

generally supplied to the fetus from the mother via the placenta, the fetal liver does not 

conduct traditional digestive and filtering functions at this time (Giancotti et al., 2019). 

During mid-gestation, the intrauterine microenvironment affects hepatic differentiation. 

The neonatal liver is still immature when it is born. The liver is essentially mature after 

birth. Throughout the early postnatal period, liver functions switch from hematopoiesis 

to metabolism (Hata et al., 2007; Zhou et al., 2019). In adults, livers perform most of 

the works, including glucose and lipid metabolism, plasma protein synthesis, and 

xenobiotic detoxification (Shin & Kaestner, 2014; Liu et al., 2017; Giancotti et al., 

2019). Exposure to harmful environmental factors during the critical phase of fetal 

development may contribute to long-term liver problems in later life (Lai et al., 2017). 

Liver metabolic dysfunction can induce health problems or even result in life-
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threatening situations (Ding et al., 2018). The hepatic metabolic syndromes, such as 

obesity and diabetes, are attracting attention (Watanabe et al., 2008).  

 

Lipid metabolism in the liver can be divided into three steps. First of all, fatty acid 

uptake and synthesis. The second step is lipid storage, including triglyceride synthesis 

and lipid droplets formation. The last step is lipid consumption, which includes lipolysis, 

fatty acid oxidation, and the export of very-low-density lipoproteins (VLDL) (Enjoji et 

al., 2016). Fatty acid oxidation happens in numerous parts of a liver cell, including the 

mitochondria, where beta-oxidation occurs, the peroxisome, where alpha- and beta-

oxidation take place, and the endoplasmic reticulum (ER), where omega-oxidation 

occurs (Talley & Mohiuddin, 2021). In hepatocytes, PFOS has been proved to disrupt 

lipid metabolism and cause the accumulation of excess fatty acids and triglycerides 

(Wan et al., 2012). The liver's control of systemic energy homeostasis is partly mediated 

by glucose and lipid metabolism. Dysregulation of either pathway can lead to metabolic 

malfunction, resulting in insulin resistance or fatty liver disease (Jensen-Cody et al., 

2021). PFOS can transfer to the fetus from mothers via the placenta (Kim et al., 2011). 

This study tested the hepatic lipid and energy metabolism to investigate the toxic effects 

of prenatal PFOS exposure on male offspring at different ages. Also, exacerbation of 

these effects under different diets was analyzed. 
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3.2 Material and method 

3.2.1 Animal sampling 

Thirty 8 weeks pregnant CD-1 mice were housed in polypropylene cages with sterilized 

bedding under controlled temperature (22 ºC ± 1ºC) and 12 h light-dark cycles (6:00-

18:00). The mice were fed with standard chow (LabDiet, 5001 Rodents Diet) and water. 

The pregnant mice were randomly divided into 3 groups (at least 7 individuals per 

group). The control group was given corn oil. The exposed groups were administered 

by oral gavage with 1 mg (1.86 μmol) or 3 mg (5.57 μmol)  PFOS /kg body weight/ 

day from GD 4.5 to GD 17.5 every morning. The oral gavage was performed by 

syringes (Terumo, 1 cc/ml, 191015D) with animal feeding needles (Cadence Science, 

9921). Body weights were recorded every day before administering oral gavage using 

an electronic balance (Shiamdzu, Tokyo, Japan). 

 

The chemical perfluorooctane sulfonate (PFOS, 98% purity, Sigma Aldrich, 

BCBH2834V) was dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich). Sixty 

mg/ml (111.5 mmol/L) PFOS stock solution was prepared by dissolving 0.06 g PFOS 

powder in 1 ml DMSO. Then the dissolved PFOS was mixed with corn oil to prepare 

designated concentrations for oral gavage. Two administrated dosages of PFOS were 

prepared.  The high-dose PFOS solution (0.6 mg/ml or 1.115 mmol/L) was made by 

mixing 100 μl PFOS stock with 10 ml corn oil. The low-dose PFOS solution (0.2 mg/ml 

or 0.372 mmol/L) was made by diluting 5 ml high-dose PFOS solution with 10 ml corn 

oil. The exposed mice were given 0.1ml volume of high or low dose PFOS solution for 

every 20g of body weight. 
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At GD 17.5, three pregnant mice from each group were killed by cervical dislocation. 

Fetal livers were weighed (SHIMADZU, AEX-200G), immediately frozen in liquid 

nitrogen, and then stored at -80 °C. The remaining pregnant mice gave birth to offspring. 

On postnatal day 21 (PND21), male pups from 3 dams of each group were dissected, 

and livers were weighed and collected. The remaining male pups in each group were 

evenly separated into four diet sub-groups (3 to 5 per group). The first sub-group 

(normal diet group) was given standard chow (13.5 Kcal% fat) and water. The second 

sub-group was fed with a high-fat diet (HFD, Research diet, 60 Kcal% fat, D12492) 

and water. The third sub-group was fed with the standard chow and 10% sucrose water 

(HSW). The fourth sub-group was administered with a high-fat diet and 10% sucrose 

water (HFHS). The 10% sucrose water was prepared by dissolving sucrose crystal 

(Sigma, ≥99.5% purity, S0389) with water and stored at 4ºC until use. On PND80, their 

livers were weighed and collected. All the liver samples were stored at -80°C until 

analysis. 

