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Abstract

The powerful antimicrobial properties of isothiazolinones make them a common
preservative in both industrial and consumer products. However, methylated deriva-
tives of isothiazolinones have been associated with concerning allergenic effects
leading to stricter regulations. As a consequence, industries have turned to more
lipophilic isothiazolinones, such as benzisothiazolinone (BIT) and octylisothiazoli-
none (OIT), which are less regulated. Similar effects have however been reported for
exposures of BIT and OIT, highlighting the importance of expanding the knowledge
about these compounds, to enforce stricter regulation and potentially controlling
the isothiazolinones as a group. This study aimed to investigate the toxicodynamic
and toxicokinetic responses in a fish liver cell model system, Poeciliopsis lucida hep-
atocellular carcinoma (PLHC-1) following exposure to BIT and OIT, alone and in
mixture. Results from the ethoxyresorufin-O-deethylase (EROD) assay revealed no
apparent induction of the common detoxification enzyme CYP1A after exposure
to BIT and OIT. However, more data is needed for a more robust evaluation of
whether the enzyme is involved in their metabolism. Analysis of cultured exposure
media in high performance liquid chromatography (HPLC) demonstrated cellular
biotransformation of BIT into a more polar metabolite. A rapid cellular uptake of
OIT was observed, however no potential OIT metabolite could be detected, nei-
ther extracellularly nor intracellularly. A cytotoxic assessment was also conducted
on exposed PLHC-1 cells investigating the mitochondrial activity and membrane in-
tegrity, common markers for cellular viability. Significant toxic effects were observed
on both markers after exposure to 10 ptM OIT, while no toxic effect was observed
for the same concentration of BIT. However, co-exposure to these concentrations of
OIT and BIT, displayed an even greater toxicity, indicating a synergistic mixture
effect between the two. While this study provides valuable insights into the toxi-
codynamic and toxicokinetic profiles of BIT and OIT, highlighting the importance
of considering mixture effects in assessing their potential health and environmental
impacts, additional research is needed to fully understand their specific metabolic
pathways and interaction mechanisms, to assess their long-term exposure effects.

Keywords: Isothiazolinones, Benzisothiazolinone, BIT, octylisothiazolinone, OIT,
PLHC-1, CYP1A, metabolism, toxicodynamic, toxiokinetic






Popular scientific summary

Isothiazolinones are a type of chemical additive that acts as a preservative in prod-
ucts to prevent microbial growth and spoilage. They are widely used and can be
found in common household products, such as dish soaps, cleaning products, sham-
poos, laundry detergents and wall paints. However there have been reports raising
concerns about their potential threat to marine life and ecosystems when released
into the environment. Isothiazolinones have also been reported to cause skin al-
lergies in humans, which raises even more concerns of their use as preservatives in
consumer products. Two isothiazolinones that in recent years are being increasingly
used as preservatives are BIT and OIT, however the research about them is limited.
Given the extensive use of these isothiazolinones, and the limited knowledge of their
toxic effects, it is important to investigate how they are broken down and their po-
tential adverse health impact.

This study investigated how a type of fish liver cell was affected by BIT and OIT,
as well as how they were broken down in the cells. It was found that an enzyme
(CYP1A) that is commonly involved in the clearance of toxic substances is unlikely
to be involved in breaking down BIT and OIT. It was also determined that OIT is
more toxic than BIT at lower concentrations. However, mixtures of BIT and OIT
proved to be even more toxic than when the cells were exposed to either chemical
alone. This is an important finding, since both chemicals usually co-exist when
released into the environment, highlighting the importance of restricting their pres-
ence in common household products. However more research is needed on the topic,
specifically regarding the breakdown of BIT and OIT to fully understand how they
affect biological systems.

vii






Acknowledgements

We would like to thank all the people who have helped us throughout this Master’s
Thesis project. Starting with our supervisor Malin Celander, who has guided us
through this project and always shown excitement in our progress and ideas. Thank
you for inviting us into your research group and letting us undertake this interesting
project. We also want to thank Annika Lindkvist who has helped us in the lab
and taught us the laboratory techniques. We also want to thank all other members
of the Ecotoxicology lab in Natrium, thank you for always being so helpful and
understanding. Lastly we want to thank Anders Blom and Anne Farbrot at
the Department of Occupational and Environmental Medicine for showing a great
interest in our project and who have helped us greatly with everything related to
the HPLC analyses. It has been a pleasure working with you all and we have gained
a great deal of valuable knowledge and experience.

We also want to thank Felicia, our friends and families for being so supportive and
encouraging during these five years of studies at Chalmers University of Technology,
especially during the Thesis project this spring.

Oskar Blomqvist and Aline C. Nejstgaard, Gothenburg, June 2024

ix






List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:

AB
ABC
ACD
AhR
ANOVA
AUC
BIT
BNF
CFDA-AM
CMIT
CYP
CYP1A
DCOIT
DMSO
EDTA
ER
EROD
FBS

FU
HPLC-UV
MeOH
MEM
MIT
oIT
PAH
PBS
PLHC-1
ROS

SD

alamarBlue™ dye

ATP-Binding Casette (transporter proteins)
Allergic contact dermatitis

Aryl hydrocarbon Receptor

Analysis of variance

Area Under Curve

Benzisothiazolinone

[3-Naphthoflavone

5-Carboxy Fluorescein Diacetate - Acetoxymethyl Ester dye
Chloromethylisothiazolinone

Cytochrome P450 (enzyme superfamily)
Cytochrome P450 1A
Dichlorooctylisothiazolinone

Dimethyl sulfoxide
Ethylenediaminetetraacetic acid
7-Ethoxyresorufin
Ethoxyresorufin-O-Deetylase

Fetal Bovine Serum

Fluorescent unit

High Performance Liquid Chromatography with Ultraviolet detection

Methanol

Minimum Essential Medium

Methylisothiazolinone

Octylisothiazolinone

Polycyclic aromatic hydrocarbon

Phosphate Buffered Saline

Poeciliopsis lucida hepatocellular carcinoma (cell line)
Reactive oxygen species

Standard deviation

X1






Contents

List of Acronyms

List of Figures

1

Introduction
1.1 Aim and clarification of project . . . . . . ... ... L.

Theory

2.1 Isothiazolinones . . . . . . . . . . . .. . ... ...
2.1.1 Benzisothiazolinone and octylisothiazolinone . . . . . . . . ..

