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Abstract

The expanding prevalence of obesity is an enormous health issue on a populational level.
According to the obesogenic hypothesis adipose tissue is susceptible of exposure to metabolism
disrupting chemicals (MDCs), especially during early life. Commercial plastic materials
contain an organic polymer matrix and various chemicals, and some of the chemicals are
known obesogens or MDC:s. It remains however, to identify whether everyday plastic products
contain MDCs. We therefore investigated the effects of adipocyte exposure to plastic chemicals
extracted from everyday products. To validate our previous findings, we exposed 3T3-L1 to
plastic extracts and to investigate whether there is a sensitive exposure window in the adipocyte
differentiation, we exposed the cells to the plastic chemicals during the adipogenesis assay in
three different windows of exposure. To investigate whether the plastic chemicals were
triggering an inflammatory response in the adipocytes, we quantified the interleukin (IL)-6 and
tumor necrosis factor o(TNF-a) release after chemical exposure. In the further investigation
of the underlying mechanisms for the adipogenic induction, altered gene expression in the

adipocytes caused by chemical exposure was studied.

We found that the differentiation phase was a further sensitive window of exposure for all the
plastic extracts, along with the positive control, rosiglitazone. The IL-6 release by the
adipocytes was higher during the differentiation compared to the end of the experiment, and
two of the extracts caused a higher IL-6 release compared to the remaining extracts. In contrast
to IL-6, TNF-o was not detected. In the investigation for underlying mechanisms of the
induction of adipogenesis, we observed that the extracts caused a similar alteration of several
genes, which was different to the effect of rosiglitazone. Our results suggests that plastic
chemical exposure early in life could contribute to the obesity pandemic, the link between the
inflammatory response and the chemical exposure was however not clear. The underlying
mechanisms affected by the plastic extracts imply hypoxia, endoplasmic reticulum (ER) stress

and oxidative stress in the cells, all related to the obesity phenotype.
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Samandrag

Den aukande ferekomsten av fedme er eit enormt helseproblem pé befolkningsniva. Ifelgje den
obesogene hypotesa er feittvev utsett for eksponering av metabolismeforstyrrande kjemikalie,
spesielt i tidleg alder. Kommersielle plastmateriale er bygd opp av ei organisk polymermatrise
og er tilsett ulike kjemikaliar, nokre av desse er identifisert som fedme- og/eller
metabolismeforstyrrande. Ein veit ikkje om kvardagsprodukt av plast inneheld
metabolismeforstyrrande kjemikaliar. Me undersek difor effekten av kjemikaliar fra
kvardagsprodukt av plast i feittceller. For a stadfeste vére tidlegare funn, eksponerte me 3T3-
L1 celler for kjemikaliar ekstrahert fra plastprodukt. For & vidare undersekje om det var ein
sensitiv fase for eksponering av feittceller, eksponerte me cellene for plastkjemikaliar i lopet
av ein differensieringsanalyse, anten i differensieringsfasen, i vedlikehaldsfasen eller gjennom
analysen. For & undersekje om plastkjemikaliane utlgyste ein betennelsesrespons i feittcellene
kvantifiserte me interleukin (IL)-6 og tumornekrosefaktor-a (TNF-a) nivéet frigjort av cellene
etter eksponering av plastekstrakta. I den vidare undersekinga av dei underliggjande

mekanismane paverka av plastekstrakta, studerte me det endra genuttrykket i feittcellene.

Me fann ut at differensieringsfasen var eit sensitivt tidsvindauge for eksponering av
plastkjemikaliane, saman med den positive kontrollen, rosiglitazone. IL-6 frigjeringa var
hegare under differensieringa samanlikna med slutten av vedlikehaldsfasen og to av ekstrakta
forérsaka ei hagare IL-6 frigjering samanlikna med dei resterande ekstrakta. I motsetjing til IL-
6 vart ikkje TNF-a pavist. I den vidare undersekinga av underliggjande mekanismar paverka
av ekstrakteksponeringa observerte me at plastkjemikaliane fordrsaka ei liknande endring av
fleire gen, i tillegg til & vere ulike fra effekten av rosiglitazone. Resultata vare indikerer at
eksponeringa av plastkjemikalar tidleg i livet kan medverka til fedmepandemien, medan linken
mellom betennelsesresponsen og den kjemiske eksponeringa var ikkje tydleg. Dei
underliggjande mekanismane som vert paverka av plastekstrakta inneber utilstrekkeleg
oksygentilfering, endoplasmatisk retikulum (ER) stress og oksidativt stress i cellene, alt relatert

til fenotypen til personar med fedme.
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1. Introduction

1.1 General background
Obesity is an emerging health problem and a worldwide pandemic (Egusquiza and Blumberg,
2020). In the United States in 2003-2004, obesity among adults was estimated to be 32.9%,
this number has increased to 42.4% in 15 years and is still increasing (Ogden et al., 2007, Hales
et al., 2020). The expanding prevalence of obesity is an enormous health issue both on an
individual level, but also in a global scale. The health burden extends to several organ systems
as the excessive adipose tissue is related to a higher prevalence of metabolic syndrome, several
types of cancer, cardiovascular diseases, and higher mortality rates (Gonzéalez-Muniesa et al.,
2016). Metabolic syndrome is a condition characterized by hyperglycemia, abdominal obesity,
dyslipidemia, and hypertension. A combination of these metabolic risk factors collectively
increase the risk of heart diseases, type 2 diabetes, and stroke (Ghaben and Scherer, 2019).
Additionally, a chronic inflammatory state accompanies the metabolic syndrome and is a low-
grade inflammatory response triggered by excess nutrients in metabolic cells. In this case,
levels of several circulating inflammatory markers are increased (Gonzalez-Muniesa et al.,
2016). Thus, in addition to excess body weight, obesity cause extensive health burdens and can

lead to several medical conditions.

Today, plastics are ubiquitously used. The question remains however, whether plastic products
pose a threat to the human health. Plastics are widely distributed and are highly diverse in both
chemical composition, properties, and potential functions (Lithner et al., 2011). The global
plastic production has increased from 2 million tons in 1950 to over 400 million tons in 2015
and is expected to double over the next 20 years (Heinrich Boll Stiftung, 2019). Plastic
polymers are not regarded as toxic per se, but several of the chemicals applied in plastic
production are hazardous for human health and the environment. These chemicals, and their
degradation products may be released during the lifetime of plastic products (Lithner et al.,
2011). Several aspects of how plastic chemicals may affect our health are yet not elucidated,

thus in this thesis we will further investigate whether plastic chemicals could promote obesity.

1.2 Plastic chemicals
Commercial plastic materials contain an organic polymer matrix and various chemical
additives. The organic polymers are the basis of the plastic material and are composed by

repeating monomers. The plastic’s properties are improved by additives, e.g., antioxidants,



plasticizers, and flame retardants. Additionally, a variety of chemicals are used in the
production of the synthetic materials to enable or ease the production or processing of the
plastics (Wiesinger et al., 2021). Nonintentionally added substances (NIASs) can also be
present in plastics, these including break-down products, impurities of starting materials,
unwanted side-products and contaminants from recycling processes (Geueke, 2018). As plastic
products are used by the consumer, chemicals may migrate from the plastic into products such
as food or in the environment (Groh et al., 2019). Chemical release is an unwanted process,
since loss of additive content decreases the polymer lifetime and exposing consumers to the
chemicals released (Teuten et al., 2009). Primarily, chemicals may end up in the human body
via ingestion, inhalation or dermal absorption of air, dust, water, food, and the application of
personal care products (Koch and Calafat, 2009). Plastic chemicals may thus be released from

the plastic products and end up in the human body.

Bisphenol A (BPA) is a plastic chemical known to alter the endocrine system. BPA is a
monomer and plasticizer used in the production of plastic products like toys, water pipes,
eyeglass lenses, drinking containers, along with others (Vandenberg et al., 2007). Even though
BPA was shown to stimulate the reproductive system in female rats in 1936, BPA was used as
a plastic monomer in polycarbonate plastics and epoxy resins from the 1950s (vom Saal et al.,
2007). More recent studies have demonstrated BPA to possess further endocrine disrupting
properties, i.e., alterations of the hormone synthesis and metabolism, and hormone
concentration in the blood (Koch and Calafat, 2009). In 2011, the European Union prohibited
the use of BPA in food contact materials (Regulation10/2011/EU, 2011). However, human can
absorb these endocrine disrupting chemical through exposure either by unreacted BPA in the
plastic polymer or by remobilized monomers in the final product (Koch and Calafat, 2009). In
other words, unbound plastic chemicals can be absorbed by humans and alter the endocrine

system.

1.2.1 Metabolism disrupting chemicals
Chemicals termed obesogens or metabolism disrupting chemicals (MDCs) can promote obesity
and metabolic changes. The US National Health and Nutrition Examination Study (NHANES)
has reported that when comparing adults with equivalent energy consumption and physical
activity in 2006 and 1988, the adults in 2006 had a BMI 2.3 kg/m? higher than adults in 1988.

The study challenged the weight balance model, a model assuming that a greater energy intake



than energy expenditure is expected to increase the fat accumulation in direct proportion
(Amato et al., 2021). According to the obesogen hypothesis, environmental chemicals promote
obesity by increasing adipocyte commitment, differentiation, and size. These chemicals are
abundant in our environment and used in several everyday products, e.g., furniture, electronic
devices, and plastic products (Heindel and Blumberg, 2019). In 2015, the obesogen hypothesis
was proposed to be expanded to include other metabolic endpoints, e.g., type 2 diabetes and
liver lipid abnormalities. As a result, the MDC hypothesis was introduced, a hypothesis
proposing that environmental chemicals have the ability to promote metabolic alterations in
humans and animals, which may play a considerable role in the pandemic of obesity, type 2
diabetes and metabolic syndrome (Heindel et al., 2017). Obesogens and MDCs are thus

environmental chemicals promoting obesity and metabolic alterations.

Tributyltin (TBT) is a well-characterized obesogen widely used in industry and found to be
present in aquatic environment. In the 1970s, TBT was used as antifouling agent to prevent
adhesions of organisms but had severe effects on the marine life. Even though TBT was banned
in the United States in the 1980s, the compound has been found in sea sediments and fish for
human consumption in the recent years (Katz and Walker, 2019). TBT is also the main
organotin used as polyvinyl chloride (PVC) heat stabilizer, wood preservatives, and has been
detected in house dust in several countries in Europe (Heindel and Blumberg, 2019, Fromme
et al., 2005). The organotin was among the first obesogens identified and is known to bind and
activate the master regulator of adipocyte differentiation, peroxisome proliferator-activated
receptor Y (PPARY) and its heterodimeric partner. In vitro studies demonstrate that TBT
activation promotes adipocyte commitment and differentiation, while in vivo studies found that
TBT exposure increase fat accumulation in rodents, fish, snails and daphnia (Amato et al.,
2021). Hence, the organotin TBT is found in our surroundings and is shown to promote

adipocyte development and lipid storage.

The adipose tissue is an endocrine organ susceptible of metabolic disruption, especially in
critical windows of exposure (Nappi et al., 2016). Studies have shown that the total number of
adipocytes increases throughout childhood and adolescence and remains constant in adulthood.
With this in mind, the difference in adipocyte number between lean and obese individuals is
thus established during childhood (Spalding et al., 2008). According to the obesogenic
hypothesis the adipose depots are susceptible of exposure to MDCs, especially during



development, i.e., pre- and early postnatal life, and throughout the puberty. Weight gain in
adults is primarily due to changes in size in pre-existing adipocytes, an increased adipogenesis
caused by MDCs during early development would therefore permanently establish an elevated
adipocyte number (Nappi et al., 2016). Considering obese individuals have a higher adipocyte
number than lean individuals, the exposure to MDCs could contribute to obesity through the

elevation of adipocyte number during the early life.

1.3 Adipocytes and adipogenesis
Adipose tissue is a connective tissue regulating the energy balance and nutritional homeostasis
and consist of brown, beige, and white adipocytes. Brown adipose tissue generates body heat
through the energy demanding process of non-shivering thermogenesis. Beige adipocytes
appear to be bifunctional, changing to brown or white adipocytes depending on stimuli
(Heindel et al., 2017). The white adipose tissue (WAT) is our largest energy reserve and
controls the energy balance by storing and mobilizing triacylglycerol (Duncan et al., 2007).
This active endocrine organ regulates several activities, such as insulin sensitivity, lipid
metabolism and satiety by releasing a variety of adipokines, including adipsin, leptin,
adiponectin, and resistin. In humans, development of WAT compartments is initiated late in
the gestation and the differentiation of adipocytes rapidly escalates in response to increased
nutrient availability (Cristancho and Lazar, 2011). In short, adipogenesis, the adipocyte
differentiation, is an ordered multistep transformation whereby fibroblast-like progenitor cells
become mature adipocytes (Ghaben and Scherer, 2019). In other words, adipocytes exist in

various forms and differentiate through the process of adipogenesis.

During the adipogenesis, progenitor cells restrict themselves to the lineage forming a
preadipocyte, followed by the differentiation, whereby the cells start to accumulate lipids and
further form a functional mature adipocyte. In the early phase of the adipogenesis, a multipotent
precursor cell is activated through bone morphogenetic protein (BMP) binding which is
required for the adipocyte commitment. Once the precursor cell has committed to the adipocyte
lineage, a transcriptional cascade is triggered and the induction of metabolic genes associated
with the adipocyte is expressed (Ghaben and Scherer, 2019). The BMP signaling promote the
terminal differentiation in the preadipocytes by the activation of the transcription factor
SMADA4, which in turn stimulates the transcription of the master regulator of adipogenesis,

PPARy (Huang et al., 2009). PPARY is a nuclear receptor and transcription factor indispensable



for the differentiation of adipocytes (Farmer, 2006). One of its most important roles is to
activate another master regulator of adipogenic transcription, CCAAT/enhancer-binding
protein a (C/EBPa) which then induce each other’s expression through a positive feedback
loop. This results in the induction of other pro-adipogenic factors and thereby maintains the
differentiated cell state (Rosen, 2005). In the early stages of differentiation, the lipid
accumulation causes the expression of the adipocyte fatty acid binding protein (FABP4) and
the glucose transporter GLUT4. At the completion of the differentiation, mature adipocytes
also express the peptide hormones leptin and adiponectin, as well as adipose triglyceride lipase,
lipoprotein lipase, and perilipin (Ghaben and Scherer, 2019). The functional mature adipocytes

are then alternating between the storing and release of lipids dependent on extracellular signals.