 

3.2.2 Fasting glucose test and oral glucose tolerance test (OGTT) 

All PND80 male mice were transferred into a cage with fresh bedding and fasted 

overnight (16 hours). After 16 hours, their body weights were measured, and their tails 

were marked in different colors to make the mice easily distinguishable. Then 1-2 mm 

of the tail tip was carefully cut using sharp scissors (Swann-Morton 0310, surgical blade 

No. 23). A tiny blood sample (~3 μl) was drawn for the measurement of fasting blood 

glucose level (time point 0) with a blood glucose meter (ACCU-CHEK Performa, 

Roche 04680464003) and test stripes (Roche, 06454011). In OGTT, their blood glucose 

levels were measured at 15 min, 30 min, 60 min, and 120 min, after feeding the glucose 

solution by oral gavage. The mice were given 50 μl of 0.4 g/ml glucose solution (0.02g 
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glucose) for every 10g of body weight. The 0.4 g/ml (2.22 mole/L) glucose solution 

was freshly prepared by dissolving 4g anhydrous dextrose [a-D-(+)-glucose, 

Affymetrix, 14535] with 10 ml Mili-Q water (MQ) in a 37 ºC water bath (Julabo, 

TW20). 

 

3.2.3 Gender determination of fetus at GD17.5  

The fetal liver DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen, 

166012247). All centrifugal steps were conducted at room temperature. First of all, 

approximately 25 mg of fetal liver tissue was vortexed with 180 μl lysis buffer (ATL) 

and 20 μl proteinase K. The mixture was then incubated at 56ºC in a heat block (Major 

science, dry bath incubator) and was vortexed for 15 seconds every 2 minutes until the 

liver was almost wholly lyzed. Two hundred μl DNA binding buffer (AL) was then 

added into the lysate; after vortexing, 200 μl 100% ethanol (VWR, 19K274031) was 

added. The mixing aqueous was pipetted into a spin column then centrifuged at 14,000 

rpm for 1 min to discard the flow-through. Five hundred μl washing buffer (AW1) was 

then added to the spin column and centrifuged at 14,000 rpm for 1 min to discard the 

flow-through. After the first washing step, 500 μl washing buffer (AW2) was added to 

the spin column and centrifuged at 14,000 rpm for 3 min to discard the flow-through. 

The spin column was placed into a new Eppendorf tube (Axygen, MCT-150-C), and 50 

μl elution buffer (AE) was added into the spin column. After 1-minute incubation, the 

samples were centrifuged at 14,000 rpm for 1 min to collect the flow-through. The 

DNA concentration was determined by a spectrophotometer (BioDrop, 80-3006-55). 

Its purity was determined from the absorbance ratio at 260nm and 280nm (A260/A280). 

The ratio from 1.8 to 2.0 was accepted as evidence of the purity of DNA. 
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Real-time PCR was operated using diluted fetal liver DNA (~80 ng/μl) and mice gender 

determine primers RBM31x/y (Table 1). This primer pair was constructed by an X-

linked Rbm31x gene and its Y-linked gametolog Rbm31y gene (Tunster, 2017). The 

reaction used in the StepOne Real-time PCR system (Thermo Fisher, 4376357) 

contained 0.5 μl DNA, 0.1 μl RBM31x/y forward primer (50 μM), 0.1 μl RBM31x/y 

reverse primer (50 μM), 5 μl FAST SYBR Green Master Mix (Applied Biosystems, 

4385612) and 4.3 μl Depc. water. Real-time PCR was conducted with a program that 

consisted of 20 s at 95°C followed by 40 cycles of 95°C for 3 s, 60°C for 10 s and 72 °C 

for 30 s. The real-time PCR product was then resolved in agarose gel electrophoresis. 

The agarose gel was prepared by dissolving agarose powder (Invitrogen, 16500-100) 

into MQ, boiled in a microwave. When the agar liquid cooled down to around 60°C, 

0.0001% GelRed (Biotium, 41003) was added. After the agar solidified, 100bp DNA 

ladder (BioLabs, #N0551S) and 2.5 μl sample mixed with 0.5 μl gel loading dye 

(BioLabs, 6X concentrate, #B7021S) was loaded into wells. The gel electrophoresis 

was conducted in a 100-volt electric field (Pharmacia Biotech, EPS600) for 30 min. 

The agarose gel image was visualized in a gel documentation system (Gel Doc XR+, 

Bio-Rad, 1708195). A single product at 269bp was amplified from XX (female) 

samples, and two products (353bp and 269bp) were amplified from XY (male) samples 

(Fig. 3.1). All the GD 17.5 male livers were used in RNA isolation and quantitative 

PCR.  
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Figure 3.1. Agarose gel electrophoresis of DNA fragments resulting from real-time 

PCR. F: female sample, M: male sample. 

 

3.2.4 RNA isolation  

All male fetal livers (4 in the control group, 6 in the low-dose group, and 5 in the high-

dose group), 5 PND21 male livers in each group, and all PND80 male livers were used 

to isolate RNA. Total liver RNA was isolated with Trizol reagent (Molecular Research 

Center, 5941). Fifteen to twenty milligram tissue was collected in an Eppendorf tube, 

which was then lysed in 700 μl Trizol reagent. The tissue was homogenized with a 

pestle motor mixer (Argos, A0001; Axygen, PES-15-B-SI) in 200μl Trizol reagent first 

to avoid a large volume of Trizol being splashed while it was ground. The remaining 

500 μl Trizol reagent was added to the homogeneous. Then 140 μl chloroform (Sigma-

Aldrich, 496189) was added for phase separation. The volume ratio of Trizol reagent 

to chloroform is 5:1. The Eppendorf tube was vortexed vigorously to mix the Trizol 

and chloroform; the substance's color turned light pink from red. Three layers were 

displayed after centrifugation at 12,000xg for 20 min at 4 ºC. The top layer was 
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transparent, the middle layer was white, and the bottom was red. The top aqueous layer 

containing RNA was transferred to a new Eppendorf tube. Ice-cold 2-propanol (in 1:1 

ratio, sigma, I9516) was added into the sample, which was vortexed to mix. 