2.2 Detoxification mechanisms . . . . . . . . ... ... ...
2.2.1 Phase I - Functionalization . . . . . . . ... ... ... ....
2.2.2  Phase II - Conjugation . . . . . . .. .. ... ... ......
2.2.3 Phase III - Elimination . . . . . . .. ... ... ... .....
2.24  Cytochrome P450 1A (CYP1A) . . . . . ... ... ... ...

2.3 The Poeciliopsis lucida hepatocellular carcinoma (PLHC-1) cell line .

Methods
3.1 Chemicals . . . . . .. . . ...
3.2 Cell line, cell culturing and exposure conditions . . . . ... ... ..
3.3 Analysis of CYP1A activity (EROD assay) . . . . ... ... ... ..
3.3.1 Data calculations . . . . . ... ... ... ... ...
3.4 Analysis of membrane integrity and mitochondrial activity (cytotox-
icity assay) . . . ..
3.4.1 Data calculations . . . ... ... ... ... ... ... ....
3.5 Analysis of extracellular BIT and OIT . . . ... ... ... ... ..
3.6 Analysis of intracellular BIT and OIT . . . . . ... ... ... ... ..
3.7 Statistical analysis . . . . . .. ... L

Results

4.1 Analysis of CYP1A enzyme activity (EROD assay) . . ... ... ..

4.2 Analysis of membrane integrity and mitochondrial activity (cytotox-
fcity assay) . . . ..

4.3 Analysis of extracellular BIT and OIT . . . ... ... ... .. ...

4.4 Analysis of intracellular BIT and OIT . . . . . ... ... ... ... ..

Discussion

xiil



Contents

0.1
0.2
2.3
5.4

CYPI1A enzyme activity (EROD) . . . . .. ... ... L.
Mitochondrial activity and membrane integrity (cytotoxicity) . . . . .
Cellular uptake and excretion of BIT and OIT (extracellular) . . . . .
Extraction of intracellular BIT and OIT . . . . ... ... ... ...

6 Conclusions and future perspectives

Bibliography

A Appendix: Additional results

Xiv



2.1

2.2

2.3

3.1

4.1

4.2

List of Figures

Chemical structures of benzisothiazolinone (BIT), octylisothiazolione (OIT), dichlorooc-

thylisothiazolinone (DCOIT), methylisothiazolinone (MIT) and chloromethylisoth-
iazolinone (CMIT). Created in ChemDraw. . . . . . . . . . . . .. .. ...

Number of consumer products in Sweden where BIT, CMIT and MIT were used
from 2002-2022. The data is acquired from the Swedish Chemical Agency. . . . .

Simplified pathway of CYP1A induction through AhR ligand-binding and acti-
vation. An AhR ligand activates the cytosolic AhR which translocates to the
nucleus where it up-regulates the CYP1A gene, ultimately leading to increased
levels of CYP1A enzyme. Adapted from Edenius, M. et al. (2024) [1]. . . . . . .

Overview of the experimental steps prior to analysis for all assays. On day 1,
PLHC-1 cells were seeded onto different sized multi-well plates depending on the
assay (96 wells for cytotoxicity, 48 wells for EROD and extracellular analysis,
and 6 wells for intracellular analysis), before they were left to incubate overnight.
On day 2, the cell media was replaced and the cells were exposed to BIT, OIT,
and BNF (EROD assay). The cells were exposed to the chemicals for different
time durations depending on the assay. On day 3 analysis was performed. The
analytical steps are described in each section for the respective assay. Created in
BioRender. . . . . . . . . . L e e e e e

CYP1A activity expressed in terms of EROD activity in fluorescent units (FU)
per minute per mg protein for a 24h exposure experiment in PLHC-1 cells. Cells
were treated with 0.4% DMSO (Negative vehicle control), 1 tM BNF (Positive
control), 10 uM BIT alone and in combination with 1 pM BNF or 5 pM OIT
(n=4). Data is expressed as mean £ SD. . . . . . . ... ... oL L.

CYP1A activity expressed in terms of EROD activity in fluorescent units (FU)
per minute per mg protein for a) 3h, b) 24h, and ¢) 48h exposure experiments in
PLHC-1 cells. Cells were treated with: 0.4% DMSO (Negative vehicle control);
1 uM BNF (Positive control); 1 pM BIT; 1 pM OIT; 1 uM BIT + 1 uM BNF;
1 uM OIT + 1 M BNF; 1 pM BIT + 1 uM OIT; and 1 uM BIT + 5 uM OIT
(n=4). Data is expressed as mean £ SD. . . . . . . . ... ..o

XV



List of Figures

Xvi

4.3

4.4

4.5

4.6

4.7

4.8

4.9

Cytotoxicity measured in terms of mitochondrial activity (alamarBlue™, AB) and
membrane integrity (CFDA-AM) and expressed as percentage of vehicle control,
for a 24h exposure experiment in PLHC-1 cells. Cells were treated with 0.4%
DMSO (Negative vehicle control), and BIT at concentrations 1 uM, 5 pM, and 10
mM (n=12). Data is combined from three repeated experiments with 4 technical
replicates for each treatment, expressed as mean + SD. Significance was calculated

with one-way ANOVA followed by Tukey’s multiple comparison test. * p < 0.05 .

Cytotoxicity measured in terms of mitochondrial activity (alamarBlue™, AB) and
membrane integrity (CFDA-AM) and expressed as percentage of vehicle control,
for a 24h exposure experiment in PLHC-1 cells. Cells were treated with 0.4%
DMSO (Negative vehicle control), and OIT at concentrations 1 pM, 5 pM, and 10
mM (n=12). Data is combined from three repeated experiments with 4 technical
replicates for each treatment, expressed as mean + SD. Significance was calculated
with one-way ANOVA followed by Tukey’s multiple comparison test, * p < 0.05,
MR D < 0.001. .. L e e e e e

Cytotoxicity measured in terms of mitochondrial activity (alamarBlue™, AB) and
membrane integrity (CFDA-AM) and expressed as percentage of vehicle control,
for a 24h exposure experiment in PLHC-1 cells. Cells were treated with 0.4%
DMSO (Negative vehicle control), 10 M BIT alone and in mixture with OIT at
concentrations 1 pM, 5 pM, and 10 mM (n=12). Data is combined from three
repeated experiments with 4 technical replicates for each treatment, expressed
as mean + SD. Significance was calculated with one-way ANOVA followed by
Tukey’s multiple comparison test. *** p < 0.001. . . . . . . . . .. ... ..

