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ABSTRACT 

The extensive use of per- and polyfluoroalkyl substances (PFAS) have sparked significant public 

health concerns due to their increased persistence in the environment and negative impacts on 

human health. Developing evidence has suggested perfluorooctanoic acid (PFOA), a well known 

PFAS, to contribute to the formation of metabolic syndrome. The replacement of PFOA with 

shorter-chained perfluoroalkyl carboxylic acids (PFCAs), such as perfluoroheptanoic acid 

(PFHpA) and perfluorohexanoic acid (PFHxA), has been rising. However, their impact on 

adipogenesis and the development of metabolic syndrome is unknown. The aim of this study was 

to investigate the effect of PFOA, PFHpA and PFHxA on adipogenesis in 3T3-L1 preadipocytes. 

All three chemicals induced adipogenesis at higher concentrations. Results demonstrated 

increased adipogenic marker expression and increased lipid accumulation within cells, upon 

PFCA treatment. We then looked at the activation of PPARγ and PPARα upon PFCA treatments. 

Results showed that PFOA activated both PPARγ and PPARα, while PFHpA and PFHxA only 

activated PPARα, suggesting that the mechanism which PFHpA and PFHxA induce 

adipogenesis is PPARα-mediated. Further research is required to confirm the mechanism which 

PFOA induces adipogenesis. 
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RÉSUMÉ 

L'utilisation intensive de substances per- et polyfluoroalkyles (PFAS) a suscité d'importantes 

préoccupations de santé publique en raison de leur persistance accrue dans l'environnement et de 

leurs impacts négatifs sur la santé humaine. De plus en plus de preuves suggèrent que l'acide 

perfluorooctanoïque (PFOA), un PFAS bien connu, contribue à la formation du syndrome 

métabolique. Le remplacement du PFOA par des acides perfluoroalkylcarboxyliques (PFCA) à 

chaîne plus courte, tels que l'acide perfluoroheptanoïque (PFHpA) et l'acide perfluorohexanoïque 

(PFHxA), est en augmentation. Cependant, leur impact sur l’adipogenèse et le développement du 

syndrome métabolique est inconnu. Le but de cette étude était d'étudier l'effet du PFOA, du 

PFHpA et du PFHxA sur l'adipogenèse dans les préadipocytes 3T3-L1. Les trois produits 

chimiques ont induit l’adipogenèse à des concentrations plus élevées. Les résultats ont démontré 

une expression accrue des marqueurs adipogènes et une accumulation accrue de lipides lors du 

traitement par PFCA. Nous avons ensuite examiné l'activation de PPARγ et PPARα lors de 

traitements par PFCA. Les résultats ont montré que le PFOA activait à la fois PPARγ et PPARα, 

tandis que PFHpA et PFHxA n'activaient que PPARα, ce qui suggère que le mécanisme par 

lequel PFHpA et PFHxA induisent l'adipogenèse est médié par PPARα. Des recherches 

supplémentaires sont nécessaires pour confirmer le mécanisme par lequel le PFOA induit 

l'adipogenèse. 
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1.0 INTRODUCTION 

 

1.1 Per- and polyfluoroalkyl substances (PFAS)  

 

1.1.1 Introduction to PFAS: Chemical properties and industrial uses 

Per- and polyfluoroalkyl substances (PFAS) is a group of synthetic chemicals widely 

used in various industrial and consumer products. The commercialization of PFAS chemicals 

became prevalent in the 1950s by companies such as 3M. Around this time, there was a close 

integration of the chemical industry into the military industry, emerging the “chemical century” 

(Agard-Jones, 2014; Langston, 2019). The widespread use of these chemicals across various 

industries stems from their valuable chemical properties. PFAS are unique due to the presence of 

carbon chains with carbon-fluorine (C-F) bonds. Due to the large electronegativity difference 

between fluorine and carbon, the bond between the two causes greater polarization, causing 

stronger electrostatic interactions, enhancing the chemical strength and thermal stability of 

PFAS, giving them the name “forever chemicals” (Liu et al., 2019). Not only are these bonds 

highly stable, but also demonstrate hydrophobicity and lipophobicity. These properties together 

provide a highly valuable utilization of PFAS in many industrial and consumer products. In 

aqueous film-forming foam (AFFF), a type of firefighting foam, PFAS play a crucial role as 

surfactants, helping control and extinguish flammable liquid fires (Hall et al., 2020; Rotander et 

al., 2015). The hydrophobic and lipophobic properties of PFAS make them very useful in non-

stick cookware (Ramirez Carnero et al., 2015). PFAS have also introduced themselves into the 

cosmetic industry, in various makeup and skin care products to increase product durability 

(Shaikh et al., 2023).  
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Different PFAS molecules are characterized by the presence of either a perfluorinated 

methyl group or perfluorinated methylene group, number of carbons, degree of fluorination and 

presence of other chemicals (Panieri et al., 2022). Perfluoroalkyl substances can be split into 

different subgroups, most notably, perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkane 

sulfonic acids (PFSAs) (Buck et al., 2011). PFCAs and PFSAs are sometimes described as 

longer-chained or shorter-chained. According to the Organization for Economic Cooperation and 

Development (OECD), PFCAs with 8 or more carbons and PFSAs with 6 or more carbons are 

considered longer-chained, whereas PFCAs with 7 or less carbons and PFSAs with 5 or less 

carbons are considered shorter-chained (OECD, 2013).   

 

1.1.2 Environmental persistence and contamination of PFAS 

Due to their status as "forever chemicals," PFAS exhibit high environmental persistence. 

Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), which are specific 

PFCAs and PFSAs, respectively, are the most detected and investigated PFAS in the 

environment (Wee & Aris et al., 2023). PFAS contamination has been seen in surface waters and 

ground waters. Soils of AFFF-practicing sites were contaminated with PFOA and PFOS at high 

concentrations (up to 287 ng/g) (Filipovic et al., 2015). Not only do these PFAS migrate in 

waters, but in sediments as well. Studies demonstrated that carbon-chain length and functional 

groups affected sediment-water partition coefficients (Kd), where higher Kd values were 

attributed to longer-chained PFAS, demonstrating these chemicals have a higher affinity to 

sediments relative to water, ranging from concentrations up to 30.9 ng/g (Wang et al., 2022; 

Goodrow et al. 2020). Of more concern, PFAS contamination has been very prominent in 
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wastewaters. In Spain, 9.02 x 103 mg/day and 1.06 x 103 mg/day of PFOS and PFOA, 

respectively, were found in the daily sewage loads, which are being discharged into watercourses 

(main sources of drinking water for the area) (Campo et al., 2014).  

ChemSec identified that 12 chemical companies are responsible for majority of the global 

production of PFAS (3M, AGC, Arkema, Archoma, BASF, Bayer, Chemours, Daikin, Donyue, 

Honeywell, Merck and Solvay) (Chemsec, 2023). PFAS manufacturing plants have been 

identified in China, the United States of America, Germany and Belgium (Hughlett & Johnson, 

2022; Jia et al., 2023). In Canada, majority of PFAS hotspots are located in military bases 

because of their uses of AFFF to fight fuel fires, and in airports because of their uses for runway 

foaming (Weppler, 2023).  

  

1.1.3 Routes of PFAS exposure and associated health risks 

PFAS can enter the body through several routes. The dominant exposure pathway is 

through ingestion. PFAS has been found in main drinking water sources and they can accumulate 

in the food chain, leading to exposure through consumption of contaminated dairy products, 

seafoods, and meats (Campo et al., 2014; Domingo, 2012). PFAS ingestion can also come 

indirectly from food packaging and cookware, by leaching into food during cooking or storage 

(Egeghy & Lorber, 2011). PFAS can also be absorbed into the body through inhalation. PFAS in 

consumer products can transfer into dust, which can result into exposure to PFAS-laden dust and 

airborne PFAS (Sukiene et al., 2016; Björklund et al., 2009). Another method for PFAS to enter 

the body through dermal absorption. Studies have observed dermal absorption from the use of 

handwipes (Poothong et al., 2020; Poothong, et al., 2019). Alarmingly, studies demonstrated the 
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estimated mean half-life for PFOA ranged from 1.5 to 5.1 years, and for PFOS, it ranged from 

3.4 to 5.7 years (Rosato et al., 2024). Given the multitude of pathways through which PFAS can 

enter the body and relatively long half-lives of PFAS, this presents significant concerns for 

human health. 

 PFAS has been associated with various human health risks. Liver has been claimed as a 

main target organ in short- and long-term exposure to PFAS (Knutsen et al., 2018; Wang et al., 

2022; Chen et al., 2024). Consistent population PFAS-altered liver enzyme findings have 

prompted investigations into non-alcoholic fatty liver disease (NAFLD) as a potential clinical 

outcome of PFAS exposure (Wang et al., 2013). PFAS has also been implicated in human 

thyroid disease. Women exposed to concentrations of PFOA greater than 5.7 ng/mL 

demonstrated a correlation with hypothyroidism (Melzer et al., 2010). PFAS exposure has also 

displayed negative reproductive effects in both men and women. For men, PFOA exposure had 

been shown to correlate with impairment of sperm motility and quality (Šabović et al., 2020; 

Louis et al., 2015). PFOS exposure has demonstrated decreased fertility rates for women (Fei et 

al., 2009). While PFAS exposure can result in numerous negative impacts on humans, their 

influence on the endocrine system is often overlooked. 

1.2 Endocrine disruption and metabolic disorders  

1.2.1 Endocrine disrupting chemicals (EDCs)  

The endocrine system is a complex network of glands and organs in the body that 

produce and release hormones into the bloodstream (Hiller-Sturmhöfel & Bartke, 1998). 

Exogenous chemicals known as endocrine disrupting chemicals (EDCs) have been recognized to 

disrupt the functions of the endocrine system. EDCs can cause sexual dysfunctions, reproductive 
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and developmental dysfunctions, which grow into detrimental results (Combarnous & Nguyen, 

2019). EDCs have been seen to exert their effects on nuclear hormone receptors, such as 

androgen receptors (affected by phthalates), estrogen receptors (affected by bisphenol A), 

progesterone receptors (affected by perchlorates) etc.) (Huang et al., 2020). 

Metabolic disorders have been linked to many widely known factors, such as genetics, 

dietary patterns, and aging (Sun et al., 2022). Interestingly, several studies have identified a 

relationship between EDCs and factors associated with increased risks of metabolic diseases. For 

example, clinical studies have shown the children with elevated body mass index and waist 

circumference also presented elevated urinary concentrations of phthalates (Trasande et al. 2013; 

Teitelbaum et al. 2012).  

1.2.2 Obesogens 

The Endocrine Society have defined EDCs as exogenous chemicals or mixture of 

chemicals that interfere with any aspect of hormonal action (Gore et al., 2015). In a 2006 study, 

Grün and Blumberg proposed that a subgroup of endocrine disrupting chemicals, known as 

obesogens, can influence adipogenesis and be key factors that influence obesity (Grün & 

Blumberg, 2006). The obesogen hypothesis states that chemical pollutants can enhance 

adipocyte hyperplasia, promote adipocyte hypertrophy, disrupt appetite controls or alter 

homeostatic metabolic set points, can be defined as obesogens (Grün, 2010). PFAS have been 

implicated to have obesogen-like functions. 
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1.3 Understanding obesity and its health implications 

 

1.3.1 Obesity 

According to the World Health Organization (WHO), obesity is defined as an abnormal 

or excessive fat accumulation that presents a risk to health. In 2022, the WHO estimated that 1 in 

8 people in the world were living with obesity (WHO, 2024). Their statistics demonstrated that 

2.5 billion people that were 18 years and older were overweight, and 890 million were obese. 

390 million people from ages 5-19 were overweight and 160 million were obese. 37 million 

children under the age of 5 were overweight. In Canada alone, 30% of male adults and 21% of 

female adults were considered obese (Government of Canada, 2024). Looking at these numbers, 

we can confirm that obesity is definitely a worldwide issue that requires a solution.  

An important question to pose is, what are the possible causes of these increased number 

of cases of obesity. One of the primary causes of obesity is genetics. Genetic predisposition can 

have an influence on the regulation of the body’s appetite and metabolism. Previous studies have 

shown that mothers with obesity are more likely to have obese children (Dabelea et al., 2008). 