Centrifugation at 12,000xg for 15 minutes at 4ºC was performed to remove the 

supernatant. As a result, the RNA pellet remained. Then 600 μl 75% Depc.-treated 

ethanol (VWR, 19K274031) was added to wash the RNA pellet. The supernatant was 

removed after 8,000xg centrifugation for 5 minutes at 4ºC. After repeating this washing 

step once, the Eppendorf tube was short spined and the ethanol leftover was removed 

with a 200 μl pipette. Then the pellet was air-dried until it became transparent. RNA 

was dissolved in 30 μl Depc. water under 60 ºC for 10 minutes. RNA concentration and 

A260/A280 were measured using a spectrophotometer (BioDrop, 80-3006-55). If the 

RNA concentration is too high, the RNA sample can be diluted to 100 to 300 ng/μl with 

Depc. water. The A260/A280 ratio between 1.8 and 2.0 was accepted as evidence of 

the purity of RNA. 

 

3.2.5 cDNA preparation and quantitative real-time PCR 

Complementary DNA (cDNA) was synthesized from 150 ng of total RNA using 

SuperScript VILO cDNA Synthesis Kit (Applied Biosystems, Foster City, CA). A 2-μl 

reaction containing 0.4 μl VILO, 150ng RNA, and Depc. water was used for reverse 

transcription. The reverse transcription program in the thermal cycler (MJ Research, 

PTC-200) was 25 ºC 10 min, 42 ºC 1h, 85 ºC 5 min. The cDNA was diluted with 14 μl 

Depc. water and stored at -20 ºC until analysis. The mRNA expression level of lipid 

and energy metabolic genes were measured by real-time PCR. The reaction used in the 

StepOne Real-time PCR system contained 0.5 μl cDNA, 0.1 μl gene-specific forward 

primer (50 μM), 0.1 μl gene-specific reverse primer (50 μM) (Table 3.1), 5 μl FAST 
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SYBR Green Master mix (Applied Biosystems, 4385612), and 4.3 μl Depc. water. The 

relative transcription level was normalized with the transcript level of mouse Actin 

using the 2-ΔΔCt method, in which Ct denotes the threshold cycle. Amplicon 

specificity was verified using melting curve analysis and 1% agarose electrophoresis. 

 

Table 3.1. Primer sequences used (full names see Abbreviations). 

Gene Forward primer (5’-3') Reverse primer (5’-3') Product 

size (bp) 

Actin TCTACGAGGGCTATGCTCTCC TCTTTGATGTCACGCACGATTTC 148 

RBM31XY CACCTTAAGAACAAGCCAATACA GGCTTGTCCTGAAAACATTTGG 353/269 

ABOP ACCTACCTGATGGCTCTGATCC GCTGTTAACTGCGTGGCTCA 120 

LPL ATCAACTGGATGGAGGAGGAGT TTCTTATTGGTCAGACTTCCTGCT 110 

FAT/CD36 GCCAAGCTATTGCGACATGATTA ATCCGAACACAGCGTAGATAGAC 125 

CYP4A14 ATTGGTTATGGTTTGCTCCTGTTG TCATAGTGGAAGGCTCCAGTCA 131 

ACOX1 GGACCTTCACTTGGGCATGTT ATCTCCAGATTCCAGGCCGG 96 

CPT1A CAAGATAGCTTGTGAAAAGCACCA GGCTCAGACAGTACCTCCTTCA 144 

ACADM CAATGATGTGTGCTTACTGTGTGA CCCTTCTTCTCTGCTTTGGTCTTA 82 

ACACA AAGCCCGTGAGAACACAGAG AGGGATACTGAGACGCCACT 122 

G6PD2 TACCCAAAGAAACCTTCATTGTGG CGTGAAGAACTCCTCCAGCTT 128 

PGC1A CTGCATGAGTGTGTGCTGTG ATCTGGGCAAAGAGGCTGG 163 

G6PC AGACTCCCAGGACTGGTTCA CTGCCACCCAGAGGAGATTG 125 

PCK1 TTGAACTGACAGACTCGCCC GGCACTTGATGAACTCCCCA 105 

PCK2 GCTTGGGGACACCTGTACTT TTCTGGATTGCACGGCCA 122 

PRKAA2 GCACCTTCGGCAAAGTGAAG CTTCAACCCGCCCATGTTTG 122 

PRKAB1 GGGAGGAGTGTCAGGTTACG GACACAAGGAAGCCGGAAAG 161 

INSR GCTACCTGGCCACTATCGAC CAGCACCGTTCCACAAACTG 172 

NR1H3 CGCGACAGTTTTGGTAGAGG CTCCAGCCACAAGGACATC 309 

NR3C1 AGACTCCCAGGACTGGTTCA CTGCCACCCAGAGGAGATTG 125 

STK11 CAGACACTAAGGACCGCTGG TGGCTCTGTCCATTCTGACC 184 

DBP AAGGAGCGCAAGGCAACT TATTCCACGTCCCCGAAAGG 194 
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3.2.6 Histological examination of PND80 mouse livers 

Paraformaldehyde solution (4% PFA, pH=7.4) was used to fix liver samples. Eight 

grams of PFA power (sigma-aldrich, P6148) was dissolved in 150 ml PBS solution 

(95.5g PBS powder was dissolved in 1L MQ) at 70°C in the meantime. Three NaOH 

tablets (Riedel-de Haen, 30620) were added to facilitate the dissolving process. After 

the PFA solution turned clear, it was cooled down to room temperature (around 25°C). 