Cytotoxicity measured in terms of mitochondrial activity (alamarBlue™, AB) and
membrane integrity (CFDA-AM) and expressed as percentage of vehicle control,
for a 24h exposure experiment in PLHC-1 cells. Cells were treated with 0.4%
DMSO (Negative vehicle control), 5 pM OIT alone and in mixture with BIT
at concentrations 1 pM, 5 pM, and 10 mM (n==8). Data is combined from two
repeated experiments with 4 technical replicates for each treatment, expressed
as mean + SD. Significance was calculated with one-way ANOVA followed by
Tukey’s multiple comparison test. *** p < 0.001. . . . . . . . . .. ... ..

Cytotoxicity measured in terms of mitochondrial activity (alamarBlue™  AB)
and membrane integrity (CFDA-AM) and expressed as percentage of vehicle con-
trol, for a 24h exposure experiment in PLHC-1 cells. Cells were treated with
0.4% DMSO (Negative vehicle control), 10 ptM BIT and 10 pM OIT alone and
in mixture (n=12). Data is combined from three repeated experiments with 4
technical replicates for each treatment, expressed as mean + SD. Significance was
calculated with one-way ANOVA followed by Tukey’s multiple comparison test.
MR D < 0.001. ... e e e e e

Example of a chromatogram obtained from the HPLC system in use. This sample
consisted of cultured cell media containing the 0.4% DMSO vehicle control and
was sampled after 24h exposure. The red line corresponds to the output signal

at 275 nm detection, while the blue line corresponds to detection at 320 nm.

Determination of the retention time of OIT in the HPLC system. The image is

20

23

zoomed in on the region of the chromatograms where the standard peaks appeared. 23



List of Figures

4.10

4.11

4.12

4.13

4.14

4.15

Al

A2

A3

An initial chromatogram to determine the retention time of BIT in the HPLC
system as well as confirming the presence of the presumed metabolite. The image

is zoomed in on the region of the chromatograms where the BIT peaks appeared.

AUC for BIT, BIT metabolite and OIT peaks in cultured media over time (3, 24,
48, 72h) after exposure with 10 uM BIT or 5 uM OIT (n=2). Data is from one

experimental repeat with 2 technical replicates per treatment, expressed as mean

AUC values for peaks of extracellular OIT in media samples from treatments
of 5 uM OIT, 5 uM OIT in combination with 10 uM BIT and 10 puM OIT in
combination with 10 pM BIT. The exposure time was 3 hours. The gray bar
represents the control of 5 pM OIT in non-cultured media. Data is from one

experimental repeat with 2 technical replicates per treatment, expressed as mean

AUC for BIT and BIT metabolite peaks in cultured media with exposures of 10
puM BIT in combination with no, 1 uM, 5 uM or 10 uM OIT. Sampling took place
after 3, 24, 48 and 72 hours of exposure. The white bars represents cultured media
samples with only 10 uM BIT exposure (no OIT) and the gray bars represents
cultured media samples with 10 uM BIT exposure in combination with 1, 5 or
10 uM OIT. Data is from one experimental repeat with 2 technical replicates per

treatment, expressed as mean £ SD. . . . . . . . .. .00

AUC for extracellular BIT and BIT metabolite in cultured media samples from
24 hour exposures of 10 uM BIT (+/-) 1 uM BNF (n=6). Data is combined
from three repeated experiments with 2 technical replicates for each treatment.
Significance was measured with one-way ANOVA followed by Tukey’s multiple
comparison test. ns p > 0.05, * p < 0.05. . . . . . . .. ...

Chomatograms of extraction samples from cells treated with 10 uM BIT or 5 uM
OIT for 24 hours. . . . . . . . . . . o v v i i e e e e e e e e

AUC for BIT and BIT metabolite peaks over time (3, 24, 48, 72h) after exposure
with 10 uM BIT. The data is from one experimental repeat containing no technical

replicates. . . . . . o L Lo oL e e e e e

Chomatograms of extraction samples from cells treated with 10 uM BIT for 24
hours. The cromatogram is compared to a 10 pM BIT standard dissolved in
MeOH to indicate the retention time of BIT. As can be seen, the expected re-
tention time of BIT in the system is around 7 minutes as visualized by the light
blue peak from 320 nm detection. The arrow indicates a peak on the red chro-
matogram that could be missinterpreted as presence of intracellular BIT, however
this was ruled out. The image is zoomed in on the region of the chromatograms

where the BIT standard peaks appeared. . . . . . . . . . . . . . ... ...

Chomatograms of extraction samples from cells treated with 5 uM OIT for 24
hours. The cromatogram is compared to a 10 pM OIT standard dissolved in
MeOH to indicate the retention time of OIT. As can be seen, the expected re-
tention time of OIT in the system is around 12 minutes as visualized by the
brown peak from 275 nm detection. The image is zoomed in on the region of the

chromatograms where the OIT standard peaks appeared. . . . . . . . . . . ..

24

Xvil



List of Figures

A.4 Collected data on protein content from the EROD assay after 24h exposure of

xviii

some treatments with BIT and OIT. For each culturing plate, the protein con-
tents in each treatment well have been normalized to the protein content for the
DMSO vehicle control wells. The protein contents for each treatment is there-
fore presented as a percentage of the protein content in wells with vehicle control
treated cells. The protein content of the DMSO vehicle control is set to 100%,
indicated by the dashed red line. The treatments include 10 pM BIT (n=16),
5 pM OIT (n=12), 1 pM OIT + 10 uM BIT (n=8), 5 pM OIT + 10 uM BIT
(n=12), 10 pM OIT + 10 pM BIT (n=4), 1 uM BNF + 10 uM BIT (n=12) and
1 pM BNF + 5 pM OIT (n=8). The data is combined from up to three separate
experimental repeats, each with four technical replicates, and expressed as mean
£ SD. L e e



1

Introduction

One of the main threats for producers worldwide is microbial contamination of their
products. This not only applies to food products, but also to non-trivial industries
such as construction and cosmetics. Biocides are chemicals that act as preservatives
in products by killing harmful pathogens in order to protect both people and ani-
mals [2]. There are different types of biocidal chemicals and they can be found in
a variety of products, for example disinfectants, medicines, hygiene products and
waste water. Despite their positive antimicrobial effects, some biocides may pose a
threat to both the environment and to animal and human health.

