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ABSTRACT (ENGLISH)

Recently, the impact of micro- and nanoplastics (MNPs) on the environment has received increasing
attention. However, studies on the impact of MNPs on human health are still limited, and a lot of
uncertainties persist. As specific effects are still under research, the severity of the impact of MNPs on the
health of human cells and tissues is not yet known. Studies indicate that MNPs affect different cell organelles,
including the mitochondria, endoplasmic reticulum (ER) and lysozymes. Since these cell organelles play an
important role in the cellular energy metabolism, MNPs disrupt these metabolisms as well.

This study aims at describing the effect of MNPs on cellular metabolism. The experimental setup involved
repeated-dose, long-term treatment of Caco-2 cells with 100 nm polystyrene nanoplastics (PS-NPs) at
environmentally relevant concentrations. Additionally, treatment with silica beads (SBs) was performed to
distinguish the physical and the chemical effects of the MNPs. The results showed that chronic exposure to
an environmentally relevant dose of nanoplastics (NPs) influences cellular metabolism, leading to increased
oxygen consumption rates (OCRs), lipid accumulation, and altered responses to stress. It indicates a shift
towards a more stressed cellular phenotype, which could ultimately be linked to chronic inflammatory
diseases such as obesity. Similar results upon treatment with SBs and NPs indicate that the observed effects
arise primarily from the physical presence of the particles, rather than from chemical interactions between
elements bound to the particle and the cells.

ABSTRACT (NEDERLANDS)

Recentelijk wordt meer aandacht besteed aan de impact van micro- en nanoplastic (MNP) op het milieu.
Onderzoek naar de impact op de menselijke gezondheid is nog steeds beperkt en er blijven veel
onzekerheden bestaan. De ernst van de impact van MNP op de gezondheid van menselijke cellen en weefsels
is nog niet bekend. Studies tonen aan dat MNP verschillende celorganellen beinvloeden, waaronder de
mitochondrién, het endoplasmatisch reticulum (ER) en lysozymen. Omdat deze celorganellen een belangrijke
rol spelen in het cellulaire energiemetabolisme, verstoren MNP ook dit metabolisme.

Deze studie biedt inzicht in de veranderingen in het cellulaire metabolisme die worden veroorzaakt door
behandelingen met MNP. Er werd gebruik gemaakt van een experimentele opstelling waarbij Caco-2-cellen
langdurig behandeld werden met herhaalde dosissen van 100 nm polystyreen nanoplastic (PS-NP). Hierbij
werden concentraties gebruikt die de werkelijkheid nabootsen. Bovendien werd een behandeling met silica
partikels uitgevoerd om het fysische en chemische effect van de MNP te onderscheiden. De resultaten
toonden aan dat chronische blootstelling aan een voor het milieu relevante dosis nanoplastic (NP) het
cellulaire metabolisme beinvloedt, wat leidt tot een verhoogd zuurstofverbruik, ophoping van lipiden en
veranderde reacties op stress. Het duidt op een verschuiving naar een meer gestresseerd cellulair fenotype,
dat uiteindelijk in verband kan worden gebracht met chronische ontstekingsziekten zoals obesitas.
Vergelijkbare resultaten bij behandeling met silica partikels en NP geven aan dat de waargenomen effecten
voornamelijk voortkomen uit de fysieke aanwezigheid van deze deeltjes en niet uit chemische interacties
tussen elementen die aan het deeltje zijn gebonden en de cellen.

viii



1 INTRODUCTION

Plastics are lightweight and chemically stable synthetic macromolecules, making them valuable in diverse
industries, such as packaging, construction and the automotive industry (Lechthaler et al., 2020). Because of
this wide applicability, many plastics are produced worldwide, but unfortunately, they often end up in waste
streams after use. According to the OECD, the amount of global plastics waste in 2019 was around 460 million
tonnes, and this is still increasing, with an estimated waste of 1231 million tonnes in 2060 (OECD, 2022). Only
9% of the used plastics are appropriately recycled (Woldemar D’ambriéres, 2019). Because of the low
biodegradability of these plastics and due to waste mismanagement, plastics accumulate in the environment
(Lechthaler et al., 2020). These plastics will not only disrupt marine ecosystems, they can also clog urban
drainage infrastructures, increasing the flood risk. Additionally, they have a negative effect on the tourism
industry (Hall, 2000).

Different groups of plastics are classified according to their monomer type. Figure 1 shows the chemical
structures of the most widely produced plastic types. Polyethylene constitutes 30.3% of the plastic
production, followed by polypropene (17.8%), polyvinyl chloride (9.9%), polyethylene terephthalate (8.6%)
and polystyrene (PS; 6.5%) (Geyer et al., 2017; Kazemi et al., 2021). This master’s dissertation addresses PS,
a plastic that is widely employed in disposable drinking cups, packaging, electronics and personal care
products (Tanvir et al., 2014).
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Figure 1. Monomer structures of polyethylene, polypropene, polyvinyl chloride, polystyrene and polyethylene terephthalate.

Plastics can also be categorized into three distinct size classes. This classification is crucial, as the interaction
between plastics and organisms is significantly influenced by their size (Mitrano et al., 2021). Macroplastics
have a diameter exceeding 5 mm and are released into the environment via either land-based or ocean-
based pathways (Boucher & Billard, 2019). Microplastics (MPs) fall within the range of 5 mm to 1 um.
Production of MPs, for instance, for skin care products (Hernandez et al., 2017), can lead to accidental release
into the environment, which is assigned as the primary source. Secondly, MPs can be generated through the
wear and degradation of macroplastics, particularly from tire wear and clothes in laundry wastewater, which
is called the secondary source of MPs due to the indirect release (Lai et al., 2022). MPs are found in seawater,



freshwater, sediment, soil, air and even food such as beer, sea salt and tap water (Prata et al., 2020). At last,
nanoplastics (NPs) have a diameter smaller than 1 um. Like MPs, NPs can be released during production
(primary source) or from larger plastic particles due to physical, chemical and biological forces (secondary
source) (Lai et al., 2022). This master’s dissertation focuses on micro- and nanoplastics (MNPs), as their
prevalence is an escalating concern and their potential impact on human health remains a subject of ongoing
investigation with many uncertainties and data gaps.

In a broader context, MNPs are part of the exposome, which refers to the totality of exposures from various
external and internal sources. These include factors such as food, smoking, air pollution and aging.
Additionally, the exposome accounts for psychosocial components, acknowledging the impact of social
relations and socio-economic position on health. Exposome models highlight the concept that an individual's
disease is shaped by their unique history of exposures and underlying genetic susceptibilities. Understanding
the exposome holds significant importance, particularly in unravelling the risk factors associated with non-
communicable diseases (Vineis et al., 2020). These chronic diseases, such as cardiovascular diseases, cancers,
respiratory diseases and diabetes, pose a substantial burden on individuals, communities and economic
resources. They have prolonged durations, slow progressions and are rarely completely curable (Calcaterra
& Zuccotti, 2022). The onset of non-communicable diseases likely involves complex interactions between
various external and internal stimuli. Therefore, research on the exposome, particularly focusing on the
factors that play pivotal roles and their interactions with human health, may prove instrumental in
comprehending and developing therapeutics for these diseases.

As MNPs are widely present in the environment, they may be considered one of those pivotal factors. Due
to their small size, they can be internalized in the body, interfering with cells via different pathways. This
interference can result in dysfunctional cells, tissues and even organs, ultimately affecting overall health in
the long term. While the European Commission’s Science Advice for Policy currently states the absence of
direct adverse effects of MNPs on human health (Koelmans et al., 2019), emerging research indicates their
potential association with health complications. For instance, existing explanations of the obesity pandemic’s
spread, including the genetic background and changes in lifestyle such as diet, exercise, sleep deficiency and
aging, are proven to be insufficient (Brown et al., 2016). In parallel, the obesogen hypothesis states that
environmental chemicals (obesogens) can affect individual susceptibility to obesity and thus help explain the
recent large increases in obesity (Egusquiza & Blumberg, 2020). Volker and his team observed plastic
household items and revealed that one-third of the items contained chemicals that, after extraction, caused
the growth and proliferation of mouse fat cells in the lab. Examples of such chemicals are bisphenols and
phthalates, which are used in the production of plastics as plasticizers, but many of the chemicals are
unknown (Volker et al., 2022). As MNPs and their associated chemicals can interact with energy and lipid
metabolism in several different ways, they are considered an obesogen type (Kannan & Vimalkumar, 2021).
Therefore, the literature review will first discuss the ‘interactomics’ of MNPs with the human body, upon
which the focus will switch towards the possible impact of MNPs on energy and lipid metabolism at the
cellular level.



2 LITERATURE REVIEW

2.1 Human exposure routes

The human body is designed to prevent the intrusion of foreign particles. Except for the teeth, the surface of
the human body is covered by epithelial cells, which form a rigid barrier to large particles. Nevertheless, the
miniscule size of MNPs enables them to cross these barriers. The three primary routes of exposure are
inhalation, ingestion and dermal contact (Prata et al., 2020).

Skin contact occurs with MNPs in cosmetic products like facial and body scrubs, as well as in water
(Hernandez et al., 2017; Mortensen et al., 2021). The dermal barrier is very rigid and consists of various cell
layers, of which the striatum corneum typically restricts the passage of substances. However, nanoparticles,
including NPs, smaller than 40 nm can still cross this dermal barrier (Vogt et al., 2006). A second possible
internalization pathway via the skin involves the accumulation of MNPs in follicular openings, where lower
barrier integrity allows increased translocation compared to the skin surface. Further research is needed to
support this internalization hypothesis (Alvarez-Roman et al., 2004). At last, MNPs can also enter the skin via
wounds (Schneider et al., 2009).

Despite the presence of nasal hair, mucus, macrophages and the sputum, inhalation of plastics present in the
air leads to MNP accumulation in the lungs (Amato-Lourenco et al., 2021). It is estimated that up to 100,000
MPs per year are taken up through inhalation (Vianello et al., 2019). Unlike the dermal barrier, alveoli are
designed to exchange oxygen and carbon dioxide, which makes this barrier less rigid and hence enables
particles to cross the air-blood barrier. At this site, MNP uptake is largely determined by particle size, as
smaller particles can penetrate deeper into the lungs than larger particles. Particles smaller than 200 nm can
cross the air-blood barrier either through migration between endothelial cells or through endocytosis
(Kreyling et al., 2014). Particles with an intermediate size are cleared by phagocytosis. In contrast, fibers
ranging from 15 to 20 um are hard to clear and tend to accumulate in the lungs (Feng et al., 2023; Llorca &
Farré, 2021; Prata et al., 2020).

In this study, we especially focused on events at the level of the gastrointestinal tract, the major barrier for
MNPs after ingestion via food and drinking water. Mortensen et al. (2021) reviewed the available information
about MNP concentrations in drinking water and found a wide range of measured MNPs starting from 11
MPs/mL (5-50 pum), up to 1.1 x 108 MNPs/mL (1-10 um). However, most researchers measured a
concentration between 400 and 3,000 MNPs/mL in drinking water. In addition, seafood and several crops
like rice, lettuce and peanuts can contain MNPs absorbed from polluted oceans and the soil, respectively
(Jiang et al., 2022; Luo et al., 2022; Santillo et al., 2017). Moreover, several studies showed the trophic
transfer of MNPs in the marine food web (McMahon et al., 1999; Santana et al., 2017). MNPs also end up in
food during packaging, such as in plastic food containers (Du et al., 2020; He et al., 2021). Consequently, the
tissues of the human gastrointestinal tract are currently considered among the most exposed tissues of all,
with an estimated intake rate between 46,000 and 193,000 MNPs/year, however, accurate intake rates are
hard to obtain as validation of in vitro cell experiments with the human intestine is not yet fully established
(Llorca & Farré, 2021; Mohamed Nor et al., 2021; Senathirajah et al., 2021). Schwabl et al. (2019) indicated
that 80% of ingested MNPs are believed to be excreted by the body and showed that nine different types of
MNPs, including PS, are present in faeces.

Nevertheless, MNPs also accumulate in the human intestine, where they can translocate in several ways into
the circulatory system (Figure 2). Transcytosis is a specialized transport mechanism in the gastrointestinal



tract, mainly conducted by microfold cells situated in the Peyer’s patches of the ileum. These microfold cells
have the ability to endocytose extracellular cargo, transport it across the cytoplasm in membrane-bound
vesicles, and release it at a distinct plasma membrane surface of the underlying tissue (Serra & Sundaram,
2021). Research has demonstrated a significant increase in MNP uptake when microfold-like cells were
cocultured with gut epithelial cells, as opposed to conditions with only gut epithelial cells. Moreover, this
increased MNP uptake has also been demonstrated in vivo, further supporting the observed absorption
pathway. Hence, transcytosis via microfold cells is often considered the primary mode of MNP uptake in the
gastrointestinal tract (Rieux et al., 2005). However, in vivo findings indicate that uptake via this mechanism
may be overestimated, possibly due to the low prevalence of microfold cells on the epithelial surface and
disparities between microfold-like cells and authentic microfold cells in in vitro experiments (Smyth et al.,
2008). Therefore, uptake via other mechanisms, for instance, transcellular transport by enterocytes as shown
by Walczak et al. (2015), is put forward. Another alternative uptake mechanism involves paracellular
transport, wherein particles move between cells, driven by a concentration gradient. Only very small particles
can migrate through intact epithelium, while larger particles can only pass epithelium with decreased
integrity of tight junctions (Edelblum & Turner, 2015). In addition, paracellular transport can take place via
the persorption process, in which pores are generated in the desquamation zone of the epithelium that allow
particles to pass through (Hillyer & Albrecht, 2001). At last, uptake by migratory macrophages and dendritic
cells may play a role in particle uptake, however, no direct evidence of this mechanism has been observed
this far (Delon et al., 2022).
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Figure 2. Uptake mechanisms of MINPs in the small intestine (Delon et al., 2022).

Once MNPs breach these initial defences, translocation within the body can occur either via passive
membrane penetration or via endocytosis. Endocytosis of smaller particles tends to be mediated through
clathrin- and caveolae-mediated endocytosis, while larger particles are more prone to macropinocytosis. The
internalized PS particles mainly exist in lysosomes, but some particles are released again through the
lysosomal pathway and passive penetration (L. Liu, Xu, et al., 2021).



2.2 Effect of MNPs on human health

As MNPs can be internalized, cells, tissues and organs may be damaged directly or indirectly. First, a
description about the interaction of the MNPs at the molecular and cellular level is given. Thereafter,
interactions between cellular changes and changes on higher levels including tissues and organ systems are
discussed.

2.2.1 Cellular impacts of MNPs

MNPs exhibit both physical and chemical toxicity. The physical toxicity refers to the ability of the particles
themselves to cause harm. The chemical toxicity refers to the interaction of MNPs with contaminants such
as heavy metals (Liao & Yang, 2020) and viruses (G. Zhang et al., 2022), which may lead to the co-uptake of
these pathogenic components with the MNPs. Next to contaminants, MNPs also interact with surrounding
proteins, leading to a protein layer around the particle, called the protein corona, which may alter MNP
properties and facilitate MNP internalization (Ramsperger et al., 2020).