Then adjusted its pH to 7.4 with 1 molar mass (M) HCl and 1M NaOH solution. Its pH 

was measured by a pH meter (Thermo Scientific, Orion 3-Star Portable pH Meter) 

according to the manufacturer’s manual. After that, top up the solution to 200ml using 

the PBS solution. Finally, the PFA solution was filtered (Whatman, 1441110) and 

stored at 4°C in the dark. 

 

One part of the liver was cut from the center of the right lobe (Fig. 3.2), which was 

fixed in 4% PFA solution overnight—followed by ethanol dehydration in graded 

ethanol. In this step, the liver was dehydrated respectively in 10ml 30% ethanol for 30 

min, 50% ethanol for 30 min, 70% ethanol overnight, 80% ethanol for 30 min, 100% 

ethanol for 30 min, and another 100% ethanol for 30 min. After dehydration, the liver 

was cleared in 1:3 xylene (Sigma, 214736) : absolute ethanol for 4 min, 1:1 xylene : 

absolute ethanol for 4 min, 3:1 xylene : absolute ethanol for 4 min, xylene for 4 min, 

and another xylene for 4 min. The ratio of xylene volume to the liver was at least 6:1. 

Shaking was always performed through fixing, dehydration, and clearing processes. 

After the clearing, the liver was impregnated in melted paraffin (Sigma, P3808) 

overnight at 80°C. The next day, the liver was embedded in the wax block, with a cross-

section facing downwards. 
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The liver block was sectioned to 5 μm with a microtone (Leica, RM2125) and attached 

to a glass slide (sail brand, 7150). Then the slide was stored in a 50°C oven (JP Selecta, 

2000237) overnight to evaporate excess water. The dry section was dewaxed in xylene 

for 5 min twice, then rehydrated in graded ethanol, 100% ethanol for 5 min, 95% 

ethanol for 5 min, 70% ethanol for 5 min, tap water for 5 min. The rehydrated tissue 

section was stained using hematoxylin (Diapath, Mayer hematoxylin C0302). 

Hematoxylin was applied on the tissue sections for 8 min; after washing away the 

hematoxylin, 1% acid alcohol (1% HCl in 75% ethanol) for 10 seconds was used to 

remove excess stain. After washing away the acid alcohol, the bluing reagent, 0.2% 

ammonia water, was added and held for 30 seconds. Finally, the slide was mounted 

with toluene solution (Fisher Scientific, SP15-500) after air-drying. The stained 

sections were observed under a light microscope (Invitrogen, EVOS M5000).  

 

 

Figure 3.2. Schematic diagram of cutting a liver. 
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3.3 Results  

3.3.1 Offspring body weights and hepatic gene expression at GD17.5 under 

prenatal PFOS exposure 

Maternal PFOS exposure resulted in a significant decrease in fetal (GD17.5) body 

weight (Fig. 3.3A) with an increase in relative fetal liver weight (Fig. 3.3B) as 

compared with the control group. 

 

 

Figure 3.3. Effects of prenatal PFOS exposure on GD17.5 male mice (A) body weight 

and (B) relative liver weight. Data were presented as the mean ± S.D. (Relative liver 

weight =  
𝑙𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡

𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
×100%; *P<0.05) 

 

Concerning the hepatic lipid transport in GD17.5 male livers, the mRNA expression of 

lipid transportation genes [lipoprotein lipase (LPL), apolipoprotein B (APOB)] 

significantly decreased in the high dose PFOS group, whereas APOB significantly 

decreased in the low dose PFOS group (Fig. 3.4). The expression of ER oxidation 

related gene cytochrome P450 4A14 (CYP4A14) and mitochondrial oxidation related 

gene carnitine palmitoyltransferase 1A (CPT1A) were significantly reduced under the 

influence of both low and high doses-PFOS exposure. Peroxisomal oxidation related 
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gene acyl-CoA oxidase 1 (ACOX1) was significantly reduced under low-dose PFOS 

prenatal exposure (Fig. 3.4).  

 

Both low and high-dose PFOS inhibited the expression of genes in gluconeogenesis 

[glucose-6-phosphatase catalytic subunit (G6PC) and phosphoenolpyruvate 

carboxykinase 1 (PCK1)] (Fig 3.4). For energy sensors, there was downregulation in 

protein kinase AMP-activated catalytic subunit alpha 2 (PRKAA2) in the high-dose 

PFOS exposed group and insulin receptor (INSR) in both low and high dose groups. 

For energy regulators, nuclear receptor subfamily 3 group C member 1 (NR3C1) 

expression was suppressed under two dosages of prenatal PFOS exposure (Fig. 3.4).  

 

 

Figure 3.4. Relative mRNA expression of genes related to lipid and energy metabolism 

in the livers of GD17.5. Data were presented as the mean ± S.D. (#P<0.05, 1 mg/kg vs. 

control; *P<0.05, 3 mg/kg vs. control) 
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3.3.2 Offspring body weights and hepatic gene expression at PND21 under 

prenatal PFOS exposure 

At PND21, the neonate body weights (Fig. 3.5A) and the relative liver weights (Fig. 