That being said, clinical intervention to cause maternal weight loss can reduce the risk of obesity 

in the offspring (Smith et al., 2009). Another cause of obesity are dietary factors. The increased 

consumption calories, ultimately lead to weight gain. A 2021 study surveyed 1008 students and 

looked at the association between weight status and dietary factors, where results demonstrated 

that obese students had poor eating habits (i.e. fried foods, biscuits, cakes etc.) (Tunkara-Bah et 

al., 2021). 
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Obesity is quantified with a body mass index greater than or equal to 30, which is 

calculated as weight (kg) over height (m) (Panuganti et al. 2022; Fruh, 2017). The obesity 

epidemic has become a significant health threat, resulting in higher morbidity/mortality rates, 

and an upsurge of costs to healthcare systems (D’Aiuto & Suvan, 2012). Obesity is associated 

with various diseases and conditions linked to increased mortality. These include Type 2 diabetes 

mellitus, cardiovascular diseases (CVD), hypertension, and certain types of cancer (Lin & Li, 

2021).  

 

1.3.2 Type 2 diabetes 

Type 2 diabetes mellitus is defined by chronically elevated blood glucose and blood 

insulin (Westman, 2021). Insulin is a peptide hormone secreted by β cells of the pancreatic islets 

of Langerhans. It maintains normal blood glucose levels by facilitating cellular glucose uptake, 

promoting cell division and growth, and regulating carbohydrate, lipid and protein metabolism 

(Wilcox, 2005). Insulin facilitates cellular glucose uptake using the insulin signalling pathway. 

This pathway begins with the binding of insulin to the insulin receptor (IR). This induces 

conformational changes of the receptor, resulting in autophosphorylation and activation of 

receptor tyrosine kinases. This activation will enable the recruitment of insulin receptor 

substrate-1 (IRS1) (Kahn et al., 2006). IRS1 will bind to the Src homology 2 domain (SH2) of 

phosphoinositide 3-kinase (PI3-K), activating PI3-K. PI3- K activates 3-phosphoinositide-

dependent protein kinases-1 (PDK1), which results in the activation of protein kinase B (AKT). 

AKT phosphorylates various downstream target genes involved in the translocation of GLUT4 

from the cytosol to the plasma membrane, stimulating glucose uptake (Wang et al., 1999).  
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Elevated insulin in the body, seen in type 2 diabetes mellitus, is due to insulin resistance, 

where there is impaired biological response to insulin stimulation (Castro, 2022). The primary 

tissues which are involved in the development of insulin resistance are adipose tissue, liver and 

skeletal muscle (Freeman et al., 2023). When there is an increased amount of blood glucose 

present, the pancreas will pump increased amounts of insulin to maintain blood glucose levels 

(CDC, 2024). When cells are insulin resistant, the pancreas will continue to secrete high 

concentrations of insulin, but will not be able perform its function, allowing for increase in blood 

glucose levels. This impairment in insulin secretion causes the development of β cell 

dysfunction, and these abnormalities of β cell function are key precursors of type 2 diabetes 

(Voight et al., 2010). 

 

1.4 Lipid metabolism 

Lipid metabolism refers to the complex set of biochemical processes involved in the 

synthesis, storage, transport, and utilization of lipids (fats) in the body. Lipid metabolism 

maintains a continuous state of dynamic equilibrium, with ongoing synthesis of certain lipids and 

simultaneous oxidation of others (Gyami et al., 2019). In the human body, lipids are essentials 

for their functional, structural and metabolic roles in cells and tissues (Alabdulkarim et al, 2012).  

Lipid metabolism encompasses several key processes. Two important processes in lipid 

metabolism are lipogenesis and lipolysis. Lipogenesis is the process of synthesizing new fatty 

acids from non-lipid precursors (Saponaro et al., 2015). Newly synthesized lipids and can be 

stored as energy, used for membrane biosynthesis or hormone synthesis (Coelho et al., 2013; 

Bogdanov et al., 2008; Payne & Hales, 2004). Insulin promotes lipogenesis primarily by 
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activating key enzymes involved in fatty acid synthesis and storage in adipose tissue and the 

liver (Yao et al., 2023). Lipolysis, on the other hand, is the process of breaking down 

triglycerides into glycerol and free fatty acids (Edwards & Mohiuddin, 2023). Free fatty acids 

can then be released into the bloodstream where they can taken up by tissues for energy 

(Henderson, 2021). Insulin exerts an inhibitory effect on lipolysis by reducing cyclic adenosine 

monophosphate (cAMP) levels, which results in reduction in protein kinase A (PKA) activity 

(Degerman et al., 1998). 

 

1.5 Understanding adipose tissue and its functions 

Adipose tissue is mainly composed of adipocytes, which function as calorie storage, 

accepting chemical energy in forms of fatty acids from the blood, where they will store them as 

triglycerides (Chen et al., 2022; Church et al. 2012). Other functions of adipose tissue include 

regulating lipid mobilization/distribution in the body and producing many bioactive factors 

which communicate with other organs, regulating numerous different metabolic pathways (Luo 

& Liu, 2016). There are two primary types of adipose tissue: white adipose tissue and brown 

adipose tissue.  

 

1.5.1 Types of adipose tissue  

White adipose tissue, essential for energy storage, endocrine signaling, and insulin 

sensitivity, represents the predominant volume of adipose tissue in most mammals, including 

humans (Richard et al., 2020). In vivo, adipocyte morphology is characterized by a spherical 

shape, with a single, large lipid droplet occupying the majority of the cell volume, displacing the 
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organelles towards the cell's periphery. White adipocytes can expand to nearly 100 μm in 

diameter (Cinti, 2012).  

Brown adipose tissue plays a vital role in non-shivering thermogenesis in mammals, a 

critical mechanism for survival in cold environments and the dissipation of excess energy (Lidell 

& Enerbäck, 2015; Carpentier et al., 2023). The thermogenic function of brown adipocytes is 

attributed to their abundance of mitochondria, which harbor uncoupling protein 1 (UCP1), which 

acts as a proton transporter, disrupting adenosine triphosphate (ATP)-generating proton gradient, 

which leads to the dissipation of energy as heat, instead of ATP (de Sá et al., 2017). These 

adipocytes get their brown hue from their increased density of mitochondria, which are rich in 

iron (Yook et al., 2021). Brown adipocytes have an ellipsoidal shape, most-likely due to their 

high mitochondrial content (Cedikova et al., 2016). Unlike white adipocytes, brown adipocytes, 

rather than having one unilocular lipid within the cell, they contain numerous smaller lipid 

droplets dispersed throughout the cell. Brown adipocytes typically grow from 15 to 50 μm in 

diameter (Cinti, 2012). 

 

1.5.2 Adipose tissue expansion and endocrine function  

Adipose tissue expansion occurs with hypertrophy (increasing adipocyte size) and 

hyperplasia (increasing number of adipocytes) (White et al., 2017). Excess calories are first 

stored in the subcutaneous adipose depot, accomplished by hyperplasia (Horwitz & Birk, 2023). 

When hyperplasia reaches its limit and adipocytes have reached a certain size, hypertrophy takes 

place, increasing the risk of metabolic syndrome. The balance between hypertrophy and 

hyperplasia is a key factor in the metabolic outcome of obesity (Muir  et al., 2016). Adipose 
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tissue is well known for its function as energy storage in forms of fat, but its ability to secrete 

adipokines began its recognition as an endocrine organ. Adipose tissue has shown to secrete 

adipokines, such as adiponectin, tumor necrosis factor-alpha (TNF-α), leptin and many others 

(Coelho et al., 2013; Khan & Joseph, 2014; Kelesidis, 2010; Galic et al. 2010). The adipocytes 

that make up the adipose tissue are formed through a process known as adipogenesis. 

 

1.6 Adipogenesis 

Adipogenesis is the proliferation and differentiation of undifferentiated mesenchymal 

cells into mature adipocytes (Ali et al., 2013). This process includes the commitment step and 

the terminal differentiation step. The commitment step is where undifferentiated mesenchymal 

cells first differentiate into preadipocytes. When undifferentiated mesenchymal cells differentiate 

into preadipocytes, they have committed to the adipose lineage meaning they can only 

differentiate into mature adipocytes. When undergoing terminal differentiation, preadipocytes 

differentiate into mature lipid-filled adipocytes, which possess the required machinery for lipid 

synthesis. 

 

1.6.1 Transcriptional pathway orchestrating adipogenesis 

The differentiation process from preadipocytes into mature adipocytes involves a 

comprehensive network of transcription factors that are required for the expression of adipogenic 

proteins that induce mature adipocyte formation (Moseti et al., 2016). Adipogenesis can be 

triggered by hormonal signals which activate G protein-coupled receptors (GPCRs), where they 

then activate adenylyl cyclase to catalyze the conversion of ATP to cAMP (Liu et al., 2024). The 



12 
 

produced cAMP then bind and activate PKA. These activated PKA then phosphorylate various 

target proteins, one being cAMP response element-binding protein (CREB) (Siersbæk & 

Mandrup, 2011). The insulin signalling pathway can also lead to CREB phosphorylation. 

Phosphorylated CREB bind to the cAMP response element (CRE) in the promoter region of 

target genes, which include CCAAT/enhancer binding protein β and δ (C/EBPβ and C/EBPδ). 

These two will synergistically stimulate the expression of CCAAT/enhancer binding protein α 

(C/EBPα) and peroxisome proliferator-activated receptor γ (PPARγ), which are necessary for 

differentiation (Tanaka et al., 1997). Glucocorticoids, such as dexamethasone, can also trigger 

adipogenesis by first bind glucocorticoid receptors (GRs), where the activated GR will 

translocate into the nucleus and bind glucocorticoid response elements in the promoter region of 

the PPARγ gene, directly inducing its expression or indirectly by inducing the expression of 

C/EBPβ and C/EBPδ.   

PPARγ, known as the master regulator of adipogenesis, has been shown to promote 

mature adipocyte differentiation (El-Jack et al., 1999). Along with PPARγ, C/EBPα is also 

another important adipogenic regulator and has been shown to be essential for adipogenesis both 

in culture and in vivo. Loss-of-function studies have shown that cells lacking PPARγ had greatly 

reduced expression of C/EBPα, and cells lacking in C/EBPα has greatly reduced expression of 

PPARγ (Kubota et al., 1999; Wu et al., 1999). This suggests that PPARγ and C/EBPα induce 

each others expression in a positive feedback loop, maintaining the differentiated state of mature 

adipocytes (Rosen et al., 2002).  
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1.6.2 Role of PPAR receptors in fatty acid metabolism 

PPARs are a group of ligand-activated transcription factors belonging to the nuclear 

receptor superfamily. These receptors play critical roles in regulation of various physiological 

processes, including metabolism, inflammation, and cell differentiation (Christofides et al., 

2021). The peroxisome proliferator-activated receptor (PPAR) nuclear receptor subfamily, 

include four main PPAR receptors: PPARγ, PPARα, PPARβ and PPARδ. 

PPARγ can only regulate adipogenesis when activated by the binding of natural agonists 

(fatty acids) or synthetic agonists, such as antidiabetic thiazolidinediones (i.e. rosiglitazone 

(ROSI)) (Garin-Shkolnik et al., 2014). Although ROSI is known for its role in regulating 

adipogenesis, it is used as medication for diabetic patients for improving their insulin sensitivity 

in peripheral tissue, promoting glucose uptake into cells, leading to improved blood glucose 

control (Quantanilla Rodriguez & Correa, 2022). Its pharmacological effects on glucose 

metabolism make it particularly useful for researchers investigating the links between 

adipogenesis, obesity and other metabolic disorders.  

The activation of PPARα is associated with fatty acid oxidation. PPARα is known to be 

activated by the binding of natural fatty acids, or with the binding of synthetic agonist, for 

example, WY-14643. PPARα activation has also been involved in adipogenesis, in the presence 

of strong PPARα activators, however less efficiently than PPARγ-induced adipogenesis (Brun  et 

al., 1996). 

Once activated, PPAR receptors (either PPARγ or PPARα) heterodimerize with retinoid 

X receptor (RXR), and translocate into the nucleus to bind to specific DNA sequences, known as 

PPAR response element (PPRE) (Mangelsdorf et al., 1995; Chandra et al. 2008). RXR binding 
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by PPAR receptors facilitates their nuclear translocation, enhances their DNA binding affinity, 

and increases their transcriptional activity, ultimately regulating the expression of target genes 

(Krey et al., 1993; IJpenberg et al., 1997). The binding of the PPAR-RXR heterodimer to 

specific PPRE sequences facilitate the assembly of the transcriptional machinery, leading to 

activation of target gene transcription. PFOA and other PFAS have demonstrated to bind and 

activate both PPARγ and PPARα (Evans et al., 2022).  