While interacting with cells, MNPs may induce oxidative stress, an important mediator of downstream
cellular processes in general (Hu & Pali¢, 2020). This oxidative stress can be induced via two different
pathways. First, free radicals can be formed on the MNP surface. These free radicals react with atmospheric
oxygen and produce polymer peroxy radicals, which can further react and form a cascade of reactive oxygen
species (ROS) production (Duan et al., 2022). The smaller the MNPs, the larger the surface area-to-mass ratio,
and hence the ability to absorb free radicals. This, together with the fact that small particles can be easier
internalized, may explain the more toxic properties of smaller particles. Secondly, ROS may be induced after
interaction of the MNPs with human cells, as shown in human cells of the liver, kidney and intestine
(Domenech et al., 2021; Goodman et al., 2022; Peng et al., 2023; Y. L. Wang et al., 2021). These cells tend to
produce ROS in the form of superoxide (O,) and hydrogen peroxide (H.0,) in an attempt to neutralize the
plastic particle (Hu & Pali¢, 2020; Regoli & Winston, 1999). Both O, and H,0, play a role in signhal transduction
and serve as key mediators driving oxidative stress cascades (Reth, 2002; Y. Yang et al., 2013). Either the
formed ROS or the direct interaction of the MNPs with the cells can lead to cell damage (Error! Reference
source not found.).
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MNP interactions may lead to increased acetylcholinesterase activity in liver cells, one of the most important
biomarkers of neurotoxicity (Y. Deng et al., 2017). Additionally, MNPs can induce double-stranded breaks in
DNA (Avio et al., 2015; Ribeiro et al., 2017), lower junction protein expression (Jia et al., 2023; Z. Zhang et al.,
2023) and disrupt cell membranes, leading to cell permeability and even cell death (Holléczki & Gehrke,
2020). These effects are often accompanied by cellular inflammation (Jia et al., 2023; Marana et al., 2022;
Woo et al., 2023). Additionally, upregulation of carcinogens like KIf4 and Oct3/4 is found upon a six month
exposure of Caco-2 cells to NPs (Barguilla et al., 2022). Finally, MNP exposure can also cause several problems
related to the structure and function of mitochondria, the endoplasmic reticulum (ER) and the lysosomes.

Mitochondria are responsible for energy production in eukaryotes, phospholipid synthesis, calcium
homeostasis, apoptotic activation and cell death. Mitochondria are affected by MNPs in several ways. First,
higher cytosolic ROS levels can open mitochondrial ion channels, leading to a collapse of the mitochondrial
membrane potential and extra release of ROS (Zorov et al., 2006). To counteract this ROS overload, the
enzymes superoxide dismutase and catalase can be activated, which neutralise superoxide radicals and
hydrogen peroxide, respectively. As further proof that ROS play a key role in MNP toxicity, alterations in
superoxide dismutase are found after MNP exposure (Y. Deng et al., 2017). MNPs can also alter the energy
metabolism by increasing the oxygen consumption rate, inducing proton leak (Halimu et al., 2022) and
activating anti-apoptotic signalling (Bergami et al., 2019) in mitochondria as a defence against NP toxicity.

Also, the endoplasmic reticulum (ER) is affected by the MNPs. The ER is a vital organelle with key roles in
protein and lipid synthesis and is crucial for intracellular signal transduction involved in cell survival and
apoptosis. Disruption in the ER homeostasis may result in the accumulation of unfolded or misfolded proteins
and alterations in Ca?*-concentration within the ER lumen, which ultimately triggers unfolded protein
responses (UPR) (Schwarz & Blower, 2016; Tang et al., 2020). Evidence of disrupted ER homeostasis, together



with UPR and lipid metabolism disorders, is found in the intestinal cells of C. elegans after long-term exposure
to NPs at low doses. These effects are mediated by intracellular mitogen-activated protein kinase (MAPK)
(Qu et al., 2019; Y. Yang et al., 2020). There is a link between ROS formation and MAPK activation, which
again confirms that ROS might play a key role in the reaction upon MNP exposure (McCubrey et al., 2006).
Activation and phosphorylation of MAPK result in the upregulation of X-box binding protein 1 (XBP1), which
induces the UPR. In addition, MAPK activation may lead to dysregulation of SBP-1 in C. elegans, which is
equivalent to sterol regulatory element binding transcription factor (SREBP) in humans and regulates
inflammation and lipid metabolism (Qu et al., 2019; Y. Yang et al., 2020). UPR after NP exposure is also
associated with the accumulation of autophagosomes. This indicates a potential autophagy regulation
mechanism through the ER stress caused by misfolded protein aggregation (Lim et al., 2019).

Finally, lysosomal function is impacted by exposure to MNPs (Avio et al., 2015). The lysosome is an
intracellular digestive organelle that uses enzymes to actively eliminate pathological cellular waste. D. Xu et
al. (2021) discovered the presence of NPs in early endosomes in Caco-2 cells, which subsequently fused with
lysosomes with the intention to break down the foreign substances. MNP accumulation in lysosomes may
decrease membrane integrity. Moreover, charged MNPs can dysregulate lysosomal pH and hence lead to
dysfunction. In a later stage, such endolysosomes may fuse with autophagosomes, an interaction induced by
NP accumulation in the cell, to form autophagolysosomes. Lysosomal proteases are present in
autophagolysosomes and can degrade the engulfed components. Due to the severe damage to lysosomes,
the autophagic flux can be blocked, which can ultimately result in cell death (W. Song et al., 2015). An
additional factor that makes the MNPs toxic for the lysosomes is the protein corona, which can be degraded
in the lysosomes, releasing ions and toxic compounds bound to the MNP surface. These free chemicals and
the free MNPs themselves can cause extra damage to lysosomal membranes. The active uptake of MNPs by
the cells, in combination with the release of toxic compounds in the lysosomes in an attempt to neutralise
the particles, is sometimes called the Trojan horse effect (F. Wang et al., 2013).

2.2.2 Effect of MNPs on tissues and organs

The potential health effects of MNP exposure are shown in Figure 4. An important note is that, the European
Commission’s Science Advice for Policy states that, currently, no evidence exists for direct adverse effects of
MNPs in human health (Koelmans et al., 2019). This figure is constructed based on outcomes upon acute
treatment with a high MNP concentration dose, which is not fully comparable to the real-life situation where
animals and humans are exposed for a long term to low MNP concentrations. Yet, even though effects may
not be as severe or as directly noticeable as described below, further research is required to evaluate the
severity of possible long-term exposure.
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Figure 4. Potential health risks of MNPs to human organ systems (Feng et al. 2023).

In lung cells, MNPs can block the cell cycle, induce ROS formation, promote apoptosis and upregulate the
expression of inflammation-related genes. This leads to cytotoxic and inflammatory effects and disrupted
epithelial barriers (Woo et al., 2023; M. Xu et al., 2019). In high concentrations, plastics can activate immune
defensive responses in the lungs, thereby increasing the risk of chronic obstructive pulmonary diseases (Dong
etal., 2020). Plastics can also alter the endogenous lung surfactants by altering their phase behaviour, surface
tension and membrane structure. In addition, MNPs can cause ROS increase in ROS in these surfactants,
which may cause the collapse of alveoli and induce decreased protection of the epithelial lung cells by the
surfactant, ultimately leading to lung damage (Shi et al., 2022).

In the digestive system, MNPs can cause a weakened immunological barrier, which can lead to an increased
chance for intestinal pathogen infection. This was demonstrated in a long-term experiment in mice, where
exposure to PS-NPs led to the disruption of the intestinal epithelium, shorter and disorganised intestinal villi



and intestinal crypt dysplasia upon 14 days of exposure. 28 days after exposure, a thinner basal lamina was
observed, together with decreased mucus production and downregulation of the tight junction protein
Claudin-1 (Z. Zhang et al., 2023). Furthermore, MNPs induce oxidative stress, mitochondrial dysfunction and
the release of cytokines in the intestinal cells, leading to inflammation. This inflammation can promote
obesity and inflammatory bowel disease and can lead to dysbiosis in the gut microbiota (Frank et al., 2007,
Y. Jin et al.,, 2018; Ley et al., 2006). Feeding mice with polyethylene increased Staphylococcus levels along
with a decrease in Parabacteroides (B. Li et al., 2020), whereas PS MPs decreased Actinobacteria abundance
(Y. Jin et al., 2019). In addition, small particles may interact with nutrients and enzymes in the intestinal
lumen, thereby affecting their bioavailability or activity, respectively, leading to nutritional imbalances and
altered intestinal microbiota (Deloid et al., 2018, 2022). Dysbiosis can result in an altered short-chain fatty
acid composition in the intestinal lumen, causing more dysbiosis and nutritional imbalances (Z. Zhang et al.,
2023).

After absorption, the MNPs end up in the circulatory system. MNPs are present in high concentrations of
around 1.6 pug/mL in the human blood, which equals approximately 7.245 x 10* particles/mL if 5 um PS
particles, the mean diameter of the measurement interval, were implemented in the conversion (Leslie et
al., 2022). Plastics may interact with various blood components, including erythrocytes, leading to their lysis.
The resulting cell debris can cause aggregation, raising the risk of thrombosis formation (E. H. Kim et al.,
2022). MNPs may also affect endothelial cells, leading to inhibition of angiogenesis and deprived wound
healing (H. S. Lee et al., 2021). Furthermore, a protein corona is formed around plastics in the blood. This
protein corona can decrease the toxicologic impact of MPs but can also facilitate the internalization, not only
into endothelial cells, but in almost every organ, leading to MNP accumulation in different tissues (W. Yang
et al., 2022).

It was shown that MPs can aggregate in the brain, leading to neuroinflammation and thereby affecting the
memory (C. W. Lee et al., 2022). In addition, as previously mentioned, MNPs are found to induce oxidative
stress and reduce acetylcholine, which can lead to broad systemic neurotoxicity (S. Wang et al., 2022).
Moreover, studies in zebrafish showed a reduced locomotor ability after NP exposure, which can be linked
to neurotoxicity (Q. Chen et al., 2017). Since no reduced locomotor function is found in humans, MNPs
exclusively affect human locomotor function in scenarios where a prosthesis is required. This prosthesis can
lead to MNP release, thereby inducing inflammation and rejection reactions (Sternschuss et al., 2012). In
addition, MNPs can carry endocrine-disrupting chemicals such as bisphenol A, phthalates, or steroid
hormones, which may affect hormone signalling, leading to reduced sperm quality and child development,
as well as a higher risks for type 2 diabetes and obesity (Guedes-Alonso et al., 2021; Matsumoto et al., 2008;
Rochester, 2013). MNPs are also found in the human placenta (Ragusa et al., 2021), where they may cause
inflammation, oxidative stress and lipid metabolic abnormalities. This was shown in mice exposed to high
concentrations of MNPs, and ultimately led to reproductive toxicity (H. Jin et al., 2021; Z. Liu et al., 2022). In
addition, exposure to long-term, low-dose MNPs in mice is found to affect metabolic homeostasis and lipid
metabolism in the offspring, even when these mice were not fed with MNPs during pregnancy (Y. Deng et
al., 2022).

MNPs also interact with the immune system by initiating inflammatory cytokine release, amongst which
interleukin (IL)-1a and IL-1B, as shown in the zebrafish gut (Y. Jin et al., 2018). In addition, research on fathead
minnow found that MNPs recruit and activate neutrophils, leading to neutrophil degranulation, the release
of neutrophil extracellular traps and phagocytosis (Greven et al., 2016). In addition, oxidative stress due to
MNPs can induce damage associated molecular pattern (DAMP) formation. DAMPs can then activate the
immune system via toll-like receptor (TLR) activation (W. Yang et al., 2022). This can lead to disrupted



immune homeostasis and initiate immune system overreactions, ultimately leading to immune system
disorders like autoimmune diseases. Systemic lupus erythematosus and rheumatoid arthritis were already
linked to exposure to particulate matter and may also be induced by MNPs (Bernatsky et al., 2011; Chang et
al., 2016). In addition, the MNPs in the body can be surrounded by a protein corona, which can complicate
MNP recognition. Since the corona structure is dynamic, it provides the MNPs with new properties, further
complicating their recognition. This may extend the half-life of the MNPs and lead to the escape of
immunosurveillance, giving the MNPs the chance to interfere with cellular and molecular mechanisms. This
ultimately enhances the development of auto-immune diseases (W. Yang et al., 2022). At last, MNPs can
interact with the differentiation of T-cells in lymph nodes, leading to a significant decrease in T-cells in the
blood (Z. Zhang et al., 2023). Also, a decrease in dendritic cells is observed (Park et al., 2020).

MNP clearance is performed by both the urinary system and the liver. Accumulation of MNPs in the liver is
found in mice and rats, where they are involved in inflammation and liver fibrosis (Babaei et al., 2022; Shen
et al., 2022). Additionally, MPs are found in human urine (Pironti et al., 2023). There, they may affect the
urinary tract through accumulation in the kidneys and bladder, where they can cause oxidative stress,
mitochondrial dysfunction, ER stress, inflammation and autophagy. On a higher scale, this may lead to
decreased kidney and bladder quality and local inflammation (Goodman et al., 2022; Meng et al., 2022; Y.
Wang et al., 2022; Y. L. Wang et al., 2021).

2.3 Cellular metabolism

Since there have been no reports of acute cell or organ dysfunction following MNP exposure in humans thus
far, we might infer that their actual impact on human health is more nuanced. As such, shifts in cell and tissue
metabolism are an early indicator of a persistent stress condition in general, which may ultimately lead to
chronic diseases upon long-term exposure. Therefore, in the following paragraphs, the impact of MNPs on
several aspects of cell metabolism is discussed, including interference with fatty acid (FA) uptake, fat
metabolism and energy production.

2.3.1 FA uptake

FA uptake mechanisms are shown in Figure 5. In the intestinal lumen, lipids appearing as triglycerides (TAG)
form lipid droplets, which cannot, as such, enter the unstirred water layer close to the intestinal cells and are
hence not absorbed in this form. Instead, lipid droplets are enzymatically degraded by luminal lipases
associated with mixed micelles surrounded by bile salts. In these micelles, FAs and monoacylglycerol (MAG)
are present. Micelles can enter the unstirred water layer, leading to a closer contact between the MAGs and
FAs, and the cells (Deloid et al., 2022).

When lipids are in close contact with the enterocytes, they may be absorbed in various ways. First, FAs
penetrate the cell membrane, undergo flip-flop, and finally enter the cell (Massey et al., 1997). Next to flip-
flop, proteins may facilitate lipid transport. Fatty acid transport protein (FATP) is a transmembrane protein
that binds, transports, and activates FAs in one step (Schaffer’ & Lodisht, 1994). This process involves the
conversion of FAs into acyl-coenzyme A (CoA), which can then be utilized for cellular functions. At last, FAs
can cross the plasma membrane via the CD36 protein, where a plasma membrane fatty-acid binding protein
(FABP) recognizes FAs and guides them to CD36, a transmembrane glycoprotein facilitating the transport of
various molecules, including FAs, phospholipids and lipoproteins (Abumradsb et al., 1993). Following
internalization, activated FAs are transported through the cell via Acyl-CoA-binding protein (ACBP), while free
FAs bind to cytosolic FABP (Deloid et al., 2022).
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Figure 5. Mechanism of fatty acid transport across the lipid raft. UWL: unstirred water layer; FABPpm: plasma membrane fatty-acid
binding protein; ACBP: Acyl-CoA-binding protein; FABPc: cytosolic fatty-acid binding protein; CoA: coenzyme A; FATP: fatty acid
transport protein; TAG: triglyceride; DAG: diacylglycerol; MAG: monoacylglycerol; FA: fatty acid. Modified from (Deloid et al., 2022).