3.5B) from the high-dose exposed dams were significantly higher. 

 

 

Figure 3.5. Effects of prenatal PFOS exposure on PND21 male mice (A) body weight 

and (B) relative liver weight. Data were presented as the mean ± S.D. (Relative liver 

weight =  
𝑙𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡

𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
×100%, *P<0.05) 
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At PND21, the expression levels of genes involved in lipid metabolism (LPL, 

FAT/CD36, CYP4A14, ACOX1, CPT1A, ACADM, and ACACA) were increased in 

the high dose group (Fig. 3.6). In the low dose group, APOB were downregulated while 

FAT/CD36 and CYP4A14 were upregluated. Genes related to gluconeogenesis (PCK1), 

energy sensing (PRKAA2, and INSR), and energy regulation (STK11 and DBP) were 

upregulated in the high dose group (Fig. 3.6).  

 

 

Figure 3.6. Relative mRNA expression of genes related to lipid and energy metabolism 

in the livers of PND21 male mice livers. Data were presented as the mean ± S.D. 

(#P<0.05, 1 mg/kg vs. control; *P<0.05, 3 mg/kg vs. control) 
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3.3.3 Offspring body weights at PND80, under the influence of prenatal PFOS 

exposure and diet-challenge 

At PND80, with the normal diet, the body weight of mice in the high-dose PFOS group 

was significantly greater (Fig. 3.7A). Under HFD challenge, the body weight of mice 

exposed to high-dose PFOS was significantly low (Fig. 3.7B). There was no noticeable 

weight difference in HSW and HFHS-fed mice (Fig. 3.7C, D), compared with 

corresponding control groups.  

 

                 

Figure 3.7. Body weight of male mice at PND80 that fed with (A) normal diet, (B) 

high-fat diet (HFD), (C) high-sucrose water (HSW), and (D) high fat and high sucrose 

(HFHS). Data were presented as the mean ± S.D. (*P<0.05 comparing with 

corresponding control) 
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Relative liver weights (Fig. 3.8) of PND80 male mice had no significant difference 

among 4 diet sub-groups under PFOS prenatal treatment. 

 

  

Figure 3.8. The effect of prenatal PFOS exposure to PND80 male mice relative liver 

weights of (A) normal diet group, (B) high-fat diet (HFD) group, (C) high-sucrose 

water (HSW) group, and (D) high fat and high sucrose (HFHS) group. Data were 

presented as the mean ± S.D. (Relative liver weight =  
𝑙𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡

𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
×100%) 
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3.3.4 Fasting glucose at PND80 

The blood glucose levels in the fasting glucose test were not obviously differentiated 

between the four diet sub-groups of PND80 (Fig. 3.9). 

 

 

Figure 3.9. Fasting glucose of PND80 male mice in the (A) normal diet group, (B) 

high-fat diet (HFD) group, (C) high sucrose water (HSW) group, and (D) high fat and 

high sucrose (HFHS) group. Data were presented as the mean ± S.D.  

 

3.3.5 OGTT at PND80 

For the mice fed with a normal diet, the blood glucose level reached the peak at 15 min 

after glucose intake in control and low-dose PFOS groups, while the peak appeared at 

time 30 min in high dose PFOS group. At the time point 120, the blood glucose level 

of the low dose PFOS group was significantly higher than that of the control group (Fig. 
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3.10A). For the HSW-fed mice, their blood glucose level reached the peak at 15 min 

after glucose intake and no significant difference among the control and two PFOS-

treated groups (Fig. 3.10C). All the experimental groups in the HFD (Fig. 3.10B) and 

HFHS (Fig. 3.10D) sub-groups had a rise in the glucose levels upon administration of 

the glucose as observed at 30 min. This further decreased over time and almost reached 

normal levels at 120 min. There was no significant difference among control and two 

PFOS prenatal treated groups under HFD-challenge (Fig. 3.10B). The gain in blood 

glucose level was significantly less in the low dose group in HFHS-fed mice (Fig. 

3.10D) compared with the control. 

 

 

Figure 3.10. PND80 male mice oral glucose tolerance test (OGTT) of (A) normal diet 

group, (B) high-fat diet group (HFD), (C) high sucrose water group (HSW), and (D) 

high fat and high sucrose group (HFHS). Data were presented as the mean ± S.D. 

(*P<0.05) 
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3.3.6 Liver morphology 

There were no cytoplasmic vesicles in the livers of control PND80 mice fed with a 

standard diet. The staining also illustrated an increase in the numbers and size of 

cytoplasmic vesicles along with the increasing PFOS dosage (Fig. 3.11A-C). 

Macrovesicular steatosis was the severest in the prenatal PFOS-exposed HFD liver 

sections (Fig. 3.11 E, F). HSW (Fig 3.11 G-I) and HFHS (Fig 3.11 J-L) induced 

cytoplasmic vacuolation to a lesser degree than HFD.  