 

1.6.3 3T3-L1 preadipocyte cell model 

Differentiation of 3T3-L1 preadipocytes into mature adipocytes is one of the most 

commonly used in vitro models to study adipogenesis. The 3T3-L1 cell line was developed from 

disaggregated 17-19 day old Swiss 3T3 mouse embryos, where in appropriate conditions and 

exposure to adipogenic stimuli, can acquire adipocyte-like phenotype (Ruiz-Ojeda et al., 2016). 

3T3-L1 differentiation is caused by stimulation with insulin, dexamethasone and 1-methyl-3-

isobutyl-xanthine (IBMX). Insulin stimulates cells to take up glucose and store energy in forms 

of triglycerides (Jakab et al., 2021). Dexamethasone binds and activates the GR. The activated 

GR translocates to the nucleus and bind to specific DNA sequences found in the promoter region 

of target genes, known as GRE. This binding induces the expression of C/EBPδ, which induces 

expression of C/EBPα. IBMX is a competitive, nonselective phosphodiesterase inhibitor. 

Phosphodiesterase is responsible for the break down of cAMP, therefore its inhibition raises 

intracellular cAMP, which ultimately leads to PKA activation. PKA signalling pathway is shown 

to promote the transcriptional activation of PPARγ, ultimately promoting adipogenesis (Kim et 

al., 2010). After introducing cells with adipogenic hormones, differentiating preadipocytes 

undergo mitotic clonal expansion (MCE), where they re-enter the cell cycle for two rounds of 
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cell division, where an irreversible commitment to adipocyte differentiation occurs (Hishida et 

al., 2009). Some studies claim that if MCE does not occur, expression of adipogenic 

transcription factors and regulators will not occur, ultimately blocking differentiation (Tang et 

al., 2003). However, a study by Qiu et al. demonstrated that in the absence of insulin, 

adipogenesis did occur without MCE (Qiu et al., 2001). The 3T3-L1 cell line is an already 

established cell line, making it easier and more cost efficient to use to study adipogenic 

differentiation in comparison to freshly isolated cells (Poulos et al., 2010). 

This differentiation process can be confirmed by assessing the expression of adipogenic 

markers. Some of these markers include fatty acid binding protein 4 (FABP4), also known as 

adipocyte protein 2 (aP2), lipoprotein lipase (LPL), and perilipin. FABP4 is involved in the 

regulation of glucose and lipid metabolism, especially in adipocytes (Furuhashi et al., 2014). 

LPL mediates the release of fatty acids from lipoproteins in the blood stream to the adipocyte cell 

surface to undergo diffusion-based transport into the adipocyte. Perilipin has been seen to form a 

coat on adipocyte lipid droplets, protecting them until lipases are transported from the cytoplasm, 

which is required to break down the fat storage. 

 

1.6.4 Known effects of PFAS on 3T3-L1 preadipocyte differentiation 

A study by Yamamoto et al. demonstrated that PFOA at 100 μM increased PPARγ 

activation in 3T3-L1 preadipocytes, suggesting that PFOA at high concentrations can act as a 

PPARγ agonist (Yamamoto et al., 2015). When investigating differentiation of 3T3-L1 

preadipocytes, this study indicated that PFOA treatment enhanced differentiation and lipid 
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accumulation at this concentration. Studies have also shown that mRNA levels of PPARγ, 

C/EBPα, aP2, and LPL were upregulated at higher concentrations of PFOA (Ma et al., 2018).  

 

(A)        (B)          (C) 

 

Figure 1. Chemical structures of longer and shorter-chained PFCAs. (A) PFOA, (B) PFHpA 

and (C) PFHxA. 
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RATIONALE 

There are numerous implications of perfluorinated carboxylic acids (PFCAs) on human 

health, but their effects on adipogenesis remain largely unexplored and necessitate further 

research. The most abundant PFCA, PFOA, has been shown to induce the expression of 

adipogenic markers and enhance lipid accumulation in 3T3-L1 preadipocytes (Yamamoto et al., 

2015). However, the shorter-chained PFCAs, such as perfluoroheptanoic acid (PFHpA) and 

perfluorohexanoic acid (PFHxA), which are often used as substitutes for longer-chained PFCAs 

like PFOA, have not been extensively studied in the context of adipogenesis. Given the structural 

similarities between these substitutes and PFOA, it is plausible that they might exhibit similar 

effects on adipogenesis. This research area needs more investigation to elucidate the potential 

impacts of shorter-chained PFCAs on adipogenesis and to uncover the mechanisms through 

which PFCAs might induce adipogenesis. 

I hypothesize that shorter-chained PFCAs, specifically PFHpA and PFHxA, may 

influence adipogenesis in a manner similar to PFOA. To test this hypothesis, I proposed the 

following specific aims: 

 

SPECIFIC AIMS: 

Aim 1: Investigate the effects of the shorter-chained PFCAs (PFHpA and PFHxA) on 

adipogenesis. 

Aim 2: Investigate the mechanism by which these chemicals may induce adipogenesis. 
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2. MATERIALS AND METHODS 

 

2.1 Alamar Blue Assay 

 An Alamar Blue Assay was performed to test the cell viability of 3T3-L1 cells when 

exposed to PFOA (0-100 μM), PFHpA (0-100 μM) or PFHxA(0-100 μM). 25,000 cells were 

plated per well in a 96-well plate (Corning Incorporated, Corning, New York, United States) and 

incubated in 10% CO2, at 37°C for 24 hours. Media was then aspirated and 200 μL of chemical 

treatments were added to the wells, and incubated in 10% CO2, at 37°C for 48 hours. 100 μL of 

media was removed from each well and 25 μL of CellTiter-Blue reagent (Promega, Madison, 

Wisconsin, United States) was added to each well. Cells were incubated in 10% CO2, at 37°C for 

1 hour, then fluorescence was read in a Fluostar Optima plate reader (BMG, Ortenberg, 

Germany) to read fluorescence at 530 nm/590 nm (excitation/emission).  

 

2.2 Cell Culture and Differentiation 

  

 2.2.1 3T3-L1 cell maintenance 

 3T3-L1 mouse embryonic fibroblasts were obtained from the American Type Culture 

Collection (ATCC, Manassas, Virginia). These cells in dimethylsulfoxide (DMSO) (Sigma-

Aldrich, St. Louis, Missouri, United States) were directly stored in liquid nitrogen. 3000 

cells/cm2 were thawed, then plated in a 10cm petri dish containing 10 mL of maintenance media: 

Dulbecco’s modified Eagle’s medium low glucose (DMEM low glucose) (Wisent Inc., Saint-
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Jean-Baptiste, Quebec, Canada) supplemented with 10% bovine calf serum (BCS) (ATCC), pre-

warmed to 37°C. Cells were then incubated in 10% CO2, at 37°C overnight. Cells were 

replenished with fresh maintenance media the following day, preventing cell death which might 

occur from the presence of 5% DMSO of the cells taken from the liquid nitrogen. After 

replenishment, cells were then incubated in 10% CO2, at 37°C. Once cells were 60-70% 

confluent, cells were split into multiple plates. To split plates, media was aspirated, then replaced 

with 10 mL of phosphate-buffered saline (PBS). PBS was removed and replaced with 1 mL 0.5% 

trypsin-ethylenediamine tetraacetic acid (EDTA) (Life Technologies Corporation, Carlsbad, 

California, United States) and incubated in 10% CO2, at 37°C, for 1-2 minutes, to detach cells 

from dish. To prevent cell death from prolonged trypsin exposure, trypsin was deactivated with 

the addition of the appropriate amount of maintenance media. Lifted cells were then distributed 

amongst 10 cm petri dishes.  

 

2.2.2 3T3-L1 preadipocyte differentiation 

Cells were grown until 80% confluence, then seeded into 6-well plates. Cells were left to 

reach 100% confluence (day -2). Cells were left for another two days after reaching 100% 

confluence (day 0). On day 0, maintenance media was removed and replaced with differentiation 

media (DMEM low glucose supplemented with 10% fetal bovine serum (FBS) (Wisent Inc.) and 

1% penicillin/streptomycin (P/S) (Wisent Inc.). Differentiation was induced with 0.5 mM IBMX 

(Sigma-Aldrich), 100 nM insulin (Roche Applied, Penzberg, Germany) and one of the following 

chemicals: ROSI (200 nM) (Sigma-Aldrich), WY-14643 (20 μM) (Cayman Chemical Company, 

Ann Arbor, Michigan, United States), PFOA (0-100 μM), PFHpA (0-100 μM), or PFHxA (0-100 

μM) (Sigma-Aldrich). Medium was replaced every two days throughout the 6-day (for RT-
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qPCR) or 8-day (lipid accumulation) differentiation process. Cells were treated with IBMX and 

ROSI from day 0-2, whereas with insulin, WY-14643, PFOA, PFHpA and PFHxA, cells were 

treated from day 0-6/8.  

 

 

Figure 2. Timeline of 3T3-L1 adipocyte differentiation. 3T3-L1 preadipocytes were grown to 

100% confluence. Two days post-confluence (Day 0), cells were then treated as in with either the 

positive controls (200 nM ROSI or 20 μM WY-14643) or with PFOA, PFHpA or PFHxA from 

0-100 μM. Expression of mature adipocyte makers and genes involved in fatty acid oxidation 

were assessed on Day 6 for mRNA. On Day 8, lipid accumulation was assessed. Figure was 

created using BioRender. 
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2.3 Real-Time Quantitative PCR (qPCR) Reaction 

 

2.3.1 RNA extraction and purification 

3T3-L1 adipocytes were harvested on day 6 of differentiation. Media was aspirated 

replaced with 350 μL of lysis buffer (RLT buffer (QIAGEN, Mississauga, ON, Canada), 1% β-

mercaptoethanol). Cells on the wells were scraped using Falcon™ Cell Scrapers, then 

homogenized with a needle syringe ready for purification and transferred to 1.5 mL Eppendorf 

tubes (RNA extraction can be performed or lysed cells can be stored at -80°C) 

RNA extraction and purification was performed using the RNeasy Mini Kit as per the 

manufacturer’s instruction (QIAGEN). Briefly, 350 μL of 70% ethanol was added to lysate and 

pipette mixed (precipitating nucleic acids out of the solution). The 700 μL solution was then 

transferred to a RNeasy spin column placed in a 2 mL collection tube (QIAGEN), then 

centrifuged at 12,000 rpm for 30 seconds. The flow through was discarded and 350 μL of RW1 

Buffer (QIAGEN) was added to the column, then centrifuged at 12,000 rpm for 30 seconds. A 

DNA digestion was then performed by adding 80 μL DNAse solution (12% DNase, 88% RDD 

Buffer), and incubating it for 15 minutes at room temperature. 350 μL of RW1 was added on top 

of the DNAse solution, then centrifuged at 12,000 rpm for 30 seconds. The flow through was 

discarded, the collection tube was changed, then 500 μL of RPE Buffer (QIAGEN) and 

centrifuged at 12,000 rpm for 30 seconds. This step was repeated a second time. A dry centrifuge 

of the column was done for 2 minutes to ensure minimal ethanol carryover during RNA elution. 

The column was then transferred to a new 1.5 mL Eppendorf tube and 50 μL of RNAse-free 
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water was added to the column and centrifuged at 10,000 rpm for 1 minute. The RNA elution 

was stored at -80°C. 

 

2.3.2 cDNA synthesis 

 RNA was quantified and a quality analysis was performed using the DS-11 

Spectrophotometer (DeNovix, Wilmington, Delaware, USA). The spectrophotometer was first 

blanked using 1 μL of RNAse-free water. Then, the concentration of 1 μL of total RNA was 

measured. 

 cDNA was synthesized using 500 ng of total RNA, the appropriate amount of ddH2O, 4 

μL of iScript Buffer 5X (BioRad, Hercules, California, United States) and 1 μL reverse 

transcriptase (total reaction is 20 μL). cDNA was synthesized using CFX96 Real-Time System 

C1000 Thermal Cycler (BioRad) at the recommended cycling conditions.  

 

2.3.3 Real-time qPCR analysis 

 Each qPCR reaction was performed using 4 μL of cDNA and 6 μL of qPCR mastermix (5 

μL of SsoFast EvaGreen qPCR Supermix (BioRad), 0.5 μL of nuclease-free water, 0.25 μL 

forward primer of appropriate gene and 0.25 μL of reverse primer of appropriate gene), in 

triplicates, in 96-well plates (BioRad). qPCR reactions were performed using CFX96 Real-Time 

System C1000 Thermal Cycler at the recommended cycling conditions. Transcriptional 

expression levels of FABP4. LPL, perilipin, acyl-CoA oxidase 1 (ACOX1), uncoupling protein 3 
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(UCP3), and carnitine palmitoyltransferase 1B (CPT1b), normalized to β-actin levels. All 

primers use were listed in the appendix (Table 1). 