Fully differentiated adipocytes are incapable of mitotic division and differentiation of precursor
cells occurs to increase the number of adipocytes. Adipose tissue can increase in size either by
increasing the size of the preexisting adipocytes (hypertrophy), or by formation of new
adipocytes through differentiation of precursor cells (hyperplasia). The hypertrophic potential
in mature adipocytes is outstanding as they are able to obtain a diameter of several hundred
micrometers (Ghaben and Scherer, 2019). It is however controversial whether adipogenesis
occurs in adult adipose tissue. As mentioned, studies have shown that the number of adipocytes
stabilizes in adulthood, at the same time, there have been findings obtained in human adipose
tissue showing that adipocytes undergo approximately 10% annual turnover (Spalding et al.,
2008). Hence, adipogenesis occurs to some degree in adult adipose tissue, and might have a

role in the pathology of obesity.

WAT holds the major energy reserve in human and its function is crucial in the regulation of
the lipid metabolism. The lipid storage in WAT is in a constant state of flux between the
breakdown of triglycerides, lipolysis, and the generation of new triglycerides, lipogenesis
(Duncan et al., 2007). As the adipocytes become sensitive to insulin, excess nutrients are
converted into triglycerides through lipogenesis (Han, 2016). A shift towards a greater rate of
lipolysis occurs however during times of low energy supply, causing a release of fatty acids
and glycerol into the bloodstream for use in other organs as energy source (Duncan et al., 2007).
Proper adipocyte function is crucial in the regulation of the lipid metabolism and several
extracellular stimuli participate in this regulation such as insulin, catecholamines, growth

hormone and cytokines (Cawthorn and Sethi, 2008). Lipolysis and lipogenesis are crucial



adipocyte functions in the metabolic regulation which are regulated by several extracellular

ligands.

Adipocytes and adipogenesis can be studied in vivo, in vitro and ex vivo. Most of what we know
about adipocyte biology and adipogenesis is derived from studies performed in vitro (Bahmad
et al., 2020). The most frequently used cell line is 3T3-L1 and is especially used in the
investigation on the effects of compounds in adipogenesis, inflammation and metabolism. This
immortalized cell line is cultured two-dimensional (2D) and can differentiate from fibroblasts
to adipocytes (Dufau et al., 2021). Besides 3T3-L1, there are several in vitro models for
adipogenesis, like the immortalized cell lines C3H/10T1/2, Ob17, 3T3-F442A and BFC-1.
These cell lines along with 3T3-L1, are derived from mouse and are commercially available,
in contrast to human cell lines which are much more limited (Dufau et al., 2021). Otherwise,
ex vivo primary cell cultures can be used as adipocyte models to study depot- or age-dependent
adipogenic mechanisms more representative of in vivo mechanisms. However, these are not as
commonly used as the established preadipocyte lines because of the time-consuming isolation
procedures, short life span in culture, and major variability (Bahmad et al., 2020). Even though
2D approaches have been highly successful in the interpretation of adipocyte biology,
monolayer cell cultures often do not reflect the complexity of the adipose tissue. Therefore, 3D
models could be useful and serve as an alternative for studying the complex biology in adipose
tissue (Bahmad et al., 2020). Animal models are however problematic as they are both
expensive, time consuming and may not completely replicate the human biology because of
the species variation (Klingelhutz et al., 2018). Thus, preadipocyte cell lines from animals are
ideal models for the study of adipogenesis considering they are less costly and commercially

available.

During the adipogenesis assay preadipocytes, like 3T3-L1 cells are induced to differentiate into
mature adipocytes. The most common protocol for adipogenesis assay throughout the literature
can be divided into three segments: the preadipocyte window, the differentiation window and
the maintenance (Figure 1). First, the cells grow confluent and undergo a cell cycle arrest in
the preadipocyte window. During the differentiation window, the cells are exposed to an
adipogenic cocktail for 2 d leading to differentiation of the cells into adipocytes. Finally, the
maintenance starts when the cell culture media with the adipogenic cocktail is replaced by a
media added insulin (Student et al., 1980). The adipogenic cocktail contains dexamethasone,

3-isobutyl-1-methylxantine (IBMX/MIX), insulin, and fetal bovine serum (FBS), which



stimulates the cells to develop adipocyte characteristics (Rubin et al., 1978). Dexamethasone
stimulates the glucocorticoid receptor pathway and IBMX stimulates the cAMP-dependent
protein kinase pathway (Rosen and Spiegelman, 2000). As the cells become sensitive to insulin
during the terminal phase of differentiation, insulin activates several signaling transduction
pathways and is essential for the adipocyte differentiation (Gregoire et al., 1998, Rosen and
Spiegelman, 2000). Rosiglitazone is a strong PPARY activator and promoter of adipogenesis,
and is commonly utilized as a positive control (Gimble et al., 1996). Hence, during an
adipogenesis assay preadipocytes are exposed to an adipogenic cocktail to stimulate the cells

to develop into adipocytes and further expand by storing lipid droplets.

Day 0-3 Day 3-5 Day 5+
Preadipocyte Differentiation Maintenance
window window

Figure 1: The three phases of adipogenesis assay: preadipocyte window, differentiation window and
maintenance.

1.4 Inflammation in obese subjects

Excess nutrients in WAT may result in the release of inflammatory markers leading to
infiltration of immunological cells into the tissue. An obesity induced inflammation is
described as a metaflammation — a chronic mild inflammatory response initiated by excess
nutrients in metabolic cells with an increased level of inflammatory markers (Gregor and
Hotamisligil, 2011). An inflammation is a complex biological response which arises to
maintain cell homeostasis. This includes host defense, tissue remodeling and metabolic
changes. Activation of the immune system can lead to multiple mechanisms such as the
recruitment and activation of immune cells, secretion of mediators and regulation of signaling
pathways, and epigenetic expression (Martinez et al., 2012). As mentioned earlier, WAT is a
dynamic endocrine organ producing and secreting several bioactive peptides, adipokines,
including pro-inflammatory markers (Guerre-Millo, 2004). During obesity associated chronic

inflammation, there is a higher level of several of these markers, which results in two major



cellular features; adipocyte expansion and infiltration of immunological cells into the adipocyte
tissue (Wellen and Hotamisligil, 2003). A metaflammation therefore arises to maintain cell
homeostasis and leads to several alteration in the adipocyte epigenetic expression and

recruitment of immune cells.

An individual’s metabolic health is thoroughly impacted by the balance of hypertrophic and
hyperplasic expansion of adipose tissue. Increased size in adipocytes has been associated with
insulin insensitivity and increased adipose tissue in individuals since the 1950’s century (Salans
et al., 1968, Krotkiewski et al., 1983). Later, studies have shown that the increasing adipocyte
diameter is positively correlated with the secretion of pro-inflammatory adipokines like
interleukin (IL)-6, IL-8, tumor necrosis factor alpha (TNF-a) and monocyte chemoattractant
protein-1 (Skurk et al., 2007). When adipocytes increase in size, they increase the contact with
neighboring cells and matrix, triggering a mechanical stress in the adipocytes. In addition, they
experience hypoxia considering their size because they are reaching the limits of oxygen
diffusion. These two factors of hypertrophy contribute to an inflammation which arises in the
adipocyte tissue (Halberg et al., 2009). Additionally, there is evidence of impairment in
adipocyte differentiation caused by the addition of pro-inflammatory markers to cultured
preadipocytes (Gustafson and Smith, 2006). This forms a vicious cycle where the hypoxic state,
and the mechanical stress in expanded adipocytes leads to the secretion of adipokines, leading

to impairment of differentiation of adipogenic precursors.

Reactive oxygen species (ROS) are molecules containing oxygen that are highly reactive in
tissues (Mehrzad, 2022). ROS are produced in cellular organs where the oxygen consumption
is high, such as in the mitochondria, peroxisomes and endoplasmic reticulum (ER) (Phaniendra
et al., 2015). It is not entirely clear whether there is a direct connection between ROS and
obesity. Nonetheless, ROS levels in WAT increase in genetically obese mice and obesity in
mice induced by high-fat diet (Furukawa et al., 2004). ROS can be generated in adipocytes
during nutrient excess or by macrophages, which are accumulated in WAT in obesity (Hauck
et al., 2019). When there is an imbalance between oxidants and antioxidants, oxidative stress
occurs. This condition compromises the cells functions by causing damage in DNA, proteins,
carbohydrates, and lipids and leading to unspecific inflammatory effects. During normal
metabolism however, the mitochondria generate a low amount of ROS that are usually

eliminated by intracellular antioxidant enzymes (Mehrzad, 2022). Thus, increased levels of



ROS are found in obese mice, this overload of ROS leads to oxidative stress which is damaging

cell structures and can lead to unspecific inflammatory effects.

Chemicals extracted from plastic products have been demonstrated to exert a baseline toxicity
and induce oxidative stress. Zimmermann et al. (2019) demonstrated several plastic extracts to
exert a baseline toxicity in 4. fischeri (Zimmermann et al., 2019). Plastic chemicals extracted
from all the analyzed PVC, polyurethane (PUR) and polylactic acid (PLA), and the majority
of the low-density polyethylene (LDPE) products were observed to have a high efficiency in
the generation of baseline toxicity. Chemicals extracted from some of their polypropylene (PP)
and polystyrene (PS) product induced baseline toxicity as well. In the same study, they
demonstrated that several of their plastic extracts induced oxidative stress in a human cell line.
Among these extracts, plastic chemicals from PP, PS, PUR, and PVC induced the Nrf2-ARE
regulated oxidative stress response. Several of the plastic extracts used by Zimmermann et al.
(2019) were further analyzed in a nontarget liquid chromatography coupled to a quadrupole of
flight spectrometer (LC-QTOF-MS/MS) analysis (Volker et al., 2022a). We detected 55 300
features (e.g., unidentified chemicals) across the analyzed samples and between 6% and 33%
of the features in each sample were tentatively identified. The tentatively identified chemicals
were further cross-referenced against a list of known MDCs and more than half of the analyzed
extracts contained between 1 to 10 MDCs. In this master thesis, we further focused on extracts
from plastic consumer products of the previously conducted investigations by Volker et al.

(2022a) and Zimmermann et al. (2019).

1.5 The rationale of the study
On a daily basis, we utilize plastic products containing a large amount of chemicals. In our
previous study, we exposed 3T3-L1 cells to chemicals extracted from several plastic products
and found several PP, PS, PVC and PUR plastic extracts promoting adipogenesis in the
adipocytes (Volker et al., 2022a). The adipogenesis induction was not PPARy mediated by
most of the plastic extracts. Accordingly, we aimed to better understand the underlying

mechanisms of the most potent plastic extracts and their potential harm on human health.

In the investigation of how the plastic extracts affect the adipogenesis of 3T3-L1 cells, we want
to look further into when the extract exposure is the most potent. An earlier study demonstrated
that MDCs could enhance the development of adipocytes and lipid storage dependent on

exposure windows. The differentiation window was showed to be more sensitive for exposure



of bis(2-ethylhexyl)phthalate (DEHP) and TBT compared to the predifferentiation and
maintenance window in the adipogenesis assay (Biemann et al., 2012). Finding a potential
sensitive window of exposure for each extract could implicate when the plastic chemicals affect

the development of adipocytes.

Further on, we want to investigate whether the 3T3-L1 cells release inflammatory markers in
response to chemical exposure and potential gene alterations. The study performed by Volker
et al. (2022a) revealed two characteristics associated with unhealthy adipocytes as a result of
plastic extract exposure: increased adipocyte size and large lipid storage. An elevated
inflammation is also a characteristic of unhealthy adipocytes, however, the inflammatory
effects of the plastic extracts were not investigated. We, therefore, want to further explore
whether the selected plastic extracts are promoting a shift in the development towards
unhealthy adipocytes, by studying a potential cytokine release after plastic chemical exposure
to 3T3-L1 cells. Finally, we want to perform an analysis of the gene expression. Based on the
results obtained in Volker et al. (2022a), we know that two of the plastic extracts analyzed in
this thesis activate PPARy. To further explore which mechanisms the plastic extracts are

altering, we aim to conduct a transcriptomic analysis.

Hence, in this thesis, we aimed to further study the effect of the exposure of plastic extracts on

3T3-L1 preadipocytes during the adipogenesis with the following objectives:

1. We aim to verify the results obtained in Volker et al. (2022a), confirming the
adipogenic effect of the plastic extracts in the 3T3-L1 cells.

2. We want to identify whether there is a specific sensitive window of exposure in the

adipogenesis, by using the most potent plastic extracts from Volker et al. (2022a).

3. We want to investigate if plastic chemicals trigger a cytokine release in 3T3-L1 cells

during the adipogenesis assay.

4. We aim to better understand the underlying mechanism for the induction of
adipogenesis by the plastic chemicals.
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2. Methods and materials

2.1 Plastic samples and extraction

We selected six plastic extracts from our previous study (see Table 1), which induced potent
adipogenic responses (Volker et al., 2022a). The petroleum-based plastic samples are made of
several major polymer types on the market: PP, PS, PUR, and PVC. Plastic sample PS2 is a
food contact material (FCM) in contrast to the remaining five which are products not in contact
with food. To extract the polar chemicals in the plastic samples, methanol was used as a solvent,

thus not dissolving the analyzed polymers.

Plastic extractions was conducted by Volker et al. (2022a) and the remaining extracts were
further analyzed in this study. Given that only limited amount of extract of some of the samples
(PP4, PUR3, PUR4) was available for further analysis, an additional extraction of these plastic
samples was conducted. The plastic products utilized for the extraction were available from the
previous study. The plastic extraction was conducted by first cutting the plastic products into
0.5-0.8 x 2 cm pieces. Foamy samples were cut to a depth of 0.5 cm. The plastic samples were
placed in separate glass vials and for each 3 g of plastic 20 mL methanol was added. During
the extraction, the vials were placed in an ultrasonic bath for 1 h at room temperature. The
methanol was transferred into clean glass vials and dimethyl sulfoxide (DMSO) was added
with a volume of 1% of the methanol. Evaporation of the methanol was carried out by placing
the extracts under a gentle stream of nitrogen until the remaining volume of DMSO was
reached. The plastic extracts were stored at -20°C prior to analysis. To simplify, “1 mg plastic”

corresponds to the chemicals extracted from 1 mg of plastic.
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Table 1: Plastic products analyzed in this study.