FAs must be activated upon use in cellular mechanisms. Acyl-coenzyme A synthetase (ACS) catalyses the
esterification of FAs and free CoA, leading to the formation of acyl-CoA. The activated FAs, in the form of
acyl-CoA, can enter the subsequent metabolic pathways to produce energy or synthesize diverse complex
lipids. Alternatively, the acyl-CoA can be deactivated by acyl-CoA thioesterase (ACOT), which catalyses the
inverse reaction of ACS. Consequently, the ratio of ACOTs and ASCs is of considerable importance as it
regulates the equilibrium between activated and deactivated FAs (Ma et al., 2021).

MNPs present in the intestinal lumen may absorb fat due to their hydrophobic nature, thereby providing
additional area for lipase binding and digestion. This was demonstrated by Deloid et al. (2022), who
investigated the changes in food digest composition when MPs were introduced. Using an in vitro simulated
digestion approach, it was found that both TAG and triacylglycerol lipase were present on the MNP surface,
thereby catalysing the release of FAs and MAGs from TAGs. Since FAs and MAGs can be taken up in intestinal
cells, in contrast to TAGs, this may lead to a higher lipid uptake in cells when food digest was first
supplemented with MNPs compared to normal food digest. Interestingly, this increased lipid uptake was
higher than expected, meaning that cellular lipid metabolism may also be altered due to the presence of
MNPs.

Most research involving lipid metabolism upon MNP exposure has focused on marine species. Alterations in
the FA transport-related genes, including FATP, FABP and ACBP, are found in the hepatopancreas of Pacific
whiteleg shrimp (Litopenaeus vannamei) exposed to 80 nm NPs for 28 days. These alterations initially
manifested as an increase, followed by a decrease, and were accompanied by increased lipid droplets and
hepatopancreatic tissue structure damage (Y. Li et al.,, 2024). In marine clams, upregulation of FABP
expression in the peroxisome proliferator-activated receptors (PPAR) a signalling pathway was noted after 7
days of exposure. This upregulation was associated with fatty acid transport, lipogenesis and cholesterol
metabolism and suggested that NP exposure promoted lipid metabolism for synthesizing proteins, reserving

11




energy and maintaining serum lipid levels (L. Liu, Zheng, et al., 2021). In liver organoids, generated from
human pluripotent stem cells, CD36 is found to be increased after 48 hours of treatment with 1 um MPs
(Cheng et al., 2022). These findings collectively suggest that exposure to MNPs initially upregulates fatty acid
transport, resulting in increased lipid uptake. However, with chronic treatment, the transporters are
subsequently downregulated, leading to a stabilization of lipid uptake.

2.3.2 Cellular lipid metabolism

As cellular lipid metabolism is influenced by MNPs, it is important to understand the main pathways involved
in lipid synthesis and lipid storage. In de novo lipogenesis, the cells synthesize lipids from non-lipid sources,
such as carbohydrates. The pathway of de novo lipogenesis is illustrated in Figure 6. De novo lipogenesis
often starts with the conversion of citrate from the Krebs cycle to acetyl-CoA by ATP-citrate lyase (ACLY).
Then acetyl-CoA interacts with acetyl-CoA carboxylase (ACC) to form malonyl-CoA. This is followed by the
reaction in which malonyl-CoA and acetyl-CoA form fatty acyl-CoA, catalysed by fatty acid synthase (FASN).
Subsequently, FASN catalyses palmitoyl-CoA, which is synthesized via the stepwise addition of malonyl-CoA
to the previously formed fatty acyl-CoA. This palmitoyl-CoA is an activated FA and can be used in cellular
functions, including triglyceride formation. On the other hand, palmitoyl-CoA may undergo further
elongation and finally desaturation with stearoyl-CoA desaturase (SCD) 1 to form complex fatty acids,
including stearic acid, oleic acid and palmitoleic acid. In principle, de novo lipogenesis takes place in all cells,
but it is more active in metabolic tissues such as the liver and skeletal muscle (Z. Song et al., 2018).
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Figure 6. De novo lipogenesis pathway. ACLY: ATP-citrate lyase; ACC: Acetyl-CoA carboxylase; CoA: coenzyme A; FASN: fatty acid
synthase; SCD1: Stearoyl-CoA desaturase 1.

Lipids are stored in the form of TAGs. Triglyceride formation starting from FAs, as visualised in Figure 7, also
known as lipogenesis, takes place in the endoplasmic reticulum. Glycerol-3-phosphate acyltransferase (GPAT)
initiates the reaction by attaching a first fatty acid to glycerol-3-phosphate, in which lysophosphatidic acid
(LPA) and CoA are formed. LPA then reacts with acylglycerol-3-phosphate acyltransferase (AGPAT), which
adds the second fatty acid, forming phosphatidic acid. Subsequently, phosphatic acid (PA) is converted to
diacylglycerol with lipin as a catalyst. In the end, diacylglycerol acyltransferase (DGAT) catalyzes the addition
of the third fatty acid, thereby completing the synthesis of the triglyceride molecule (Takeuchi & Reue, 2009).

Glycerol-3-phosphate << L AGPAT JEEN  Lipin | DGAT

Acyl-CoA —’ Acyl-CoA —’ Acyl-CoA

Figure 7. Triglyceride formation pathway. CoA: coenzyme A; GPAT: Glycerol-3-phosphate acyltransferase; LPA: lysophosphatidic acid;
AGPAT: acylglycerol-3-phosphate acyltransferase; PA: phosphatidic acid; DAG: diacylglycerol; DGAT: diacylglycerol acyltransferase;
TAG: triglyceride.
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The opposite pathway of lipogenesis is lipolysis, as visualised in Figure 8. During periods of energy demand,
adipocytes mobilize stored fat and use it for lipolysis. Adipose Triglyceride Lipase (ATGL) initiates lipolysis by
hydrolyzing the first fatty acid from triglycerides, forming diacylglycerol. Hormone-Sensitive Lipase (HSL)
further catalyses the hydrolysis of diacylglycerol, releasing a second fatty acid and leaving monoglycerides.
Monoglyceride lipase (MGL) completes the process by hydrolyzing the last fatty acid, yielding glycerol and
individual FAs (Bolsoni-Lopes & Alonso-Vale, 2015; Z. Song et al., 2018).
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Figure 8. Lipolysis pathway. TAG: triglyceride; FA: fatty acid; ATGL: adipose triglyceride lipase; DAG: diacylglycerol; HSL: Hormone-
Sensitive Lipase; MAG: monoacylglycerol; MGL: Monoglyceride Lipase.

Although our understanding of the effects of MNPs on these pathways is limited, some studies have shown
that exposure to MNPs may lead to alterations in these pathways. Exposure of marine clams to 100 nm NPs
for 7 days resulted in an upregulation of SCD1, indicating increased de novo lipogenesis (L. Liu, Zheng, et al.,
2021). Furthermore, long-term exposure of Siniperca chuatsi juveniles to 80 nm NPs induced triglyceride
synthesis. Thereby, it was pointed out that the increased concentration of TAG could form a potential trigger
for nonalcoholic fatty liver disease and hepatitis (Chen et al., 2024). Additionally, research on the Pacific
whiteleg shrimp (Litopenaeus vannamei) also indicated an increased content of triglycerides in
hepatopancreatic tissue upon 80 nm NP exposure. However, FASN and ACC activities decreased with
increasing NP concentrations, indicating an inverted relationship between MNP concentration and lipid
formation. They concluded that overall, low NP concentrations appears to activate fat synthesis, whereas
high concentrations are toxic and can damage lipid metabolism (Y. Li et al., 2024). Cheng et al. (2022) exposed
liver organoids, deduced from human pluripotent stem cells, to 1 um PS MPs. Also in these cells, increased
FASN and SCD1 expression was found, indicating an increase in de novo lipogenesis. Moreover, decrease in
DGAT was found in organoids originating from human stem cells, while organoids with mouse-origin showed
an increase in DGAT, highlighting a contrasting response between mouse and human organoids.

2.3.3 Cellular energy metabolism

Cellular energy metabolism refers to metabolic pathways involved in adenosine triphosphate (ATP) synthesis,
the universal energy carrier with fundamental roles in cell functioning and biosynthesis. Different molecules
can serve as substrates for ATP production. An overview of the cellular metabolism is given in Figure 9. The
most commonly used substrate is glucose, which can undergo glycolysis after internalization, resulting in ATP
formation via substrate-level phosphorylation. In addition, during glycolysis, nicotinamide-adenine-
dinucleotide is reduced from NAD* to form NADH. This cofactor can subsequently be used in the electron
transport chain. At the end of the glycolysis, glucose is transformed into pyruvate, which may either react
further, resulting in the formation of lactate, or be transported through the mitochondrial membrane using
a mitochondrial pyruvate carrier (MPC). In the mitochondria, it can subsequently react in several pathways,
including the Krebs cycle (Bender & Martinou, 2016; Chaudhry R & Varacallo M., 2023).

Lipids, once activated, can be used as a second energy source. FAs undergo B-oxidation, leading to the

formation of the cofactor flavine-adenine-dinucleotide (FADH>) and acetyl-CoA. This cofactor can supply
energy to the electron transport chain, while Acetyl-CoA can be utilized in the Krebs cycle. As B-oxidation
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takes place within the mitochondria, the lipids must initially traverse the mitochondrial membrane. However,
this membrane acts as an impermeable barrier for these acyl-CoAs. Hence, the FAs must first interact with
carnitine palmitoyltransferase (CPT) 1a, an enzyme that converts acyl-CoAs to acyl carnitines. The acyl
carnitines can cross the membrane and enter the B-oxidation pathway (Yoon et al., 2021).

Proteins can be used as the last energy resource. Although there is no universal pathway for ATP synthesis
using proteins as substrate, it is known that the proteins are broken down to amino acids, which are used in
different reactions to produce ATP. In addition, amino acids themselves, under which glutamine, can also be
taken up and used for energy production (Alberts, 2002).

To study changes in substrate usage for energy production, research often uses pathway-specific inhibitors.
In a study on cellular metabolic effects in obesity by Topete et al. (2023), the inhibitors UK5099, etomoxir
and BPTES were used to block the use of glucose, FAs and glutamine for energy production, respectively.
Similarly, the research of Han et al. (2023) employed these inhibitors in their study on mitochondrial
networks and bioenergetics in lung cancer. These inhibitors, indicated in red in Figure 9, are commonly used
in respirometry studies.
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Figure 9. Primary metabolic pathways involved in energy metabolism. Glucose, FAs and glutamine are highlighted as substrates. Red
text denotes relevant inhibitors. LCFA: long chain fatty acid; Eto: etomoxir; CoA: coenzyme A; TCA cycle: tricarboxylic acid cycle; ETC:
electron transport chain; CPT: carnitine palmitoyltransferase; GIn: glutamine; MPC: mitochondrial pyruvate carrier; GLS: glutaminase
(Agilent Technologies, 2020).

Acetyl-CoA in the mitochondria may enter the Krebs cycle, also known as the citric acid cycle or tricarboxylic
acid (TCA) cycle, in which NADH is produced. The reduced cofactors NADH and FADH, contain a lot of energy
and transport high-energy electrons to the inner mitochondrial membrane (IMM). As visible in Figure 10,
those electrons will be carried via the electron transport chain, starting with coenzyme Q, which shuttles
electrons from complex | to complex Il and further to complex IIl. Subsequently, the electrons will be
transferred to cytochrome C, which shuttles the electrons from complex Il to complex IV. At each complex,
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the electrons will lose part of their energy, which is used to transport protons across the IMM. In complex IV,
the electrons will be used to reduce molecular oxygen into water. The oxidised cofactors can return to the
TCA cycle to undergo reduction again, while their energy is now captured in a proton gradient. The protons
will flow back to the matrix via complex V, and the energy will be captured by the formation of ATP out of
adenosine diphosphate (ADP) and Pi. Some protons can bypass complex V and traverse the inner
mitochondrial membrane through other means, which is known as the proton leak (Nicholls, 2021). The
oxidative phosphorylation is the main mechanism to produce ATP and thereby plays an essential role in the
energy metabolism of cells (Yin & O’Neill, 2021).
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Figure 10. Oxidative phosphorylation. NADH: nicotinamide adenine dinucleotide; CoQ: coenzyme Q; FADH2: flavin adenine
dinucleotide; Cyt C: cytochrome C. Modified from M. Yin & O’Neill (2021).

The flow of electrons through the ETC directly influences the OCR of cells. To perform research about the
energy metabolism, the OCR can be measured after selective inhibition of specific proteins involved in the
electron transport chain. Inhibitors that are often used in research are given in both Figure 10 and Figure 11.
Before addition of any modulators, baseline cellular OCR is measured, from which basal respiration is derived
by subtracting non-mitochondrial respiration. Oligomycin blocks complex V, trapping electrons in the
intermembrane space. However, some electrons may still traverse the IMM, causing proton leak. Therefore,
OCR will decrease upon oligomycin addition, revealing the ATP-linked respiration and proton leak. Another
mediator is cyanide-p-trifluoromethoxyphenyl-hydrazone (FCCP), which induces full uncoupling, allowing
protons to flow over the IMM and subsequently resulting in the electron transport chain functioning at
maximal rate. Consequently, upon the addition of FCCP following oligomycin, the oxygen consumption rate
will increase, and maximal respiration will be reached. The difference between the maximal respiration and
the basal respiration is called the respiratory capacity. At last, rotenone is found to block complex I, while
antimycin A is found to block complex lll. Blocking these complexes will result in total inhibition of the
electron transport chain, thereby revealing non-mitochondrial respiration rates (Rose et al., 2014).
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Figure 11. Alterations of OCR upon subsequent use of oligomycin, FCCP and a mix of Antimicyn A and Rotenone (Rose et al., 2014).