Isothiazolinones are a type of biocide commonly used in cosmetics and other at-home
cleaning and hygiene products such as soaps and laundry detergents [3]. Because
of their powerful antimicrobial properties, isothiazolinones are also added to paints,
boat coatings, and marine coatings to prevent spoilage. However, the potent biocidal
nature of isothiazolinones raises concerns about potential ecotoxicological hazards
and implies further studies of the compounds. It has also been reported that some
isothiazolinones causes allergic reactions upon contact with skin, proposing further
toxic concerns [4, 5, 6]. Two of these biocides are benzisothiazolinone (BIT) and
octylisothiazolinone (OIT), which will be investigated in this project.

While BIT and OIT are extensively used in consumer products, there is still a
notable gap in the knowledge of their definitive effects on humans and animals,
specifically concerning their uptake and metabolism. The objective of this thesis
is to lessen this knowledge gap and contribute to a broader understanding of the
impacts of these isothiazolinones.

1.1 Aim and clarification of project

The aim of this project was to investigate the hepatocellular metabolism and mixture
effects of the isothiazolinones BIT and OIT. More specifically, the toxicodynamic
and toxicokinetic properties of BIT and OIT in PLHC-1 cells were evaluated.

The aim has been clarified and formulated into two main research questions with
correlating subquestions.



1. Introduction

o What are the toxicokinetic properties of the isothiazolinones BIT and OIT in
PLHC-1 cells?
— Could the common phase I enzyme CYP1A be involved in the metabolism
of the isothiazolinones BIT and OIT in PLHC-1 cells?
— Are any metabolites formed and what can be said about their properties?

o What are the toxicodynamic properties of the isothiazolinones BIT and OIT
in PLHC-1 cells?
— What are the cellular responses of exposed PLHC-1 cells, with focus on
mitochondrial activity and cell membrane integrity?

To achieve this aim, a series of experimental assays have been conducted using the
PLHC-1 cell line as model system. The ethoxyresorufin-O-deethylase (EROD) as-
say was implemented in order to investigate potential involvement of the cytochrome
P450 (CYP) 1A enzyme in the metabolism of BIT and OIT. Further, high perfor-
mance liquid chromatography with UV detection (HPLC-UV) was utilized to inves-
tigate both extracellular and intracellular contents over time following exposure of
PLHC-1 cells to BIT and OIT, aiming to reveal the uptake of the isothiazolinones
and the formation of potential metabolites. Lastly, a cytotoxicity assay analyz-
ing the mitochondrial activity and membrane integrity was performed to assess the
overall cytotoxic effect of exposure to the isothiazolinones, both individually and in
mixture.
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Theory

The powerful antimicrobial properties of isothiazolinones make them common preser-
vatives in both industrial and consumer products. However, given their suggested
allergenic and toxic effects, further studies are necessary to thoroughly evaluate
their potential adverse impacts. Understanding the metabolism of these compounds
is essential, as biotransformation processes influence their toxicity and persistence
in biological systems. This evaluation is necessary for assessing the safety and envi-
ronmental impact of isothiazolinones.

2.1 Isothiazolinones

[sothiazolinones are known for and widely used thanks to their potent antimi-
crobial properties. They are characterized by a pentagonal heterocyclic thiazole
ring, containing both sulfur, nitrogen and a carbonyl oxygen. The attached side
chains determines the properties of each isothiazolinone derivative [3]. The most
commonly prevalent isothiazolinones in consumer products are benzisothiazolinone
(BIT), octylisothiazolione (OIT), dichloroocthylisothiazolinone (DCOIT'), methylisoth-
iazolinone (MIT), and chloromethylisothiazolinone (CMIT), whose chemical struc-
tures can be found in Figure 2.1. These isothiazolinone biocides are both used alone
or in mixture with each other in products. It is previously known that exposure of
chemicals in mixture may pose an amplification of the toxic response in organisms
compared to when exposed alone [7, 8, 9]. This is most prevalent in the aquatic
environment where organisms are usually exposed to multiple chemicals at a time.

N N N
BIT oIT
N N— cl N N NN
SR S

MIT CMIT DCOIT

Figure 2.1: Chemical structures of benzisothiazolinone (BIT), octylisothiazolione (OIT),
dichloroocthylisothiazolinone (DCOIT), methylisothiazolinone (MIT) and chloromethylisothiazoli-
none (CMIT). Created in ChemDraw.



2. Theory

Isothiazolinone biocides enter the target microorganisms (e.g. fungi and bacteria)
through diffusion across the cell wall or membrane. Upon entering the cells, their
mode of action has been described as reacting with the nucleophilic groups of cellu-
lar components through the electron-deficient sulfur atom in their thiazole structure
[10]. More specifically, they block the enzymatic activity of cellular proteins by
binding to thiols from cysteine found in the active sites of the enzymes, ultimately
causing cell death. It was found in a study by Arning and colleagues (2008) that
the isothiazolinones CMIT and DCOIT strongly decreased the intracellular levels
of glutathione (GSH), while simultaneously increasing levels of oxidised glutathione
(GSSG) in the human hepatoblastoma cell line HepG2 [11]. As a result of this
the cellular thiol reduction potential was severely shifted, consequently leading to
morphological changes of the cells and cell death. This effect was also amplified by
inhibition of glutathione reductase (GR) caused by CMIT and DCOIT. Their non-
chlorinated derivatives MIT and OIT were also assessed in the same study. However
they did not display as high effects on the HepG2 cells as their chlorinated analogues
[11].

Despite being known for causing skin sensitization [3], isothiazolinones are among
the most common ingredients used in consumer products in Sweden and their pres-
ence have increased drastically since 2002 [12]. Figure 2.2 illustrates the number of
consumer products in Sweden where BIT, CMIT and MIT could be found between
2002-2022. According to the Swedish Chemical Agency’s report on the most com-
mon substances in consumer products from 2022, BIT appeared as the second-most
common substance in terms of number of products it appears in, only surpassed by
water.

Increase of the three most common
isothiazolinones found in consumer products
over 20 years

4000
— BIT
(7] [
2 3000- CMIT
3 — MIT
s
= 2000-
]
Ke)
£ 1000-
4
0 1 1 1 1 1
2002 2007 2012 2017 2022

Year

Figure 2.2: Number of consumer products in Sweden where BIT, CMIT and MIT were used
from 2002-2022. The data is acquired from the Swedish Chemical Agency.