Sample Polymer type Plastic product
PS2 Polystyrene Fruit tray
PP4 Polypropylene Handkerchief
packaging
PVC2 Polyvinyl chloride Place mat
PVC4 Polyvinyl chloride Floor covering
PUR3 Polyurethane Acoustic foam
PUR4 Polyurethane Shower slippers

2.2 Culturing of 3T3-L1

2.2.1 3T3-L1 cell line
The preadipocyte cell line 3T3-L1 is a useful in vitro model and can differentiate into
adipocytes after induction. The 3T3-L1 cell line was isolated from mouse embryos and
expanded based on their ability to accumulate lipids (Green and Meuth, 1974). The
preadipocyte cell line has served as a useful in vifro model in the study of adipogenesis and
function. Exposing the cells to the adipogenic cocktail cause an upregulation of the adipogenic
gene expression program which among others increases glucose uptake and triglyceride

synthesis (MacDougald and Lane, 1995).

2.2.2 Maintenance of 3T3-L1 cells
Preadipocytes were cultured in preadipocyte media (PAM) and passaged at 60-80%
confluency. 3T3-L1 preadipocytes (ZenBio Inc.) were thawed at passage 9 and cultured at
37°C and 5% COz in 19 mL PAM (DMEM-high glucose, 10% bovine calf serum (BCS) and
1% penicillin/streptomycin) in T75 flasks (Nunc EasYFlasks, Thermo Scientific; Tissue
Culture Flask, VWR; reagents are listed in Table A1). After 24 h, the media was exchanged to
remove DMSO and dead cells. When reaching 60-80% confluency, the cells were passaged.
When passaging the cells, the media was removed, and the cells were rinsed with 10 mL
phosphate-buffered saline (PBS, Table A2). To bring the cells into solution, 1 mL 0.05%
trypsin was dispersed over the cells and the flask was incubated for 2—3 min at 37°C. The flask
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was tapped to detach the cells from the surface and 9 mL PAM was added. To obtain a 1:5
dilution, 2 mL of the cell suspension was transferred to a new flask with 18 mL PAM. The
following day, the media was changed to remove residual trypsin. Culturing 3T3-L1 over
multiple passages can lead to a decline in differentiation efficiency (Zebisch et al., 2012), thus,

cells of passage 10 were used for experiments to ensure differentiation capability.

2.3 Media comparison

A media comparison of Gibco DMEM and Sigma DMEM was conducted to investigate
whether the media by different suppliers influenced the adipogenesis assay. The first and
second adipogenesis experiments was conducted with Gibco DMEM cell culture media (Table
2). Because of delayed delivery, Sigma DMEM was further used. Since the Sigma DMEM has
a lower L-glutamine content than Gibco DMEM, we decided to compare them. When
conducting the adipogenesis assay with a media comparison, Gibco DMEM was no longer
available, and BioWest DMEM was used instead as the ingredient list of Gibco and BioWest
DMEM are identical.

Table 2: The supplier of the DMEM used in the preadipocyte media (PAM), differentiation media (DM)

and maintenance media (MM) in the adipogenesis assay experiments with a description of the investigation.

Experiment PAM DM MM Investigating
1 Gibco Gibco Gibco Critical window of exposure
2 Sigma Gibco Gibco Critical window of exposure
3-5 and 8-9 Sigma Sigma Sigma Critical window of exposure
6 BioWest, BioWest, BioWest, Media comparison

Sigma Sigma Sigma
7 Sigma Sigma Sigma Immunological effects

The adipogenesis assay was performed according to the procedure described in section 2.4,
with media based on BioWest DMEM and Sigma DMEM. Through the adipogenesis assay the
cells were cultured in either of the two different cell culture media or Sigma DMEM added 1%
L-glutamine. The cells were exposed to a dilution series of the positive control, rosiglitazone,
throughout the experiment. This was done to compare the dose-response relationship of

rosiglitazone in the different media types to the results from the obtained data.
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2.4 Adipogenesis assay and critical window of exposure
The adipogenesis assay was conducted with 3T3-L1 preadipocytes to obtain differentiated
adipocytes. The 11-day experiment include the pre-differentiation (day 1-3), differentiation
(day 3-5) and maintenance (day 5-11). The assay was repeated nine times, one of the
experiments were carried out to compare the cell culture media and one was conducted to
obtain media samples for the immunological analysis described in section 2.5. The remaining
seven experiments was conducted to study the critical window of exposure, resulting in four
biological replicates for each plastic extract exposure (Table 2). The cells were exposed to a
dilution series of the extracts in three windows: during the differentiation (day 3-5),
maintenance (day 5-11) or throughout the assay (day 3-11). To study the critical window of
exposure, each experiment included three plates seeded with preadipocytes, one plate for each
of the exposure windows. This, in order to compare the adipogenic effects in the cells after

exposure during the three different windows.

During the first part of the adipogenesis assay, the cells are seeded, they go through growth
arrest and thereafter the adipogenic cocktail is added to the cells. In the pre-differentiation
window, the preadipocytes were seeded in 96-well plates (CLS3340, Corning; Greiner Cellstar,
Sigma). The number of cells in suspension was counted with flow cytometry (NovoCyte
Quanteon Flow Cytometer Systems 4 Lasers, Agilent) and diluted according to their density
before seeding them in three 96-well plates with a start density of 15 000 cells per well. The
first day of the assay, 24 h after the seeding, we conducted a media exchange to start the 48-h

growth arrest period, whereby the cell growth was inhibited by cell-cell contact.

In the following 48 h (day 3-5), the differentiation window started when PAM was replaced by
200 mL differentiation media well'! (DM: DMEM-high glucose, 10% fetal bovine serum
(FBS), 2% HEPES, 1% penicillin/streptomycin, 1 ug mL™! human insulin, 0.8 M IBMX and
6.25 nM dexamethasone). In addition to the differentiation media, the plastic extracts were
added to the two 96-well plates exposed throughout and during the differentiation window. The
extracts and positive control were diluted in the differentiation media, in a dilution series prior
to cell exposure. The highest concentration of rosiglitazone was prepared by adding 1.2 pL of
300 uM rosiglitazone to 1198.8 uL media, obtaining a 1:1000 dilution. In the further successive

steps of the dilution series rosiglitazone was diluted 1:4 resulting in concentrations of 1.17,

14



4.68, 18.75, 75 and 300 nM. The plastic extracts were first diluted 1:1000 by adding 1.8 pL of
15 mg pl! plastic extract to 1798.2 puL media and further diluted 1:2 in the dilution series
resulting in concentrations 0.1875, 0.375, 0.75, 1.5 and 3 mg well! (200 uL media per well).
The plastic extracts and rosiglitazone are solved and diluted respectively, in DMSO, and it was
therefore utilized as solvent control (SC). The SC was diluted 1:1000 in the respective media
before added to the cells. A negative control (NC) was also included in each plate, where four

wells were added PAM throughout the assay.

Maintenance of the cells started at day 5, whereby the media was exchanged every other day
until fixation at day 11. After the differentiation window, the media was replaced by 200 uL
maintenance media well! (MM: DMEM-high glucose, 10% FBS, 2% HEPES, 1%
penicillin/streptomycin and 1 gg mL! human insulin). The maintenance media contained the
plastic extracts, rosiglitazone or DMSO according to the mentioned dilutions in the plates
designated for the exposure during the maintenance phase or throughout the experiment.
During the following six days of maintenance the media was exchanged every other day. On
day 11, the media was removed, the cells were rinsed twice with PBS and fixed with 50 mL
2% paraformaldehyde well™! for 15 min on ice. The cells were further rinsed twice with PBS
and stored over night at 4°C prior to staining. The following day, the PBS was removed and
100 mL well! of a NucBlue and NileRed staining solution (19.5 mL PBS, 500 uL AdipoRed
and 1 drop NucBlue mL!) was added to the cells for 40 min in the dark at room temperature.
The staining solution was removed, and the cells were rinsed with PBS. The fixed and stained
adipocytes were stored in 200 mL PBS well! at 4°C prior imaging. Short time after the staining
was carried out, the imaging was executed using a Cytation 5 Cell Imaging Multimode reader
(BioTek). Autofocus was used to select the image plane, and three images was captured per
field (Brightfield, NucBlue and NileRed) with nine fields per well. NucBlue staining was
detected by a 365 LED with DAPI filter cube (Ex 377/50, Em 477/60), and a 523 LED with
RFP filter cube (Ex 531/40, Em 593/40) for NileRed.

2.5 Immunoassay
We investigated whether the plastic extracts promote an inflammatory effect in the adipocytes
after exposure throughout the adipogenesis assay, by conducting an immunoassay. We
hypothesized whether there was a cytokine release during the differentiation or if it increased

during the assay. From an adipogenesis assay where the cells were exposed to the plastic extract
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throughout the experiment (experiment 7), we aspirated the media on the first day after the
differentiation window (day 5) and the last day of the experiment (day 11). The sampled media
was analyzed in an enzyme-linked immunosorbent assay (ELISA). The media samples were
stored separately at -80°C prior to the quantification of released IL-6 and TNF-a. The
immunoassay was repeated for sample PS2, PVC4, PUR4, the SC and rosiglitazone with

aspirated media from experiment 8.

The ELISA was conducted shortly after the adipogenesis assay ended using ELISA Mouse IL-
6 DuoSet kit and ELISA Mouse TNF-a DuoSet kit both from R&D systems according to the
manufacturer’s instructions (Appendix). In short, a 96-well plate was initially coated with the
respectively IL-6 or TNF-a Goat Anti-Mouse Capture Antibody overnight. The plate was then
blocked to cover the remaining binding surfaces before addition of the media samples and the
dilution series of IL-6 or TNF-a Recombinant Mouse Standard. Instead of a 2-h incubation at
room temperature, the plate was incubated at 4°C overnight to increase the probability of
substrate binding. The next day, IL-6 or TNF-a Biotinylated Goat Anti-Mouse Detection
Antibody was added, followed by streptavidin conjugated to horseradish-peroxidase. The
substrate solution and stop solution was added respectively before determining the optical
density using a Cytation 5 Cell Imaging Multimode reader (BioTek) at 450 nm and at 540 nm

for wavelength correction.

2.6 Transcriptomics

To achieve a greater understanding of the mechanisms by which the plastic extracts induce
adipogenesis, we chose to conduct quantitative polymerase chain reaction (QPCR). To include
further plastic samples and to verify the altered gene expression observed in an unpublished
RNA sequencing conducted prior to the thesis, a qPCR was carried out. Six genes of interest
were selected based on the results of the RNA sequencing. Prior to the RNA sequencing, the
adipogenesis assay was conducted and the cells were exposed to PP4, PS2, PVC2, PVC4 and
PUR4 throughout the experiment. At day 11, the cells were lysed by applying Invitrogen’s
Trizol reagent according to their procedure. RNA from the adipocytes exposed to PP4, PUR4
and PVC2, as well as the positive control and SC, was further extracted, quality-tested using a
Nanodrop (NanoDrop One/One® Microvolume UV-Vis Spectrophotometer, ND-ONE-W,

Thermo Scientific) and Bioanalyzer (2100 Bioanalyzer instrument, Agilent), and further
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sequenced. Adipocytes exposed to the two remaining plastic extracts, PS2 and PVC4, were

stored in Trizol for 10 months.

2.6.1 RNA extraction
RNA from adipocytes exposed to PS2 and PVC4 was extracted using Qiagen’s RNeasy mini
kit, likewise as in the sequenced samples. The applied protocol is a combination of the TRIzol
and the mini kit procedures (Appendix). The TRIzol samples were first added to chloroform,
which causes a phase separation that separates the proteins (organic phase) and the DNA
(interphase) from the RNA remaining in the aqueous phase (Rio et al., 2010). The aqueous
phase was removed, and ethanol added, further the RNA was extracted according to the mini
kit procedure. Finally, the RNA was resuspended in 30 uL RNAse free water, and the
concentration and purity of the RNA was measured by NanoDrop One/One® Microvolume UV-
Vis Spectrophotometer (ND-ONE-W) from Thermo Scientific. The four samples containing
the highest RNA concentration and with an A260/280 absorption ratio >1.7 were further used

for cDNA synthesis. In prior to further analysis, the RNA samples were stored at -80°C.

2.6.2 cDNA synthesis

Reverse transcription was performed on all five RNA samples, the positive control, and the
SC. Before the reverse transcription, the RNA samples were diluted based on the NanoDrop
results to obtain the same RNA concentration. QuantiTect Reverse Transcription Kit from
Qiagen was used for the reverse transcription and conducted according to their protocol.
Genomic DNA was first eliminated before the reverse transcription mix was added to the RNA
and incubated in a T1000 Thermal Cycler from Bio Rad at 42°C in 42 min and 3 min at 95°C.
The cDNA samples were stored at -20°C in prior to qPCR.

2.6.3 qPCR
The qPCR analysis was performed on the cDNA samples with the selected primer sequences
(Table 3). The analysis was conducted using LightCycler 480 SYBR Green I Master and
LightCycler 96 Instrument from Roche. The qPCR was carried out according to Roche’s
protocol by first diluting the cDNA samples 1:10 and further adding each sample in a qPCR
96-well plate along with the selected primers mixed with the SYBR Green mix. The qPCR
program is listed in Table 4. The cDNA samples were analyzed twice with the primers for

Ywhaz, Gapdh, Fabp4 and Enpp?.
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Table 3: Primers with their respective sequences used for gPCR.