Several studies indicate the effect of MNPs on the cellular energy metabolism. Downregulation of CPT1a is
observed in human liver organoids exposed to 1 um MPs, suggesting a decreased B-oxidation, which
ultimately results in a decreased use of lipids for energy metabolism (Cheng et al., 2022). A reduction in lipid
breakdown, together with increased lipid uptake and de novo lipogenesis, ultimately induces lipid
accumulation. S. J. Kim et al. (2021) further confirmed lipid accumulation in a long-term experiment involving
low-level exposure of Caco-2 cells to 50 nm NPs. Bonanomi et al. (2022) exposed fibroblast-like cells to 0.5
um and 2 pm MNPs at low doses (3.6 x 10’ NPs/mL and 2.32 x 10° MPs/mL) in both acute (48 hour) and
chronic (28 days) setups. They observed an increased glutamine metabolism following MNP treatments. In
addition, a decrease in basal respiration was found, along with an increased glycolysis, indicating a shift from
mitochondrial respiration towards glycolysis. This effect was present in both acute and chronic treatments
but was more pronounced after longer exposure. Contrary to this, Peng et al. (2023) exposed Caco-2 cells to
a single-dose exposure of 48 hours with low NP concentrations (1.14 x 10% - 5.68 x 10° NPs/mL) and found
significantly elevated OCRs 12 days after exposure without subculturing. Halimu et al. (2022) treated A549
cells with 20 nm and 50 nm NPs for 24 hours. An increased basal respiration, together with an increase in
spare respiratory capacity, proton leak and ATP production was noted at the lowest dosages (10 pg/mL for
20 nm PS and 40 pg/mL for 50 nm PS). However, these dosages were still five orders of magnitude higher
than those used by Bonanomi et al., and even seven orders of magnitude higher than those of Peng et al.
Higher concentrations of NPs led to decreased OCRs, suggesting that low concentrations of NPs appear to
activate cellular energy metabolism, whereas high concentrations are toxic, leading to decreased energy
metabolism. H. Wang et al. (2022) also reported decreases in both basal and maximal respiration and
glycolysis in human liver cells subjected to acute treatment with a high concentration of 80 nm PS-NPs (100
pg/mL), further confirming the toxicity of high concentrations during acute exposure.
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2.4 Lipid regulation

Lipid metabolism is regulated via several transcription factors, including sterol regulatory element-binding
protein (SREBP), carbohydrate response element-binding protein (ChREBP), liver X receptors (LXR) and
peroxisome proliferator activated receptors (PPAR) (Z. Song et al., 2018). Different studies already showed
alterations in some of these regulators upon MNP exposure. Research in zebrafish indicated decreased levels
of PPARy and SREBP-1a mRNA and in liver cells upon long-term exposure to NPs (Zhao et al., 2020). In
contrast, Caco-2 cells showed a significant increase in SREBP levels and PPARa levels upon PS exposure (S. J.
Kim et al., 2021). Among all the transcription factors, SREBP and PPAR are thought to be the most influenced
by MNP exposure (Figure 12).

The first important player in the disruption of lipid homeostasis upon MNP exposure is SREBP, of which three
different isoforms exist. SREBP-1a activates both fatty acid and cholesterol synthesis, whereas SREBP-1c
induces fatty acid synthesis, and SREBP-2 is primarily responsible for cholesterol synthesis and FA uptake (Z.
Song et al., 2018). The activity of SREBP is highly regulated, and MNP exposure might disrupt these regulatory
mechanisms. The first possible pathway by which MNP exposure can dysregulate SREBP and consequently
disrupt lipid homeostasis is via ROS formation. ROS can induce ER-stress, subsequently affecting SREBP
processing and lipid metabolism (Fang et al., 2013). In addition, elevated ROS levels due to MNP exposure
can result in activation of the p38 MAPK pathway (McCubrey et al., 2006). According to Y. Yang et al. (2020),
p38 MAPK signalling upon PS NP exposure can dysregulate SBP-1 in C. elegans, which is equivalent to SREBP
in mammals. SBP-1 activation led to UPR activation and decreased susceptibility to PS NP toxicity.
Additionally, research indicated that MNP exposure may activate a pro-inflammatory state via NF-kB
activation (Cao et al., 2023). Increased NF-kB is found to induce SREBP-activation in macrophages, leading to
foam cell formation (L.-C. Li et al., 2013). It is plausible that NF-kB activation due to MNP exposure can also
induce SREBP-2 activation, leading to lipid accumulation. The activation of SREBP can also be initiated by the
mammalian target of rapamycin (mTOR), a process influenced by various regulators, including AKT and the
ERK/MAPK pathway. ROS production upon MNP exposure may also affect these regulatory pathways
(Laplante & Sabatini, 2009; Sui et al., 2023).

Next to ROS formation, SREBP may be influenced via the activation of receptors. (Y. Yang et al., 2021) noted
an upregulation of PAQR-2 in C. elegans upon PS NP exposure. This G protein-coupled receptor (GPCR) is
equivalent to Adipo2 in humans and is found to influence AMPK. Subsequently, AMPK can inhibit SREBP via
activation of mTOR. In contrast, acute treatment of human kidney and human liver cells with PS-NPs revealed
a decrease in mTOR, which should normally be accompanied by lower SREBP and thus lower lipid content (H.
Wang et al., 2022). Activation of TLRs, under which TLR4 and TLR2, upon exposure to NPs, lead to a pro-
inflammatory state via NF-kB and p38 activation, which can be linked to increased lipid content (Antunes et
al., 2023; L.-C. Li et al., 2013; Y. Yang et al., 2020).

The second transcription factor that plays an important role in lipid homeostasis is PPAR, which dimerizes
with the retinoid X receptor (RXR), thereby altering gene expression involved in glucose and lipid metabolism.
PPARa and PPARP play a crucial role in lipid catabolism and upregulation of B-oxidation, whereas PPARy
induces lipid biosynthesis and upregulation of CD36, followed by higher lipid uptake (Varga et al., 2011).
Natural ligands of PPAR include poly- and monounsaturated fatty acids, eicosanoids and lipophilic hormones
(Maradonna & Carnevali, 2018). In addition, some xenobiotics like tributyltin and phthalates, commonly used
in the production of plastics, may bind to PPARy and RXR at nanomolaire concentrations, promoting
adipogensis and lipid accumulation. However, these plastic additives also possess the potential to activate
PPARa, creating ambiguity in their effects on lipid metabolism by influencing both anabolic and catabolic
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processes (Chamorro-Garcia et al., 2017; Hurst & Waxman, 2003). Next to direct activation, upregulation of
PAQR-2 in C. elegans, an equivalent to human AdipoR2, influences lipid metabolism, not only via AMPK, but
also via PPARa (Y. Yang et al., 2021). Furthermore, PPARs can crosstalk with other regulators, under which
SREBP-1c, NF-kB and mTOR, which can indirectly alter the metabolic state of the cell (Dayn es & Jones, 2002;
Laplante & Sabatini, 2009; W. Zhang et al., 2021).

At last, TLRs are activated after MNP exposure in different animal cells under which lung cells of mice,
intestinal cells of gilthead seabream and intestinal cells of the zebrafish (Cao et al., 2023; Del Piano et al.,
2023; Marana et al., 2022). These TLRs are correlated with altered FA uptake and triglyceride formation,
mediated via NF-kB. Other unknown mechanisms may play a role in lipid accumulation after TLR activation.
Murine macrophages showed a significant increase in CD36 activation via TLR2 and TLR4, indicating an
increased lipid uptake (Feingold et al., 2012). In contrast, in the research of Huang et al. (2014), which
focussed on thioglycolate-elicited peritoneal macrophages, no significant increase in CD36 was noticed.
However, the results showed a decrease in CPT1a, indicating a decreased use of lipids for energy production.
Additionally, research indicated that the conversion of FA to triglycerides may be elevated after TLR
activation, due to increased ACSL1 and DGAT, and decreased ATGL (Feingold et al., 2012; Huang et al., 2014).
It is possible that similar reactions occur after TLR activation due to MNP exposure as well.

The common thread in this regulatory mechanism is that most regulatory factors do not only influence lipid
accumulation but are also closely linked to inflammation. NF-kB activation via TLRs is known to induce
inflammation, while PPAR plays an anti-inflammatory role. SREBP regulates the expression of Nirpla, a
subunit of the inflammasome complex, thereby increasing the production of the pro-inflammatory cytokines
IL-1B and IL-18 (Im et al., 2011). However, SREBP-1a leads to FA production, of which some are anti-
inflammatory and play an important role in the resolution phase of the inflammatory response. The
resolution phase is the phase wherein the inflammatory process is actively terminated, and tissue
homeostasis is restored (Qishi et al., 2017). In addition, intermediate regulators altered by MNP exposure,
including NF-kB and MAPK signaling, are closely linked to inflammation (Wu et al., 2020).
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Figure 12. Overview of alterations in lipid regulation upon MNP exposure. Created with BioRender.com.
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3 OBJECTIVES

The impact of NPs on human health is a growing concern. While NPs can influence cellular metabolism, their
effect on lipid metabolism remains poorly understood. In addition, there is uncertainty about whether these
effects are due to the physical presence of nanoparticles or result from the specific properties of specific
plastic types. Previous studies often used acute treatments with high NP concentrations, which may not
reflect real-life exposure.

Therefore, the major objective of this research is to study lipid metabolism upon intestinal exposure to NPs
at physiologically relevant concentrations and in different repeated dose exposure scenarios. To this end, a
Caco-2 intestinal cell culture was treated with a low dose of plastics and glass particles to study the effect of
particle type and concentration.

Next, we aimed to investigate two physiological states of the intestinal epithelium. In a first scenario,
growing and differentiating enterocytes along the villus axis were mimicked by a 12-day repeated exposure
of cells cultured in the same vessel. In a second scenario, the continuously dividing cells at the bottom of the
intestinal crypt were modelled by subculturing the same cell line in the presence of the NPs and glass beads
before reaching confluency, and hence differentiation, for more than 40 days.

Finally, we aimed to investigate how cells respond to a nutritional stress, and whether the stored lipids were
used for cell survival. To this end, cells were exposed to a nutrient-depleted medium without glucose and
pyruvate for an additional 4 hours after a repeated exposure to NPs and SBs.

Using these scenarios, we studied lipid metabolism in three ways, i.e. (i) microscopic evaluation of lipid
droplet storage using fluorescence microscopy, (ii) live-cell respirometry either or not in combination with
an inhibitor of fatty acid transport in the mitochondria and (iii) transcriptomics in collaboration with the
NXTGNT sequencing facility.
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4 METHODS

4.1 Basic cell culture procedures

For all the experiments, the human colorectal adenocarcinoma cell line (Caco-2) purchased from the
American Type Culture Collection (ATCC; USA) and deposited under Biobank number BB190156 was used.
Culture medium containing phenol red Dulbecco’s modified eagle medium (DMEM; refnr. 61965-026/059,
Thermo Fisher Scientific, USA) enriched with 10% fetal bovine serum (FBS; refnr. 10082-147, Thermo Fisher
Scientific, USA), a mix of 100 units/mL penicillin and 100 pg/mL streptomycin (refnr. 15070-063, Thermo
Fisher Scientific, USA) and 2% nonessential amino acids (NEAA; refnr. 11140-068, Thermo Fisher Scientific,
USA) was used. The cells were incubated in a CO; incubator at 37 °C with 5% or 10% CO,, depending on the
experiment and >95% relative humidity. Cells were subcultured according to standard procedures and were
trypsinized and detached by sequentially adding excess Dulbecco's phosphate-buffered saline without
magnesium and calcium (DPBS) and 0.5% trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA; refnr.
15400-054, Thermo Fisher Scientific, USA). Throughout the entire research, the passage number of the cell
lines was maintained below 50.

4.2 Exposure of the cells to nanoparticles

Cells were subject to two distinct treatment scenarios, as illustrated in Figure 13. In the first scenario, cells
were cultured continuously throughout the experiment, potentially undergoing slight differentiation at the
final timepoint. In the second setup, subcultures were taken throughout the experiment, thereby controlling
differentiation.

2 days of growth repeated dose
PS-exposure with
continous culturing
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Figure 13: schematic overview of the experimental design implemented in this study. Two scenarios were used. In the first scenario,
Caco-2 cells were seeded in 96-well plates, wherein they were continuously cultured. First, they were grown for two days, whereafter
exposure was initiated with repeated doses of different concentrations of PS-NPs and SBs. In the second scenario, Caco-2 cells were
exposed to repeated doses of SBs and NPs in culture flasks, while subculturing. After long-term exposure in the flasks, cells were
seeded in 96-well plates where they were treated for two more days. After exposure, biological responses of the particles were
analysed. Created with BioRender.com.
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4.2.1 Scenario 1: long-term exposure of Caco-2 cells without subculturing

This scenario was used for AdipoRed staining and transcriptomics. Two tests with AdipoRed assays were
performed. In test 1, Caco-2 cells were seeded in a 96-well Agilent Seahorse XF Cell Culture Microplates
(Agilent Seahorse Bioscience, USA) at a cell density of 5,100 cells/well. Treatment was done using spherical
polystyrene nanoplastics (PS-NPs; 100 nm, 4.55 x 10%3 particles/mL) purchased from Polybead® (Polysciences
Inc., USA). The cells were grown for 48 hours and subsequently exposed to different concentrations of NPs
(4.55 x 10® NPs/mL, 4.55 x 10° NPs/mL and 4.55 x 10° NPs/mL). The first treatment, two days after seeding,
was performed using DMEM, supplemented with NEAA and streptomycin and penicillin. Thereafter, full
growth medium was used. Treatment was performed every 2 or 3 days, and the last treatment of the cells
was done at least 48 hours before the bioassay to be sure that there was no influence of the treatment on
the results. In the end, an AdipoRed assay was performed.

In test 2 of the AdipoRed assay, the following modifications were used: cells were seeded in a normal well
plate (Greiner bio-one), at a density of 12,800 cells/well. Treatment was done using full medium throughout
the entire experiment. Conditions that were incorporated in this test were untreated conditions, treatment
with NPs (4.55 x 103 NPs/mL and 4.55 x 10° NPs/mL) and treatment with SBs (900 nm, 5% w/w, purchased
from Sigma-Aldrich, USA, 4.55 x 10° SBs/mL and 4.55 x 10° SBs/mlL). In addition, controls for each treatment
condition were implemented. As the NPs were suspended in distilled water, a solvent control containing filter
sterilised distilled water in the same concentration as the concentration in which the solvent of the NPs was
present during the treatment was used (0.1 nL water/L medium and 0.1 pL water/L medium corresponding
to a NP concentration of 4.55 x 103 NPs/mL and 4.55 x 10® NPs/mL, respectively). As the SBs were suspended
in ethanol, a control containing ethanol was needed (0.1 pL ethanol/L medium and 0.1 mL ethanol/L medium
corresponding to a SBs concentration of 4.55 x 10% beads/mL and 4.55 x 10° beads/mL respectively).

A similar setup was used for the transcriptomics, with the following modifications: cells were seeded at
600,000 cells per well in a 12-well plate and repeatedly exposed to the NPs at the same concentrations as
test 1 of the AdipoRed. In one subset of wells, cells were harvested after 12 days for RNA extraction, so they
have always been exposed to full medium with 4.5 g/L glucose, 1 mM pyruvate and 2 mM glutamin. In
another subset of wells, cells grown for 12 days were exposed to depleted medium for an additional 4 hours.
This depleted medium consisted of Seahorse base medium, without glucose or pyruvate, but with 2 mM
glutamin.

4.2.2 Scenario 2: long term exposure of Caco-2 cells with subculturing

Caco-2 cells were grown in culture medium supplemented with 5.44 x 10° NPs/mL or 5.44 x 10° SBs/mL, in
small T25 culture flasks. A solvent control containing ethanol (0.13 pL ethanol/mL medium) was
implemented. Once a week, the cells were trypsinized. After counting the cells, using the Trypan blue method
with a Bilrker counting chamber, a seeding density of 12,800 cells in each culture flask was always applied.
This led to a culture that reached sufficient confluency the next week. After 7 days, 15 days and 41 days of
treatment, a subculture was taken and used for plating in either 96-well Agilent Seahorse XF Cell Culture
Microplates (Agilent Seahorse Bioscience, USA) or normal 96-well plates (Greiner Bio one), whereafter these
plates were incubated for 48 hours with the same treatment conditions as before. Subsequently,
respirometry was performed on the seahorse plates, while normal plates were used for cellular stainings.
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4.3 Cellular assays

4.3.1 Cell confluency

The confluency of the cells per well was determined by high-throughput microscopy using the phase contrast
option of the Incucyte SX5 Live cell Imager (Sartorius) using Al confluence. Four random pictures were
selected, and additional cleanup and filter steps were performed. Hole fill, pixel size and minimal area were
adapted to ensure consistency between the software measurements and the actual area. Then, an analysis
was started using the parameters defined based on these four pictures and the phase/area/confluence (%)
were measured.