 

 

Figure 3.11. Effects of prenatal PFOS exposure on histological changes of PND80 

male mice livers that were under the influence of diet-challenge (arrow: cytoplasmic 

vacuolation). 
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3.3.7 Hepatic gene expression at PND80, under the influence of diet-challenge 

There were no significant changes in the gene expressions of normal diet PND80 livers, 

except for the increased DBP in the high-dose group (Fig. 3.12A). For the HFD-fed 

mice, only the expression level of an energy regulator (PGC1A) increased in the low-

dose PFOS group. However, almost all genes were upregulated in the high-dose PFOS 

group. Except for a gluconeogenesis gene (PCK2), an energy regulator (PGC1A), and 

an energy sensor (PRKAB1) did not have significant changes in the high-dose group 

(Fig. 3.12B). In HSW-fed mice, most of the gene expression did not change. Only an 

ER oxidation gene (CYP4A14) and an energy regulator (PGC1A) decreased their 

expression under high-dose PFOS prenatal exposure (Fig. 3.12C). In the HFHS-fed 

mice, no changes were displayed (Fig. 3.12D).  
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Figure 3.12. Relative mRNA expression of genes related to lipid and energy 

metabolism in the PND80 livers under the treatments of (A) normal diet, (B) high-fat 

diet (HFD), (C) high-sucrose water (HSW), and (D) high fat diet and high sucrose water 

(HFHS). Data were presented as the mean ± S.D. (#P<0.05, low vs. control; *P<0.05, 

high vs. control) 
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3.4 Discussion 

Based on findings of hepatomegaly, peroxisome proliferation, and hepatic vacuolations, 

current evidence demonstrated PFOS-induced hepatotoxicity (Kim et al., 2011). Other 

findings showed that prenatal PFOS exposure might stimulate fatty acid and lipid 

production and metabolism, resulting in liver injury and interfering with fetal liver 

development (Lai et al., 2017). This report further describes the time- and dose-

dependent effects of prenatal PFOS exposure on hepatic lipid and energy metabolism 

in male fetuses, juveniles (PND21), and adults (PND80). PFOS affects the metabolic 

status in a sex-specific manner (Onishchenko et al., 2020). Considering the large 

sample size, only male were chosen in this study. The genes chosed were related to 

lipid import (LPL and FAT/CD36) and export (APOB), lipid oxidation in ER 

(CYP4A14), mitochondria (CPT1A and ACADM), peroxisome (ACOX1), and lipid 

synthesis (ACACA). All these genes play important roles in hepatic lipid metabolism 

(Fig. 3.13). Energy expenditures (CYP4A14, ACOX1, CPT1A, ACADM, ACACA, 

and G6PD2), gluconeogenesis genes (G6PC, PCK1, and PCK2), energy sensors 

(PRKAA2, PRKAB1, and INSR), and energy regulators (NR1H3, NR3C1, STK11, 

DBP, and PGC1A) that regulate the energy homeostasis were also investigated. 
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Figure 3.13. Lipid oxidation pathway in hepatocytes. Triglycerides from circulating 

chylomicrons and very-low-density lipoproteins are hydrolyzed to monoglycerides and 

fatty acids by lipoprotein lipase (LPL). Fatty acids are transferred from the plasma to 

the liver by transporter FAT/CD36. Acyl-CoA oxidase 1 (ACOX1) catalyzes the 

desaturation of acyl-CoAs to 2-trans-enoyl-CoAs, which is the first enzyme of the fatty 

acid beta-oxidation pathway in the peroxisome (Chung et al., 2019). Cytochrome 

P4A14 (CYP4A14) is a hydroxylase that catalyzes omega-hydroxylation of very-long-

chain fatty acids to form dicarboxylic acids in the endoplasmic reticulum (Reddy et al., 

2001). Carnitine palmitoyltransferase (CPT1A) catalyzes the transfer of the acyl group 

of long-chain fatty acid-CoA conjugates onto carnitine, which is an essential step of the 

long-chain fatty acids shuttle for the oxidation in the mitochondria (Schlaepfer & Joshi, 

2020). Medium-Chain Specific Acyl-CoA Dehydrogenase (ACADM) catalyzes the 

initial step of the mitochondrial fatty acid beta-oxidation pathway. The final lipid 

products are exported out of the liver with the help of apolipoprotein B (APOB), which 

is a structural component of all atherogenic lipid particles and is required for the liver's 

export of VLDL (Zaromitidou et al., 2016). 
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Figure 3.14. Gluconeogenesis pathway in a liver cell. 

 

3.4.1 The effects of  prenatal PFOS exposure on GD17.5 mice 

In terms of lipid transportation (Fig. 3.13), the availability of plasma-free fatty acids 

(FFAs) and the capacity of hepatocytes to uptake FFAs influence hepatic fatty acid 

intake. The ability of liver cells to take up FFAs is one of the factors contributing to 

triglycerides accumulation (Bradbury et al., 2006). The activities of LPL and fatty acid 

translocase (FAT/CD36) affect the capacity of FFA-uptake (Fabbrini et al., 2009). LPL 

hydrolyzes triglycerides from circulating chylomicrons and very-low-density 

lipoproteins (VLDL) to monoglycerides and fatty acids (Bayly, 2014). Fatty acids are 

transferred from the plasma to the liver by FAT/CD36 (Noushmehr et al., 2005). APOB 

is required for the liver’s export of VLDL. VLDL secretion is an essential step to avoid 

excessive lipid accumulation in the liver. Inhibition of APOB production may reduce 

in the release of triglyceride-rich VLDL particles from the liver, potentially leading to 

triglyceride accumulation (Visser et al., 2010). The decreased APOB and LPL indicated 
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the inhibition of both export and import of lipid in GD17.5 livers with both low- and 

high-dose PFOS exposure. 