Gene

Sequence

Function

Mouse Enpp2

Mouse Serpinb6a

Mouse Amotl2

Mouse Manf

Mouse Ppap2b

Mouse Tecf21

Mouse Slc2al

Mouse Cfd

Mouse Pparg

Mouse Fabp4

Mouse Gapdh

Mouse Ywhaz

Mouse Nono

Mouse Rn18s

Forward 5 CTGTCTTTGATGCTACTTTCC
Reverse 5> TCACAGACCAAAAGAATGTC
Forward 5 ACTGAGTACAGTGGAAAAGG
Reverse 5> CATGTTGTAATTCTCCTCCAG
Forward 5 AGAAGACCATGAGGAACAAG
Reverse 5> TTCCAATCTCTCTCTAAGGTC
Forward 5 CAAGATCATCAATGAGGTGTC
Reverse 5 GGATCTTCTTCAGCTCTTTC
Forward 5 AGGGCTACATTCAGAACTAC
Reverse 5 GAAGGTAGAGCACCAGATAC
Forward 5 ATTCACCCAGTCAACCTG
Reverse 5 AGGATGCTGTAGTTCCAC
Forward 5 AAGTCCAGGAGGATATTCAG
Reverse 5 CTACAGTGTGGAGATAGGAG
Forward 5 TTTAAGCTATCCCAGAATGC
Reverse 5 GATTGACACTCTGAGTTGATG
Forward 5 AAAGACAACGGACAAATCAC
Reverse 5 GGGATATTTTTGGCATACTCTG
Forward 5 GTAAATGGGGATTTGGTCAC
Reverse 5> TATGATGCTCTTCACCTTCC
Forward 5 TGCACCACCAACTGCTTAGC
Reverse 5 GGATGCAGGGATGATGTTCT
Forward 5 ACTTAACATTGTGGACATCG
Reverse 5 GGATGACAAATGGTCTACTG
Forward 5 CTTCTTGCTGACTACATTTCC
Reverse 5> CATACTCATACTCAAAGGAGC
Forward 5 CAGTTATGGTTCCTTTGGTC
Reverse 5> TTATCTAGAGTCACCAAGCC

Target gene

Target gene

Target gene

Target gene

Target gene

Target gene

Reference gene

Reference gene

Reference gene

Reference gene

Housekeeping gene

Housekeeping gene

Housekeeping gene

Housekeeping gene
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Table 4: qPCR program run by the LightCycler 96 Instrument

Stage Degrees Time Degrees/s ramp rate
Preincubation 95 5 min 4.4
Amplification (45 cycles) 95 10 s 4.4

55 10s 2.2

72 10s 4.4
Melting 95 5s 4.4

65 1 min 2.2

97 Cont. 0.11
Cooling 40 10s 1.5

2.7 Data analysis

2.7.1 Adipogenesis assay and critical window
The images captured by the Cytation 5 Cell Imaging Multimode reader were analyzed by a
Cell profiler pipeline available at Zendo (Vdlker et al., 2022b). The pipeline distinguishes cells
in the images based on the identified nuclei stained with NucBlue. Lipid droplets were
identified in the NileRed images, and both the cells and the lipid droplets were counted. The
lipid content in each cell was measured, and adipocytes and mature adipocytes were identified.
The adipocytes were defined as a cell containing at least one lipid droplet and the mature
adipocyte had a lipid droplet area > 1000 pixels, which is equivalent to >8 average lipid droplet.
In addition, the total area occupied by the lipid droplet was measured as well as the average
intensity of the NileRed staining. The pipeline was not able to distinguish the nuclei in the cells
from the first experiment because of weak NucBlue staining. The cell counting data (cell count,
adipocyte count, mature adipocyte count) was therefore not further analyzed. In addition, the
lipid staining in experiment 3 and 4 was too bright in the images for the pipeline to distinguish
the lipid droplets, which resulted in an unrepresentative output. The lipid quantification data
(lipid droplet count, total area of lipid droplets, and total intensity) was therefore excluded from
the further analysis. Otherwise, the nuclei count was used to evaluate the cytotoxicity of the
plastic extracts. The threshold of cytotoxicity was a nuclei count <20% compared to the SC. If

cytotoxicity occurred, this part of the data set was not further analyzed.

The adipogenic effects were analyzed in GraphPad Prism, version 9.1.2 (226). The
concentration was first transformed using the decadic logarithm and then fitted using a four-

parameter logistic regression (Equation 1):

AP
1+10(LOg(ECSO)—X)*m (1)

Y:PF+
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Pr represents the floor plateau on the Y axis, AP is the difference between the ceiling plateau
and the floor plateau, EC50 presents the half-maximal effective concentration and m is the hill

slope.

The dose response relationships were normalized to be in a range from the lowest mean value
(0%) and highest mean value (100%) of rosiglitazone (throughout exposure) in each endpoint
(Equation 2):

x - min(x)

y = 2™ 100 (2

max(x)—min (x)
Y is the normalized value of x, min(x) represents the lowest mean value in the throughout
exposure of rosiglitazone and max(x) is the highest mean value from the throughout exposure
of rosiglitazone. The two last mentioned variables are dependent on which endpoint x is

obtained from.

2.7.2  Immunoassay
Results from the immunoassay were analyzed in GraphPad Prism, version 9.1.2 (226). The
cytokine concentrations in the standard samples were analyzed with a four-parameter logistic
curve (Equation 1). The measured optical density in the analyzed media samples were
interpolated according to the standard curve. Responses outside the range of the standard curve
were excluded from the dataset. The samples with a higher response than the range of the
standard curve was diluted and tested again. A one-way ANOVA was used to determine
whether there was a statistically significance between cytokine release caused by the SC and

the plastic extracts.

2.7.3 Transcriptomics
LinRegPCR (version 2017.1) and gbase+ (version 3.2) were used to analyze the amplification
curves generated by LightCycler 96 (Ruijter et al., 2009). In LinReg, the qPCR efficiency and
Ct values was calculated based on the amplification curves. These values were then statistically
analyzed in gbase+, by scaling the values to the SC and normalize them to Ywhaz from the

second experiment.
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3. Results

3.1 Comparison of the impact of different cell culture media
A media comparison was conducted to identify the impact of L-glutamine on the 3T3-L1
adipogenesis assay. At the time the adipogenesis assays were carried out, there was a shortage
in supply of Gibco cell culture media, and it was therefore replaced by Sigma cell culture media
which contained a lower level of L-glutamine than the Gibco media. To ensure comparability
of the obtained data we decided to compare the impact of the different cell culture media on
the adipogenesis assay. Since the Gibco media was not available when conducting the media
comparison, BioWest cell culture media was used instead of Gibco. The ingredient list in
BioWest media was identical to the Gibco media, the BioWest media was however beyond its
expiration date. The impact of cell culture media with different L-glutamine content in the

cells was therefore investigated to ensure comparability of the obtained data.

In general, the cell count (CC) and lipid droplet count (LDC) in the different media treatments
were very similar (Figure 2). Rosiglitazone exposure in BioWest media caused a similar CC
and LDC dose-response relationship in the cells as the Sigma media from the media
comparison. Overall, these two media caused a slightly lower CC and LDC dose-response
relationships than the Sigma media combined of all experiments. However, in the highest
concentration of rosiglitazone the three mentioned media treatments caused a CC of
approximately 600 cells per field, and it resulted in approximately 2300 LDC per field in the
cells. Sigma media with added glutamine displayed both a lower CC and LDC in the
adipocytes, reaching 500 cells per field and 1500 lipid droplets per field. Dose response-
relationships for the remaining four endpoints can be found in Appendix (Figure A.1). The
addition of glutamine did not improve the response of the assay but rather reduced it. Thus, the
glutamine addition was not a relevant factor. The treatment with Sigma media resulted in a
slightly higher response compared to BioWest. Also considering that the BioWest media was

expired, we used Sigma media for the main experiments in this thesis.
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Figure 2: Impact of different cell culture media on 3T3-L1 cells exposed to rosiglitazone throughout the
adipogenesis assay. The media comparison was carried out with Sigma media, Sigma media with added
glutamine and BioWest media and compared to the average of all the experiments using Sigma media. The
effect of the different media was estimated through A) cell count and B) lipid droplet count, with graphs fitted
with a four-parameter logistic regression. The results are present as mean of four technical replicates + SEM,
not including the data representing the average of all experiments using Sigma media. The dots in the cell count
(N =7) and lipid droplet count (N = 6) graphs represent the mean + SEM, where the biological replicates (N)
are averages of the four technical replicates from each experiment.

3.2 Effect of plastic chemicals on adipogenesis

In our previous study, we demonstrated that chemicals extracted from several plastic products
induced adipogenesis and thereby being similar or even more potent than the positive control
rosiglitazone (Volker et al., 2022a). Under standard experimental conditions, the 3T3-L1 cells
differentiate into adipocytes and increased their storage of lipid droplets. When the cells are
exposed to rosiglitazone or a plastic extract throughout the assay there is an increased
adipogenic effect resulting in more and larger adipocytes. The objective was to identify a
critical window of exposure in the adipogenesis assay and in that occasion the reproducibility

of our earlier results was also reviewed.

Throughout exposure of rosiglitazone and plastic extract exposure are promoting the
adipogenesis in 3T3-L1 cells during the adipogenesis assay. Dependent on the dose of
rosiglitazone the number of adipocytes increased (Figure 3). The highest concentration of
rosiglitazone caused a mean adipocyte count (AC) of 327 adipocytes per field while the SC
caused an AC of 47 per field. Among the plastic extracts, the chemicals extracted from PP4,
PVC2 and PVC4 induced the greatest adipogenic effect in the cells, with an AC between 400

and 500 per field (Figure 4). PUR3 exposure was cytotoxic in the three highest concentrations.
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Despite this, the highest AC caused by the highest non-cytotoxic concentration (HNC) of PUR3
was equivalent to the effect of the third highest concentration of rosiglitazone to the cells (more
details regarding the highest non cytotoxic concentration in Table A.3). Finally, the highest
PS2 and PUR4 concentration caused the lowest adipogenic effect in the cells, resulting in an
AC of approximately 110 adipocytes per field. In general, the greatest adipogenic effect was
observed in the cells exposed to PP4, PVC2 and PVC4, and the lowest AC was observed in the
cells exposed to PS2 and PURA4.

400 1 1 1 1 1

300 o

200 o

Adipocyte count
(mean = SEM)
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0 T T T T T
0.001 SC 0.1 1 10 100 1000

Rosiglitazone [nM]
Figure 3: The effect of rosiglitazone on the adipocyte count in 3T3-L1 cells exposed throughout the
adipogenesis assay. The adipocyte counts (N = 5) are fitted with a four-parameter curve where the dots

represent the mean = SEM. The biological replicates (N) are averages of the four technical replicates from each
experiment.
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Figure 4: The effect of plastic extracts on the adipocyte count in 3T3-L1 cells exposed throughout the
adipogenesis assay. The adipocyte counts are fitted with a four-parameter logistic regression. The average
adipocyte count + SEM is illustrated with the dots with A) PP4 (N = 2), B) PS2 (N =3), C) PUR3 (N =2), D)
PUR4 (N =3), E) PVC2 (N =2) and F) PVC4 (N = 3). The biological replicates (N) are averages of the four
technical replicates from each experiment. The x in the PUR3 graph marks cytotoxic concentrations.
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3.3 Effect of exposure during different windows of adipogenesis

When conducting the adipogenesis assay, the cells were either exposed in different windows
of exposure to compare the impact of plastic chemical exposure on the distinct stages of
adipogenesis. During the assay the 3T3-L1 cells were exposed to one of the six plastic extracts
either during the differentiation (day 3-5), the maintenance (day 5-11) or throughout (day 3-
11) (Figure 1) to identify the most sensitive stages to plastic chemical exposure during
adipogenesis. Their effect on the cells was determined via six endpoints: cell count, adipocyte
count, mature adipocyte count, lipid droplet count, total intensity, and total area of lipid

droplets.

3.3.1 Effect on proliferation and differentiation of adipocytes
Comparing the proliferative and differentiation effects after the exposure in different windows
of adipogenesis, the throughout exposure of 3T3-L1 cells to the plastic extracts resulted in the
highest CC per field (Figure 5). In general, the strongest effect on the CC was observed after
throughout extract exposure, while the exposure during the differentiation and maintenance
phase caused a lower proliferation and differentiation. The preadipocyte number remained
stable independently of the exposure. These tendencies were also observed in the positive
control, rosiglitazone. Here, the proliferation and differentiation were highest in the cells after
the throughout exposure, reaching approximately 650 cells per field. Further on, the exposure
during the differentiation caused a CC at 550 cells per field and the exposure during the
maintenance resulted in 500 cells per field. The CC dose-response relationships from the
rosiglitazone exposure to the cells support this trend and the same was observed for the AC
(Figure 6). Compared to the plastic extracts, rosiglitazone had a lower proliferative and
differentiation effect than PP4, PVC2 and PVC4. However, the effect of throughout
rosiglitazone exposure to the cells was similar to the PUR3 throughout exposure and even
greater than the effect of the throughout exposure of PS2 and PUR4 to the cells. The results
from the exposure of rosiglitazone to the cells suggest that the cells proliferate and differentiate
to a greater extent when exposed throughout the assay compared to exposure during the
differentiation and maintenance window. Further on, the proliferation and differentiation in the
cells exposed to the plastic extracts were affected to different extents dependent on the

exposure.

25



1000

1 mature adipocytes
41 [ adipocytes
Il pre-adipocytes

750

500

Cell count
(mean = SD)

250

T bMmTDMTODMTDMTODMTIDMTODMTIDMTDM
| [ [ [ [ [ [ [ [ |

NC SC PC PP4 PS2 PUR3 PUR4 PVC2 PVC4
Figure 5: Effect of rosiglitazone (PC) and plastic extracts on the number of preadipocytes, adipocytes,

and mature adipocytes in 3T3-L1 cells exposed either throughout the experiment (T), during
differentiation (D) or during maintenance (M). The cell numbers (mean + SD) are obtained from the highest
non-cytotoxic concentration of the extracts (details in Table A.3). The biological replicates are as follows: NC,

SC and PC (N = 5), PP4, PVC2 and PUR3 (N = 2), PS2, PVC4, PUR4 (N = 3).
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Figure 6: Effect of rosiglitazone exposure on the A) cell count (N =7) and B) adipocyte count (N =5) in
3T3-L1 cells exposed either throughout the experiment, during the differentiation or during the
maintenance. The mean cell count and adipocyte count £ SEM are fitted with a four-parameter logistic

regression and normalized to the rosiglitazone throughout exposure data. Biological replicates (N) are a mean of
the four technical replicates from each experiment.
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Several similar effects were observed between the different plastic extracts dependent on the
window of exposure. PP4 exposure resulted in a comparable CC after exposure throughout the
assay and during the differentiation (Figure 7). The maintenance exposure was causing a lower
CC, than the two other exposure windows, the CC was however increasing with the dose. The
exposure of PS2 resulted in a similar CC after exposure during the differentiation and
maintenance window of the assay. The throughout exposure of this extract caused a higher CC,
approximately 65% of the effect of the throughout exposure of rosiglitazone to the cells.
Similar to PS2, exposure of the PUR3 and PUR4 extract to the cells resulted in a comparable
effect of exposure during the differentiation and maintenance window of the assay (Figure 8).
Additionally, the throughout exposure of PUR3 and PUR4 caused a higher CC than the two
other exposure windows. Throughout exposure of PVC2 caused a higher CC than the two other
windows of exposures, like the effects of the exposure of PS2, PUR3 and PURA4 to the cells
during the adipogenesis assay (Figure 9). PVC4 exposure caused a similar effect as the PP4
exposure to the cells; the exposure throughout the assay and during the differentiation caused
a comparable CC higher than the maintenance exposure. To summarize, the throughout and
differentiation PP4 and PVC4 exposure to the cells caused a similarly high proliferation and
differentiation, the PS2 and PUR4 exposure caused a generally low proliferation and
differentiation and along with PUR3 and PVC2 they caused the highest CC after throughout

exposure of the cells.
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Figure 7: The effect of exposure of 3T3-L1 cells to A) PP4 (N = 3) and B) PS2 (N =4) on the average cell
count + SEM during three windows of exposure. The data is fitted with a four-parameter logistic regression
and normalized to the throughout exposure of rosiglitazone. The biological replicates (N) are a mean of the four
technical replicates from each experiment.
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technical replicates from each experiment.
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Figure 9: The effect of exposure of 3T3-L1 cells to A) PVC2 (N = 3) and B) PVC4 (N =4) on the average
cell count = SEM during three windows of exposure. The data is fitted with a four-parameter logistic
regression and normalized to the throughout exposure of rosiglitazone. The biological replicates (N) are a mean

of four technical replicates from each experiment.