In 2015 the limit of allowed MIT in cosmetics in the European Union was drasti-
cally decreased [13], which in 2017 led to a 50% decrease in reported cases of MIT

4



2. Theory

contact allergy [14]. The regulation also led to a decline in the appearance of MIT
in consumer products in Sweden indicated with the green graph in Figure 2.2. An
issue following the banning or regulation of a chemical is that the industry usually
replaces it with a similar, but less regulated, chemical [15]. Although DCOIT, BIT
and OIT are banned in cosmetics in the EU, the usage of them in other consumer
products are still significantly increasing.

In a study where researches had induced skin sensitization towards MIT in mouse
subjects by pre-treating them with MIT for three days, it was found that subse-
quent exposure to BIT or OIT triggered the same allergic reactions as when the
mice were exposed to a second dose of MIT [16]. The authors therefore suggests
that MIT-sensitized individuals may also react to other isothiazolinones apart from
MIT. This cross-reactivity was also investigated in a separate study where allergy
patch tests were performed on human patients. The study found that the subjects
that presented allergic reactions to OIT also showed strong allergic reactions to
MIT, while the same concurrent reactions could not be shown for BIT [17]. The
authors propose the structural similarity of OIT and MIT to be the reason behind
their cross-reactivity among patients. Thus BIT’s lack of cross-reactivity with OIT
and MIT might be explained by its aromatic ring, which OIT and MIT does not have.

The isothiazolinone DCOIT, which is present in marine coatings, has previously been
claimed to quickly degrade in the environment. However recent research suggests
otherwise [18]. Due to its lipophilic nature it agglomerates with marine particles
which deposits into the sediment of the seabed and acts as a DCOIT reservoir. There
it can be stored for an extensive time period and interact with the present biological
entities. Accumulation of DCOIT has been found in several marine environments
around the world, including Korean harbours [19, 20], Japanese ports and bays
[21, 22, 23, 24], Malaysian and Indonesian coastlines [25, 26], and marinas in Spain,
Sweden and Greece [27, 28, 29, 30]. The structural similarities of OIT and DCOIT
may suggest that OIT could display similar accumulation in marine sediments.

2.1.1 Benzisothiazolinone and octylisothiazolinone

1,2-Benzisothiazol-3(2H)-one and 2-Octyl-4-isothiazolin-3-one, more commonly re-
ferred to as benzisothiazolinone (BIT) and octylisothiazolinone (OIT) are widely
used isothiazolinone biocides [3]. BIT is frequently used as a preservative in dif-
ferent personal care and household products such as dish soaps, cleaning products,
paints and coatings [31, 32|, while OIT is more prevalent in industry and leather
products [33], however also occurs in similar products as BIT. Due to being such
frequently used industrial chemicals, they are likely to eventually end up in aquatic
environments during their lifetime.

Because of its low log K, value of 0.7, BIT is unlikely to bioaccumulate in aquatic
organisms [34, 35]. However, there are some data suggesting moderate toxicity to
freshwater fish and invertebrates, as well as high toxicity to green algae [34]. OIT
however, has a log K, value of 3.3 [33] which may be responsible for it being

5



2. Theory

bioaccumulative and highly toxic to aquatic environments [36]. In a study done
on zebrafish it was also shown that larvae development, hatchability and hormonal
systems were all negatively affected by exposure to OIT [37], highlighting the im-
portance of minimizing the release of OIT biocides into aquatic environments.

Depending on the dose and time of exposure, both BIT and OIT have been shown
to cause skin sensitization and lead to allergic contact dermititis (ACD) in humans
[38, 39, 40]. While ACD caused by an occupational exposure of OIT was most
common [40], it has also been reported for patients in case studies where subjects
displayed allergic reactions caused by OIT in compression stockings [41] as well as
leather products (belt, shoes, furniture) [42].

Given the extensive use of BIT and OIT in everyday consumer products, both
humans and the environment is frequently exposed to the chemicals. Considering
their suggested allergenic and toxic effects, further studies on the isothiazolinones
are necessary to thoroughly evaluate their potential adverse impacts.

2.2 Detoxification mechanisms

As the main concerns regarding the isothiazolinones BIT and OIT lies in their po-
tential environmental and health impacts, understanding the metabolic transforma-
tion of these compounds is essential for assessing their toxicity and potential risks.
Elimination of xenobiotic (foreign) substances, both in humans and other animals,
relies on the combined processes of metabolism and transport [43]. The detoxifica-
tion or elimination process of drugs and other xenobiotic substances, such as BIT
and OIT, takes place primarily in the liver and can be divided into three main
phases: phase I (functionalization), phase II (conjugation), and phase III (elimi-
nation). Phases I and II collectively comprise the biotransformation processes of
xenobiotic substances [44]. Here, typically non-polar and lipophilic substances are
chemically altered, yielding more hydrophilic products to facilitate their clearance
from the system. These products are then transported out of the system in phase
I1I.

2.2.1 Phase I - Functionalization

Phase I includes reactions such as oxidation, reduction, and hydrolysis where reac-
tive or polar groups (e.g. -OH, -COOH, -NH,, -SH) are introduced or exposed within
the compound [45]. The Cytochrome P450 (CYP) enzyme superfamily plays a cru-
cial role in phase I biotransformation, specifically dominating in the catalysation of
oxidation processes [44]. If the phase I metabolites are polar enough, they can be
excreted immediately [46]. However, in many cases the elimination of phase I prod-
ucts is not rapid enough, leading them to undergo further reaction with endogenous
substrates in phase II.
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2.2.2 Phase II - Conjugation

In the phase II biotransformation reactions, the polarity of phase I products is
generally further enhanced by the conjugation of a bulky polar endogenous molecule
through reactions such as glucuronidation, glutathione conjugation, sulfation, and
amino acid conjugation [44, 46]. The phase II reactions are catalyzed by a number
of enzyme families including UDP-glucuronosyltransferases (UGTs), glutathione S-
transferases (GSTs), and sulfotransferases (SULTS).

2.2.3 Phase III - Elimination

Lastly, in the elimination phase III the polar products from the biotransformation
processes are transported out of the liver cells to be excreted, primarily via urine and
bile [47]. Key players in this phase includes ATP-Binding Cassette (ABC) trans-
porter proteins, such as P-glycoprotein (P-gp), and Multidrug resistance-associated
proteins (MRPs) [48]. Which specific metabolic pathways that are involved in the
biotransformation of the isothiazolinones BIT and OIT are however not determined,
and is something this thesis aims to investigate further.