4.3.2 AdipoRed assay

To perform the AdipoRed assay, the cells were fixated with 4% paraformaldehyde and stored in the fridge
for a brief period if necessary. Then the fixative was removed, cells were washed with DPBS and 2.5%
AdipoRed reagent was added. After at least 15 minutes of incubation, a picture was taken using the Incyte
Live Cell Imager (Sartorius), with an exposure time of the orange channel of 400 ms. The pictures were
analyzed with the incucyte software. A surface fit segmentation was used for background subtraction and
edge splitting was turned on, with a value of minus 75. Four random pictures were selected, and additional
cleanup and filter steps were performed. Threshold, hole fill, pixel size and minimal area were adapted to
ensure consistency between the software measurements and the actual area. Then, an analysis was started
using the parameters defined based on these four pictures and the total integrated fluorescence intensity (in
optical calibration units (OCU) x um? /well) was measured. This measure takes both the intensity and the
area of the fluorescent pixels into account. To correct the total integrated intensity with the confluence, an
extra metric was added, which normalized the total integrated fluorescence intensity by the confluence (OCU
x um? /well/%). The latter was used in the results.

4.3.3 SRB staining

To perform SRB, the cells were fixated with 10% trichloroacetic acid (TCA) and stored in the fridge for a brief
period of time if necessary. On the day of the SRB-staining, the fixative was removed and the cells were
washed five times with water before being air-dried. Thereafter, the proteins of the cells were coloured
incubating them with an excess amount of 0.4% sulforhodamin B (SRB) dissolved in 1% glacial acetic acid for
at least 30 minutes. The SRB-solution was removed, and the cells were washed with 1% glacial acetic acid. At
last, the stained proteins were dissolved in 10 mM Tris buffer, and the absorbance at 490 nm was measured
using a Spectramax plate reader (Molecular Devices).

4.3.4 Respirometry analysis with the Seahorse XF96 Efflux Analyzer

Hydration of the cartridge. One day prior to the assay, 180 uL of deionized water (filtered by a 0.22 um filter)
was added to each well of an empty calibration plate to hydrate the Seahorse XF Sensor Cartridge.
Subsequently, the cartridge was incubated at 37 °C for 24 hours without CO,. On the day of assay, the
deionized water was removed from the hydrated cartridge, and 180 L calibration medium (Agilent Seahorse
Bioscience, USA) was added in each well. The sensor cartridge was further incubated for an hour at 37 °C,
without CO..

Preparation of the cell culture plate. To simulate nutrient rich conditions (non-starvation), assay medium
was obtained by supplementing Seahorse XF DMEM Medium, pH 7.4 (Agilent Seahorse Bioscience, USA) with
glucose (10mM), pyruvate (ImM) and glutamine (2mM), all purchased from Agilent Seahorse Bioscience,
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USA. For the nutrient depleted condition (starvation), assay medium was obtained by supplementation of
the same medium only with glutamine (2mM). The cells in the seahorse plate were washed three times with
assay medium. After the third washing step, 180 L assay medium was added and the cells were incubated
at 37 °C without additional CO; for one hour.

Loading of inhibitors and modulators in the injection ports of the cartridge. To perform the seahorse assay
with the Seahorse XF96 Efflux Analyzer (Agilent), the XF Long Chain Fatty Acid Oxidation Stress Test Kit (p/n
103672-100) was used. Etomoxir, oligomycin, FCCP and a mixture of rotenone and antimycin A (ROT/AA), all
purchased from Agilent Seahorse Bioscience (USA) where suspended in the assay media at concentrations of
40 uM, 15 uM, 5 uM , respectivily 5 uM. Subsequently, for all wells of the cartridge, the ports were loaded
with 20 uL of etomoxir in port A, 22 uL of oligomycin in port B, 25 uL of FCCP in port C and 27 uL of ROT/AA
in port D. Thereafter, the calibration plate with the loaded sensor cartridge was placed in an Agilent Seahorse
XF96 Analyzer (Agilent Seahorse Bioscience, USA) for calibration. Finally, the calibration plate was replaced
with the cell culture microplate. OCR and extracellular acidification rate (ECAR) were measured by the
Seahorse XF96 Efflux analyzer. The injection and measurement strategy involved repeated cycles of 10
seconds of mixing, 1 minute 30 seconds of waiting and 2 minutes 30 seconds of measuring. Initially, the
baseline OCR was measured over three cycles. Subsequently, either medium or etomoxir was injected,
followed by five measurement cycles. This was followed by sequentially injection of oligomycin, FCCP and
Rot/AA, each followed by three measurement cycles.

4.4 Transcriptomics

Transcriptomics was not performed by the student, but a dataset was generated by Miao Peng (PhD) and
Charlotte Grootaert (tutor), who prepared the cells according to the procedures described in 4.2 and
extracted the RNA. The quality control, data processing and comparison with databases were performed by
NXTGNT. The reported data were further interpreted by the student, with a special focus on pathways that
may explain the effects on lipid and energy metabolism observed in other cellular and respirometric assays.
Methods used for transcriptomics are described in Appendix 1.

4.5 Statistical analysis of non-transcriptomic data

R-studio was used for the statistical analysis of the data. The normality of the data was determined with a
Shapiro test. The data did not show a normal distribution, probably due to the small number of observations.
Therefore, when multiple hypotheses where simultaneously tested, a non-parametric Kruskal-Wallis test was
performed, followed by a pairwise Wilcoxon rank sum test. When only two groups were compared in the
test, a Wilcoxon test was used. As most of the tests were done with small sample sizes, the Benjamini-
Hochberg procedure was used for correction with multiple testing. A p-value lower than 0.05 was seen as
significant.

4.6 ChatGPT

For this research, ChatGPT was used as a tool to facilitate understanding of the complex interactions
described in this work. Furthermore, ChatGPT was used for refining the writing style throughout the master’s
dissertation.
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5 RESULTS

For scenario 2, three biological replicates were used. After the second week, a procedural error occurred,
and two biological replicates treated with NPs were deceased. The third biological replicate was split into
three new cultures, and the experiment was continued until 43 days from the start.

5.1 Cellular growth

Treatment with NPs and SBs following scenario 1 only started after 2 days of growth. A confluence of 50-80%
was found on day 4, two days after the start of exposure. Thereafter, confluence stayed 100% for all
conditions. No influence of the conditions on cellular growth was noticed.

In scenario 2, the number of cells were counted, and the initial number of cells (12,800 cells/culture flask)
was subtracted, which enabled the measurement of the cell growth over the course of the week. This action
was repeated for five to six weeks. In addition, each time deceased cells were counted. The number of
counted dead cells was low throughout the entire experiment. In Figure 14, indicating cell production over
time, no major differences between the different treatment conditions are noticed.
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Figure 14. Cumulative cell production in a T25 culture flask for each week. Cells were either untreated or exposed to SBs, NPs, or
ethanol, according to scenario 2. Three biological replicates are shown for each condition. Between the second and the third week, 2
biological replicates were diseased, therefore, their growth curve stopped at week 2.

First, the controls are looked into. Following scenario 2, a similar confluence was obtained for the ethanol
control and the untreated condition after 9 and 17 days of treatment, as visible in Figure 15. However, after
43 days, ethanol increased cell growth, leading to a significantly higher confluence. Since there was a
noticeable difference between the ethanol and the untreated control at day 43 of the experiment, the results
from treatments were compared with their respective control.
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Figure 15. Confluence, expressed as a percentage of the area of the wells. Ethanol control and untreated conditions at day 9, 17 and
43 of the experiment following scenario 2 are shown. For each condition, three biological replicates were seeded in wells of a 96-well
plates (19<n<26) and shown together in one boxplot. Statistically significant differences between two groups are indicated with a red
star.

The confluence data of the treated conditions, relative to their respective controls, is given in Figure 16. The
confluence was significantly lower in all the treated conditions compared to their respective controls. For the
cells treated with NPs, the difference in confluence between the control and the treated condition decreased
over time.
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Figure 16. Ratio of the confluence of the cells treated with either SBs or NPs and the mean confluence of their respective controls,
given over time. The values of the controls are indicated by 100%. Cells were treated in accordance with scenario 2 and for each
condition, three biological replicates were seeded in wells of a 96-well plate (19<n<26). The three biological replicates are shown
together in one boxplot. When the difference between the untreated condition and the treated condition is statistically significant, a
red star is placed next to the boxplot.
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5.2 Protein staining

Protein staining was only performed using cells treated as described in scenario 2. The results from the
controls, shown in Figure 17, are first investigated. A significant difference was observed between the ethanol
control and the untreated condition after 9 days and after 43 days of treatment.
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Figure 17. Optical density (OD), expressed in arbitrary units, of the ethanol control and untreated conditions after protein staining, at
days 9, 17 and 43 of the experiment following scenario 2. For each condition, three biological replicates are seeded, each in five wells
of a 96-well plate, and shown together in one boxplot. Statistically significant differences between two groups are indicated with a
red star.

The results of the protein staining of the treated conditions, relative to their respective controls, are given in
Figure 18. A similar profile between the results of the protein staining and the confluence data of the Incucyte
can be noticed. For the SBs, significantly fewer proteins were present after 9 and 17 days of treatment.
Moreover, this decreased protein content was most abundant after 9 days of treatment. For all the NP
concentrations, the protein-content in the treated conditions was significantly lower than the protein-
content in the untreated conditions. However, the difference between the treated and untreated condition

also decreased over time.
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Figure 18. Ratio of the optical density (OD) of protein staining in cells treated with either SBs or NPs to the mean OD of their respective
controls was monitored over time. Cells were treated in accordance with scenario 2. The values of the controls are indicated by 100%.
For each condlition, three biological replicates are seeded in five wells of a 96-well plates and shown together in one boxplot. When
the difference between the untreated condition and the treated condition is statistically significant, a red star is placed next to the
boxplot.
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5.3 Lipid staining

The lipid staining was performed in two different settings, namely scenario 1 and scenario 2.

5.3.1 Test 1: Concentration-effect for NPs in scenario 1

Cells were treated with 4.55 x 103 NPs/mL, 4.55 x 10% NPs/mL, 4.55 x 10° NPs/mL for 9 days, and at day 9, a
lipid staining was performed. Full confluence was reached in all replicates. As visible in Figure 19, all three
tested conditions showed a significant increase on day 9. However, a higher concentration of NPs led to a
lower increase in the relative total integrated intensity, corrected by the confluence.
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Figure 19. Ratio of the total integrated intensity (Tll) corrected by the confluence of cells treated with NPs, and the mean TII corrected
by the confluence of their respective controls. The values of the controls are indicated by 100%. Cells were seeded in wells of a 96-well
plates (13<n<22) and treated for 9 days in accordance with scenario 1, whereafter lipids were stained. When the difference between
the untreated condition and the treated condition is statistically significant, a red star is placed next to the boxplot.

5.3.2 Test 2: Time-effect for SBs and NPs in scenario 1

Cells treated with 4.55 x 10° NPs/mL, 4.55 x 10® NPs/mL, 4.55 x 10® SBs/mL or 4.55 x 10° SBs/mL, and lipids
of respective controls were stained after 2, 5, 7, 9 and 12 days of treatment. In all conditions, cells were not
confluent after 2 days of treatment. Full confluence was reached 5 days after treatment, whereupon the
confluence stayed around 100% in all conditions.

First, all the solvent controls were considered, as shown in Figure 20, where the total integrated fluorescence
intensity corrected by the confluence is presented. On all days except for day 7 and 9, significant differences
between different groups were observed. On day two, a significant difference was noticed between the
treatments with 0.1 mL ethanol/L and both the treatment with 0.1 mL ethanol/L and 0.1 pL water/L. On day
5, a significant difference was noticed between the untreated condition and the treatment with 0.1 pL
ethanol/L. Lastly, on day 12, a difference was noticed between the cells treated with 0.1mL ethanol/L and all
three the following conditions: untreated, 0.1 nL water/L and 0.1 pL water/L. The cells treated with the
highest concentration of ethanol, which corresponds to the highest concentration of SBs, had a lower lipid
content compared to the other conditions.
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Figure 20. Total integrated intensity (Tll) corrected by the confluence, expressed OCU x um?/well/%, of ethanol controls, water
controls, and untreated conditions after lipid staining, at day 2,5, 7, 9 and 12 of the experiment following scenario 1. For the water
and ethanol controls, six wells were used, and false results due to blurry images were removed (4<n<6). For the untreated condition,
12 wells were incorporated, and again, false results were removed (10<sn<12). Statistically significant differences between two groups
are indicated with a red star.

Figure 21 shows the relative total integrated intensity of the treated cells, corrected by the confluence. A
significant difference compared to the control was found in the cells treated with 4.55 x 106 NPs/mL on day
5, and in the cells treated with 4.55 x 10° SBs/mL on day 12. A trend can be seen in the cells treated with 4.55
x 10° NPs/mL, starting with a decrease in lipid uptake at day 5, followed by an increase at days 7, 9 and 12. A
similar trend can be seen in the cells treated with a lower concentration of NPs. For the SBs, no clear trend
can be seen. Interestingly, in this case, the cells treated with the highest concentration (4.55 x 10 SBs/mL)
showed a significant increase in lipid content on day twelve. Caution has to be taken, as the solvent control
of the cells treated with the highest concentration of SBs influences the lipid uptake of the cells. However,
since the data was normalized based on the control, this influence should be eliminated.
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Figure 21. Ratio of the total integrated intensity (TIl) corrected by the confluence of cells treated with either SBs or NPs, and the mean
Tl corrected by the confluence of their respective control over time. The values of the controls are indicated by 100%. Cells were
seeded in six wells of a 96-well plate, and treatment was done in accordance with scenario 1. False results due to blurry images were
removed (4<n<6). When differences between the untreated condition and the treated condition was statistically significant, a red star
is placed next to the boxplot.
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5.3.3 Test 3: Time-effect for SBs and NPs in Scenario 2

The total integrated intensity of the controls is given in Figure 22. At the first timepoint, after 9 days of
treatment, a significant difference between the ethanol controls and the untreated biological replicates was
observed. 17 days after treatment, no difference between the ethanol control and the treated condition is
noticed. For the third timepoint, again, a significant difference between the two controls is noticed. However,

in this case, the ethanol control contains fewer lipids than the untreated condition.
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Figure 22. Total integrated intensity corrected by the confluence, expressed in OCU x um?/well/%, of ethanol control and untreated
condition after lipid staining, at day 9, 17 and 43 of the experiment following scenario 2. For each condition, three biological replicates
are seeded, each in five wells of a 96-well plate, and shown together in one boxplot. Statistically significant differences between two

groups are indicated with a red star.