3.3.2 Effect on lipid accumulation

As the adipocytes develop into mature adipocytes, they store lipids and increase in size.

Exposure of the adipocytes to rosiglitazone during the differentiation window resulted in the

highest lipid accumulation, while the exposure during the maintenance caused a significantly

lower lipid content (Figure 10). The lipid accumulation in the cells exposed to rosiglitazone

during the maintenance window was lower than 50% of the effect of the throughout exposure



of rosiglitazone. At the same time, the lipid accumulation in the cells exposed through the
differentiation window was approaching 150% of the lipid accumulation caused by the
exposure throughout the assay. The dose response relationships indicates that the
differentiation window is a further sensitive window of exposure by the highest concentrations

of rosiglitazone, compared to the exposure during the maintenance and throughout.
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Figure 10: Effect of the exposure of rosiglitazone to 3T3-L1 cells in three windows of exposure on the A)
mature adipocyte count (N =5), B) lipid droplet count (N = 6), C) total area of lipid droplets (N = 6) and
D) total intensity of the NileRed staining (N = 6), which are analyzed per field. The mean + SEM are fitted
with a four-parameter logistic regression and normalized to the throughout exposure of rosiglitazone. The
biological replicates (N) are an average of four technical replicates from each experiment.

The exposure of PP4 and PS2 throughout and during differentiation window resulted in a
comparable LDC for each of the extract (Figure 11). PP4 exposure throughout the assay and
during the differentiation window resulted in a higher LDC than exposure of rosiglitazone.

Both exposure windows caused a similar dose-response relationship curve reaching
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approximately 125% of the throughout exposure of rosiglitazone. Exposure during the
maintenance caused a lower effect than the two other exposure windows, however the LDC
increased with the concentration of PP4. As for PP4, the throughout and differentiation
exposure of PS2 was following a similar dose response relationship. Exposure of the highest
concentration of PS2 did however only reach ca. 50% of the LDC obtained after throughout
exposure of rosiglitazone. The maintenance exposure to the cells did not alter the LDC in
response to the increasing concentration of PS2 and the obtained LDC was approximately 15%

of the effect of throughout exposure of rosiglitazone.
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Figure 11: The effect of exposure of 3T3-L1 cells to A) PP4 (N =3) and B) PS2 (N = 3) in three different
windows on the lipid accumulation. The average lipid droplet counts = SEM are fitted with a four-parameter
logistic regression and normalized to the throughout exposure to rosiglitazone. The biological replicates (N) are
a mean of the four technical replicates from each experiment.

Exposure of 3T3-L1 cells to the HNC of PUR3 and PUR4 throughout the assay and during the
differentiation window caused a higher LDC compared to exposure during the maintenance
(Figure 12). In general, PUR3 and PUR4 extracts at the HNC caused a lower LDC in the cells
than rosiglitazone and resulted in 32% and 68%, respectively, of the LDC after throughout
exposure of rosiglitazone. The maintenance exposure caused the lowest effect on the lipid
accumulation and resulted in 0.25% and 15.4% of the LDC caused by the throughout
rosiglitazone exposure. The three highest analyzed concentrations of PUR3 were cytotoxic to
the cells in all three windows of exposure (further details on HNC in Table A.3). The effect of
PUR3 and PUR4 on lipid accumulation in the cells was in total lower than rosiglitazone, while
the effect of the maintenance exposure window was lower compared to the throughout and

differentiation window.
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Figure 12: The effect of A) PUR3 (N = 3) and B) PUR4 (N = 3) exposure in three different windows on the
lipid accumulation in 3T3-L1 cells. The average lipid droplet counts £ SEM are fitted with a four-parameter
logistic regression and normalized to the throughout exposure to rosiglitazone. The “x” in the PUR3 graph
represent the analyzed cytotoxic concentrations of PUR3. The biological replicates (N) are a mean of four
technical replicates obtained in each experiment.

The two PVC extracts induced a high lipid accumulation in 3T3-L1 cells during the throughout
and differentiation window (Figure 13). The LDC after exposure to PVC2 and PVC4 was close
to 150% of the effect of throughout rosiglitazone exposure. PVC2 caused the greatest effect on
the lipid accumulation after exposure throughout the assay, while PVC4 exposure caused a
higher LDC after exposure to the cells during the differentiation window. The effect of PVC
exposure through the maintenance window was significantly lower than exposure throughout

the assay and during the differentiation, comparable with the effect of rosiglitazone and the

other plastic extracts.
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Figure 13: The effect of A) PVC2 (N = 3) and B) PVC4 (N = 3) exposure in three different windows on the
lipid accumulation in 3T3-L1 cells. The average lipid droplet counts £ SEM are fitted with a four-parameter
logistic regression and normalized to the throughout exposure to rosiglitazone. The biological replicates (N) are
a mean of the four technical replicates from each experiment.

Summarizing the proliferative, differentiation and lipid accumulative effects of the plastic
extracts, several of the extracts can be compared. The cells exposed during the differentiation
and throughout the assay obtained both a comparable high CC and LDC, in the case of PP4
and PVC4 exposure. In the lipid accumulation results, the exposure during the differentiation
even caused a higher effect in the two highest concentrations than the throughout exposure.
Compared to rosiglitazone, the average CC and LDC was determined to be approximately 50%
higher after exposing the cells to PP4 and PVC4 throughout the assay and during the
differentiation window. Hence, the data suggest exposure to PP4 and PVC4 during the
differentiation is equivalent to exposure throughout the adipogenesis assay. Further, the
proliferative effect of PS2, PUR3, PUR4 and PVC2 on the cells exposed throughout the assay
was higher compared to the two other exposure windows. The lipid accumulation was however
similar in the cells exposed throughout the assay and during the differentiation window of these
extracts. PS2 and PUR4 exposure did however cause a generally lower adipogenic effect
compared to rosiglitazone and the other plastic extracts. The remaining four endpoints of the
plastic exposure display similar effects as presented here (Figure A.2-A.7). Overall, the total
effect of the plastic extracts on the lipid accumulation was varying compared to the positive
control, the results do however suggest that exposure of the plastic extracts during the

differentiation window caused larger adipocytes compared to the throughout exposure.
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3.4 Effect of plastic chemicals on cytokine release

During the adipogenesis assay the differentiation occurs between day 3 and 5, the media
sampled at day 5 represents the media exposed to the cells during the differentiation phase
while day 11 was the last day of the assay and thus at the end of the maintenance stage. These

samples were utilized to quantify released IL-6 and TNF-a from the cells by ELISA.

While TNF-a was not detected in the media samples from both time points, exposure of 3T3-
L1 cells to plastic extracts induced release of IL-6. The IL-6 concentrations were in general
higher in all media samples from day 5 than day 11 (Figure 14). In addition, the mean IL-6
concentration in the media from the cells exposed to several of the plastic extracts was
statistically different to the media from the cells exposed to the SC (Table A.4). In the first
experiment, the IL-6 level in the media of the cells exposed to PS2 from day 5 was higher than
the range of the standard curve. ELISA was therefore repeated for media of the cells exposed
to PS2, PUR4, PV (4, rosiglitazone and the SC. The media of the cells exposed to the plastic
extracts from day 5 analyzed in the first experiment contained a significantly lower IL-6 level
compared to the media of cells exposed to the SC (Figure 14, A). The IL-6 concentration in the
media of cells exposed to the SC was 24.7 pg/mL and the IL-6 concentrations in the media of
the cells exposed to the following exposures were significantly lower, including the HNC of
rosiglitazone (P<0.0001), both concentrations of PP4 (P<0.0001), PUR4 (P<0.0001) and PVC4
(P<0.0001), and the second highest concentration (1:2) of PUR3 (P = 0.0007). The media of
cells exposed to the HNC of PUR3 from day 5 of the adipogenesis assay, did however contain
an IL-6 concentration higher than the SC (P<0.0001) with a mean concentration of 32.8 pg/mL.
Media obtained from the cells exposed to PS2 and PUR3 from day 11 had a significantly higher
IL-6 level than the media from cells exposed to the SC. The IL-6 concentration in media
obtained from the cells exposed to PS2 1:2 (P<0.0001) and HNC (P = 0.004) were 13.2 pg/mL
and 27.8 pg/mL, respectively. In the media of the cells exposed to PUR3 1:2 (P<0.0001) and
HNC (P = 0.004) the IL-6 concentration was 12 pg/mL and 10 pg/mL. Hence, the adipocytes
released a higher level of IL-6 during the differentiation window compared to the last days of
the adipogenesis assay, and the cytokine level was further increased in response to the exposure

to PS2 and PUR3.
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In the second experiment, the IL-6 concentration in the media of the cells exposed to PS2 from
day 5 was 50 times higher than in the media of the cells exposed to the SC (Figure 14, B). The
IL-6 release from the cells exposed to PS2 during the differentiation window was highly
increased (P<0.0001). Exposure of the HNC of PS2 resulted in an IL-6 concentration at 1198
pg/mL, while the exposure of 1:2 PS2 caused an IL-6 concentration at 760 pg/mL. The media
obtained from the cells exposed to PS2 from day 11 was also increased compared to the media
of the cells exposed to the SC. The IL-6 concentration in the media of the cells exposed to the
HNC of PS2 media was 40.7 pg/mL (P<0.0001) and 35.3 pg/mL in the media of the cells
exposed to PS2 1:2 (P =0.0001). The IL-6 concentration in the remaining media samples from
day 5 was not significantly different from the media of the cells exposed to the SC, including
rosiglitazone, PUR4 and PVC4. Additionally, most of the media samples from day 11 were
lower than the range of the standard curve, and therefore not included. The media containing
the highest mean IL-6 concentrations were thus obtained from the cells exposed to PS2, both

from day 5 and 11 of the adipogenesis assay.
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Figure 14: IL-6 concentrations (pg/mL) in the media samples obtained at day 5 and 11 of the adipogenesis
assay from 3T3-L1 exposed to the respective plastic extracts. The highest non-cytotoxic concentration
(HNC) of the extract and the second highest concentration (1:2) were analyzed. The results in A) and B) were
obtained from one biological replicate each, by ELISA. Note that the y-axis in B) is split because of major
differences in the concentrations. Rosi = rosiglitazone. * = P<0.001.

35



3.5 Alteration in adipocyte gene expression after plastic exposure

We carried out qPCR to study whether the gene expression in the adipocytes changed after
exposure of different plastic extracts throughout the adipogenesis assay. Based on the RNA
sequencing conducted prior to this master thesis several, target genes were selected for analysis
of adipocytes exposed to other plastic extracts than those used in the sequencing. After
extraction of RNA and reverse transcription, cDNA from adipocytes exposed to PP4, PS2,
PUR4, PVC2 and PV (4 throughout the adipogenesis assay was investigated using qPCR. Four
of the selected genes were not amplified during the qPCR analysis, these include Amoti2,
Rnli8s, Slc2al and Tcf21. Further on, we observed a large biological variance in several RNA
samples and the qPCR analysis was therefore repeated with Enpp2, Fabp4, Gapdh and Ywhaz.
The results from this experiment obtained a lower biological variance than in the first
experiment (Figure A.9) and are thus the results presented in this section. The Ywhaz gene
expression was relatively consistent in all samples and therefore used to normalize the

expression of the other genes.

Gapdh and Nono were not consistently expressed in the RNA samples and were therefore not
used for normalization of the chosen genes. The two housekeeping genes Gapdh and Nono
were selected as reference genes. The gene expression of these genes varied among the samples
with a great biological variance (Figure 15). The gene expression of Gapdh and Nono was thus

not used for normalization of the remaining target genes.
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Figure 15: Expression of the housekeeping genes Gapdh and Nono in 3T3-L1 cells after exposure to
plastic extracts throughout the adipogenesis assay. The relative gene expression is scaled to the SC,
normalized to Ywhaz and transformed logarithmically. The dots in the graphs represent the four biological
replicates with the mean of the relative quantification of A) Gapdh and B) Nono expression.
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In general, the reference genes were upregulated in the adipocytes exposed to the plastic
extracts and the positive control compared to the SC (Figure 16). Cfd expression was slightly
upregulated in the adipocytes exposed to rosiglitazone compared to the SC and was further
upregulated in the cells exposed to PP4, PS2, PUR4, and PVC2. The exposure to these extracts
resulted in an elevated gene expression between 0.75 and 1.75 higher than the SC. The mean
Fabp4 expression in the cells exposed to rosiglitazone was approximately 1.25 higher than the
SC. The plastic exposures caused a lower expression of Fabp4 than rosiglitazone between 0.5
and 1 higher than the SC. Finally, the mean Pparg expression was upregulated in the cells
exposed to rosiglitazone compared to the SC. The expression of Pparg in the adipocytes
exposed to the plastic extract was similar with rosiglitazone, between 0.5 and 1 higher
expression compared to the SC. The biological variation is however notably large in the gene
expression results of Cfd and Pparg. Despite the large biological variation, the average gene
expression indicates an upregulation in the expression of Cfd, Fabp4, and Pparg in the cells

exposed to the plastic extracts and rosiglitazone.
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Figure 16: Expression of the reference genes, Cfd, Fabp4 and Pparg in 3T3-L1 cells after exposure to
plastic extracts throughout the adipogenesis assay. The relative gene expression is scaled to the SC,
normalized to the expression of Ywhaz and transformed logarithmically. The graphs represent the mean of the
four biological replicates in a relative quantification of A) Cfd, B) Fabp4 and C) Pparg expression.