2.2.4 Cytochrome P450 1A (CYP1A)

As mentioned, members of the cytochrome P450 (CYP) enzyme family are impor-
tant in the detoxification of xenobiotic substances, specifically in the phase I bio-
transformation reactions. CYP enzymes are heme-containing proteins that primarily
catalyze monooxygenation reactions, where a singular oxygen atom is introduced in
the substrate, increasing its polarity [49]. Isoforms of these enzymes are expressed
in a wide variety of organisms, including mammals and other vertebrates such as
fish [50]. Some of the most well-studied isoforms belong to the cytochrome P4501A
(CYP1A) subfamily, which are important in the metabolism of environmental or-
ganic contaminants such as polycyclic aromatic hydrocarbons (PAHs) and planar
halogenated aromatic hydrocarbons (PHAHs) [51]. In mammals, this subfamily in-
cludes two isoforms, CYP1A1 and CYP1A2, while most fish generally possess only
one CYP1A gene [50, 51]. Although the fish CYP1A shares significant similarity
with both mammalian isoforms, both in terms of gene sequence and catalytic func-
tion, it appears to be more closely related to CYP1A1 [50, 51].

Besides being important in the metabolism of environmental organic contaminants,
the CYP1A gene is also inducible by these compounds through activation of the
aryl hydrocarbon receptor (AhR) [51, 1]. This is the most well-studied CYP iso-
form in fish liver [1], and induction of CYP1A serves as a common biomarker for
environmental contamination in aquatic systems, specifically for detecting exposure
to substances that bind and activate the AhR, such as aromatic hydrocarbons [52].
The simplified pathway of this induction starts with the binding and activation of
the AhR in the cytosol [1]. The activated AhR is then translocated to the nucleus
where it up-regulates the CYP1A gene expression. This pathway can be visualized
in Figure 2.3, starting with the ligand-binding of the target substance to the AhR,
and ending with the expressed CYP1A enzyme.
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Figure 2.3: Simplified pathway of CYP1A induction through AhR ligand-binding and acti-
vation. An AhR ligand activates the cytosolic AhR which translocates to the nucleus where it
up-regulates the CYP1A gene, ultimately leading to increased levels of CYP1A enzyme. Adapted
from Edenius, M. et al. (2024) [1].

2.3 The Poeciliopsis lucida hepatocellular carci-
noma (PLHC-1) cell line

In line with the principles of the 3 R’s (Replacement, Reduction, Refinement), ani-
mal experiments are commonly replaced with cell line-based studies. One such ex-
ample is the Poeciliopsis lucida hepatocellular carcinoma (PLHC-1) cell line which
is frequently used as a fish liver model in toxicology studies for screening of environ-
mental stressors [53, 54, 55], making it relevant for studying BIT and OIT. This cell
line is known to express CYP enzymes, in particular the CYP1A through activation
of the AhR. Although there are studies suggesting PLHC-1 cells exhibit lower phase
I and phase II biotransformation activities as compared to primary cultured fish hep-
atocytes, CYP1A and glutathione-S-transferase prove to be better conserved [56].
The cell line is also known to express toxicologically relevant Pgp- and MRP-related
ABC transporter proteins important in phase III elimination [57]. The presence of
all three fundamental components of the detoxification pathway in the PLHC-1 cell
line, underlines its suitability as an in vitro model for toxicology research.
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Methods

The methods performed in this study were carefully selected in order to adequately
fulfill the aim of the thesis. Using the EROD assay, the activity of CYP1A, and
its potential involvement in the metabolism of BIT and OIT, was examined. Mito-
chondrial activity and membrane integrity of the PLHC-1 cells, which gives insight
into the cellular response and toxicity of the isothiazolinones, was investigated using
a cytotoxicity assay. Lastly, HPLC analyses of cultured exposure media was used
for investigating cellular uptake and transformation of the isothiazolinones, while
intracellular analyses explored the cellular contents and whether BIT and OIT ac-
cumulated within the cells.

3.1 Chemicals

The majority of the chemicals and materials used in this Master’s Thesis project
were already purchased before the initiation of the project, however if they ran out or
additional material was needed it was purchased. 1,2-Benzisothiol-2(2H)-one (BIT)
(Sigma 75169-100MG), 2-Octyl-4-isothiazolin-3-one (OIT) (Sigma 46078-250MG-
R), 7-ethoxyresorufin (ER, Resorufin ethyl ether) (Sigma E-3763-1MG), Bovine
Serum Albumin (BSA) (Sigma A-7906), 3-Naphthoflavone (BNF) (Sigma N3633-
1G), Dimethyl sulfoxide (DMSO) (Sigma D8418-50ML), Fluorescamine (Sigma F-
9015), HEPES free acid (Sigma M-3375), Minimum Essential Medium Eagle (MEM)
powder (Sigma A-M-0643-1L), Resorufin (Sigma 73144-20MG) were purchased from
Merck, Sweden. 5-Carboxyfluorescein Diacetate Acetoxymethyl Ester (CFDA-AM)
(C1354), alamarBlue™ Cell Viability Reagent (AB) (DAL1025), Fetal bovine serum
(FBS) (GIBCO 10270-106) and trypsin (GIBCO 25050-014) were purchased from
Fisher Scientific, Sweden. All other chemicals were purchased from Supelco or VWR
in Sweden.

3.2 Cell line, cell culturing and exposure condi-
tions

For all cell experiments throughout this project, the Poeciliopsis lucida hepatocel-
lular carcinoma, PLHC-1 (ATCC® CRL-2406™), cell line was used. The cells were
therefore continuously cultured in 75 cm? cell culture flasks (Sarstedt) and passaged
each week to exchange the cell media and dilute the cells to ensure optimal viability
of the cells. The cells were grown at 30°C in Eagle’s Minimum Essential Medium
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(MEM), supplemented with 5.96 g/L. HEPES free acid, 2.2 g/L sodium bicarbonate,
and 5% (v/v) fetal bovine serum (FBS).