The total integrated intensity corrected by the confluence relative to the controls is given in Figure 23. After

9 days of treatment, no significant change in lipid content was noticed when treated with SBs compared to
the ethanol control. This is in line with the previous experiment, that reported no significant increase in lipid-
content after 9 days of treatment with SBs. Both after 17 days and 43 days of treatment, a significant increase
in lipid content after SB treatment was measured. For the NP treatment, a significantly elevated lipid content
was measured at each timepoint. Additionally, the difference between the lipid content in the treated

conditions and their respective controls increases for both the SBs and the NP treatment over time.
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Figure 23. Ratio of total integrated intensity corrected by the confluence of the cells treated with either SBs or NPs, and the mean
total integrated intensity corrected by the confluence of their respective control over time. The values of the controls are indicated by
100%. Cells were treated in accordance with scenario 2, and for each condition, three biological replicates were seeded in five wells
of 96-well plates and shown together in one boxplot. When a difference between the untreated condition and the treated condition
is statistically significant, a red star is placed next to the boxplot.

5.4 Respirometry

Cells were treated as described in scenario 2, and respirometry was performed. Two measurements were
performed at each timepoint, one with and one without starvation conditions. The three same timepoints as
previously reported are used. Since on day 9 of the experiment, the cells did not react to the inhibitors used
in the respirometry without starvation, these results are not discussed in the data analysis. Three biological
replicates were plated in seven to eight different wells and in one subset of the wells, the use of lipids was
blocked by addition of etomoxir. In the other subset, medium was added instead of etomoxir. Wells that did
not respond to the inhibitors were removed from the data analysis. For the statistical analysis, the three
biological replicates were taken together, leading to 5<n<13 for the analysis where etomoxir influenced the
parameter (maximal respiration and spare respiratory capacity). For the parameters where etomoxir did not
influence the results 15sn<24. However, it must be noted that in the following conditions, there was one
biological replicate for which only one well was maintained: ethanol control after 17 days of treatment in
respirometry with starvation conditions, treatment with SBs after 9 days of treatment in respirometry with
starvation conditions and treatment with SBs after 43 days of treatment in respirometry with starvation
conditions. An overview of the kinetic graphs representing the raw data is given in Appendix 2. The
respirometry data was normalized based on confluence data, acquired by the incucyte.

5.4.1 Basal respiration

When considering the controls, shown in Figure 24, it was observed that in starvation conditions, ethanol
influenced basal respiration after 9 days of treatment, whereas without starvation, a slight but significant
decrease was observed after 43 days of treatment.
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Figure 24. Basal respiration, expressed in oxygen consumption rate (OCR; pmol/min), of ethanol control and untreated condition at
days 9, 17 and 43 of the experiment following scenario 2. At day 9, an efflux assay with non-starvation conditions is incorporated. At
days 17 and 43, both an efflux assay with starvation and non-starvation conditions is shown. For each condition, three biological
replicates are seeded in seven to eight wells and shown together in one boxplot. Statistically significant differences between two

groups are indicated with a red star.

The basal respiration corrected by the confluence and relative to their respective controls is given in Figure
25. For the SB treatment, basal respiration was higher in all five efflux assays, and this increase was similar
at all time-points. For the NP treatment, basal respiration was also increased. This was significant in all efflux
assays, except for the assay with non-starvation conditions after 43 days of treatment. Additionally, it can be
noted that the increase in basal respiration due to NPs is the most pronounced after 9 days of treatment.
Thereafter, the difference between the NP treated and untreated conditions decreased.
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Figure 25. Ratio of basal respiration of the cells treated with either SBs or NPs, and the mean basal respiration of their respective
control over time. The values of the controls are indicated by 100%. Cells were treated in accordance with scenario 2, and for each
condition, three biological replicates are shown together in one boxplot. At day 9, an efflux assay with non-starvation conditions is
incorporated. At day 17 and 43, both an efflux assay with starvation and non-starvation conditions is shown. When difference between
the untreated condition and the treated condition was statistically significant, a red star is placed next to the boxplot.
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5.4.2 Maximal respiration

When considering maximal respiration of the control samples (Figure 26), it was found that ethanol had a
significant effect on the maximal respiration after 9 days and after 43 days of treatment, when using
starvation. In addition, etomoxir had no significant influence on the maximal respiration of the controls.
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Figure 26. Maximal respiration, expressed in oxygen consumption rate (OCR; pmol/min), of ethanol control and untreated condition,
either with or without addition of etomoxir during the respirometry. Cells were treated in accordance with scenario 2 and respirometry
was performed at day 9, 17 and 43 of the experiment. At day 9, an efflux assay using non-starvation conditions is incorporated. At
day 17 and 43, both an efflux assay with non-starvation and starvation conditions is shown. For each condition, three biological
replicates are shown together in one boxplot. To test significant influence of the treatment on the maximal respiration, comparisons
are made between the two controls using the data in which no etomoxir was added (medium on the x-axis). In addition, the influence
of etomoxir is tested within a specific treatment by testing between the results with and without etomoxir. Significant results are
indicated with a red star.

SB treatment showed similar effects at all tested timepoints, i.e. significantly higher maximal respiration
compared to the control. Furthermore, maximal respiration was significantly lower when etomoxir is added
to non-starvation conditions after 17 days of treatment and to starvation conditions after 43 days of
treatment. However, in Figure 27, no decrease between etomoxir addition and medium addition is noticed,
indicating that etomoxir influenced both the control and the treated conditions in a similar manner.

A similar result is seen for NP treatment, as the maximal respiration was higher in all conditions at all
timepoints. Contrary to the stable maximal respiration after treatment with SBs, relative maximal respiration
decreased over treatment time. This was clearly visible in starvation conditions. At last, for NP treatment in
starvation conditions, etomoxir significantly decreased the maximal respiratory capacity after 43 days of
treatment. Moreover, the relative maximal respiration, given in Figure 27, also showed a lower value when
etomoxir was added, suggesting that the maximal respiration is more abundantly affected by etomoxir in the
treated conditions, compared to the controls.
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Figure 27. Ratio of maximal respiration of the cells treated with either SBs or NPs, and the mean maximal respiration of their respective
controls over time. The values of the controls are indicated by 100%. Cells were treated in accordance with scenario 2, and for each
condition, three biological replicates are shown together in one boxplot. At days 9, an efflux assay with non-starvation conditions is
incorporated. At days 17 and 43, both an efflux assay with starvation and non-starvation conditions is shown. To test significant
influence of the treatment on the maximal respiration, comparisons are made between the treated condition and their respective
control. This was done using the data in which no etomoxir was added (medium on the x-axis). In addition, the influence of etomoxir
is tested test between the results with and without etomoxir. Significant results are indicated with a red star.
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5.4.3 Proton leak

When considering the proton leak (Figure 28), it was observed that only in the non-starvation conditions, 43
days after treatment, a significant difference between the ethanol control and the untreated condition was
present. For the other conditions, ethanol had no influence on the proton leak. Furthermore, the proton leak
of the controls was remarkably higher after 9 days of treatment, compared to the proton leak at other

timepoints.
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Figure 28. Proton leak, expressed in oxygen consumption rate (OCR; pmol/min), of the ethanol control and untreated condition at
days 9, 17 and 43 of the experiment following scenario 2. At days 9, an efflux assay with non-starvation conditions is incorporated. At
days 17 and 43, both an efflux assay with non-starvation and starvation conditions are shown. For each condition, three biological
replicates are shown together in one boxplot. Statistically significant differences between two groups are indicated with a red star.

When considering particle treatments, a higher proton leak was always observed for the treated condition
compared to the control, as shown in Figure 29. For SB treatment, this increase was significant for all
conditions and all timepoints, with the exception of the starvation condition, 43 days after treatment. A
slightly decreasing trend over time can be seen. For NP treatment, the proton leak is significantly increased
at all timepoints and all conditions, except for the non-starvation condition 43 days after treatment. In the
starvation conditions, the proton leak was highly affected after 9 days of NP exposure. After 17 days of
treatment, the proton leak was decreased to a level closer to the untreated condition. Thereafter, the proton
leak remained constant with a similar level in proton leak after 17 days of treatment and after 43 days of

treatment.
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Figure 29. Ratio of proton leak of the cells treated with either SBs or NPs, and the mean proton leak of their respective control over
time. The values of the controls are indicated by 100%. Cells were treated in accordance with scenario 2, and for each condition, three
biological replicates are shown together in one boxplot. At days 9, an efflux assay with non-starvation conditions is incorporated. At
days 17 and 43, both an efflux assay with starvation and non-starvation conditions is shown. When the difference between the
untreated condition and the treated condition is statistically significant, a red star is placed next to the boxplot.

5.4.4 Spare respiratory capacity

When considering the control samples, illustrated in Figure 30, a clear difference in spare respiratory capacity
between the untreated condition and the ethanol control was seen in the starvation condition after 9 days
of treatment. A significant opposite effect was visible after 43 days of treatment. Etomoxir did not
significantly influence the spare respiratory capacity of the controls in any condition and at any timepoint.
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Figure 30. Spare respiratory capacity, expressed in oxygen consumption rate (OCR; pmol/min), of ethanol control and untreated
condition, either with or without addition of etomoxir during the respirometry. Cells were treated in accordance with scenario 2 and
respirometry was performed at days 9, 17 and 43 of the experiment. At day 9, an efflux assay with non-starvation is incorporated. At
days 17 and 43, both an efflux assay with starvation and non-starvation conditions is shown. For each condition, three biological
replicates are shown together in one boxplot. To test the significant influence of the treatment on the spare respiratory capacity,
comparisons are made between the two controls using the data in which no etomoxir was added (medium on the x-axis). In addition,
the influence of etomoxir is tested within a specific treatment by testing between the results with and without etomoxir. Significant
results are indicated with a red star.
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Figure 31 shows that upon 43 days of SB treatment, a significantly higher spare respiratory capacity compared
to the control was observed in starvation conditions. No clear trend in the relative spare respiratory capacity
over time was seen. In the respirometry with non-starvation, cells treated with SBs showed a similar spare
respiratory capacity as the control. Furthermore, etomoxir addition did not affect the spare respiratory
capacity.

After 17 days of NP treatment, the spare respiratory capacity was significantly increased compared to the
untreated condition in both starvation and non-starvation conditions. At 43 days after treatment, a
significant increase is noticed in starvation conditions. A significantly lower respiratory capacity caused by
etomoxir was found in the cells treated for 43 days. Additionally, etomoxir decreased the spare respiratory
capacity in a slightly higher extent than for the untreated condition.
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Figure 31. Ratio of spare respiratory capacity of the cells treated with either SBs or NPs, and the mean spare respiratory capacity of
their respective control over time. The values of the controls are indicated by 100%. Cells were treated in accordance with scenario 2,
and for each condition, three biological replicates are shown together in one boxplot. At days 9, an efflux assay with non-starvation
conditions is incorporated. At days 17 and 43, both an efflux assay with starvation and non-starvation conditions is shown. To test the
significant influence of the treatment on the maximal respiration, comparisons are made between the treated condition and their
respective control. This was done using the data in which no etomoxir was added (medium on the x-axis). In addition, the influence of
etomoxir is tested between the results with and without etomoxir. Significant results are indicated with a red star.
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Transcriptomics was performed on cells treated as described in scenario 1. When considering the PCA-plot (
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Figure 32) it can be noticed that PC1 is strongly correlated to the starvation. There is strong clustering of cells
that had starvation around a value of minus 10, while cells that had no starvation cluster around a value of
10. The second principal component is more related to the dose of treatment. When considering no
starvation, the untreated cells have the highest values for PC2. As the concentration of NPs increases, the
PC2-values decrease. An opposite effect was visible in the starvation conditions.
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Figure 32. Principal component analysis (PCA) plot of transcriptomics with cells treated with NPs in accordance with scenario 1, and
the untreated condition as control. A) Genes that are mainly correlated with PC1 are indicated with green arrows. B) Genes that are
mainly correlated with PC2 are indicated with green arrows.

Dose-dependent alterations in gene expression are shown in Table 1. When comparing NP treated conditions
with the untreated condition within starvation, no significantly altered gene expression was found for the
treatment with 4.55 x 10® NPs/mL. When treated with 4.55 x 10° NPs/mL, six genes were found to be both
statistically and biologically significantly differentially expressed, whereof two genes were downregulated
and four genes were upregulated. When treated with 4.55 x 10° NPs/mL, 19 genes were significantly
differentially expressed, of which 11 genes were downregulated and eight genes were upregulated. For the
non-starvation conditions, no significantly altered genes were found when comparing the untreated
condition with 4.55 x 10®> NPs/mL and 4.55 x 10° NPs/mL exposure, while two genes are significantly
upregulated upon exposure of 4.55 x 10° NPs/mL. In both starvation and non-starvation, no significantly
altered genes are found between two exposure groups. Moreover, no significantly altered pathway was
noted in all comparisons.

Table 1. Dose-effect of MNP exposure on the number of significantly differentially expressed genes and pathways under nutrient-rich
and starvation conditions. Cells were treated in accordance with scenario 1 and comparison between each treatment group was
performed. DE: differentially expressed; GO: gene ontology; NP3: cells treated with 4.55 x 103 NPs/mL; NP6: cells treated with 4.55 x
106 NPs/mL; NP9: cells treated with 4.55 x 10° NPs/mL.

Comparison NP3-blank  NP6-blank  NP9-blank NP3-NP6 NP3-NP9 NP6-NP9
Non-
starvation

Total DE genes 0 6 19 0 0 0
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Upregulated 0 4 8 0 0 0

Downregulated 0 2 11 0 0 0
GO-term enrichment 0 0 0 0 0 0
Pathway enrichment 0 0 0 0 0 0
starvation
Total DE genes 0 0 2 0 0 0
Upregulated 0 0 2 0 0 0
Downregulated 0 0 0 0 0 0
GO-term enrichment 0 0 0 0 0 0
Pathway enrichment 0 0 0 0 0 0

To see which genes are correlated with the different NP concentrations within one nutritional condition
(either nutrient-rich or starvation medium), a PCA-plot per nutritional condition is given in Figure 33. In the
conditions without starvation, untreated cells cluster together, with low values of PC1. Exposure to NPs
caused an increase in the value of PC1, with higher concentrations resulting in higher PC1 values.

A similar clustering pattern is observed under starvation conditions. In the untreated condition, data points
cluster in the upper-left corner of the graph, characterized by low PC1 values and high PC2 values. Exposure
to NPs leads to an increase in the PC1 values and a corresponding decrease in the PC2 values, with higher
concentrations resulting in clusters shifting towards the lower-right corner of the graph. The genes that affect
the clustering are similar in the starvation and non-starvation conditions.
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Figure 33. Principal component analysis (PCA) plot of transcriptomics with cells treated with NPs in accordance with scenario 1, and
the untreated condition as control. Genes that are correlated with the PCs are indicated with green arrows. A) non-starvation
conditions. B) starvation conditions.