The four target genes Enpp2, Lpp3, Manf, and Serpinb6a were expressed in the adipocytes
dependent on the extract exposure (Figure 17). The mean expression of Enpp?2 in the adipocytes
exposed to rosiglitazone was downregulated with an expression 0.5 lower that the SC. The
adipocytes exposed to the plastic extracts expressed however a higher level of the same gene.
PP4, PVC2, and PVC4 caused an average gene expression in the cells close to 0.5 higher than
the SC, while PS2 and PUR4 caused a lower mean expression, close to the mean of the SC.
Further, rosiglitazone caused a downregulation of Lpp3 compared with the SC. Exposure of
PVC4 caused a mean expression at approximately -0.25 compared to the SC, similar to

rosiglitazone. The mean Lpp3 expression in the cells exposed to PVC2 was close to the
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expression in the SC, while the mean expression in the cells exposed to PP4, PS2 and PUR4
was approximately 0.5 higher than the SC. The expression of Manf increased in the cells
exposed to rosiglitazone and was close to 0.25 higher than the SC. PP4, PS2, PUR4 and PVC2
exposure resulted in a higher expression of Manf with an expression 0.5-1 higher than the SC.
The gene was however downregulated in the cells exposed to PVC4. The Serpinb6a expression
in the cells exposed to rosiglitazone was slightly lower than the SC, close to -0.5. The
adipocytes exposed to PP4, PS2, PUR4 and PVC2 expressed a higher level of the gene, 0.5-1
higher than the SC. The mean expression of Serpinb6a in the cells exposed to PVC4 was
however approximately the same as in the SC. It is worth noting the large biological variation
in the gene expression results of Lpp3, Manf, and Serpinb6a. An overview of the alterations in
all gene expression in the exposed adipocytes are summarized in a heatmap (Figure 18). In
general, the cells exposed to rosiglitazone and PVC4 expressed a lower level of the four target

genes than the remaining plastic extracts.
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Figure 17: Gene expression of Enpp2, Lpp3, Manf and Serponb6a in 3T3-L1 exposed to plastic extracts
throughout the adipogenesis assay. The relative gene expression is scaled to the SC, normalized to the gene
expression of Ywhaz and transformed logarithmically. The graphs represent the mean of the four biological
replicates in a relative quantification of A) Enpp2, B) Lpp3, C) Manf and D) Serpinb6a expression.
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Figure 18: Overview of the mean alteration in gene expression after exposure of plastic extracts to 3T3-L1
cells throughout the adipogenesis assay. The relative quantification of the gene expression is scaled to the SC,
logarithmically transformed, and normalized to the gene expression of Ywhaz in the adipocytes.
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4. Discussion

4.1 Media comparison

To identify the potential impact of different suppliers of DMEM and the addition of L-
glutamine to the cell culture media, a media comparison was conducted. The degree of
differentiation of 3T3-L1 cells is highly dependent on cell culture conditions, including the
hormonal supplements, timing of induction, and even the persons involved with the cell culture
(Kraus et al., 2016). Optimization of experimental conditions are therefore critical in ensuring
experimental reproducibility. The results showed a similar proliferative and lipid accumulative
effect in the adipogenesis of the cells, independent from the media supplier and composition.
We observed some minor differences, however, this could be also due to the biological
variations of the assay. The similar effects of the media treatments suggest the addition of L-
glutamine did not impact the adipogenesis efficacy and thus our results obtained with media
from Sigma can be compared to previous experiments conducted with cell media from other
suppliers. Because the Sigma media gave a higher response in the cells and the BioWest media

was expired, we decided to continue using Sigma media in the further experiments.

4.2 Effect of plastic chemicals on adipogenesis

During the adipogenesis assay, the 3T3-L1 preadipocytes develop into mature adipocytes. In
the pre-differentiation window the cells enter the growth-arrest by contact inhibition (Zebisch
et al., 2012). Hormonal induction does however cause proliferation and re-entry into the cell
cycle of the preadipocyte, which marks the beginning of the differentiation. As the cells further
differentiate their ability of mitotic division is depleted (Fajas, 2003). The proliferation thus
indicates the number of cells where the adipogenesis is initiated. The lipid accumulation is
however increased during the terminal phase of the adipogenesis and continues throughout the
maintenance (Niemeld et al., 2008). The LDC does therefore represent maturation and
maintenance of the adipocytes. Hence, CC and LDC were selected as endpoints to represent

two different parts of the adipogenesis.

Chemicals extracted from plastic consumer products induced adipogenesis in 3T3-L1 cells.
Plastic extracts PP4, PVC2, and PVC4 caused a similarly high adipogenesis, while PS2, PUR3,
and PUR4 caused a limited adipocyte count (Figure 4). The induction of adipogenesis implies
a content of MDCs in the plastic products. The selected plastic extracts caused similar

adipogenic responses in comparison to our previous findings (Vdlker et al., 2022a). However,
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we observed some differences in the magnitude of the responses. The throughout exposure of
the positive control to the adipocytes in the experiments conducted by Volker et al. (2022a)
resulted in approximately 100 cells more per field and 400 lipid droplets more per field
compared to the results in this thesis. Lower adipogenic effect can be caused by inadequate
training in handling cells in culture, as technical details might contribute to result variability.
Simple handling steps such as PBS washing are identified to significantly change assay
outcomes (Hirsch and Schildknecht, 2019). The exposure of the extracts does however reflect
the same relationship to the positive control in the two studies. Despite the lower response to
the exposures in this thesis, our results are confirming the reproducibility of the results from
Volker et al. (2022a). The analyzed extracts promoted differentiation in the 3T3-L1 cells during
the adipogenesis, even though it was in a slightly lower manner compared to the study

conducted by Volker et al. (2022a),

4.2.1 Critical window of exposure
To identify critical windows of exposure during adipogenesis, we exposed 3T3-L1 cells to the
selected plastic extracts and the positive control rosiglitazone either during the differentiation
window, the maintenance stage, or throughout the assay (Figure 1). Rosiglitazone exposure to
the cells throughout the assay caused a higher proliferation and differentiation compared to
exposure during the two remaining windows (Figure 6). The lipid accumulation was highest in
the cells after exposure of rosiglitazone during the differentiation compared to the two other
exposure windows (Figure 10). Exposure to PP4 and PVC4 throughout the assay and during
the differentiation window caused a similarly high proliferation and differentiation, while PS2,
PUR3, PUR4, and PVC2 caused the highest proliferation and differentiation by exposure
throughout the assay (Figure 7-9). The lipid accumulation in the cells exposed to the plastic
extracts exclusively during the differentiation stage were similarly high or higher than the
throughout exposure (Figure 11-13). In general, exposing the cells only during maintenance

caused a lower adipogenic effect compared to the two other exposure windows.

Rosiglitazone exposure of the 3T3-L1 cells caused an increasingly proliferative and
differentiative effect according to the dose (Figure 6). The positive control is a
thiazolidinedione (TZD), an insulin-sensitizing compound previously used as an anti-diabetic
drug. In adipose tissue, the binding of rosiglitazone to PPARY stimulates adipogenesis in pre-

adipocytes (Fryklund et al., 2022), in line with the results observed here, as the proliferation
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increased according to the dose in all three windows of exposure. Rosiglitazone caused an
increasing proliferative and differentiative effect in the cells in the following order,
maintenance exposure, differentiation exposure, and exposure throughout the assay. If there
was no window of exposure, it would be expected that the proliferation and differentiation
would increase accordingly to the length of the exposure. The throughout exposure lasted 8
days and caused the highest proliferation and differentiation. However, exposure during the
differentiation lasted 2 days and resulted in a higher proliferation than maintenance exposure
lasting 6 days. Hence, the stronger proliferative effect of rosiglitazone during the differentiation

phase supports the hypothesis of a sensitive exposure window.

Regarding the lipid accumulation, the exposure to rosiglitazone during the differentiation
window caused the highest effect, second highest effect was obtained by the exposure
throughout the assay, while the maintenance exposure caused the lowest lipid accumulation
(Figure 10). Since the throughout exposure window caused a higher CC compared to the
differentiation window, the throughout exposure caused more and smaller adipocytes than the
differentiation exposure of rosiglitazone. This is in line with the literature reporting that the
development of small insulin sensitive adipocytes is one of the most well-described effects of
treatment of TZDs (Fryklund et al., 2022). Given that lipid accumulation occurs over time, an
earlier exposure and activation would kickstart the adipogenesis and lipid accumulation in the
cells. It takes time for the cells to mature, and lipid parameters are dominated by the mature
adipocytes. In other words, the maintenance exposure might cause a lower lipid accumulation
because of a later start and will not have time to build up the same lipid pool as the cells exposed
earlier. When drawing a line to human exposure, the high lipid accumulative effect caused by
exposure during the differentiation and the low effect resulting from the exposure during the
maintenance, suggest that the early life, when the majority of adipogenesis occurs (Spalding et
al., 2008), is a critical stage of exposure and exposure later in life does not affect humans to
the same extents. Our results do therefore support the obesogen hypothesis which postulates
that the adipose depots are susceptible of exposure to obesogens, especially during
development (Nappi et al., 2016). Considering both the proliferation and the lipid accumulation
resulting from an exposure to rosiglitazone suggests that the differentiation window is a

sensitive window of exposure compared to the maintenance phase.

There was not a significant difference between the proliferative effect after the exposure during

the differentiation and the maintenance of PS2, PUR3, PUR4, and PVC2 (Figure 7-9). The
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throughout exposure to the extracts caused a higher proliferation and differentiation compared
to the two other exposure windows. Thus, the proliferative effect did not differ between the
cells exposed during the differentiation window and during the maintenance window,
indicating that the extracts are inducing adipogenesis throughout the assay and there is no
specific sensitive window of exposure. It is however important to consider that the plastic
extracts can contain other chemicals in addition to MDCs that may interfere with adipogenesis.
In the nontarget analysis performed by Volker et al. (2022a), most of the features in the plastic
extracts were not identified. Yet, PS2, PUR3, PUR4, and PVC2 exerted both baseline toxicity
and oxidative stress (Zimmermann et al., 2019) which can compromise the ability of 3T3-L1
cells to differentiate and mature (Mehrzad, 2022). The cells exposed throughout the assay and
during the maintenance windows are exposed to these chemicals up to 6 days longer than the
cells exposed during the differentiation window and may therefore further affect the
adipogenesis in these cells. The cells exposed throughout the assay or during the maintenance
window obtained, however, a proliferation higher or as high as the cells exposed exclusively
during the differentiation. These results are implying the adipocytes are not sensitive to

exposure of the plastic extracts in a specific exposure window of the adipogenesis.

The lipid accumulation was affected in the same degree after exposure to PS2, PUR3, PURA4,
and PVC2 during the differentiation window as throughout the assay (Figure 11-13). Even
though the lipid accumulation was significantly lower in the cells exposed during the
maintenance, there is an increasing accumulation according to the extract concentrations. The
adipocytes exposed during the maintenance did however have a shorter time of accumulating
lipids and maturation after the initial plastic chemical addition. The cells exposed to the extracts
exclusively during the maintenance did accumulate a higher amount of lipids compared to the
adipocytes exposed to the SC, demonstrating that the chemical activation also occurs during
the maintenance. Even though the proliferation results did not imply a sensitive window of
exposure, PS2, PUR3, PUR4, and PVC2 exposure increased the lipid accumulation in the
exposed cells. This increase in lipid accumulation was observed after exposure during the
differentiation window compared to exposure during the maintenance phase, demonstrating

that the chemicals induce lipid accumulation early in the adipogenesis.

PP4 and PVC4 exposure during the adipogenesis assay resulted in similar adipogenic effects
in the cells. The proliferative effect in the cells was similarly high after exposure of PP4 and

PVC4 during the differentiation window and throughout the assay (Figure 7 and 9). Based on
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the proliferative and differentiative effects, it seems like the exposure during the differentiation
was equivalent to the throughout exposure. It was however an increase in proliferation after
exposure during the maintenance, implying adipogenesis occurred during the maintenance as
well. The effect of the plastic extracts on the proliferation and lipid accumulation in 3T3-L1
cells has been demonstrated for TBT and DEHP as well (Biemann et al., 2012). These two
MDCs induced the proliferation and the lipid accumulation to a higher extent after exposure
during the differentiation window in the adipogenesis assay compared to exposure during the
maintenance. Meanwhile, another study reported that several plasticizers promoted lipid
accumulation to a greater extent in 3T3-L1 cells by exposure during the maintenance compared
to the differentiation window (Pomatto et al., 2018). These results demonstrate that MDCs can
affect several mechanisms crucial for the adipogenesis and adipocyte maintenance. The
proliferative and differentiative effect of PP4 and PVC4 exposure during the differentiation
phase imply that this window is more sensitive for exposure, even though the extracts induced

adipogenesis to a certain degree during the maintenance as well.

Regarding the lipid accumulation, exposure of PP4 and PVC4 during the differentiation
window and throughout the assay resulted in the largest lipid pool compared to the maintenance
exposure window (Figure 11 and 13). Thus, the exposure of 3T3-L1 cells to PP4 and PVC4
during the differentiation window has a greater impact on the lipid accumulation compared to
the maintenance window, indicating the plastic chemicals are triggering the lipid accumulation
in the differentiation. The lipid accumulation results are consistent with the proliferation and
differentiation results implying the plastic chemicals might be affecting a mechanism occurring
early in the differentiation of the cells. All things considered, both the proliferative and the
lipid accumulative effects of the extracts are in line with the hypothesis that the differentiation

window is a sensitive window of exposure.

The sensitivity of adipogenesis to chemical disruption during the differentiation window can
be compared with the human development. The total number of adipocytes is increasing until
adulthood and remains quite constant thereafter (Spalding et al., 2008). This means that most
of the adipogenesis occurs early in life. The results in this thesis therefore imply that the plastic
chemicals might exert a larger adipogenic effect when exposures occur during early life. After
a child is born, it is exposed to plastic chemicals through toys, bottles, and similar products.
However, a study from 2022 found microplastic in breast milk, suggesting the presence of

plastic chemicals as well. The most abundant microplastics found in breast milk were
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polyethylene, PVC, and PP, some of the same plastic polymers analyzed in this thesis (Ragusa
et al., 2022). Regarding the potency of the plastic extracts during the differentiation phase and
the fact that we are exposed to a variety of plastic chemicals from early life support the idea

that plastic chemicals can contribute to the obesity pandemic.

4.3 Effect of plastic chemicals on cytokine release

We conducted an immunological analysis to test the hypothesis that plastic chemicals induce
an inflammatory response and a shift towards the development of unhealthy adipocytes.
Unhealthy adipocytes are defined by their large size, increased inflammatory response,
decreased respiration, and impaired glucose uptake and insulin signaling (Ghaben and Scherer,
2019). In Volker et al. (2022a), the adipocytes exposed to the plastic extracts (except PUR3)
accumulated higher levels of lipids per adipocyte compared to rosiglitazone. Based on these
results it was hypothesized that the plastics could contribute to the development of unhealthy
adipocytes. We investigated the TNF-o and IL-6 release by the adipocytes after the
differentiation phase and at the end of the maintenance period. TNF-a and IL-6 were chosen
for the analysis because they are well-known proinflammatory cytokines released by

adipocytes (Ali et al., 2013, Popko et al., 2010).