To passage the PLHC-1 cells, the old media in the flasks was first removed using
vacuum aspiration. Subsequently, 5 mL of 0.2% EDTA (w/v) in PBS was added,
covering the cells, and was left to incubate for 2-3 minutes before also being aspi-
rated. As the PLHC-1 cell line is adherent, the cells were harvested by adding 1.5
mL of 0.25% trypsin (w/v) in PBS which was allowed to incubate for approximately
1 minute. After incubation with trypsin, the flask was gently tapped to dislodge
the cells from the bottom, and 10 mL of fresh media was added to stop the trypsin
activity. This was done by gently pipetting up and down for optimal separation of
the cells. Thereafter, approximately 20 nuL of the cell suspension was added to a
Biirker chamber and the cell density was counted under a microscope. Typically, a
1:20 dilution of the cell suspension was performed for passaging the cells. However
if the cell density was very low, a 1:10 dilution was used instead.

Prior to all experiments, a portion of the cell suspension was also taken and di-
luted to appropriate concentrations. This diluted cell suspension was then seeded
onto multi-well tissue culture plates and left to incubate overnight. For analysis
of CYP1A enzyme activity (EROD assay) and analysis of extracellular BIT and
OIT, 3 x 10° cells per well were seeded onto 48-well plates (Costar). For analysis
of membrane integrity and mitochondrial activity (cytotoxicity assay) 1 x 10° cells
per well were seeded onto 96-well plates (Sarstedt). For analysis of intracellular BIT
and OIT (extraction method) 3 x 10° cells per well were seeded onto 6-well plates

(Costar).

After overnight incubation the old media in the wells was replaced with fresh me-
dia and the cells were exposed to different treatment concentrations and mixtures
of BIT and OIT. The chemicals were either dissolved in the media before it was
added to the wells or added directly to the wells with fresh media, depending on the
assay. For the EROD assay and analysis of extracellular BIT and OIT, the media
was replaced (500 nl. per well) and the chemicals were added directly to the fresh
media in the wells. Similarly, for the extraction assay the cell media was first re-
placed (2 mL per well) before the chemicals were added directly to the wells. Due to
the smaller volumes in the cytotoxicity assay (100 pL per well), the chemicals were
instead diluted in the fresh media before being added to the wells to ensure consis-
tency in the exposure concentration over replicates. The concentrations investigated
were: 1 pM, 5 ntM and 10 pM BIT and OIT, alone and in mixture, with 4 technical
replicates per treatment (n=4), unless stated otherwise. The concentrations were
chosen based on detection sensitivity of the methods while still avoiding lethal doses.
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An overview of the experimental steps prior to analysis is presented in Figure 3.1.
The time of exposure varied between the different assays and the analytical steps
are described in detail in each separate section.

DAY 1 DAY 2 DAY 3
SEEDING EXPOSURE ANALYSIS
Y Vant
N/
CYTOTOXICITY i @
24h 24h

" a e
NS / 3,24,48h
EROD (:>
N _—
EXTRACELLULAR 24h
NV 3,24,48,72h
T 2 T 2 s
. e . O
INTRACELLULAR Y & & - Y & &
24h . 24h
HPLC-UV

Figure 3.1: Overview of the experimental steps prior to analysis for all assays. On day 1,
PLHC-1 cells were seeded onto different sized multi-well plates depending on the assay (96 wells
for cytotoxicity, 48 wells for EROD and extracellular analysis, and 6 wells for intracellular analysis),
before they were left to incubate overnight. On day 2, the cell media was replaced and the cells
were exposed to BIT, OIT, and BNF (EROD assay). The cells were exposed to the chemicals for
different time durations depending on the assay. On day 3 analysis was performed. The analytical
steps are described in each section for the respective assay. Created in BioRender.

3.3 Analysis of CYP1A activity (EROD assay)

To investigate CYP1A activity following exposure to the chemicals BIT and OIT,
the ethoxyresorufin-O-deethylase (EROD) reaction was used. In this reaction, 7-
ethoxyresorufin is converted to the fluorescent product resorufin, which is catalyzed
by CYPIA enzymes [58]. This product can be fluorescently measured, and its
formation is proportional to the CYP1A activity. Therefore, the terms CYP1A ac-
tivity and EROD activity will be used interchangeably throughout the report. To
standardize the EROD activity to specific units [pmol resorufin formed/mg pro-
tein/minute|, the total protein content in each well was measured using a fluo-
rescamine protein dye and a protein standard of bovine serum albumin (BSA).
Fluorescamine reacts with the primary amines on proteins and peptides, forming
complexes that are fluorescently detectable [59]. By introducing the dye to the cell
samples in each well, the protein content could be assessed and compared to a BSA
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standard also treated with fluorescamine. The protein content is also an indication
of cell viability and proliferation post-exposure.

The first step of the assay involved preparation of all solutions needed for the ex-
periment. To prepare the 7-ethoxyresorufin (ER) work solution, 7-ethoxyresorufin
dissolved in methanol was added gradually to a 50 mM sodium phosphate buffer
(ER buffer) and the absorbance of the solution was measured until it reached an
absorbance of 0.06. The fluorescamine solution for protein measurement was pre-
pared by adding fluorescamine powder to acetonitrile (3 mg fluorescamine/ 10 mL
acetonitrile). In a 48-well plate, a resorufin standard was prepared at concentrations
of 0, 3.125, 6.25, 12.5, 25, 50, and 100 pmol/well. Similarly, a BSA standard was
prepared at concentrations 0, 6.25, 12.5, 25, 50, and 100 pg/well. For both stan-
dards, each concentration was prepared in duplicate.

The chemically exposed cells (3, 24, or 48 h) in the 48-well plates were washed once
with 500 pL. phosphate buffered saline (PBS), followed by the addition of 200 pL of
ER work solution to each well. The plates were immediately placed in a plate reader
(SpectraMax® Gemini™ EM, Molecular Devices, California) and the fluorescence
was measured (Ex/Em: 530/590) every minute for 10 minutes for a time-resolved
measurement of resorufin production. After the 10 minute measurement, 100 nL of
the fluorescamine solution was added to both the chemically exposed cells, as well
as to the BSA standard plate. The plates were covered with aluminum foil and
left to incubate for 10 minutes on a shaker before being placed in a plate reader
for an endpoint measurement (Ex/Em: 405/460). Endpoint measurement was also
performed for the resorufin standard (Ex/Em: 530/590 nm).

Cells exposed to 0.4% DMSO (final concentration in each treatment) in medium
(MEM, 5% FBS) were used as a negative vehicle control, while 1pM of the known
CYP1A enzyme inducer B-naphthoflavone (BNF) was used as a positive control.