When comparing the metabolic adaptability of the cells, i.e. the response when cells are transferred from a
nutrient-rich to a starvation medium, it can be seen that this response is largely dependent on the amount
of NPs to which they were exposed. Table 2 shows that starvation affected gene expression of 902 genes in
the untreated condition, of which 430 were upregulated and 472 were downregulated. Treatment with 4.55
x 10® NPs/mL resulted in a smaller shift in gene expression, with only 594 significantly affected genes of which
290 significantly upregulated and 304 significantly downregulated genes. Treatment with 4.55 x 10® NPs/mL
resulted in a significantly differentially expression of 430 genes of which 238 were upregulated and 192 were
downregulated. When cells were treated with 4.55 x 10° NPs/mL, starvation led to 557 significantly
differentially expressed genes, 344 of which are upregulated and 213 of which are downregulated.
Additionally, no KEGG-pathway was found to be significantly altered. However, GO analysis identified 4, 11,
64 and 66 enriched GO terms in the untreated group and those treated with 4.55 x 102 NPs/mL, 4.55 x 10°
NPs/mL and 4.55 x 10° NPs/mL, respectively.

Table 2. Starvation effect of MNP exposure on the number of significantly differentially expressed genes and pathways. Cells were
treated in accordance with scenario 1 and comparisons between starvation and non-starvation were performed. DE: differentially
expressed; GO: gene ontology; NP3: cells treated with 4.55 x 103 NPs/mL, NP6: cells treated with 4.55 x 106 NPs/mL, NP9: cells treated
with 4.55 x 10° NPs/mlL.

blank NP3 NP6 NP9
Total DE genes 902 594 430 557
Upregulated 430 290 238 344
Downregulated 472 304 192 213
GO-term enrichment 4 11 64 66
Pathway enrichment 0 0 0 0
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When comparing starvation and non-starvation in the untreated condition, only four pathways were
significantly altered, as shown in Figure 34. Three of these pathways relate to protein folding, and there were
also changes detected in the antimicrobial humoral immune response.

p.adjust
0,020
'de novo' protein folding - . 0.025
0.030
0.035
‘de novo' post-translational | . 0.040
protein folding 0.045
antimicrobial humoral immune Count
response mediated by @ O 9.0
antimicrobial peptide O 9s
O 100
chaperone cofactor-dependent
protein refolding O 105
11.0
0.014 0.015 0.016 0.017
GeneRatio

Figure 34. Statistical significantly altered pathways between starvation and non-starvation when cells were untreated in accordance
with scenario 1. P.adjust indicates the statistical significance of the pathway, while count indicates the biological relevance. The
GeneRatio is defined as the ratio of input genes annotated to a specific GO term relative to the total number of input genes.

Figure 35, illustrating the effects of starvation upon treatment with 4.55 x 103 NPs/mL, demonstrates the
upregulation of pathways associated with protein folding. Furthermore, it indicates an increase in several
pathways related to immune responses, as well as alterations in a pathway involved in cell development.
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Figure 35. Statistical significantly altered pathways between starvation and non-starvation when cells were treated with 4.55 x 103
NPs/mL in accordance with scenario 1. P.adjust indicates the statistical significance of the pathway, while count indicates the
biological relevance. The GeneRatio is defined as the ratio of input genes annotated to a specific GO term relative to the total number
of input genes.
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In cells, treated with 4.55 x 10° NPs/mL, starvation altered significantly more pathways compared to the
treatment with a lower concentration. While pathways involved in protein folding were still strongly altered,
as visible in Figure 36, immune responses became more important. Several inflammatory pathways, including
cellular response to cytokine stimulus, reactions to chemokines and glucocorticoids were significantly
upregulated. Developmental pathways and pathways involved in responses to stimuli also played a significant
role.
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Figure 36. Statistical significantly altered pathways between starvation and non-starvation when cells were treated with 4.55 x 10°
NPs/mL, in accordance with scenario 1. P.adjust indicates the statistical significance of the pathway, while count indicates the
biological relevance. The GeneRatio is defined as the ratio of input genes annotated to a specific GO term relative to the total number
of input genes.
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Starvation upon treatment with 4.55 x 10° NPs/mL led to a similar amount of differentially expressed
pathways compared to starvation upon treatment with 4.55 x 10® NPs/mL (Figure 37). However, the role of
the pathways involved in protein folding was decreased, while altered morphogenesis played a more
important role. Furthermore, immune responses, developmental pathways, responses to lipids, negative
regulation of cell population proliferation, regulation of cell adhesion and branching involved in blood-vessel
morphogenesis were significantly altered.
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Figure 37. Statistical significant altered pathways between starvation and non-starvation when cells were treated with 4.55 x 10°
NPs/mL in accordance with scenario 1. P.adjust indicates the statistical significance of the pathway, while count indicates the
biological relevance. The GeneRatio is defined as the ratio of input genes annotated to a specific GO term relative to the total number
of input genes.
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6 DISCUSSION

NPs are widely present in our surrounding environment, creating concern about regular exposure and
potential adverse effects on human health. In this research, Caco-2 cells were subjected to a long-term
exposure to NPs and SBs. The study demonstrated that (i) both silica particles and NPs can disrupt cellular
lipid metabolism. While the observed effects were not directly cytotoxic to the cells, (ii) cellular metabolism
was affected. (iii) NP and SB treatment led to a lower cellular resilience as stress from either trypsinization
or starvation caused different reactions in treated cells compared to the untreated cells. (iv) Higher dosages
led to higher toxicity. (v) Finally, fundamental cellular functions such as respiration and growth were less
affected after prolonged exposure, compared to shorter periods of treatment. This indicates that cells can
adapt to the presence of SBs and NPs.

Concentrations used in this research ranged from 4.55 x 10° NPs/mL to 4.55 x 10° NPs/mL. These
concentrations notably exceed the estimated ingestion range of MNPs per person, which was found to be
between 11,845 and 193,200 particles/year in a study by Senathirajah et al. (2021). However, it is important
to note that this study only accounted for drinking water, salt, beer and shellfish, and accurate measurement
of the amount of MNPs in these items is not yet accomplished. Mortensen et al. (2021) reviewed the available
information about MNP concentrations in drinking water and found a wide range of measured MNP
concentrations between 11 MPs/mL (5-50 um) and 1.1 x 108 MNPs/mL (1-10 um). Additionally, a study from
Oliveri Conti et al. (2020) noted concentrations up to 233,000 particle MPs/g in apples, aligning with the
concentrations used in this study. Moreover, it is reported that the mean concentration of plastic particles
detected in human blood was 1.6 pg/mL, which equals to approximately 7.245 x 10* particles/mL if 5 um PS
particles, the mean diameter of the measurement interval, was implemented in the conversion (Leslie et al.,
2022). Lastly, MNPs tend to accumulate in certain organs, resulting in higher concentrations of MNPs within
these tissues. Therefore, doses used in this study are thought to be as relevant as possible based on current
knowledge.

To our current knowledge, no studies are available that measure the uptake rate of silica beads. However,
since synthetic amorphous silica is commonly employed as a food additive to improve the taste and texture,
research was performed investigating its uptake rate. Due to limited information on the absorption of
nanosilica by the gastrointestinal tract, Dekkers et al. (2011) considered two scenarios in his study: one where
silica is absorbed in its dissolved form, and another where nanosilica particles are absorbed directly. They
examined the silica concentration in various food products, including lasagne, noodles and coffee creamers,
and estimated an uptake of 7 x 10*2 nanoparticles/day using the second uptake scenario. This concentration
surpasses that of MNPs and exceeds the concentrations employed in this study. However, it is unknown how
much of this silica will be dissolved, making this concentration an overestimation.

6.1 Nanoparticle exposure disrupts cellular lipid metabolism

It can be suggested that exposure to NPs decreases the lipid content after 5 days of exposure, whereafter
the lipid content strongly increases, surpassing the normal lipid-content of a cell. This pattern was observed
in a repeated dose treatment of Caco-2 cells with 4.55 x 10® NPs/mL and 4.55 x 10° NPs/mL without
subculturing. Furthermore, a similar experiment demonstrated an increased lipid content after 9 days of
treatment with 4.55 x 10® NPs/mL, 4.55 x 10° NPs/mL and 4.55 x 10° NPs/mL. In parallel, the results of the
lipid staining after long-term repeated dose exposure with subculturing revealed an increase in lipid-content
after 9, 17 and 43 days of treatment. Since most studies incorporate acute (24h) and chronic (longer than 40
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days) exposure-times, there are, to our current knowledge, no other studies available that measures the
effects in lipid accumulation upon NP exposure over time. Cheng et al. (2022) exposed liver organoids,
generated from human pluripotent stem cells to 1 um PS MPs for 48 hours at a dosage ranging from 4.5 x
10° particles/mL to 4.5 x 107 NPs/mL. In contrast to our results, they found lipid accumulation after these 2
days of exposure, together with increased CD36, FASN and SCD1 expression and decreased CPT-la
expression. The research by S. J. Kim et al. (2021) administered a chronic set-up, and confirms an increased
lipid content. They observed a general rise in the expression of SFAs and MUFAs after 1.5 months of exposure
to PS-NPs at a concentration of 1.44 x 10° particles/mL in Caco-2 cells. A significant advantage of their study
is the use of lipidomics, allowing them to test not only the increase in lipid content but also the composition
of the lipids. They found significant differences in levels of (Z)-9-hexadecenoic acid (C16:1), (E)-13-
octadecenoic acid (C18:1), and (all-Z)-4,7,10,13,16,19-eicosapentaenoic acid (C20:5). However, contrary to
our results, this increase in lipid content was found along with elevated expression of SREBP, indicating that
SREBP was the main regulator of the lipid increase in their experiment. Future research should include a
measurement of the lipid composition using the same experimental setup as in our study. This would allow
for a more comprehensive comparison of lipid profiles between different studies, aiding in the identification
of common patterns and potential regulatory pathways involved in lipid metabolism following nanoparticle
exposure.

For the SBs, no consistent trend is visible in the results of the lipid staining upon 12-days repeated dose NP
exposure without subculturing. However, the results of the lipid staining, using cells with subculturing,
revealed an increase in lipid content after 17 and 43 days of treatment. Results at day 9 were also insignificant
in this experiment. An increased lipid content is in accordance with the research of Duan et al. (2018) who
noted lipid accumulation in animal models and liver cells exposed to SBs, in concentrations ranging from 3.8
x 10%° to 1.5 x 10! silica particles/mL. The inconsistent results after a shorter period of exposure can be
explained by the presence of ethanol in the treatment medium. Ethanol is known to influence lipid
metabolism (You & Arteel, 2019). The ethanol control also shows significantly altered lipid accumulation
compared to the controls and untreated condition. It is possible that, after an exposure of nine days, the
ethanol affects the cellular lipid metabolism in such an extent that the effect of SBs is masked. This may also
explain why there is no clear trend visible in the test without subculturing.

The respirometry in starvation conditions revealed a decrease in the maximal respiratory capacity upon
introduction of etomoxir in Caco-2 cells exposed NPs for 43 days. A decrease is also noticeable in the controls,
however this decrease was less pronounced. As etomoxir blocks the lipid transport to the mitochondria, the
lower maximal respiration suggests that more lipids are used in ATP-linked respiration in the treated
conditions, compared to their respective controls upon 43 days of exposure to NPs. This indicates that upon
43 days of treatment, cells under starvation start to use their lipid-reserve as energy source. In contrast to
the lipid use, which only increases after 43 days of treatment, the lipid accumulation is already visible after
9 days of treatment. This suggests that the cell starts to accumulate lipids upon nanoparticle exposure. These
lipids will accumulate and only after a longer exposure time, a shift towards the use of lipids in the cellular
energy metabolism is noticed.

At last, the sequencing data showed alterations in lipid metabolism upon MNP exposure. When taking all the
conditions (starvation and non-starvation in the untreated condition and upon exposure with 4.55 x 103
NPs/mL, 4.55 x 10° NPs/mL and 4.55 x 10° NPs/mL) into account, clustering was mainly seen between
starvation conditions and non-starvation conditions. The mRNA transcripts involved in the clustering
encoded for several heat shock proteins (HSPA1, HSPA2, HSPH1) and DUSP1, which were mainly involved in
stress responses. Additionally, also expression of genes related to cellular metabolism, including CYP1A1 and
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TIPARP played a role in the cluster formation. This indicates that starvation itself led to cellular stress and
altered the cellular energy metabolism. When differences within one nutritional condition are looked into,
the PCA leads to clustering of the different treatment conditions. This clustering is driven by several mRNA
transcripts under which two encode for proteins that play an important role in lipid metabolism, namely
FABP1 and APOA4. Next to regulation of lipid uptake, as described in 2.3, FABP1 also plays a role in basolateral
lipid secretion in enterocytes (Rodriguez Sawicki et al., 2017). On the other hand, APOA4 is thought to play a
role in lipid absorption and is closely tied to the production of fatty acid rich chylomicrons, which are large
triglyceride-rich lipoproteins produced in enterocytes from dietary lipids (F. Wang et al., 2015). Since both
APOA4 and FABP are related to lipid transport in the enterocytes, these results suggest that MNP exposure
disrupts lipid transport in these cells. Previous findings which highlights the disruptions of the ER and
lysozymes, as discussed in section 2.2, supports these findings, since ER and lysosymes are known to play
crucial roles in lipid trafficking pathways (Henne, 2019). In conclusion, the results of the gene expression
indicate that lipid metabolism is indeed affected by NP exposure. However, the data is not indicative for
which regulators might be involved in the cellular lipid accumulation.

Similar as in obesity, MNP exposure affected cellular pathways involved in lipid metabolism and lipid
accumulation, and these pathways might be closely linked to inflammation as described before (see section
2.4.). In parallel, PPAR and SREBP, which may regulate this lipid accumulation and inflammation, are
associated with obesity pathophysiology (Shimano, 2009; Stienstra et al., 2007). Specific outcomes of altered
lipid metabolism and lipid accumulation are dependent on the affected cell type. Therefore, it is of major
importance that future research investigates similar effects, using different cell-types. A shift in intestinal
epithelial lipid metabolism is indicative for inflammatory bowel disease (Boldyreva et al., 2021). Hepatic lipid
accumulation is the key factor in the development of non-alcoholic fatty liver disease, while lipid
accumulation in muscle cells plays a crucial role in insulin resistance (Morales et al.,, 2017). All these
phenotypes can be linked to obesity. This all together leads us back to the obesogen hypothesis, which posits
that MNPs may contribute to increasing rates of obesity (Kannan & Vimalkumar, 2021). However, they stated
that it are mainly the chemical factors that induce the obesogenic effect. In contrast, our result show similar
increased lipid content upon SB and NP treatment, suggesting that the obesogen effect is not only induced
by the leaches, but also by the physical presence of the particles.

6.2 Nanoparticle exposure leads to metabolic shift

In long-term exposure with subculturing, cell mortality stayed low throughout the full experiment, indicating
no direct cytotoxic effect of MNPs. Additionally, no effect of the treatment on the cumulative cell production
was noticed. Negligible decrease in cell viability is also noticed by S. J. Kim et al. (2021). However, this is
contradicted by the research of Visalli et al. (2021), who noticed an increased mortality of up to 25% after 48
days of exposure to a similar concentration of NPs as used in our research. Moreover, Cheng et al. (2022)
exposed liver organoids, generated from human pluripotent stem cells to 1 um PS MPs for 48 hours at a
dosage ranging from 4.5 x 10° particles/mL to 4.5 x 10’ NPs/mL and found a decreased size in organoids,
indicating a cytotoxic effect. In conclusion, low mortality in our research indicate that no acute effect was
induced by MNPs, however, different researchers have reported varying and sometimes contradictory
results, highlighting the ambivalence in the findings.