 

2.4 Luciferase Assays 

 Luciferase assays of PPARγ and PPARα were performed using the Human Peroxisome 

Proliferator-Activated Receptor Gamma Reporter Assay System and the Human Peroxisome 

Proliferator-Activated Receptor alpha Reporter Assay System, respectively (Indigo Biosciences, 

State College, Pennsylvania, United States), as per the manufacturer’s instructions, described 

below. 

 

2.4.1 PPARγ luciferase assay 

 Compound Screening Media (CSM) (Indigo Biosciences) was pre-warmed to 37°C. 

Using CSM, treatments were made with a 2X concentration. ROSI was used as the positive 

control for this assay. 

Cell recovery medium (CRM) (Indigo Biosciences) was pre-warmed to 37°C. PPARγ 

reporter cells (Indigo Biosciences) were rapid thawed immediately by dispensing 10 mL of CRM 

into tube of frozen cells. The tube was then placed in a 37°C water bath for 5-10 minutes. 

Reporter cells were inverted several times then transferred to a media reservoir. 100 μL of cells 

per well were immediately dispensed into a white 96-well plate with flat bottoms (Indigo 

Biosciences). 100 μL of treatments were dispensed into appropriate wells. The plate was then 

incubated in 5% CO2, at 37°C, for 22-24 hours. 
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 Detection substrate and detection buffer (Indigo Biosciences) was equilibrated to room 

temperature, then inverted several times. Detection Buffer was directly added to the Detection 

Substrate vial, generating the Luciferase Detection Reagent (LDR). Media was discarded from 

white 96-well plate, and 100 μL of LDR per well was added was incubated for at least 5 minutes 

at room temperature.  

 A “plate shake” was administered manually for 5 seconds then placed in a Glomax 96 

microplate Luminometer (Promega) and luminescence was quantified. 

 

2.4.2 PPARα luciferase assay 

 Two tubes of CRM (Indigo Biosciences) was pre-warmed to 37°C. PPARα reporter cells 

(Indigo Biosciences) were rapid thawed immediately by dispensing 19 mL of CRM (9.5 mL per 

CRM tube) into tube of frozen cells. The tube was then placed in a 37°C water bath for 5 

minutes. Reporter cells were inverted several times then transferred to a media reservoir. 200 μL 

of cells per well were immediately dispensed into a white 96-well plate with flat bottoms (Indigo 

Biosciences). The plate was then incubated in 5% CO2, at 37°C, for 4-6 hours. 

 Near the end of the pre-incubation, CSM (Indigo Biosciences) was pre-warmed to 37°C, 

treatments were made with 1X concentration. GW7647 was used as the positive control for this 

assay. 

Media was discarded from white 96-well plate, and 200 μL of treatments were dispensed 

into appropriate wells. The plate was then incubated in 5% CO2, at 37°C, for 22-24 hours. 
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Detection substrate and detection buffer (Indigo Biosciences) was equilibrated to room 

temperature, then inverted several times. Detection Buffer was directly added to the Detection 

Substrate vial, generating the LDR. Media was discarded from white 96-well plate, and 100 μL 

of LDR per well was added was incubated for 5-10 minutes at room temperature. 

A “plate shake” was administered manually for 5 seconds then placed in a Glomax 96 

microplate Luminometer (Promega) and luminescence was quantified. 

 

2.5 Lipid Quantification and Imaging 

3T3-L1 cell were differentiated for 8 days in black 96-well with clear bottoms 

(PerkinElmer) before staining. After 8 days, media was aspirated, and cells were washed twice 

with PBS, then fixed with 100 μL of 10% formalin (Electron Microscopy Sciences, Hatfield, 

Pennsylvania, United States) per well, for 30 minutes at room temperature. Formalin was 

removed and washed twice with 100 μL PBS, ready for staining.  

PBS was removed and replaced with 100 μL PBS with 0.2% TritonX-100 (Sigma-

Aldrich) for permeabilization. Cells were permeabilized for 15 minutes at room temperature, 

then removed and washed with 100 μL PBS twice.  

Cells were stained with 100 μL of staining solution (1 μg/mL DAPI and 1 μg/mL 

BODIPY493 (ThermoFischer Scientific, Waltham, Massachusetts, United States) in PBS) for 30 

minutes, at room temperature, protected from light. Stain was removed and cells were washed 

with 100 μL PBS 3 times, then sealed in parafilm, and wrapped in tinfoil for storage at 4°C, until 

ready for imaging.  
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Cells were imaged and lipid accumulation was quantified using the OPERA Phenix High-

Content Screening System (PerkinElmer). 

 

2.6 Mouse Adipogenesis RT2 Profiler PCR Array 

 Mouse adipogenesis RT2 Profiler PCR Arrays were purchased from QIAGEN, and PCR 

reactions were performed using their protocol. 

 

2.6.1 RT2First Strand Kit cDNA synthesis 

Reagents in the RT2 First Strand Kit (QIAGEN) were thawed. Genomic DNA mix was 

made with 500 ng RNA, appropriate amount of RNAse-free water, and 2 μL Buffer GE (total 

reaction is 10 μL). The genomic DNA mix was incubated at 42°C for 5 minutes, immediately 

transfer on ice for at least 1 minute. While on ice, reverse-transcription mix is made using 4 μL 

of 5X Buffer BC3, 1 μL Control P2, 2 μL of RE3 Reverse-transcriptase mix and 3 μL of RNAse-

free water (total reaction is 10 μL). The reverse-transcriptase mix was added to the 10 μL of 

genomic elimination DNA mix and pipette mixed. Reaction was then incubated at 42°C for 15 

minutes, then the reaction is immediately stopped by incubation at 95°C for 5 minutes. 91 μL of 

RNAse-free water is added to the reaction, pipette mixed, then was stored at -20°C. 

 

2.6.2 Real-time PCR for RT2profilier PCR Array 

 RT2 SYBR Green Mastermix (QIAGEN) and cDNA reaction was thawed. 1350 μL of 

SYBR Green Mastermix, 1248 μL RNAse-free water and 102 μL of the cDNA synthesis reaction 
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was added and mixed in a loading reservoir (total volume is 2700 μL). Using a multichannel 

pipette, 25 μL per well of the mix was added to RT2 Profiler PCR Array (QIAGEN). Plate was 

sealed using Optical Thin-Wall 8-cap Strips (QIAGEN), then centrifuged for 1 minute at 1000 g. 

Real-time PCR reactions were performed using CFX96 Real-Time System C1000 Thermal 

Cycler at the recommended cycling conditions. 

 

2.7 Statistical Analysis 

P-values for luciferase data, qPCR data and lipid accumulation data were calculated with 

the GraphPad Prism 10.2.1 software using a one-way or two-way ANOVA followed by 

Dunnett’s multiple comparisons test or Tukey’s multiple comparisons test, respectively, to 

determine statistical significance between multiple means. P-values for RT2 profiler PCR Array 

data was calculated with Qiagen’s data analysis software, GeneGlobe, using a Student’s t-test 

(two-tail distribution and equal variances between the two samples). 
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3. RESULTS 

3.1 Analyzing the cell viability of 3T3-L1 preadipocytes in the presence of PFCAs (PFOA, PFHpA 

and PFHxA) at varying concentrations 

 

Before assessing the effects of PFCAs on 3T3-L1 cells, the cell viability of these cells in 

the presence of PFOA, PFHpA or PFHxA at concentrations from 0-100 μM was determined by 

performing Alamar Blue assays. 

 

Results demonstrated that PFOA, PFHpA and PFHxA from concentration 0-100 μM 

weren’t cytotoxic to 3T3-L1 preadipocytes (Figure 3).  

 

Figure 3. Effects of PFOA, PFHpA and PFHxA on 3T3-L1 cell viability. 3T3-L1 preadipocytes were 

treated with DMSO, PFOA (0-100 µM), PFHpA (0-100 µM), or PFHxA (0-100 µM). Cell viability was 

assess using CellTiter-Blue and fluorescence was measured at 530 nm/590 nm (excitation/emmision). 

Data was represented by the mean fold change ± standard error of mean (SEM).  
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3.2 Transcriptional expression analysis of adipogenic markers in the presence of PFOA, 

PFHpA or PFHxA 

Adipogenic markers are specific genes which are expressed during the process of 

adipogenesis. Some of the main adipogenic markers, include FABP4, LPL and perilipin. PFAS-

treated cells have been shown to increase the expression of key adipogenic markers. A 

Yamamoto et al. study demonstrated that PFOA induced adipogenesis as illustrated by the 

increased expression of adipogenic markers (Yamamoto et al., 2015). This study induced 

adipogenesis with PFOA with the adipogenic inducers insulin, IBMX, and the glucocorticoid, 

dexamethasone. Our study lacked the presence of dexamethasone, as previously in our lab, we 

were able to induce adipogenesis solely with insulin, IBMX and ROSI (Peshdary et. al., 2019). 

In PFAS-treated 3T3-L1 cells, we analyzed the expression of three adipogenic markers: FABP4, 

LPL and perilipin. 

 

3.2.1 PFOA and PFHpA-treated cells, but not PFHxA treatments up-regulate the mRNA levels of 

FABP4 in 3T3-L1 preadipocytes 

In order to test the adipogenic potential of other PFAS, we looked at the expression of 

FABP4 in PFAS-treated cells. PFOA and PFHpA-treated 3T3-L1 preadipocytes exhibited 

significant increased expression of FABP4 at 100 µM, relative to control (Figure 4A). 

Specifically, PFOA-treated cells at 100 µM showed an 8.4-fold increase in FABP4 expression 

relative to the solvent control, while PFHpA treatments at the same concentration demonstrated a 

7.4-fold increase in FABP4 expression relative to the solvent control. Treatment with 0-50 µM 

PFOA or PFHpA did not increase FABP4 expression in the 3T3-L1 cells. PFHxA-treated cells 
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did not demonstrate any change in FABP4 expression. Significant differences were seen in the 

expression of FABP4 between the PFOA-treated cells and PFHxA treatments, but no significant 

changes were seen between the PFOA treatments and PFHpA-treated cells. Cell treated with the 

positive controls, ROSI at 200 nM and WY-14643 at 20 µM, showed substantial increases of 

53.6-fold and 23.8-fold, respectively, in FABP4 expression relative to the solvent control (Figure 

4B). 

 

3.2.2 PFOA, PFHpA and PFHxA-treated cells up-regulate the mRNA levels of LPL in 3T3-L1 

preadipocytes 

To test the adipogenic potential of other PFAS, we also looked at the expression of LPL 

in PFAS-treated cells. All three PFCAs treatments exhibited significant expression of LPL at 100 

µM in 3T3-L1 preadipocytes (Figure 4C). Specifically, PFOA-treated cells at 100 µM showed a 

2.2-fold increase in LPL expression relative to the solvent control, while PFHpA-treated cells at 

the same concentration demonstrated a 2.3-fold increase, and PFHxA-treated cells demonstrated 

a 2.0-fold increase in LPL expression relative to the solvent control. PFOA, PFHpA and PFHxA-

treated cells did not increase LPL expression in cell at lower concentrations (0-50 µM). 

Additionally, cells treated with the positive controls, ROSI at 200 nM and WY-14643 at 20 µM, 

displayed substantial increases of 12.0-fold and 5.00-fold, respectively, relative to the solvent 

control (Figure 4D). 
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3.2.3 PFOA, PFHpA and PFHxA-treated cells up-regulate the mRNA levels of perilipin in 3T3-

L1 preadipocytes 

Another adipogenic marker which is expressed highly in mature adipocytes is perilipin, 

therefore we assessed the effects of PFAS on the mRNA expression levels of this gene. All three 

PFCA treatments tested significantly increased the expression levels of perilipin mRNA at 100 

µM in 3T3-L1 preadipocytes (Figure 4E). Specifically, PFOA-treated cells at 100 µM showed a 

5.3-fold increase in perilipin expression relative to the solvent control, while PFHpA-treated 

cells at the same concentration demonstrated a 4.7-fold increase, and PFHxA-treated cells 

demonstrated a 2.9-fold increase in perilipin expression relative to the solvent control. PFOA-

treated cells did not exhibit significant change in perilipin from concentration 0-25 µM, whereas 

for PFHpA and PFHxA-treated cells, no significant change was presents from 0-50 µM. 