The PS2 and PUR3 extracts triggered a release of IL-6 significantly higher than the SC during
the differentiation window (Figure 14). We know from the experiments conducted by
Zimmermann et al. (2019) that both extracts cause oxidative stress and baseline toxicity.
Additionally, they were the most cytotoxic extracts to the cells used in the study of oxidative
stress. The highest non-cytotoxic concentration analyzed by the PUR3 extract in this thesis was
the second lowest analyzed concentrations. In short, they are both potent extracts. Several
signaling pathways have been proposed to explain the inflammatory process in the adipose
tissue of obese subjects, including oxidative stress, ER stress, and hypoxia (Gonzalez-Muniesa
et al., 2016). Obesity is associated with unregulated lipid and carbohydrate metabolism and an
increase in either of these will also increase the demand on the mitochondria. In addition, there
is usually relative hypoxia in adipose tissue undergoing increased demand, either because of
poor oxygen supply or the adipocyte size is approaching the limits of diffusion (Ghaben and
Scherer, 2019, Gonzalez-Muniesa et al., 2016). Together with the increased demand of nutrient
oxidation, an unusual amount of ROS is generated. Oxidative stress activates kinases that may

directly induce the transcription factor NFxB, regulating the expression of inflammatory
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cytokines (Monteiro and Azevedo, 2010). Previous studies have showed that oxidative stress
and inflammation affect each other, and oxidative stress leads to the release of IL-6 and TNEF-
a by adipocytes (Li and Shen, 2019). The metabolic stress in the adipocytes results in organelle
dysfunction, especially mitochondria and ER. The latter is a cytosolic organelle participating
in the regulation of lipid, glucose, cholesterol, and protein metabolism. ER is also the site of
lipid droplet formation. Given that it is required to secrete large amounts of substances and
synthesize lipids in adipose tissue in obese, ER function might be impaired, leading to
misfolded or unfolded proteins in its lumen (Monteiro and Azevedo, 2010). This condition has
been showed to induce inflammatory cascades through several pathways (Zha and Zhou, 2012).
PS2 and PUR3 might cause the described metabolic stresses leading to the observed cytokine
release by the adipocytes. However, compared to the other plastic extracts, PS2 and PUR3
caused the lowest proliferation and lipid accumulation. Unhealthy adipocytes are associated
with their large size, impaired glucose uptake and insulin signaling which are contributing to
an inflammation. The induction of IL-6 might therefore be due to the toxic effect of the extracts,
rather than because of the development of unhealthy adipocytes. The extracts exerting the
highest cell count and lipid accumulation in the cells did not cause an elevated cytokine release,
suggesting that the plastic extracts are not contributing to the development of unhealthy
adipocytes. The plastic extracts might therefore not cause a shift in the development of
unhealthy adipocytes, and the described potency and toxicity of PS2 and PUR3 might explain

the release of the inflammatory marker, IL-6.

TNF-a was not detected in two ELISA experiments. Previously, the release of TNF-a has been
demonstrated with ELISA in 3T3-L1 cells in response to plastic chemicals like BPA (Ben-
Jonathan et al., 2009). However, according to a study from 2014, TNF-a is a degradable
cytokine and instant freezing by liquid nitrogen does not preserve the stability of the cytokines
(Ozbey et al., 2014). For this reason, potential TNF-a released by the adipocytes might have
been degraded as the media samples were stored at -80°C after collection. In contrast to TNF-
o, IL-6 was detected in most media samples and the detected cytokine concentration was higher
in the media obtained after the differentiation window than in the media obtained from the last
day of the assay. This indicates that adipocytes are sensitive to inflammatory stimuli during
differentiation. It appears to be a crosstalk between insulin signaling, ROS, and adipogenesis,
by which the insulin signaling generates ROS which in turn inhibit protein tyrosine phosphatase

1B, an inhibitor of the insulin signaling pathway. ROS is therefore associated with promoting
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the insulin signaling pathway and adipogenesis. However, sustained high levels of ROS inhibit
insulin signaling, and thus inhibit the adipogenesis (Ghaben and Scherer, 2019). If there is a
certain basal level of ROS required for adipogenesis, the threshold of a damaging ROS level
might be more easily obtained in response to inflammatory stimuli than in preadipocytes and
mature adipocytes. Here, the elevated level of IL-6 during the differentiation might be
promoted by the start of plastic extract exposure. Meanwhile, an increase in IL-6 release has
been observed in differentiating adipocytes (Vicennati et al., 2002), confirming the effect
observed in this thesis. Thus, a general elevated ROS in the cells during the adipogenesis might

explain the sensitivity to inflammatory stimuli during the differentiation window.

The cells exclusively exposed to the SC was releasing a higher IL-6 level than the cells exposed
to several of the plastic extracts. Compared to the SC, rosiglitazone along with PP4, PUR3,
PUR4, and PVC4 promoted a lower IL-6 level. Rosiglitazone is known to be anti-inflammatory
and has been showed to decrease IL-6 release (Li and Shen, 2019), explaining the low IL-6
concentration compared to the SC. These results may imply that several of the plastic extracts
also have an anti-inflammatory effect on the cells. The second experiment did however
demonstrate that the SC caused the same IL-6 concentration as rosiglitazone, PUR4 and PVC4,
which might imply a potential contamination or inaccuracy in the experiment execution in one
of the experiments. The increased level of IL-6 during the differentiation was, hence,
potentially due to the differentiation of the cells and the elevated SC compared to the other

samples might be a result of inaccuracy.

A low-grade inflammatory response triggered by excess nutrients in metabolic cells is one of
the markers found in obese (Gonzalez-Muniesa et al., 2016). The constant elevated cytokine
production in the adipose tissue is associated with reduced insulin resistance, reduced capacity
of adipogenesis, and decreased expression of PPARy and C/EBPa (Jiang et al., 2019). In the
experiments conducted in this thesis, we seemingly did not see the development of unhealthy
adipocytes. It might be that the adipocytes need more time of maintenance before an
inflammatory response is initiated, to develop obesity takes years of a person’s life. At the same
time, it might be that the plastic extracts simply are not leading to the development of unhealthy
adipocytes. The association of inflammation with obesity is clear, however, whether the plastic

extracts are contributing to this state needs further research.
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4.4 Mechanisms by which plastic chemicals induce adipogenesis

In our previous study, only PS2 and PVC2 activated PPARY, and none of the extracts activated
the glucocorticoid receptor (Volker et al., 2022a). Both receptors are key regulators in the
adipogenesis, and a common idea is that PPARy activation is a main mechanism where
chemicals can trigger adipogenesis. Our previous results therefore demonstrated that plastic
chemicals may act through various mechanisms independent of the glucocorticoid receptor and
PPARy. In the further investigation of the underlying mechanisms of the induction of
adipogenesis by the plastic extract, qPCR was conducted for the four target genes. These were
selected based on earlier RNA sequencing data, which we aimed to verify and to include further
plastic exposures to. Alteration in gene expression was compared to the SC, and the target
genes were in general downregulated in the cells exposed to rosiglitazone, except for Manf
(Figure 18). The four target genes were however upregulated in the adipocytes exposed to PP4,
PS2, PUR4, and PVC2. Further, LPP3 and Manf were downregulated and Enpp2 and
Serpinb6a were upregulated in the adipocytes exposed to PVC4.

The reference genes are markers of the adipogenesis and were upregulated in the adipocytes as
expected in (Figure 16). The reference genes were PPARy, the master regulator of the
adipogenesis (Huang et al., 2009), the fatty acid binding protein FABP4, which is specific for
late phase of adipogenesis (Pomatto et al., 2018) and adipsin, one of the adipokines secreted
by adipocytes (Tafere et al., 2020). Upregulation of these genes compared to the cells treated

with the SC therefore confirms the development of adipocytes.

The target gene Enpp2 was upregulated in the adipocytes exposed to all the plastic samples
compared to the rosiglitazone treatment, similar as for Lpp3, except for the down regulation in
adipocytes exposed to PVC4 (Figure 17). Differences in gene expression in adipocytes treated
with plastic extracts compared to rosiglitazone exposure implicate different mechanisms are
altered. Enpp2 encodes the secreted glycoprotein autotaxin (ATX) which is abundantly
expressed in adipose tissue and has been found to be substantially upregulated in obese mice
(Zhang et al., 2021, Ferry et al., 2003). ATX is mainly hydrolyzing lysophosphatidylcholine
(LPC) forming the bioactive lipid compound, lysophosphatidic acid (LPA). By binding to a
diverse of extracellular G protein-coupled receptors (LPAR), it can influence many cellular
responses, including proliferation, growth, survival, development, and vasoregulation (Jose

and Kienesberger, 2021). LPA induce preadipocyte proliferation, however treatment with LPA
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in preadipocytes and mature adipocytes decrease PPARYy expression, impair the response of
rosiglitazone-activated PPARYy genes, reduce lipid accumulation, and reduce the expression of
adipocyte mRNA markers. Thus, a high local production of LPA may exert an inhibitory effect
on adipogenesis by the binding of LPAR; (Simon et al., 2005). LPA is mainly regulated by
ATX, thus the LPA concentration is dependent on the expression of ATX (Harper et al., 2019).
In our adipocytes exposed to the different plastic extracts, Enpp2 is upregulated indicating an
elevated level of the adipogenic inhibitor LPA. However extracellular LPA is in general
degraded through the dephosphorylation by lipid phosphate phosphatases (LPPs), like LPP3
into monoacylglycerol (Jose and Kienesberger, 2021). All plastic samples, except PVC4
caused an upregulation of Lpp3 preventing high LPA concentrations. In other words, ATX was
upregulated in the adipocytes exposed to the plastic extracts, and an increased LPA
concentration might have been avoided in the adipocytes exposed to PP4, PS2, PUR4, and
PVC2 by the upregulation of Lpp3 degrading LPA. PVC4 caused a downregulation of Lpp3
and an upregulation of Enpp?2 in the adipocytes. The combination of downregulated Lpp3 and
upregulated of Enpp2 might lead to the accumulation of LPA. PVC4 was however one of the
extracts causing the highest lipid accumulation in the cells, and since an increased LPA
concentration may exert an inhibitory effect on adipogenesis, an LPA accumulation is therefore
contradictive to our results. On the other hand, an increased LPA accumulation has been
observed in response to hypoxia (Harper et al., 2019), which might be the case in adipocytes
when their size becomes too large for the oxygen to diffuse through them (Halberg et al., 2009).
An LPA accumulation might therefore be a result of the high lipid accumulation in these cells,

suggesting hypoxia in the cells exposed to PVC4.

The Enpp2 and Lpp3 may be upregulated as a result of inflammatory stimuli. Previous
nonadipocyte studies have shown LPA to stimulate expression of IL-6, which in turn
stimulates the expression of ATX (Castelino et al., 2016). Further on, the ATX-LPA signaling
pathway has been observed to increase the expression of antioxidative genes protecting the cell
against ROS (Venkatraman et al., 2015). Lpp3 is also suggested to be upregulated by LPA
itself, in addition to inflammatory stimuli in various cell types (Mao et al., 2019). We know
that most of the plastic extracts causes oxidative stress in the cells which could explain the
upregulation of Empp2 and the downstream upregulation of Lpp3. At the same time,
Zimmerman et al. (2019) did not demonstrate oxidative stress caused by the PP4 extract. These

results were however obtained from experiments with short-time exposure, which does not
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exclude a possible toxic effect of the PP4 extract over time. On the other hand, rosiglitazone
caused a downregulation of both genes, which can be explained by its anti-inflammatory
properties (Li and Shen, 2019). The downregulation of both genes was also observed when
3T3F442A cells were treated with rosiglitazone (Boucher et al., 2005). Thus, Enpp2 and Lpp3
might be upregulated in response to inflammation and oxidative stress, while rosiglitazone

causes a downregulation of Enpp2 in adipocytes.

Manf is one of the genes found to be upregulated in the adipocytes exposed to rosiglitazone
and the plastic extracts compared to the SC, PVC4 was on the other hand downregulated
compared to the SC. Circulating mesencephalic astrocyte-derived neurotrophic factor (MANF)
is a protein showed to be positively correlated with BMI in humans (Wu et al., 2021). MANF
is primarily located in the ER and is upregulated and secreted during ER stress (Tang et al.,
2022). The membranous network is important for the integration of metabolic signals crucial
in cellular homeostasis. The metabolic stress the adipocytes are facing in obese subjects might
lead to ER stress (Monteiro and Azevedo, 2010). The upregulation of Manf in the adipocytes
exposed to rosiglitazone, the PP4, PS2, PUR4, and PVC2 extracts may therefore indicate an

ER stress as a result of the metabolic stress the cells are exposed to.

The last target gene, Serpinb6a, was upregulated in the adipocytes exposed to the plastic
extracts, however, not in the cells exposed to rosiglitazone. As far as the author knows, there
is not yet described a connection between the expression of Serpinb6a and the adipocyte
homeostasis or metabolic alteration. The gene was included because previous RNA sequencing
indicated an upregulation in the adipocytes exposed to plastics. It is therefore hypothesized if

Serpinb6a might be involved in the development of unhealthy adipocytes.

The expression of the housekeeping genes was not consistent in the RNA samples (Figure 15).
In the normalization of qPCR data, using housekeeping genes is the most common approach.
They have the potential to remove most technical variation in cDNA concentrations between
the samples, however they must be stably expressed to meet this potential (Hellemans and
Vandesompele, 2014). The two housekeeping genes Gapdh and Nono were not stably
expressed and was thus not used for the normalization. The large variation might be due to the
fact that the RNA is obtained from a diverse population of cells. Even though the RNA is

collected at the end of the adipogenesis assay preadipocytes and not fully mature adipocytes
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are present. In other words, the housekeeping genes were not stably expressed to use for

normalization.

There was a difference in the expression of the target genes in the sequencing and the gPCR
executed in this thesis. Historically, qPCR is often performed to verify the data obtained in
large-scale transcriptomic studies. However, it appears to be a very small fraction of the genes
that are severely contradictory (Coenye, 2021). Unfortunately, the expression of Lpp3 was
downregulated in the sequencing data, the opposite of the results obtained in this thesis. An
upregulation of Enpp2 and downregulation of Lpp3 might lead to an increased level of LPA,
as described for PVC4. Technical inaccuracy might explain the differences between the

sequencing and qPCR results.
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5. Conclusion and further directions

In this thesis we found that six plastic extracts promote the adipogenesis in 3T3-L1 cells,
confirming the reproducibility of the adipogenesis assays performed by Volker et al. (2022a).
The results demonstrated that the six plastic products contain MDCs. In further experiments,
3T3-L1 cells were exposed to the extracts in three different windows of the adipogenesis assay:
during the differentiation, the maintenance and throughout the assay. This, to investigate
whether the cells were sensitive to plastic extract exposure in a specific window of the
adipogenesis assay. The exposure of the cells to the positive control, rosiglitazone, and the six
plastic extracts PP4, PS2, PUR3, PUR4, PVC2, and PVC4 suggested that adipocytes are very
sensitive to chemical disruption during the differentiation window. In a further investigation of
sensitive exposure windows of the development of adipocytes, the commitment to the
adipocyte lineage would be interesting to look more into. By exposing mesenchymal stem cells,
like C3H/10T1/2 to the plastic extracts before the induction of the terminal differentiation, an
increase in adipocyte number could indicate whether the plastic chemicals could induce cell

determination.