Despites the limited cytotoxicity of the MNPs, the results of the respirometry show elevated OCR upon
exposure of both the SBs and NPs, indicating an elevated cellular metabolism due to nanoparticle exposure.
Similar reactions due to SBs exposure and NP exposure were found. Increased basal respiration, proton leak
and spare respiratory capacity is also found by Halimu et al. (2022), who treated A549 cells with 20 nm and
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50 nm PS-NPs for 24 hours with relatively high dosage (40 pg/mL). Contrary, Bonanomi et al. (2022) exposed
fibroblasts to 0.5 um and 2 um PS MNPs at low dose in both acute (48 hour) and subchronic (28 days) setups.
They observed a decrease in basal respiration, along with an increased glycolysis, indicating a shift from
mitochondrial respiration towards glycolysis. This effect was present in both acute and chronic treatments,
but was more pronounced after longer exposure.

6.3 Nanoparticle exposure lowers resilience of cells

A discrepancy in the results describing the cell growth is noticed. Growth was influenced 48 hours after
trypsinization, while a full week after trypsinization, no differences in cell count between the treated and
untreated conditions could be noticed. This discrepancy is not stated by other researchers that performed
similar experiments (S. J. Kim et al., 2021; Visalli et al., 2021). A possible explanation is that trypsinization
caused a certain stress on the treated cells, which induced a slower growth. The treated cells might
subsequently produce an elevated level of growth factors, resulting in a faster growth compared to the
controls. After a full week of growth, the treated cells catch up with the controls.

Indications for lower resilience were also found in the transcriptomics data. After long-term exposure
without subculturing, cells were put under starvation, whereafter gene expression was measured. In the
untreated cells, almost 1,000 genes were differentially expressed between starvation and non-starvation.
However, cells that were treated with NPs only showed half the amount of significantly differentially
expressed genes when comparing non-starvation and starvation. Contrary, in the untreated conditions,
starvation led to only four altered GO-pathways, and 11 differentially expressed pathways were found when
stress was induced upon treatment with 4.55 x 103 NPs/mL. When treated with 4.55 x 10® NPs/mL and 4.55
x 10° NPs/mL, the number of differentially expressed GO-pathways between starvation and non-starvation
increased up to 64 and 66 respectively. This all together indicated that stress, under the form of starvation,
in untreated cells led to a shift in gene expression, and these genes were not specific to certain pathways but
more random. Contrary, stress in cells treated with NPs shifted the gene expression to a lesser extent, but
the genes that were differentially expressed were mostly involved in specific pathways. Exposure with 4.55
x 10° NPs/mL led to an intermediate stage with both a low number of statistically differentially expressed
genes and GO-pathways.

Stress, in the form of starvation, triggered an increase in protein-folding pathways in untreated cells, thereby
restoring the cellular health. However, in cells exposed to the lowest dose of NPs, starvation also upregulated
pathways involved in inflammation. This initially appears beneficial for dealing with cellular stress. However,
chronicinflammation can lead to tissue damage and contribute to various diseases. Higher NP concentrations
led to upregulation of diverse pathways associated with not only protein folding and inflammation, but also
with cell development, adhesion, morphogenesis and proliferation, indicating a more severe disruption of
normal cellular processes. The exposure to NPs may have induced changes in genetic regulation, placing
certain genes in a poised state. Stress in the form of starvation subsequently activated these pathways. For
example, starvation in cells treated for 12 days with 4.55 x 10° NPs/mL altered the cellular response to lipids.
Differentially expressed genes involved in this altered lipid response included NF-kB2, MAPK3, and PPARa.
Interestingly, these factors may also play a role in regulating lipid accumulation upon MNP exposure itself,
as described in section 2.4. It is conceivable that MNP exposure primed these genes for activation, with
additional stress from starvation triggering their activation. Moreover, NPs may be recognized as
extracellular matrix (ECM) components, leading to a poised state of genes involved in cell morphogenesis.
Once again, starvation triggered these pathways, followed by the upregulation of pathways mainly involved
in the special organisation of these cells.

49



6.4 Cells adapt to the presence of nanoparticles

In the results using long-term treatment without subculturing, decreased cellular growth after trypsinization
is visible in both cells treated with SBs and NPs. However, over time, the difference between the treated cells
and their respective controls diminishes. This indicates that cells treated with nanoparticles can adapt to
their environment, leading to diminished effects over time. A similar effect is observed in respirometry
experiments upon NP exposure. Initially, cells treated with NPs show significant increases in basal respiration,
maximal respiration, proton leak, and spare respiratory capacity, compared to controls. However, these
differences decrease as time progresses. In contrast, cellular metabolism after SBs exposure was more stable
over time with a consistent elevation in basal respiration, maximal respiration and spare respiratory capacity.
Only the relative OCR of the proton leak decreases over time. Visalli et al. (2021) also showed adaptation of
cells to the presence of MNPs. This was done by exposing epithelial cells to a low-dose of MNPs, leading to
an initial increased ROS formation after 7 days of exposure. Subsequently, ROS formation decreased to reach
a level lower than the control. A minimum ROS level occurs between 14 and 28 days of exposure, whereafter
ROS increased again. This indicates that cells may indeed adapt upon MNP exposure, however eventually
these adaptations were annulled.

Cells might try to adapt to NP exposure in a similar manner to cancer cells i.e. via alterations in the lipid
metabolism. Petan et al. (2018) noted that cancer cells adapt through enhanced mechanisms of lipid
synthesis, mobilization and recycling. Lipid droplets play a crucial role in regulating lipid metabolism,
trafficking and signalling under stress. These droplets form in response to nutrient and oxidative stress and
help cells manage energy production and protect against oxidative damage. Additionally, lipid droplets may
sequester toxic particles to prevent cell damage and interact with autophagy processes (Petan et al., 2018).

6.5 Exposure to high dosages of nanoparticles results in elevated toxicity

The results of the lipid staining upon long-term exposure without subculturing indicates the importance of
the use of low dosages. In this test, a significant increase of lipid content was noticed in all three the tested
NP concentrations after 9 days of treatment. However, the increase in lipid accumulation was inversely
proposal to the concentration of NPs. It is possible that NPs clump together, leading to lower influences of
the NPs when they are present in a higher concentration. However, no clumping is found in the research of
Cortés et al. (2020) who noticed an increase in particle uptake by the cells when higher NP concentrations
were used. On the other hand, H. Wang et al. (2022) stated that human liver cells showed inhibited lipid
biosynthesis upon acute NP exposure, which contradicts our results. However, unlike our study, high dosages
were used by Wang et al., which appear to be toxic and damages lipid metabolism. Also Y. Li et al. (2024)
noted a decrease in FASN and ACC activities when the pacific whiteleg shrimp (Litopenaeus vannamei) was
treated with increasing levels of NPs, indicating a lower ‘de novo’ lipid formation upon higher exposure levels.
Therefore, our results support their hypothesis that higher dosages are toxic towards the lipid metabolism
while lower doses increase lipid metabolism. Substantial differences in cellular reactions upon acute
exposure with high doses and chronic exposure with low doses highlights the importance of studying low-
dose chronic exposure to mimic reality.

When analyzing the gene expression data, higher doses resulted in a greater number of significantly
differentially expressed genes, suggesting a modest dose-effect relationship. However, the overall number
of significantly differentially expressed genes remained low, with a maximum observed difference of 19
genes. This difference was observed when comparing cells treated with 4.55 x 10° NPs/mL to the untreated
condition under non-starvation conditions. J. Deng et al. (2023) exposed zebrafish to PS-NPs and found
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between 73 and 278 differentially expressed genes, depending on the studied cell-type. Their threshold for
significant upregulation was lower than in our research, which may partially declare the higher amount of
differentially expressed genes compared to our results. Additionally, the difference in experimental set-up
may play a crucial role. It is important to note that mRNA levels do not directly correlate with protein levels.
Post-transcriptional regulation also plays an important role, and is not taken into account by transcriptomics.
Therefore, future research should include proteomics to examine the dose-effect of MNP exposure at
different concentrations.

6.6 SBs and NPs exhibit similar effects on cell metabolism

Even though there were a lot of differences found between cells exposed to SBs and NPs, the overall results
of lipid accumulation, cell proliferation and cellular energy metabolism were comparable. This indicates that
the reaction of the cells after MNP exposure is due to the physical presence of a particle, rather than a
chemical reaction towards the particle or its leaches. In contrast, other studies indicate different cellular
reactions upon treatment with different types of MNPs (Stock et al., 2021; D. Xu et al., 2021). Interestingly,
the study of Domenech et al. (2021) indicated no ROS elevation and effects upon chronic NP exposure. They
hypothesized that the induction of ROS and genotoxicity after MNP exposure is induced by environmental
contaminants on the surface of these MNPs, and not due to the MNPs itself. As the PS-NPs used in our
research were spherical and had similar properties as the SBs, they react with environmental compounds in
a similar way. This could declare the difference between previous findings and our findings. Future research
could include a ROS-assay to confirm this.

Toxicity of the particles might still be influenced by alterations in size and shape of the MNPs, and by
interactions of the MNPs with environmental compounds. However, as main reactions upon NPs and SBs
exposure are similar, the question arises whether MNPs should be seen as a separated, new type of
nanoparticles, or if they can be considered similar to other nanoparticles. Similarly to MNPs, humans are
highly exposed to synthetic amorphous silica, since it has been used for many years in food applications, such
as for clearing of beers and wines, as anticaking agent to maintain flow properties in powder products and
to thicken pastes (Dekkers et al., 2011). These silica particles, both in the amorphous and crystalline form,
can interact either directly with human cells (physical toxicity) but also with the environment by forming a
corona (chemical toxicity) (Docter et al., 2014; Mortensen et al., 2013). While much research focuses on the
potential risks associated with MNPs, little attention has been paid to the presence of these silica
nanoparticles in our food, and its potential effects on health.
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7 CONCLUSION

In this research, two experimental setups, involving repeated doses long-term treatment of Caco-2 cells with
100 nm PS-NPs at environmentally relevant concentrations were employed. In the first setup, cells were
continuously cultured, while in the second setup, cells were subcultured during treatment. The results
showed that chronic exposure to an environmentally relevant dose of MNPs is not directly cytotoxic but
influences cellular metabolism. Similar results upon treatment with SBs and NPs raise questions about the
toxicity of silica nanoparticles and other nanoparticles as well. Lipid accumulation was one of the most
important findings of the study and goes together with altered gene expression and increased lipid usage for
energy metabolism in starvation conditions. Since regulatory pathways between lipid accumulation and
inflammation are crosslinked, lipid accumulation could be linked to inflammatory processes. Respirometry
showed that cellular energy metabolism is overactivated upon MNP exposure, with elevated basal
respiration, maximal respiration and proton leak. Longer treatment led to lower overreactions, indicating
that cells adapt to this environment, and this adaptation may be linked to the lipid accumulation. At last,
cellular resilience is found to be decreased. Trypsinization caused a decreased cell growth and starvation led
to a different cellular reaction compared to the control. This different reaction included a shift towards
inflammatory pathways. Therefore, exposure to MNPs is shown to induce a shift towards a more stressed
cellular phenotype. In a broader context, this could be linked to obesity, one of the major players in the
development of non-communicable diseases. Therefore, MNPs should be considered a crucial component of
the exposome, necessitating further research to elucidate their full impact on human health and disease
progression. Future research is needed to elucidate the impact of different NP concentrations and sizes on
different cellular types. In addition, measuring lipodomics and proteomics could clarify which pathways are
involved in the cellular reactions upon MNP-exposure.
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APPENDIX 1

1. RNA extraction and DNase treatment (Ugent)

RNA extraction was performed with the RNeasy® Mini Kit (Qiagen), following the instruction handbook. In
short, 350 uL lysis Buffer RLT was used to lyse the cells. A Qiagen shredder column was used to improve the
RNA release. 350 uL 70% ethanol was added, and the total volume was transferred to an RNeasy Mini spin
column placed in a collection tube to be centrifuged at 8000 g for 15 s. The flow through was discarded, and
the column is washed with Buffer RW1 and Buffer RPE, before eluting the RNA in 40 uL RNase-free water.
RNA-content was measured using a Biodrop device. Although an on-column DNA removal step was already
included in this kit, an additional DNase treatment (Thermo Scientific) was applied to a standardized quantity
of 0.5 ug RNA. For each pg of RNA in the sample, 1 uL 10X reaction buffer with MgCl2, 1 U DNase |, RNase-
free, and 8 uL DEPC-treated Water were added. After incubation at 37°C for 30 min, 1 uL 50 mM EDTA was
added to avoid RNA hydrolysis and the samples were incubated at 65°C for 10 min and stored at -80°C for
further analysis.

2.  RNA processing and sequencing (NXTGNT)

For each sample, a sequencing library was constructed using the QuantSeq 3 mRNA-Seq Library Prep Kit FWD
for lllumina (Lexogen) and the UMI Second Strand Synthesis Module for QuantSeq FWD (lllumina, Read 1).
This incorporates a unique molecular identifier (UMI) in the first 6 nucleotides of each read, allowing to
identify polymerase chain reaction (PCR) duplicates and eliminate amplification bias. The libraries were
sequenced as single-end 75nt reads on an Aviti sequencer (Element Biosciences). The tool FastQC was used
to assess the quality and length of raw sequencing reads. Additionally, putative contamination was checked
using FastQ Screen with a set of genomes of common lab organisms.

Adapter and quality trimming was performed using Cutadapt (v4.8). Filtering options were applied to remove
reads containing ambiguities or failing to meet a Phred score threshold of 20. Additionally, adapter sequences
and poly-A tails were removed where detected. The quality of the remaining reads was checked using FastQC
as before.

3. Read mapping and statistics (NXTGNT)

For each sample, trimmed reads were mapped on the latest human genome (GRCh38, ENSEMBL release 111)
using the splice-aware STAR mapper. UMI-based removal of PCR duplicates from the mapped reads was done
with UMI-tools. Feature counting was done using the featureCounts program. To check if the sequencing
depth reflects the sample’s active gene diversity, a rarefaction (a.k.a. saturation or complexity) plot was
generated. The data was generated using preseq and plotted with Python.

All statistical analyses were executed in R using the DESeq2 package. Prior to the differential gene expression
analysis, the samples were filtered for low counts. A PCA plot was generated to check if the count data groups
according to their expected biological differences. Prior to differential expression analysis, it is beneficial to
omit genes that have little or no chance of being detected as differentially expressed. By default, this filtering
will be performed by DESeq_2.

Feature counts were normalized using DESeq2’s size factor normalization method. P-values for each gene
based on a negative binomial distribution were calculated and adjusted (= padj) using the Benjamini-
Hochberg procedure. Genes were considered significantly differentially expressed if they both had a false
discovery rate (FDR) < 0.05 and if the absolute value of the log2-transformed fold change was at least 1.5.
Gene set enrichment analysis (GSEA) was performed using the R Package clusterProfiler. Utilizing the same
package, a Gene Ontology (GO) analysis identified significantly differential pathways using the same criteria
as in the GSEA.
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