Significant differences were seen in the expression of perilipin between the PFOA-treated cells 

and PFHxA-treated cells, specifically a 2.4-fold increase in perilipin expression in PFOA-treated 

cells relative to PFHxA-treated cells. No significant differences were seen between the PFOA-

treated cells and PFHpA-treated cells. Additionally, cells treated with the positive controls, ROSI 

at 200 nM and WY-14643 at 20 µM, displayed substantial increases of 27.3-fold and 11.0-fold, 

respectively, in perilipin mRNA expression levels, relative to the solvent control (Figure 4F). 
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(E)                   (F) 

 

Figure 4. Transcriptional expression analysis of adipogenic markers of 3T3-L1 preadipocytes 

treated with PFOA, PFHpA and PFHxA from concentrations ranging between 0-100 µM. 3T3-L1 

preadipocytes were induced to differentiate in 6-well plates for 6 days in the presence of 500 µM IBMX 

(day 0-2), 100 nM insulin (day 0-6) and one of the three test PFAS chemicals (0-100 µM). Positive 

controls were treatments with 200 nM ROSI or 20 µM WY-14643. The solvent control used was DMSO. 

On day 6, cells were harvested, and RNA was isolated. qPCR analysis was used to assess the expression 

levels of three adipogenic markers: (A) FABP4, (B) LPL and (C) perilipin. Levels were normalized to β-

actin levels and expressed as fold over solvent control. Data was represented the mean fold change ± 

standard error of mean (SEM) where *P<0.05, **P<0.01, ***P<0.001 relative to vehicle control, and ns 

(non-significant), *P<0.05, **P<0.01, ***P<0.001 relative to PFOA-treated cells, using a two-way 

ANOVA or one-way ANOVA followed by Tukey’s multiple comparisons test or Dunnett’s multiple 

comparisons test, respectively.  
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3.3 Lipid accumulation in 3T3-L1 preadipocytes treated with PFOA, PFHpA or PFHxA 

from 0-100 µM 

As the transcriptional expression analysis demonstrated increased expression of 

adipogenic markers at higher concentrations of PFOA, PFHpA and PFHxA, this led to the 

conclusion that treatment with these three chemicals are involved in promoting adipogenesis. To 

confirm this statement, high-throughput imaging was used to visualize and quantify lipid 

accumulation within 3T3-L1 preadipocytes treated with PFOA, PFHpA or PFHxA from 0-100 

µM. 

 

3.3.1 PFOA, PFHpA or PFHxA at higher concentrations increased lipid accumulation in 3T3-L1 

preadipocytes 

All three PFCA-treatments exhibited significant increases in lipid accumulation at higher 

concentrations (Figure 5B). Specifically, PFOA-treated cells at the concentrations of 50 µM and 

100 µM showed a 2.2-fold and 2.6-fold increase in lipid accumulation relative to the solvent 

control, respectively. PFHpA-treated cells at 100 µM demonstrated a 2.9-fold increase, while 

PFHxA-treated cells at concentrations of 50 µM and 100 µM displayed a 2.5-fold and 2.4-fold 

increase in lipid accumulation relative to the solvent control, respectively. Additionally, 

treatment with the positive controls, ROSI at 200 nM and WY-14643 at 20 µM, demonstrated 

increases of 3.6-fold and 2.7-fold, respectively, in lipid accumulation relative to the solvent 

control (Figure 5C). 
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(B)               (C) 

 

Figure 5. Visualization of lipid accumulation and lipid quantification of 3T3-L1 preadipocytes 

treated with PFOA, PFHpA or PFHxA from concentrations ranging between 0-100 µM. 3T3-L1 

preadipocytes were induced to differentiate in 96-well plates for 8 days in the presence of 500 µM IBMX 

(day 0-2), 100 nM insulin (day 0-8) and PFOA, PFHpA or PFHxA (0-100 µM). Positive controls were 

treatments with 200 nM ROSI (day 0-2) or 20 µM WY-14643 (day 0-8). Lipid accumulation was (A) 

visualized using BODIPY staining and (B) lipids were quantified. Lipid accumulation was normalized to 

DAPI staining and expressed as fold over DMSO control. Data was represented the mean fold change ± 

standard error of mean (SEM) where *P<0.05, **P<0.01, ***P<0.001 relative to vehicle control, and ns 

(non-significant), *P<0.05, **P<0.01, ***P<0.001 relative to PFOA-treated cells, using a two-way 

ANOVA or one-way ANOVA followed by Tukey’s multiple comparisons test or Dunnett’s multiple 

comparisons test, respectively.  
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3.4 Activation of nuclear receptors (PPARγ and PPARα) in the presence of PFCAs (PFOA, 

PFHpA and PFHxA) 

As we have established in our study that PFCA treatments induced adipogenesis, we 

sought to uncover the mechanism by which adipogenesis is occurring upon PFCA treatments. 

The activation of PPARs is critical for various physiological processes, such as metabolism, 

inflammation, and adipocyte differentiation (Christofides et al., 2021). PPARγ activation by 

ROSI and PPARα activation by WY-14643 have been previous established to promote 

adipogenesis (Brun et al., 1996). Interestingly, PFAS have been associated with the activation of 

PPARs. Previous research has demonstrated that PFOA-treated cells induce adipogenesis 

through PPARγ activation (Yamamoto et al., 2015). Studies have also shown that PFOA and 

PFHxA were able to activate PPARα (Lefebvre et al., 2006). However, the activation of both 

PPAR receptors upon PFHpA treatments have not been previously investigated, so to evaluate 

the activation of PPARγ and PPARα by PFCAs, human PPARγ and PPARα transactivation 

assays were performed. The activation of human PPARγ and PPARα were assessed in the 

presence of PFOA, PFHpA or PFHxA at concentrations ranging from 0-100 µM. 

 

3.4.1 PFOA, but not PFHpA and PFHxA increase PPARγ transcriptional activity 

To assess if these PFCAs are activating the transcription of PPARγ, I performed a PPARγ 

transactivation assay in the presence of PFOA, PFHpA and PFHxA ranging from 0-100 µM. 

Among the three PFCAs examined, both PFOA and PFHpA increased PPARγ transcriptional 

activity as shown by increased luciferase levels in the reporter assay, relative to control (Figure 

6A). Specifically, at 100 µM, PFOA demonstrated substantial activity, showing a 4.1-fold 
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increase in PPARγ activity, relative to the solvent control. PFOA did not show significant 

PPARγ activity at lower concentrations (0-50 µM). Conversely, PFHpA and PFHxA did not 

induce any discernible effect on PPARγ activity. The PPARγ agonist, ROSI, used as a positive 

control, demonstrated increasing dose response, confirming the validity of the transactivation 

assay (Figure 6B). 

3.4.2 PFOA, PFHpA and PFHxA increase PPARα transcriptional activity 

In order to assess if these PFCAs are also activating the transcription of PPARα, I 

performed a PPARα transactivation assay in the presence of PFOA, PFHpA and PFHxA ranging 

from 0-100 µM. All three PFCAs increased the transcriptional activity of PPARα compared to 

the DMSO control (Figure 6C). Specifically, PFOA at 100 µM demonstrated a substantial 16.0-

fold increase in PPARα activation relative to the solvent control, with significant activation 

observed even at concentrations as low as 25 µM (2.3-fold increase relative to control), but 

below this concentration (0-10 µM), no significant PPARα activation was seen. Similarly, 

PFHpA at 100 µM showed a notable 9.3-fold increase in PPARα transcriptional activity, relative 

to the solvent control, with significant activation detected at concentrations as low as 25 µM 

(1.9-fold increase relative to control), but below this concentration (0-10 µM), no significant 

PPARα activation was seen. PFHxA at 100 µM displayed a moderate 2.4-fold increase in 

PPARα activation relative to the solvent control, but below this concentration (0-50 µM), no 

significant PPARα activation was seen. The positive control, GW7647, demonstrated significant 

activation of PPARα, in an increasing dose-response, confirming the validity of the 

transactivation assay (Figure 6D). 
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(A)            (B) 

 

 

 

(C)            (D) 

 

Figure 6. Nuclear receptor activation analysis of PFOA, PFHpA or PFHxA from concentrations 

ranging between 0-100 µM. Human PPARγ and PPARα reporter assay systems (Indigo Biosciences) 

were used to quantify (A) PPARγ and (B) PPARα transcriptional activity, respectively. Positive controls 

were ROSI (PPARγ agonist) or GW7647 (PPARα agonist). The solvent control used was DMSO. Data 

was represented by the mean fold change ± standard error of mean (SEM) where *P<0.05, **P<0.01, 

***P<0.001 relative to vehicle control, using a two-way ANOVA followed by Tukey’s multiple 

comparisons test.  
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3.5 Transcriptional expression analysis of genes involved in fatty acid oxidation in the 

presence of PFOA, PFHpA or PFHxA 

Although PPARα activation does play a role in inducing adipogenesis, PPARα is well 

known for its function in inducing fatty acid oxidation (Brun et al., 1996; Lefebvre et al., 2006). 

A Tsuyoshi Goto study demonstrated the upregulation of genes involved in fatty acid oxidation, 

specifically ACOX1, UCP3 and CPT1b, in 3T3-L1 preadipocytes treated with a PPARα agonist, 

GW7647 (Tsuyoshi Goto et al., 2011). Previously in our study, we demonstrated that the 

transcriptional activity of PPARα increased upon PFCA treatments, prompting us to look deeper 

into the involvement of PFCA exposure with fatty acid oxidation.  In PFCA-treated 3T3-L1 

cells, we examined the expression of three genes involved in fatty acid oxidation were analyzed: 

ACOX1, UCP3, and CPT1b. 

 

3.5.1 PFCA treatments did not affect the mRNA levels of ACOX1 in 3T3-L1 preadipocytes 

In order to assess if other PFAS induce fatty acid oxidation, we looked at the expression 

of ACOX1 in PFAS-treated cells. No significant expression changes were observed in ACOX1 

with any of the PFCA treatments (Figure 7A). However, cells treated with the positive control, 

WY-14643 at 20 µM, showed notable increases of 3.0-fold, relative to the solvent control 

(Figure 6B). Cells treated with ROSI at 200 nM demonstrated a 5.9-fold increase in ACOX1 

expression relative to control (Appendix - Supplemental Figure 2A). 
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3.5.2 PFOA-treated cells up-regulate the mRNA levels of UCP3 in 3T3-L1 preadipocytes 

To assess if other PFAS are involved in promoting fatty acid oxidation, we looked at the 

expression of UCP3 in PFAS-treated cells. PFOA-treated cells significantly expressed of UCP3 

in 3T3-L1 preadipocytes, relative to control (Figure 7C). Specifically, PFOA-treated cells at 

concentrations of 50 µM and 100 µM demonstrated 3.0-fold and 5.1-fold increases in UCP3 

expression relative to the solvent control, respectively. PFOA-treated cells did not demonstrate 

any significant UCP3 expression at lower concentrations (0-25 µM). PFHpA and PFHxA-treated 

cells did not induce any significant change in UCP3 expression. Significant changes in UCP3 

expression were seen between the PFOA-treated cells and PFHpA-treated cells. Significant 

changes in UCP3 expression were also seen between PFOA-treated cells and PFHxA-treated 

cells. Cells treated with the positive control, WY-14643 at 20 µM a showed an increase of 10.4-

fold, relative to the solvent control (Figure 7D). Cells treated with ROSI at 200 nM demonstrated 

a 59.3-fold increase in UCP3 expression relative to control (Appendix - Supplemental Figure 

2B). 

 

3.5.3 PFHpA-treated cells up-regulate the mRNA levels of CPT1b in 3T3-L1 preadipocytes  

In order to determine if other PFAS induce fatty acid oxidation, we looked at the 

expression of CPT1b in PFAS-treated cells. Among the three PFCAs tested, only PFHpA-treated 

cells exhibited significant expression of CPT1b (Figure 7E). Specifically, PFHpA-treated cells at 

100 µM demonstrated a 2.3-fold increase in CPT1b expression relative to the solvent control. 