The cytokine release by the adipocytes exposed to the plastic chemicals was investigated. TNF-
o was not detected in the media obtained from the cells during the adipogenesis assay, probably
due to instability of the cytokine. However, we found an elevated IL-6 concentration in the
differentiation window compared to the last day of the assay, indicating that the cells are
sensitive to inflammatory stimuli during differentiation. The adipocytes exposed to PS2 and
PUR3 released significantly higher levels of IL-6 compared to the adipocytes exposed to the
SC. The release of IL-6 might have been caused by the development of unhealthy adipocytes,
or by the toxic effect of the extracts. The link between the plastic chemical exposure and the
cytokine release was not clear and need further research. To identify whether TNF-a is
expressed in response to the chemical exposure, the RNA encoding the TNF-a could be
quantified by qPCR because of the instability of the cytokine. A quantification of IL-6 released
by the adipocytes exposed exclusively during the differentiation would be interesting to
investigate since a toxic exposure can lead to impaired cell function and adipogenesis over

time.

In the investigation on the underlying mechanisms affected by the plastic extracts, we

conducted qPCR on RNA samples extracted from the cells after exposure throughout the
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adipogenesis assay. Enpp2 and Lpp3 might be upregulated in response to inflammation and
oxidative stress in the adipocytes exposed to the plastic extracts. These genes were not
upregulated in the adipocytes exposed to rosiglitazone, which can be explained by its anti-
inflammatory properties. Similar with rosiglitazone, Lpp3 was not upregulated in the
adipocytes exposed to PVC4. The combination of upregulation of Enpp2 and downregulation
of Lpp3 might indicate the presence of hypoxia in the cells exposed to PVC4. Further on,
upregulation of Manf observed in the cells exposed to rosiglitazone, the PP4, PS2, PUR4, and
PVC2 extracts, might indicate ER stress as a result of metabolic stress. Serpinb6a was
upregulated in the adipocytes exposed to the plastic extracts and not the rosiglitazone, and it
was therefore hypothesized whether it could be involved in the development of unhealthy
adipocytes. To further elucidate the mechanisms affected by the plastic chemicals, a
quantification of enzymes involved in detoxification could indicate the toxicity of the extracts,
especially regarding the mechanisms affected in adipocytes exposed to PS2 and PUR3. Based
on the biological variations and the differences in the results obtained in this thesis and in the
RNA sequencing, a verification of the gene expression could further clarify the mechanisms
affected by the plastic extracts. In this thesis we demonstrated that plastic chemicals could

affect the human health and contribute to obesity, by exposure early in life.
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Appendix

Table A.1: Materials are listed with belonging producer and catalog number.

Materials Supplier Catalog no.
3T3-L1 ZenBio Inc. SP-L1, lot

3T3L1062104
AdipoRed kit assay Lonza PT-7009
Bovine calf serum (BCS) HyClone SH300/2,03
Dexamethasone Sigma-Aldrich D4902
Dimethyl sulfoxide (DMSO) Sigma-Aldrich D8418
DMEM, high glucose, glutamax supplement,  Gibco 10569010
pyruvate
DMEM - high glucose Sigma-Aldrich D6429-500
DMEM high glucose Biowest L0103-500
DuoSet ELISA ancillary reagent kit 2 R&D systems DYO008
Fetal bovine serum (FBS) Gibco A4766801
HEPES Sigma-Aldrich HO0887
IBMX Sigma-Aldrich 15879
Insulin human Sigma-Aldrich 13536-100MG
LightCycler 480 SYBR Green I Master Roche 04887352001
Methanol Sigma >98 %,

CAS: 10034998
Mouse I1-6 DuoSet ELISA R&D systems DY406-05
Mouse TNF-a DuoSet ELISA R&D systems DY410-05
NucBlue live cell ready probes reagent Thermo Fisher R37605
Paraformaldehyde Thermo Scientific 11400580
Penicillin/streptomycin VWR L0022-100
Quantitect rev. Transcription kit (200) Qiagen 205313
RNeasy mini kit Qiagen 74004
Rosiglitazone Sigma-Aldrich R2408
Trypsin/EDTA Sigma-Aldrich 59418C
TRIzol™ Invitrogen 15596026
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Table A.2: The content in phosphate-buffered saline (PBS).

1 L Phosphate-buffered saline (PBS)

142 ¢ NaHPO4
024 ¢g KH>PO4
8¢ NaCl
0.2¢g KClI

Adjustto1 L Ultrapure H>O
(PURELARB flex, ELGA)
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GENERAL ELISA PROTOCOL (DuoSet, R&D systems)

Plate Preparation

1. Dilute the Capture Antibody to the working concentration in PBS without carrier protein.
Immediately coat a 96-well microplate with 100 pL per well of the diluted Capture Antibody.
Seal the plate and incubate overnight at room temperature.

2. Aspirate each well and wash with Wash Buffer, repeating the process two times for a total
of three washes. Wash by filling each well with Wash Buffer (400 pL) using a squirt bottle,
manifold dispenser, or autowasher. Complete removal of liquid at each step is essential for
good performance. After the last wash, remove any remaining Wash Buffer by aspirating or

by inverting the plate and blotting it against clean paper towels.

3. Block plates by adding 300 puL of Reagent Diluent to each well. Incubate at room
temperature for a minimum of 1 hour.

4. Repeat the aspiration/wash as in step 2. The plates are now ready for sample addition.
Assay Procedure

1. Add 100 pL of sample or standards in Reagent Diluent, or an appropriate diluent, per well.
Cover with an adhesive strip and incubate 2 hours at room temperature.

2. Repeat the aspiration/wash as in step 2 of Plate Preparation.

3. Add 100 pL of the Detection Antibody, diluted in Reagent Diluent, to each well. Cover
with a new adhesive strip and incubate 2 hours at room temperature.

4. Repeat the aspiration/wash as in step 2 of Plate Preparation.

5. Add 100 pL of the working dilution of Streptavidin-HRP to each well. Cover the plate and
incubate for 20 minutes at room temperature. Avoid placing the plate in direct light.

6. Repeat the aspiration/wash as in step 2.

7. Add 100 pL of Substrate Solution to each well. Incubate for 20 minutes at room
temperature. Avoid placing the plate in direct light.

8. Add 50 pL of Stop Solution to each well. Gently tap the plate to ensure thorough mixing.

9. Determine the optical density of each well immediately, using a microplate reader set to
450 nm. If wavelength correction is available, set to 540 nm or 570 nm. If wavelength
correction is not available, subtract readings at 540 nm or 570 nm from the readings at 450
nm. This subtraction will correct for optical imperfections in the plate. Readings made
directly at 450 nm without correction may be higher and less accurate.
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3T3-L1 RNA extraction (Invitrogen and Qiagen)

1.

10.

11.

12.

13.

14.

15.

16.
17.
18.

Lyse and homogenize samples in TRIzol reagent

a. Remove growth media

b. Add 0.4-0.4 mL TRIzol reagent per 10°-107 cells directly to the culture dish to

lyse the cells.

c. Pipet the lysate up and down several times to homogenize.
Store at -20 up to a year
Thaw samples on ice and keep them on ice until step 9.
Add 200 uL chloroform per 1 mL TRIzol reagent used for lysis, then securely cap the
tube.
Vortex samples 5 sec
Incubate for 10 minutes
Centrifuge the sample for 20 min at 12,000 g at 4°C. The mixture separates into a
lower red phenol-chloroform, and interphase and a colorless upper aqueous phase.
Transfer the aqueous phase containing the RNA to a new tube
Transfer the aqueous phase containing the RNA to a new tube by angling the tube at
45° and pipetting the solution out.
Add 1 volume of 70% ethanol to the lysate and mix well by pipetting. Do not
centrifuge. Proceed immediately to step 3.
Transfer up to 700 uL of the sample, including any precipitate, to a RNeasy Mini spin
column placed in a 2 mL collection tube. Close lid, close the lid and centrifuge for 15
sec at >8000 g. Discard the flow through.
Add 700 uL Buffer RW1 to the RNeasy spin column. Close the lid, and centrifuge for
15 sec at =8000 g. Discard the flow through.
Add 500 uL Buffer RPE to the RNeasy spin column. Close the lid, and centrifuge for
15 sec at =8000 g. Discard the flow through.
Add 500 uL Buffer RPE to the RNeasy spin column. Close the lid, and centrifuge for
2 min at >8000 g.
Optional: Place the RNeasy spin column in a new 2 mL collection tube. Centrifuge at
full speed for 1 min to dry the membrane.
Place the RNeasy spin column in a new 1.5 mL collection tube. Add 30-50 uL.
RNAse-free water directly to the spin column membrane. Close the lid, and centrifuge
for 1 min at >8000 g to elute the RNA.
Repeat step 14, using the eluate from step 14. Reuse the collection tube from step 14.
Nanodrop the samples
Store at -80°C
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Figure A.1: Effect of rosiglitazone exposure to 3T3-L1 throughout the adipogenesis assay for comparison
of different media. Media comparison was conducted with Sigma cell culture media, Sigma media added
glutamine and BioWest cell media, the results were compared to the average of all experiments conducted with
Sigma cell media. The four endpoints A) Adipocyte count, B) mature adipocyte, C) total intensity of the
NileRed staining and D) Total area of lipid droplets, were estimated per field and fitted with a four-parameter
logistic regression with the average £ SEM. In the graphs presenting the average of all experiments conducted
with Sigma media in the adipocyte count (N = 5), mature adipocyte count (N = 5), total intensity of lipid
staining (N = 6) and total area occupied by lipid droplets (N = 5) represents the mean of the biological replicates
(N), which are a mean of four technical replicates from each experiment. The results from the media comparison
are mean of the four technical replicates from the single experiment.
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Table A.3: Highest non-cytotoxic concentration (HNC) of the plastic extracts after exposure of 3T3-L1

cells throughout the adipogenesis assay.

Plastic extract HNC (mg plastic well™!)
PP4 3.0
PS2 3.0
PUR3 0.375
PUR4 3.0
PVC2 3.0
PVC4 3.0
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Figure A.2: Effect of PP4 exposure on A) adipocyte count (N = 2), B) mature adipocyte count (N = 2), C)
total intensity of the staining (N = 3) and D) total area of lipid droplets (N = 3) in 3T3-L1 during the three
windows of adipogenesis assay. The data is fitted with a four-parameter logistic regression £ SEM and
normalized to the effect of the throughout exposure of rosiglitazone. The biological replicates (N) are the

average of four technical replicates.
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Figure A.3: Effect of the PS2 exposure on A) adipocyte count (N = 3), B) mature adipocyte count (N = 3),
C) total intensity of staining (N = 3) and D) total area of lipid droplets (N = 3) in 3T3-L1 cells throughout,
during the differentiation and maintenance window of the adipogenesis assay. The biological replicates (N)
are a mean of four technical replicates. The data is fitted with a four-parameter logistic regression = SEM and
normalized to the throughout exposure of rosiglitazone.
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Figure A.4: The effect of PUR3 exposure of 3T3-L1 on A) adipocyte count (N=2), B) mature adipocyte

count (N=2), C) total intensity of the staining (N=3) and D) total area of lipid droplets (N=3) during

different windows of the adipogenesis assay. The data is fitted with a four-parameter logistic regression +

SEM, normalized to the throughout exposure of rosiglitazone and the concentrations are logarithmically

9

transformed. The “x” represents the analyzed cytotoxic concentrations of PUR3.
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Figure A.5: The effect of PUR4 exposure on A) adipocyte count, B) mature adipocyte count, C) total
intensity of the lipid staining, D) total area of the lipid droplet count in 3T3-L1 cells throughout, during
the differentiation and maintenance window of the adipogenesis assay. There are three biological replicates
per concentration which are a mean of the four technical replicates obtained in each experiment. The data is

fitted with a four-parameter logistic regression £ SEM and normalized to the throughout exposure of
rosiglitazone.
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Figure A.6: The effect of PVC2 exposure of 3T3-L1 on the A) adipocyte count (N = 2), B) mature adipocyte
count (N = 2), C) total intensity of lipid staining (N = 3) and D) total area of lipid droplets (N = 3). The data
is fitted with a four-parameter logistic regression =+ SEM and normalized to the throughout exposure of
rosiglitazone. The biological replicates (N) are an average of the four technical replicates from each experiment.
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Figure A.7: Effect of PVC4 exposure in three windows to 3T3-L1 cells on A) adipocyte count, B) mature
adipocyte count, C) total intensity of the NileRed staining and D) total area of the lipid droplet. There are
three biological replicates per concentration which are a mean of the four technical replicates obtained in each

experiment. The data is fitted with a non-linear regression (four-parameter logistic function) + SEM and
normalized to the throughout exposure data.
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Figure A.8: Standard curve of IL-6 and TNF-a from both experiments. The A) IL-6 and B) TNF-a standard
curves are from the first experiment and C) IL-6 and D) TNF-a are from the repeated experiment. The graphs
include one technical replicate, fitted with a four-parameter sigmoidal curve.

Table A.4: Results from one-way ANOVA in the comparison of the effect of the plastic extracts on the IL-
6 release from 3T3-L1. The IL-6 release was compared to the SC at day 5 and day 11 in both experiments.

ANOVA DF F-VALUE P-VALUE ALPHA
DAY 5 EXP.1  (11,24) 66.89 <0.0001 0.05
DAY 11 EXP.1 (13,28) 98.96 <0.0001 0.05
DAY 5EXP.2 (7, 16) 207.7 <0.0001 0.05
DAY 11 EXP.2  (2,5) 122.9 <0.0001 0.05
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Figure A.9: Gene expression of Enpp2, Fabp4 and Gapdh in 3T3-L1 in response to exposure of plastic
extracts throughout the adipogenesis assay obtained from the first qPCR results. The relative gene
expression is scaled to the SC, normalized to the gene expression of Ywhaz and transformed logarithmically.
The graphs represent the mean of the four biological replicates in a relative quantification of A) Enpp2, B)
Fabp4 and C) Gapdh expression compared to the SC.
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