 

In the process of the hepatic lipid oxidation pathway (Fig. 3.13), CYP4A14 plays a role 

in the endoplasmic reticulum (Reddy et al., 2001). CPT1A shuttles the long-chain fatty 

acids into the mitochondria (Schlaepfer & Joshi, 2020). ACOX1 is the first enzyme of 

the peroxisomal beta-oxidation pathway (Chung et al., 2019). The downregulation of 

these genes showed an inhibition effect of PFOS on fatty acid oxidation in ER, 

peroxisome, and mitochondria in fetal livers. The dysfunctional fatty acid catabolism 

and the exportation of metabolic products, lead to the accumulation of lipid in low- and 

high-dose PFOS exposed fetal livers, which further result in hepatomegaly (Fig. 3.3B). 

This result is consistent with other reports. Liang et al. (2019) found that hepatic APOB 

mRNA expression was decreased in prenatal PFOS-exposed (5 mg PFOS/kg/day) 

PND1 mice. The hepatic contents of triglyceride (TG) and liver weight increased. 

Another study found increased ACOX1 and CPT1A mRNA expression in 3 mg 

PFOS/kg/day prenatal treated GD21 rats livers, but the liver weights did not increase 

significantly (Bjork et al., 2008).  

 

The decreased CYP4A14, ACOX1, and CPT1A transcription levels in fetal livers also 

suggested reduced fatty acid catabolism for ATP production, which might activate 

glucose-sparing pathways in mothers (Zhou et al., 2019). G6PC and PCKs are enzymes 

involved in the gluconeogenesis pathway (Fig. 3.14). G6PC encodes the liver catalytic 

subunit of glucose-6-phosphatase, which converts glucose-6-phosphate to glucose in 

the endoplasmic reticulum (Bennett & Burchell, 2013). PCKs catalyze the reversible 

decarboxylation and phosphorylation of oxaloacetate (OAA) (Yu et al., 2021). The 
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downregulation of G6PC and PCK1 indicated the inhibition effects of PFOS on 

gluconeogenesis in both low- and high-dose PFOS exposed fetal livers.  

 

Energy sensors PRKAA2 and PRKAB1 are the catalytic subunits of AMP-activated 

protein kinase (AMPK) that play a crucial role in regulating cellular energy metabolism 

by detecting the AMP/ATP (Thorn et al., 2009). When insulin or other ligands bind to 

INSR, the insulin signaling cascade is activated to regulate glucose uptake and lipid 

synthesis (De Meyts, 2016). Energy homeostasis regulators NR1H3 and NR3C1 are 

ligand-activated nuclear receptor transcription factors (TFs) that respond to oxysterols 

and fatty acids, respectively (Savic et al., 2016). PGC1A is activated by glucagon and 

catecholamines, then coactivates various transcription factors to activate the translation 

of gluconeogenic enzymes like glucose-6-phosphatase (Liang & Ward, 2006). 

Inhibition of the energy sensors and regulators indicated that PFOS exposed fetal liver 

failed to regulate energy homeostasis when there was more energy expended but less 

energy generation. The syndrome of energy homeostasis disruption may display as low 

fetal weights in two treatment groups.  This result is consistent with the findings of the 

other study. Thorn et al. (2009) reported that lack of activation of several energy sensors 

in the fetal liver suggests a novel strategy for survival in the intrauterine growth 

restriction (IUGR) fetus with low birth weight. 

 

3.4.2 The effects of  prenatal PFOS exposure on PND21 mice 

In PND21 male livers, the expression levels of most of the genes involved in lipid 

metabolism were increased in the high dose group (Fig. 3.6).  In the process of hepatic 

lipid metabolism, FFAs were transferred from plasma to liver under the cooperation of 

LPL and FAT/CD36. The upregulated LPL expression level (Fig. 3.6) indicated that 



 80 

the hepatic uptake of FFA was facilitated under the influence of high-dose PFOS 

exposure. Lipid oxidation in ER, peroxisome, and mitochondria was also facilitated in 

the high dose group. Moreover, the increase in acetyl-CoA carboxylase alpha (ACACA) 

expression level suggested an increased fatty acid synthesis activity in the high dose 

group. ACACA catalyzes the conversion of acetyl-CoA into malonyl-CoA which is a 

substrate for fatty acid chain elongation (Lou et al., 2021). In this study, the 

enhancement of fatty acid uptake and synthesis resulted in lipid accumulation in high-

dose livers. Therefore, the liver weight increased. This result was consistent with the 

outcomes reported by Wan et al. (2014). They found increasing transcript levels of 

CYP4A14, LPL, and FAT/CD36 in PND21 male mice via perinatal exposure to 3 

mg/kg PFOS, which suggested a long-term effect of PFOS exposure on lipid 

metabolism in the PND21 offspring. Another study reported by Marques et al. (2021) 

also showed increased liver weights and liver triglycerides after administrated mice 

with 1 mg/kg PFOS from GD1 to PND20. 

 

Genes related to gluconeogenesis (PCK1), energy sensing (PRKAA2, and INSR), and 

energy regulation (STK11, DBP, and PGC1A) were upregulated in the high dose group. 

Four energy expenditures (CYP4A14, ACOX1, CPT1A, and ACACA) were 

upregulated in the high dose group, disrupting the hepatic energy homeostasis and 

leading to body weight gain in the high-dose group (Fig. 3.5A). A previous study 

demonstrated PFOS exposure on the disturbance of glucose metabolism in PND21 pups 

(Wan et al., 2014). Another prior discovered an increase in blood glucose and liver 

glycogen levels in PND5 rats born to mothers treated with 1.6 mg/kg PFOS (Luebker 

et al., 2005). The blood glucose levels of PND21 mice need further investigation in this 

study to confirm the symptoms of disrupted energy homeostasis after prenatal PFOS 
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exposure. Compared with the high-dose group, the number of the gene affected and the 

degree of expression altering was lower in the low-dose PFOS group (Fig. 3.5). 