PFHpA-treated cells did not demonstrate significant CPT1b expression at lower concentrations 

(0-50 µM). PFOA and PFHxA-treated cells did not induce any significant change in CPT1b 
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expression. Cells treated with the positive control, WY-14643 at 20 µM, showed notable 

increases of 4.6-fold, respectively, relative to the solvent control (Figure 7F). Cells treated with 

ROSI at 200 nM demonstrated a 5.3-fold increase in CPT1b expression relative to control 

(Appendix - Supplemental Figure 2C). 
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(E)                   (F) 

 

Figure 7. Transcriptional expression analysis of genes involved in fatty acid oxidation of 3T3-L1 

preadipocytes treated with PFOA, PFHpA and PFHxA from concentrations ranging between 0-100 

µM. 3T3-L1 preadipocytes were induced to differentiate in 6-well plates for 6 days in the presence of 500 

µM IBMX (day 0-2), 100 nM insulin (day 0-6) and one of the three test PFAS chemicals (0-100 µM). 

Positive controls were treatments with 20 µM WY-14643. The solvent control used was DMSO. On day 

6, cells were harvested, and RNA was isolated. qPCR analysis was used to assess the expression levels of 

three lipolysis genes: (A) ACOX1, (B) UCP3, and (C) CPT1b. Levels were normalized to β-actin levels 

and expressed as fold over solvent control. Data was represented the mean fold change ± standard error of 

mean (SEM) where *P<0.05, **P<0.01, ***P<0.001 relative to vehicle control, using a two-way 

ANOVA or one-way ANOVA followed by Tukey’s multiple comparisons test or Dunnett’s multiple 

comparisons test, respectively.  
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3.6 Differentiating PPARγ-induced adipogenesis and PPARα-induced adipogenesis using 

PCR array analysis 

From our previous results, we demonstrated that adipogenesis occurs upon PFCA 

treatment. Next, we looked at the expression of genes involved in adipogenesis upon low and 

high concentrations, mainly to focus on the phenotype of the adipocytes formed from PFCA 

treatments. To achieve this, we used PCR Array kits with genes specific to mouse adipogenesis 

and the maintenance of mature adipocytes. We also aimed to differentiate between PPARγ-

induced adipogenesis and PPARα-induced adipogenesis. We aimed to identify genes that are 

specifically induced by ROSI treatment and those that are specifically induced by WY-14643 

treatment.  

 

3.6.1 Insignificant transcript expression analysis following PFCA treatment at low and high 

concentrations 

Transcript expression was analyzed following low and high concentrations of PFOA-

treated cells (10 and 100 µM), PFHpA-treated cells (25 and 100 µM) and PFHxA-treated cells 

(25 and 100 µM). Upregulation was observed in key genes involved in lipid and glucose 

metabolism (Figure 8A). However, for the majority of these genes upon all treatments, the p-

values were insignificant (p > 0.05), as seen in the volcano plots (Figure 8D-I, Appendix – Table 

3). 
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3.6.2 PPARγ-induced adipogenesis and PPARα-induced adipogenesis express the same genes in 

this PCR Array 

The PCR array results demonstrated that the ROSI and WY-14643 treatments 

upregulated the same genes significantly, with the ROSI treatment consistently inducing higher 

expression levels than WY-14643 treatments. For instance, both treatments significantly 

increased the expression of three adipokines: adiponectin (Adipoq), adipsin (Cfd), and leptin 

(Lep), depicted in the heat map and volcano plots (Figure 8A-C, Appendix – Table 2). 

Specifically, the ROSI treatment led to a 26.71-fold increase in Adipoq expression, compared to 

an 11.16-fold increase with the WY-14643 treatment. For Cfd, ROSI induced a 37.36-fold 

increase, while WY-14643 treatments induced a 9.57-fold increase. Lep expression was 

increased by 16.98-fold with the ROSI treatment and by 4.52-fold with WY-14643 treatments. 
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Figure 8. Transcriptional expression analysis of multiple genes involved in adipocyte differentiation 

and the maintenance of the mature adipocyte of 3T3-L1 preadipocytes treated with PFOA, PFHpA 

and PFHxA from concentrations ranging between 0-100 µM. Mouse adipogenesis RT2 Profiler PCR 

Array kit from Qiagen were used to analyze the expression of major genes involved in white and brown 

adipose tissue adipogenesis, and adipocyte maintenance, such as hormones, adipokines, enzymes and 

transcription factors. cDNA was synthesized using the RT2 First Strand Kit, and genomic DNA was 

eliminated. Real-time PCR reactions were performed using CFX96 Real-Time System C1000 Thermal 

Cycler at the recommended cycling conditions. Levels were normalized to β-actin levels and expressed as 

fold over solvent control.  (A) A heatmap representing relative transcriptional expression of genes 

involved in adipogenesis and the maintenance of the mature adipocyte in alphabetical order. The red-

green gradient represents fold regulation of the genes relative to the solvent control, red representing 

upregulation and green representing downregulation.  Heatmap was generated using GraphPad Prism.  

Volcano plot showing the separation of differentially expressed genes from adjusted p-value and log fold 

change for each individual treatment: (B) ROSI 200 nM, (C) WY-14643 20 μM, (D) PFOA 10 μM, (E) 

PFOA 100 μM (F) PFHpA 25 μM, (G) PFHpA 100 μM, (H) PFHxA 25 μM, and (I) PFHxA 100 μM. The 

x-axis represents the log base 2 of the fold change value of each gene relative to DMSO control. The y-

axis represents the negative log base 10 of the adjusted p-value of differentially expressed genes. Volcano 

plot was generated by GeneGlobe. 
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4.0 DISCUSSION 

PFAS are human-made chemicals found in many everyday-use items, because of their 

water-resistant properties (Hall et al. 2020). Due to their strong chemical properties, these 

chemicals are very persistent in the environment. The underlying issue with this is that PFAS 

exposure has demonstrated to cause a wide range of adverse health effects, such as having 

implications with NAFLD, hypothyroidism and reproduction, just to name a few (Wang et al., 

2013; Melzer et al., 2010; Šabović et al., 2020). Previous research has shown that PFAS have the 

potential to be obesogens.  PFOA has been shown to promote adipogenesis in 3T3-L1 

preadipocytes (Yamamoto et al., 2015). PFOA and other longer-chained PFCAs are banned in 

Canada, which has promoted the use of shorter-chained PFCAs as substitutes to longer-chained 

PFCAs (i.e. PFHpA and PFHxA) (Legislative Services Branch, 2024). This is concerning as the 

health implications of these shorter-chained PFCAs require further investigation. Therefore, in 

this study, we wanted to uncover the potential impacts of shorter-chained PFCAs (PFHpA and 

PFHxA) on adipogenesis and determine the mechanisms through which these PFCAs may 

induce adipogenesis. 

The first aim of this study was to test the cell viability of three PFCAs on 3T3-L1 

preadipocytes. Cell viability was tested using an Alamar Blue assay. This assay looks at cell 

viability by monitoring the reducing environment of a living cell through REDOX reactions. As 

Alamar Blue enters the cytoplasm, it is converted to its reduced form by mitochondrial enzyme 

activity, suggesting that Alamar Blue reduction may signify impairment in cellular metabolism 

(Al-Nasiry et al., 2007; Rampersad, 2012). Since this assay can detect impairment in cellular 

metabolism, the cytotoxicity of PFOA, PFHxA and PFHpA can be measured at varying 

concentrations to determine which concentrations are toxic to the cell line used. This assay aided 
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this study in establishing which concentrations to expose cells with when looking at adipogenic 

differentiation in 3T3-L1 preadipocytes. The concentrations of PFOA, PFHpA and PFHxA tested 

in the Alamar Blue assay ranged from 0-100 μM. Alamar blue assay results demonstrated that 

none of the chemicals were toxic to the 3T3-L1 preadipocyte cell line (Figure 3). These results 

validated the use of the tested concentrations for further investigation into adipogenesis under 

PFCA exposure. 

Adipocyte differentiation can be confirmed through various methods, one being assessing 

the expression of adipogenic markers. Studies have demonstrated PFOA-treated cells in 3T3-L1 

preadipocytes to significantly upregulate FABP4 and LPL in 3T3-L1 preadipocytes (Ma et al., 

2018). Although there are no studies looking at perilipin 1 expression in 3T3-L1 cells upon 

PFOA-treated cells, the expression of perilipin 2 has been shown to be upregulated upon PFOA-

treatment in primary human hepatocytes at 10 μM (Beggs et al., 2016). Our study is the first to 

look at transcriptional expression of FABP4, LPL and perilipin upon PFHpA and PFHxA 

treatment. In our study, PFOA-treated cells were able to significantly express FABP4 at 100 μM 

(Figure 4A), LPL at 100 μM (Figure 4C) and perilipin at 50 μM and 100 μM (Figure 4E). 

PFHpA-treated cells were able to significantly express FABP4 at 100 μM, LPL at 100 μM and 

perilipin at 100 μM. PFHxA-treated cells were able to significantly express LPL at 100 μM and 

perilipin at 100 μM. The high expression of these genes indicates potential adipogenesis, yet 

additional verification was required for conclusive evidence.  

When comparing the expression levels of the adipogenic markers between the different 

chemical treatments, the expression of both FABP4 and perilipin in the PFOA-treated cells were 

significantly increased relative to the expression seen in PFHxA-treated cells, but no significant 

changes in FABP4 and perilipin expression were seen between PFOA-treated cells and PFHpA-
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treated cells. This means that although PFHxA is able to induce adipogenesis, it is to a lesser 

extent compared to PFOA-induced adipogenesis. Whereas for PFOA and PFHpA, the expression 

levels of these adipogenic markers were similar between one another. The similarity between a 

substance that is banned in Canada (PFOA) and a substance that remains legal in Canada 

(PFHpA), is quite concerning. Given the negative health implications of PFOA, specifically its 

association with metabolic syndrome, PFHpA has the potential risk of producing similar effects.  

To further confirm that adipogenesis was present upon PFCA treatments, lipid 

accumulation within 3T3-L1 adipocytes were quantified, using high-throughput imaging. High-

throughput imaging involves employing automated microscopy and image analysis to visualize 

and quantitatively capture cellular characteristics (Pegoraro & Misteli, 2017). In previous 

studies, PFOA-treated 3T3-L1 cells have shown significant lipid accumulation at 100 μg/mL and 

100 μM (Ma et al., 2018; Yamamoto et al., 2015). No studies have looked at lipid accumulation 

from PFHpA and PFHxA-treated cells. By staining 3T3-L1 adipocytes with DAPI to identify 

individual cell nuclei and BODIPY staining identify lipids within adipocytes, percentage of cells 

containing lipid can be quantified relative to number of cells present (Tarnowski et al., 1991; 

Spangenburg et al., 2011). On day 8 of differentiation, percentage of 3T3-L1 adipocytes 

containing lipid were quantified. Lipid quantification results demonstrated increased lipid 

accumulation upon PFCA-treated cells at higher concentrations (Figure 5B). PFOA-treated cells 

were able to significantly increase lipid accumulation at 50 μM and 100 μM, PFHpA-treated 

cells were able to significantly increase lipid accumulation at 50 μM and 100 μM, and PFHxA-

treated cells were able to significantly increase lipid accumulation at 100 μM. 

 The upregulation of FABP4 seen in this study potentially demonstrate an enhanced 

capacity of fatty acid transport within the cells. This is consistent with the increased lipid 
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accumulation, as FABP4 is required to traffic fatty acids to lipid droplets for storage. The 

upregulation of LPL seen in our results possibly show increased fatty acid uptake and lipid 

storage, which is consistent with the increased lipid accumulation seen within our cells. The 

perilipin upregulation potentially demonstrates increased lipid droplet protection of lipid 

droplets. This also aligns with the increased lipid accumulation seen within our 3T3-L1 cells. 

When comparing the lipid accumulation between the different chemical treatments, there 

were no significant differences in the lipid accumulation when comparing the PFOA-treated cells 

to the PFHpA-treated cells and the PFOA-treated cells to the PFHxA-treated cells. This means 

that in 3T3-L1 preadipocytes, PFOA treatments did not have much change in lipid accumulation 

compared to the treatments of its substitutes, PFHpA and PFHxA. 

The activation of PPARγ and PPARα are proven to induce and drive the process of 

adipogenesis, culminating in the differentiation and maturation of adipocytes (Brun et al., 1996; 

Yamamoto et al., 2015). These nuclear receptors are activated by endogenous ligands, such as 

fatty acids and their derivatives. For PPARγ activation, literature claims that it is activated by 

PFOA at high concentrations, and PFHxA does not activate PPARγ at high concentrations 

(Yamamoto et al., 2015; Evans et al., 2022). No previous studies have looked at PPARγ activity 

in response to PFHpA treatment. The findings of this study demonstrated that PFOA was able to 

significantly activate PPARγ, but not PFHpA and PFHxA (Figure 6A). For PPARα activation, 

the literature claims that it is significantly activated by PFOA and PFHxA at concentrations as 

low as 50 μM (Behr et al., 2020). No studies have investigated PPARα activity in response to 

PFHpA treatment. Our results demonstrated that PFOA, PFHpA and PFHxA significantly 

activate PPARα (Figure 6C). This is most-likely due to the structural similarity between PFAS 

chemicals and fatty acids (Roth et al., 2020). Additionally, the hydrophobic tendencies of these 
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PFCAs may enable them to interact with the hydrophobic pockets within the ligand-binding 

domain of the PPAR receptors (Almeida et al., 2021). 

The findings indicate that PFHpA and PFHxA notably activated PPARα but not PPARγ. 

Despite this, examination of transcriptional expression and lipid accumulation demonstrated their 

capacity to induce adipogenesis. Given that activation of PPARγ and PPARα are able to promote 

adipogenesis, the fact that both PFHpA and PFHxA exclusively activated PPARα suggests they 

induce adipogenesis through PPARα activation.  

PPARα activation is also associated with fatty acid oxidation. This led to investigating 

the expression of genes involved in fatty acid oxidation, specifically ACOX1, UCP3, and CPT1b. 

In previous studies, PFOA-treated 3T3-L1 cells have demonstrated significant expression of 

ACOX1 in at higher concentrations, and PFOA-treated cells at high concentrations increased 

CPT1b expression in zebrafish (Watkins et al., 2015; Sun et al., 2023). No studies have looked at 

UCP3 expression in cells upon PFOA-treatments. PFHpA-treated cells in human hepatocytes 

have shown significant upregulation in ACOX1 expression (David et al., 2023). No previous 

studies have looked at UCP3 and CPT1b expression in cells upon PFHpA-treatments. No prior 

studies have looked at ACOX1, UCP3 and CPT1b expression in cells upon PFHxA-treatments. 

In this study, ACOX1 was not significantly expressed by PFOA, PFHpA or PFHxA treatments 

(Figure 7A). UCP3 was significantly expressed by PFOA treatments at 50 μM and 100 μM 

(Figure 7C). The upregulation of UCP3 demonstrate enhanced export of fatty acids from the 

mitochondria to the cytoplasm, preventing fatty acid accumulation inside the mitochondrial 

matrix (Schrauwen et al., 2001c). CPT1b was significantly expressed by PFHpA at 100 μM 

(Figure 7E). CPT1b upregulation show increased transport of long-chained fatty acids into the 

mitochondria to undergo fatty acid oxidation (McGarry & Brown, 1997). Overall, these results 



55 
 

indicate that different PFAS compounds may have distinct effects on the expression of genes 

involved in fatty acid oxidation. 

Interestingly, in the transcriptional expression analysis of the positive control treatments, 

the PPARγ agonist, ROSI, induced higher expression of all three fatty acid oxidation genes 

compared to the PPARα agonist, WY-14643. This outcome was unexpected, as it was initially 

hypothesized that WY-14643 treatments, known to activate PPARα, would lead to greater 

induction of fatty acid oxidation genes than the ROSI treatment, which is involved in PPARγ 

activation. Research has shown ROSI treatments in mice to downregulate UCP3 and CPT1b 

expression and no effect on ACOX1 expression (Chang et al., 2014). Moreover, previous studies 

have indicated that PPARγ activation may decrease intracellular concentrations of carnitine and 

reduce labeling of tricarboxylic acid (TCA) cycle intermediates and shorter-chained fatty acids 

from U-13C palmitate, suggesting that PPARγ activation could potentially lead to a reduction in 

fatty acid oxidation (Roberts et al., 2011). WY-14643 treatments have demonstrated the 

upregulation of ACOX1, UCP3 and CPT1b in in vivo models (Yang et al., 2022; Song et al., 

2016; Brocker et al., 2017). However, contrary to these studies, our findings suggest that ROSI 

(PPARγ agonist) treatments resulted in more pronounced upregulation of fatty acid oxidation 

genes, in comparison to WY-14643 (PPARα agonist) treatments (Figure 7, Supplemental Figure 

2). Moreover, no subsequent non-specific activation of PPARα was seen from ROSI treatments, 

and no non-specific activation of PPARγ was seen by WY-14643 treatments (Appendix – 

Supplemental Figure 1). 

Based on these findings, we postulate that the genes ACOX1, UCP3, and CPT1b may not 

be exclusively associated with fatty acid oxidation, and their regulation by PPARα and PPARγ 

agonists may involve additional or alternative metabolic pathways beyond fatty acid oxidation. 
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Further investigation is warranted to elucidate the complex mechanisms underlying the 

regulation of these genes by PPAR agonists and their role in cellular metabolism. 

The observation that ACOX1, UCP3, and CPT1b were not exclusively associated with 

fatty acid oxidation prompted us to question whether there are specific genes that are regulated 

upon specific PFCA treatments. Since these compounds were able to induce adipogenesis, we 

asked whether the resulting adipocyte would have the same phenotype as ROSI-treated 

adipocytes. PCR arrays are available in pre-designed panels targeting specific gene sets or 

biological pathways. These focused gene panels enable targeted analysis of genes relevant to 

particular research interests or biological processes. Our interest in the phenotype of the 

adipocytes upon PFCA treatments, led us to utilize a PCR array which examines the expression 

of 84 different genes involved in adipogenesis and the maintenance of the mature adipocyte. 

While the high concentration treatments did lead to elevated expression levels in genes similar to 

those observed in positive control treatments, the statistical significance of these findings were 

insufficient to draw any conclusive statements (p > 0.05) (Figure 8A, 8D-I). 

Although no significant data was shown when trying to assess the phenotypes of 

adipocytes upon PFCA treatment, using these PCR arrays we could possibly distinguish between 

adipogenesis induced by PPARγ activation and that induced by PPARα activation. This 

realization marked a significant breakthrough, suggesting a promising avenue for further 

investigation into the distinct molecular signatures associated with PPARγ- and PPARα-

mediated adipogenesis using targeted transcriptional expression analysis. This can also create an 

avenue to confirm which mechanism PFHpA-treated adipocytes and PFHxA-treated adipocytes 

go through to induce adipogenesis. 
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In our investigation into adipogenesis, we utilized mouse adipogenesis PCR arrays to 

examine the transcriptional expression patterns influenced by PPARγ and PPARα during 

adipogenesis. Specifically, we focused on comparing the effects of ROSI and WY-14643 

treatments, aiming to identify any differences in transcriptional expression that might indicate 

distinct pathways of adipogenesis mediated by these receptors. The two treatments significantly 

upregulated the same genes, with ROSI consistently eliciting higher expression levels compared 

to WY-14643 (Figure 8A, 8B-C). However, because treatments conditions with ROSI (cells 

treated for 2-days) and WY-14643 (cells treated for 6-days) were different, no conclusions can 

be made. 

 

5.0 LIMITATIONS 

The results of this study clearly demonstrated that PFOA, PFHpA, and PFHxA were 

evaluated at concentrations ranging from 0 to 100 μM. A 2003 study reported human serum 

concentrations of PFOA in the United States as high as 0.1 μM (Olsen et al., 2003). Given that 

concentrations of up to 100 μM of PFCAs in humans are exceedingly rare, using such high 

concentrations in our study may be physiologically irrelevant. 

Research has shown that PFAS adsorb to plastic surfaces with high affinity, with PFCAs 

exhibiting adsorption rates of up to 21% (Llorca et al., 2018). PFCAs also display a higher 

tendency to adsorb to plastics compared to PFSAs and perfluoroalkyl sulphonamides (FASAs). 

This raised a concern because all the pipette tips, microcentrifuge tubes, test tubes, and culture 

plates utilized in this study, which came into contact with PFCAs, were made of plastic. Due to 
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the strong affinity of PFCAs for plastic, a significant portion of the chemicals may adhere to 

these plastic surfaces, resulting in less of the chemical entering the cells.  

To address the issue of PFCA adsorption to plastic culture dishes and ensure more 

accurate measurements of PFCA concentrations entering the cells, several mitigation strategies 

can possibly be implemented. Replacing plastic culture plates with glass culture plates could 

potentially reduce PFCA adsorption to the culture plate surface. Glass surfaces are primarily 

composed of silica (SiO2) and lack the organic functional groups that can interact with the C-F 

bonds of PFCAs (Azizi et al., 2021; Hellsing et al., 2016). In contrast, plastic surfaces often 

contain carbon and hydrogen in their polymer chains, which facilitate the adsorption of PFCAs. 

However, some studies advise against using glass surfaces, claiming that glass adsorbs PFAS 

analytes and that PFAS samples should not come into contact with glass containers (Hansen et 

al., 2002; BSI, 2009). Silica-coated plates have also been used in in vitro models and could 

potentially mitigate PFAS adsorption (Taub et al., 1998). These methods are preventative 

measures aimed at increasing the amount of PFCA that enters cells, but the exact concentration 

of PFCA entering the cells remains in question. Using analytical techniques such as liquid 

chromatography-mass spectrometry (LC-MS/MS), we can isolate, identify, and quantify the 

exact concentrations of PFCAs that have entered 3T3-L1 cells (Roberts et al., 2019). LC-MS/MS 

provides a high level of sensitivity and specificity, enabling precise measurement of PFCA levels 

within the cellular environment. Additionally, enzyme-linked immunosorbent assay (ELISA) 

tests, which employ antibodies designed to specifically bind to PFCAs. By using PFCA-specific 

ELISA tests, researchers can accurately determine the precise concentration of PFCAs present in 

3T3-L1 cells. 
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While this study helped answer many questions regarding information about the effects 

of shorter-chained PFCAs on humans, further studies are needed to verify the impacts of these 

PFCAs. Using 3T3-L1 preadipocytes is an effective initial step for evaluating the adipogenic 

potential of these PFCAS, however the cell model cannot accurately replicate the response that 

occurs within the human body.  

Using human primary preadipocytes, we can more accurately represent the human 

physiology in an in vitro model. Their ability to differentiate in adipocytes is influenced by their 

location within the body (intra-abdominal/visceral or subcutaneous) and the characteristics of the 

donor (Lessard et al., 2014). This can be valuable for studying obesity in individuals with 

varying ages, sex and other biological factors. The primary limitation concerning human primary 

preadipocytes is the restricted availability of donor tissue and the sparse cell yields obtained from 

biopsy material (Skurk et al., 2007). 

 

6.0 CONCLUSION 

In conclusion, our study confirmed that PFOA, PFHpA, and PFHxA promote 

adipogenesis at high concentrations. This was evidenced by the upregulation of adipogenic 

markers FABP4, LPL, and perilipin in qPCR analysis and the accumulation of lipids within 3T3-

L1 adipocytes. Specifically, PFHpA and PFHxA were postulated to induce adipogenesis 

primarily through the activation of PPARα, as these chemicals significantly activated PPARα but 

did not significantly activate PPARγ, however further confirmation is required. In contrast, 

PFOA significantly activated both PPARα and PPARγ, suggesting that adipogenesis may occur 

through both PPARα- and PPARγ-mediated pathways. Overall, this study contributes to a deeper 
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understanding of the biological effects of shorter-chained PFCAs, highlights the complexity of 

adipogenic regulation, emphasizes the need for comprehensive strategies to address the health 

and environmental challenges posed by these persistent chemicals. 
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APPENDICES 

Table 1. Primers used for real time qPCR reactions 

Primer Forward Primer Sequence (Top) 

Reverse Primer Sequence (Bottom) 

Tm(°C)  

Forward (Top) 

Reverse (Bottom) 

mACOX1 5'- CGC CGT CGA GAA ATC GAG AA -3’ 

5'- GTG CAC AGA GTT TTT AAA CCA CA -3' 

57.3 

54.2 

mβ-Actin 5'- GAC TTC GAG CAA GAG ATG GC -3' 

5'- CCA GAC AGC ACT GTG TTG GC -3' 

55.8 

59 

mCPT1b 5'- AGG CAC TTC TCA GCA TGG TC -3' 

5'- ACG GAC ACA GAT AGC CCA GA -3' 

57.4 

57.8 

mFABP4 5'- GGA AGC TTG TCT CCA GTG AA -3' 

5'- GCG GTG ATT TCA TCG AAT TC -3' 

54.7 

52.1 

mLPL 5'- GAT CCG AGT GAA AGC CGG AG -3' 

5'- TTG TTT GTC CAG TGT CAG CCA -3' 

57.8 

57.1 

mPerilipin 5'- TTG GGG ATG GCC AAA GAG AC-3' 

5'- CTC ACA AGG CTT GGT TTG GC -3' 

57.5 

57.1 

mUCP3 5'- GGA CTT GGC CCA ACA TCA CA -3' 

5'- TGA CAG GGG AAG TTG TCA GTA -3' 

57.9 

55.4 

 

(A)        (B) 

 

Supplemental Figure 1. PPARγ and PPAR-alpha transactivation assay data in the presence 

of increasing concentrations of WY-14643 and ROSI, respectfully. (A) WY-14643 treatments 

in PPARγ transactivation assay. (B) ROSI treatments in PPARα transactivation assay. 
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(A)           (B)     (C) 

 

Supplemental Figure 2. Transcriptional expression analysis of genes involved in fatty acid 

oxidation of 3T3-L1 preadipocytes treated with ROSI at 200 nM. (A) ACOX1 expression, 

(B) UCP3 expression, and (C) CPT1b expression was looked at. 