Therefore, the body and liver weights increased in the high dose group instead of the 

low dose group. This specified that prenatal PFOS exposure induced steatosis in a dose-

dependent manner at PND21. 

 

3.4.3 The effects of  prenatal PFOS exposure on PND80 mice 

In terms of normal diet PND80 livers, only the expression level of DBP increased in 

the high-dose group (Fig. 3.12A), which may cause weight gain (Fig 3.7A). DBP is a 

transcription factor that binds to specific sequences in the promoters of genes involved 

in circadian rhythm. The existence of circadian oscillator genes has essential metabolic 

consequences (Zvonix et al., 2006). An abnormal circadian oscillator gene expression 

may induce obesity (Bray & Young, 2006). Based on the results of GD17.5, PND21, 

and normal diet-fed PND80 mice. With the prenatal PFOS exposure, gene expression 

levels decreased in GD17.5 male livers and then increased in PND21 male livers, 

finally returning to normal in PND80. This study indicated a time-dependent manner 

of prenatal PFOS exposure-induced steatosis in male mice. 

 

The weaning (PND21) mice were fed with a high-fat diet and/or high-sucrose water till 

PND80 to explore the cumulate effects of PFOS and diets. For the HFD-fed mice, 

almost all genes were upregulated in the high-dose PFOS group (Fig. 3.12B). This 

result suggested that the fatty acid uptake, secretion, oxidation, and synthesis were 

exacerbated under high-dose PFOS and HFD treatments. Symptoms of liver lipid 

metabolism dysfunction were manifested by increasing the number and size of 

cytoplasmic vesicles in the liver (Fig 3.11D-F). Wang et al. (2014) also came across 
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similar results. The mice exposed to 5 mg/kg PFOS and HFD had significantly elevated 

CPT1A transcription levels and liver fat content.  

 

As for energy metabolism in HFD-fed mice, the increased CYP4A14, ACOX1, CPT1A, 

ACACA, and G6PD2 transcription levels in the high-dose group suggested their energy 

expenditure grew. Overexpressed energy sensors (PRKAA2 and INSR) detect 

unbalanced energy steady state. Then energy regulators (NR1H3, NR3C1, STK11, and 

PGC1A) were increased to regulate the energy metabolism in the high-dose group 

mainly by facilitating gluconeogenesis. NR3C1 is a glucocorticoid receptor. 

Glucocorticoids stimulate gluconeogenesis, particularly in the liver (Vandevyver et al., 

2014). The increase in the expression levels of G6PC and PCK1 also indicated that 

gluconeogenesis was promoted. The weight of the high-dose group was significantly 

lower than that of the control group. This may be the synergistic effect of PFOS and 

high fat makes glucose not well utilized. However, the other research came out with 

different results. Wan et al. (2014) administrated weaning mice prenatal PFOS 

exposure mice with standard diet or HFD till PND61. Compared with the relevant 

control groups, standard diet and HFD-fed F1 adults from PFOS-exposed maternal 

groups had higher fasting blood glucose and insulin levels. The findings revealed that 

perinatal PFOS exposure had a detrimental impact on glucose metabolism in F1 adults. 

The inconsistent outcomes may be due to the different ages of mice. 

 

In HSW-fed mice, most of the gene expression did not change (Fig. 3.12C). In the 

HFHS-fed mice, no gene expression changes were displayed (Fig. 3.12D). 

Consequently, there were no differences in body weight, and liver weight, compared 

with corresponding control groups. The body weight of HFD-fed mice increased in the 
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high-dose group (Fig. 3.7D), while the body weight of HFHS-fed mice did not show 

changes. This phenomenon may indicate that sucrose has an antagonistic effect with 

fat, allowing the body weight to return to normal levels. The fasting glucose level (Fig. 

3.9), and glucose tolerance ability (Fig. 3.10) did not have noticeable changes in four 

sub-groups under diet challenges. These tests are usually used to test for diabetes and 

insulin resistance (DeFronzo & Abdul-Ghani, 2011). The results meant no 

experimental animals were suffered from diabetes. Overall, only high fat intake had 

cumulate effects in lipid and energy metabolism with 3 mg/kg PFOS in PND80 male 

mice. Future studies can focus on the effects of prenatal PFOS exposure on liver 

functions of female offspring and the sex-specific effects of PFOS. 
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3.5 Conclusion 

Many studies have been conducted on prenatal exposure to see if chemical pollutants 

predispose offspring to multiple types of metabolic problems. This study indicated a 

time and dose-dependent manner of prenatal PFOS exposure-induced steatosis in male 

mice. Prenatal PFOS exposure changed the lipid and energy metabolism of the liver 

during the fetal phase, leading to increased liver weight but decreased body weight in 

two experimental groups. The severity of the impacts gradually reduced during the 

postnatal stage. In PND21, the prenatal PFOS exposure effects still existed in the high-

dose group, genes’ transcription levels increased in the high-dose group instead of the 

low-dose group. Without diet challenge, only the transcription level of DBP was altered 

in PND80. However, under the high-fat diet challenge, the interference effects on lipid 

and energy metabolism were intensified, which was manifested in the accumulation of 

cytoplasmic vesicles in livers. Overall, this study emphasized the dangers of prenatal 

exposure via maternal transfer, and the effects of PFOS can be intensified by high fat 

intake. 
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