 

Table 2. Fold regulation of multiple genes involved in adipocyte differentiation and the 

maintenance of the mature adipocyte of 3T3-L1 preadipocytes treated with PFOA, PFHpA 

and PFHxA from concentrations ranging between 0-100 µM. 

 Treatments 

Genes 

ROSI 

(200 nM) 

WY-

14643 (20 

μM) 

PFOA 

(10 

μM) 

PFOA 

(100 μM) 

PFHpA 

(25 

μM) 

PFHpA 

(100 

μM) 

PFHxA 

(25 

μM) 

PFHxA 

(100 μM) 

Acacb 3.02 1.98 1.07 1.29 -1.13 1.18 -1.07 1.2 

Adig 24.55 14.91 1.29 4.92 1.3 4.09 1.04 3.33 

Adipoq 26.71 11.16 1.61 4.71 1.02 4.02 -1.03 2.48 

Agt 4.91 2.05 -1.09 1.65 -1.3 1.54 -1.08 1.21 

Ccnd1 -1.84 -1.24 1.01 -1.32 -1.09 -1.21 -1.2 1 

Cdkn1a 2.07 1.07 -1.02 1.14 -1.25 1.03 -1.15 -1.08 

Cebpa 5.61 3.62 -1.11 2.33 -1.23 2.07 -1.19 1.39 

Cebpb 1.5 1.05 -1.26 -1 -1.69 -1.02 -1.24 -1.54 

Cebpd -1.67 -1.79 -1.06 -1.43 -1.6 -1.29 -1.2 -1.26 

Cfd 

(adipsin) 37.36 9.57 1.29 2.78 1.09 2.88 -1.08 2.44 

Dlk1 -2.79 -1.46 -1.32 -1.36 -1.54 -1.34 -1.73 -1.8 

E2f1 -1.4 1.06 1.26 -1.26 1.17 -1.07 -1.04 1.26 
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Egr2 -1.55 -1.85 -1.31 -1.57 -1.61 -1.22 -1.59 -1.34 

FABP4 30.44 22.53 1.33 6.66 1.32 5.47 1.04 3.47 

Fasn 5.15 3.19 1.07 1.83 -1.11 1.73 -1.05 1.4 

Fgf2 1.22 1.23 1.24 1.29 1.22 1.34 1.14 1.49 

Foxc2 -1.4 -1.35 -1.22 1.04 -1.32 -1.04 -1.4 -1.31 

Foxo1 1.87 1.59 1.31 1.27 1.22 1.35 1.11 1.47 

Gata2 -2.91 -2.03 -1.02 -1.32 -1.2 -1.33 -1.16 -1.24 

Gata3 1.25 -1.11 1.15 -1.04 -1.05 -1.09 -1.28 -1.08 

Insr 2.37 1.37 -1.01 1.22 -1.24 1.14 -1.16 1.15 

Irs2 2.65 1.81 -1.05 1.42 -1.26 1.38 -1.14 1.14 

Klf15 17.52 5.08 -1.17 3.21 -1.14 2.49 1.02 2.35 

Klf2 -1.98 -1.91 -1.61 -2.11 -2.22 -1.65 -1.74 -1.97 

Lep 16.98 4.52 1.01 2.11 -1.14 1.34 -1.33 1.17 

Lipe 17.05 6.48 -1.09 3.04 -1.27 2.49 -1.02 1.73 

LPL 7.13 4.2 1.12 1.98 1.02 2.04 -1.02 1.74 

Ncor2 1.08 -1.68 -1.04 -1.33 -1.52 -1.22 -1.41 -1.23 

Nr0b2 -1.11 1.11 -1.3 -1.54 -1.8 -1.07 -3.19 -1.31 

Nr1h3 

(LXR-

alpha) 11.61 6.24 1.09 2.77 1.01 2.56 1.01 2.07 

Ppara 6.74 2.9 1.31 1.3 1.02 1.43 -1.08 1.41 

Ppard 2.48 1.6 -1.06 1.33 -1.17 1.18 -1.18 -1.09 

Pparg 7.53 3.81 -1.02 2.12 -1.02 2 -1.16 1.58 

Ppargc1a 3.24 2.76 1.18 1.64 -1.14 1.6 -1.21 1.26 

Ppargc1b 10.02 4.84 1.02 2.47 -1.14 2.25 -1.11 1.54 

Prdm16 -1.05 1.45 1.03 -1.09 -1.44 -1.14 -2.27 1.03 

Rb1 5.51 2.53 1.17 1.88 1.06 1.81 -1.04 1.51 

Runx1t1 2.1 1.65 1.22 -1.26 -1.08 -1.32 -1.11 1.11 

Sirt3 30.19 10.86 1.06 1.08 -1.05 1.1 -1.02 1.21 

Slc2a4 

(GLUT4) -1.5 -1.55 1.04 4 -1.24 3.64 -1.11 2.07 

Src 2.32 1.81 1.03 -1.18 -1.32 -1.19 -1.06 -1.04 

Srebf1 1.4 1.39 1.11 1.33 -1 1.25 1 1.25 

Taz -1.54 -1.49 1.22 1.19 1.15 1.24 1.22 1.41 

Twist1 -1.86 -1.39 1.04 -1.27 -1.14 -1.39 -1.14 -1.02 

Vdr -1.8 -1.57 1.01 -1.53 -1.16 -1.39 1.1 -1.11 

Wnt10b  -1.80  -1.57 1.06 -1.06 -1.4 1.08 1.07 -1.02 
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Table 3. p-Values of multiple genes involved in adipocyte differentiation and the 

maintenance of the mature adipocyte of 3T3-L1 preadipocytes treated with PFOA, PFHpA 

and PFHxA from concentrations ranging between 0-100 µM. p-Values below 0.05 are 

highlighted in red font.  

 Treatments 

Genes 

ROSI 

(200 nM) 

WY-

14643 

(20 μM) 

PFOA 

(10 μM) 

PFOA 

(100 

μM) 

PFHpA 

(25 μM) 

PFHpA 

(100 

μM) 

PFHxA 

(25 μM) 

PFHxA 

(100 μM) 

Acacb 0.002103 0.031454 0.677095 0.293807 0.477628 0.380402 0.861755 0.04294 

Adig 0.000153 0.001458 0.691566 0.06571 0.551504 0.095821 0.935391 0.076425 

Adipoq 0.001469 0.015406 0.330933 0.075451 0.752542 0.118801 0.953465 0.183071 

Agt 0.001715 0.068771 0.706399 0.181902 0.28977 0.262582 0.822945 0.700155 

Ccnd1 0.017532 0.26352 0.922072 0.133643 0.88876 0.405313 0.459294 0.756778 

Cdkn1a 0.085085 0.746259 0.908128 0.570565 0.276832 0.851781 0.51854 0.888756 

Cebpa 0.006358 0.027938 0.658012 0.081151 0.627192 0.094296 0.490286 0.014474 

Cebpb 0.068217 0.708776 0.146373 0.841313 0.027851 0.958836 0.39369 0.019715 

Cebpd 0.012948 0.014455 0.77523 0.033557 0.000548 0.037633 0.186519 0.056706 

Cfd 

(adipsin) 0.005866 0.043782 0.609542 0.16007 0.83715 0.112947 0.857018 0.820981 

Dlk1 0.021301 0.016265 0.694327 0.186134 0.383741 0.317232 0.03034 0.384649 

E2f1 0.159124 0.760171 0.410813 0.279622 0.477277 0.80165 0.987604 0.30375 

Egr2 0.108294 0.190852 0.515145 0.074183 0.103678 0.335428 0.038446 0.033656 

FABP4 0.000213 0.00676 0.61847 0.036492 0.541 0.068213 0.990634 0.188503 

Fasn 0.008623 0.011376 0.776514 0.121935 0.670193 0.104364 0.822394 0.183071 

Fgf2 0.306317 0.241234 0.412752 0.186026 0.286098 0.066947 0.340455 0.221154 

Foxc2 0.065141 0.122954 0.149534 0.802027 0.135892 0.670205 0.043464 0.120581 

Foxo1 0.023863 0.025738 0.123839 0.18634 0.327193 0.099672 0.55842 0.277715 

Gata2 0.009714 0.035647 0.84905 0.161738 0.179307 0.17026 0.351771 0.820401 

Gata3 0.456609 0.749319 0.647624 0.700199 0.703149 0.573893 0.35408 0.447066 

Insr 0.006773 0.130137 0.960714 0.18456 0.235342 0.383757 0.285665 0.860007 

Irs2 0.058693 0.081793 0.745466 0.233561 0.374422 0.289289 0.670624 0.785533 

Klf15 0.000018 0.008719 0.565164 0.098795 0.66983 0.056894 0.806035 0.07658 

Klf2 0.03327 0.025175 0.048209 0.032551 0.016226 0.051608 0.05869 0.825518 

Lep 0.00005 0.048137 0.748067 0.192824 0.943595 0.460472 0.247264 0.054998 

Lipe 0.000027 0.037173 0.657633 0.076225 0.625879 0.152419 0.970142 0.858324 

LPL 0.005204 0.018794 0.801254 0.15078 0.893636 0.141416 0.93725 0.985894 

Ncor2 0.599538 0.03101 0.891458 0.070681 0.022435 0.271723 0.073579 0.687551 

Nr0b2 0.913308 0.757458 0.591885 0.553671 0.887981 0.741476 0.109187 0.089438 

Nr1h3 

(LXR-

alpha) 0.000128 0.009677 0.829775 0.096442 0.892923 0.097188 0.944266 0.60566 

Ppara 0.055938 0.049599 0.504878 0.443707 0.817716 0.26738 0.694352 0.43337 

Ppard 0.006892 0.009099 0.735982 0.150128 0.256476 0.289447 0.549517 0.115565 

Pparg 0.004317 0.032236 0.8138 0.124184 0.964969 0.089023 0.521494 0.482209 
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Ppargc1a 0.002386 0.029964 0.600891 0.175296 0.874648 0.187223 0.567698 0.190024 

Ppargc1b 0.001805 0.013658 0.832647 0.063123 0.789195 0.116271 0.717303 0.826169 

Prdm16 0.892241 0.352734 0.513054 0.850775 0.93511 0.926013 0.08437 0.057661 

Rb1 0.026382 0.0048 0.368983 0.045894 0.7277 0.025648 0.685717 0.276606 

Runx1t1 0.019981 0.049972 0.417969 0.256339 0.545077 0.234905 0.446119 0.333146 

Sirt3 0.040882 0.098704 0.721619 0.614616 0.77129 0.592801 0.921505 0.053798 

Slc2a4 

(GLUT4) 0.003253 0.041182 0.967787 0.09565 0.673184 0.109031 0.844805 0.737886 

Src 0.06581 0.002667 0.787323 0.266589 0.016439 0.070387 0.714327 0.254496 

Srebf1 0.001686 0.020848 0.451845 0.14751 0.922029 0.244624 0.9981 0.238273 

Taz 0.087514 0.066332 0.201378 0.383685 0.416051 0.268151 0.20641 0.186778 

Twist1 0.006277 0.028588 0.736635 0.053452 0.18665 0.051798 0.474991 0.183071 

Vdr 0.254628 0.469444 0.882518 0.26474 0.624251 0.40126 0.800698 0.036922 

Wnt10b 0.074575 0.114033 0.897564 0.669009 0.682182 0.780426 0.846586 0.183071 
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