3.3.1 Data calculations

After obtaining the raw data from the fluorescence measurements, data process-
ing was performed in Excel. Linear regression was applied to both the BSA and
resorufin standards to generate calibration curves. The same procedure was then
employed for the ten data points measuring resorufin production over a duration of
ten minutes yielding an EROD slope for each well with exposed cells.

Protein content in all wells with exposed cells was calculated using the BSA stan-
dard curve, where the measured fluorescence values (for fluorescamine) correlated
to known protein concentrations in the BSA plate. The EROD activity in each well
was then calculated using Equation 3.1:

EROD slope

EROD activity =
Y Resorufin standard x Protein concentration

(3.1)
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Where the EROD slope was obtained from the linear regression of the fluorescent
counts measured at the 10 time points, the resorufin standard was calculated based
on the linear regression from the resorufin standard curve, and the protein concen-
tration represented the calculated protein concentration in each well.

3.4 Analysis of membrane integrity and mitochon-
drial activity (cytotoxicity assay)

To assess potential adverse effects on the cells due to exposure to BIT and OIT, a
cytotoxicity assay was performed. This was achieved using two different fluorescent
probes for investigation of mitochondrial activity and membrane integrity.

Cell membrane integrity was analysed using the dye 5-Carboxy Fluorescein Di-
acetate - Acetoxymethyl Ester (CFDA-AM). CFDA-AM is non-fluorescent in its
original form, but upon entering viable cells it is converted into its fluorescent form,
fluorescein, by esterases [60]. Only cells with intact cell membranes provide the
environment necessary for the esterases to function properly, making it possible to
distinguish between viable cells and cells with compromised membrane integrity.

Mitochondrial activity was assessed using alamarBlue™ (AB). Here, the cell-permeable
and non-fluorescent active ingredient, resazurin (blue), is hydrolysed to the highly
fluorescent resorufin (red) in the mitochondria [61, 60]. A lower fluorescent signal
corresponds to lower mitochondrial activity, a characteristic of damaged or non-
viable cells.

The two fluorescent dyes were simultaneously added to the chemically exposed cells
(24 h) through a cytotoxicity solution of 1.25% (v/v) AB and 4 pM CFDA-AM
in L-15/ex buffer. Prior to addition of the cytotoxicity solution, the cells in the
96-well plates were washed twice with L-15/ex buffer. Thereafter, 100 pL of cy-
totoxicity solution was added to each well and the plate was left to incubate on a
shaker for 45-60 minutes. The procedure was performed with the lights turned off
and both the cytotoxicity solution and the plates were covered with aluminum foil
as alamarBlue™ is highly light-sensitive. After incubation, the plates were placed in
a plate reader (SpectraMax® Gemini™ EM, Molecular Devices, California) where
both fluorescent probes could be simultaneously measured thanks to their different
excitation and emission spectras (485/535 nm for fluorescein and 532/590 nm for
resorufin).

As for the EROD assay, cells exposed to 0.4% DMSO in medium (MEM, 5%FBS)
were used as a negative vehicle control, and wells without cells and only the cyto-
toxicity solution were used as a blank.
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3.4.1 Data calculations

Again, raw data obtained from fluorescent measurements were primarily handled in
Excel before being analysed in GraphPad Prism. For both mitochondrial activity
(alamarBlue™, AB) and membrane integrity (CFDA-AM), the cytotoxicity of the
cells in each well after treatment was calculated using Equation 3.2:

FUexposed cells — FUblank

%Cytotoxicity (AB or CFDA-AM) =
o ’ ( ) (FUvehicle control cells — FUblank

) x 100 (3.2)

Where, FUcyposed cells 1S the measured fluorescence in each well in arbitrary fluorescent
units (FU), FUpjank is the mean value of fluorescent units measured in the wells with
only cytotoxicity solution and no cells, and FUcpicle control cels 18 the mean value of
fluorescent units measured in the DMSO control wells. This resulted in a percentage
of cytotoxicity measured for each replicate in every treatment, compared to the
negative vehicle control.

3.5 Analysis of extracellular BIT and OIT

In this assay it was investigated how the concentrations of BIT and OIT in cultured
media were affected when cells had been exposed for a range of time durations (3,
24, 48 and 72 h). It also investigated whether the two chemicals affected the cel-
lular uptake of one-another, and if potential cell-made metabolites could be detected.

This assay was usually performed in combination with the EROD assay described
in chapter 3.3. After cells had been seeded onto 48-well plates and exposed to the
treatments for the different time durations (3, 24, 48 and 72 h), 500 pL of the cul-
tured media was harvested from the wells and transferred to 1.5 mL microcentrifuge
tubes. The EROD assay was then performed on the exposed cells left on the plate,
while the analysis of extracellular BIT and OIT was performed on the harvested me-
dia. If this assay was not performed in combination with the EROD assay, cells were
still seeded onto 48-well plates and exposed in the same way as described in chapter
3.2. Post sampling, the media samples were centrifuged in a tabletop centrifuge at
room temperature and 11000 RPM for 5 minutes. 250 pL of the supernatant was
collected and transferred to 1.8 mL glass vials with 250 uL inserts purchased from
Agilent Technologies. If the analyses were performed on a different day than when
the samples were collected, they were stored in -20°C.

The extracellular concentrations of BIT and OIT were analysed using a HPLC sys-
tem with UV detection (Agilent 1260 system with binary pump, 1260 DAD VL+ de-
tector, HiP-ALS SL+ autosampler, column oven and degasser, Agilent Technologies,
Santa Clara), equipped with a Kromasil column (4.6 x 100 mm 2.5u EternityXT-
PhenylHexyl, Nouryon, Bohus) and a protective pre-column. The injection volume
of samples was set to 20 puL, the temperature of the column unit was kept at 40°C
at all times and the UV detector used two detection wavelengths (275 nm and 320
nm, using 10 nm bandwidth and no background correction). The system uses two
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mobile phases, A and B. Phase A was composed of 95% water and 5% methanol,
while phase B was composed of 100% methanol. Both phases were pH-adjusted
using 4 mL/L acetic acid. The system used the following 22 minute mobile phase
gradient program presented in Table 3.1 for analysis.

Table 3.1: The mobile phase gradient program used for HPLC analysis in this project.

Time (min) | A (%) | B (%) | Flow (ml/min)
0 99 1 1.3
13 ) 95 1.3
16 ) 95 2.0
17 99 1 1.5
20 99 1 1.3

The chromatograms obtained from the analyses were saved and analysed using Clar-
ity Chromatography Software 8.7 (DataApex, Prague). The retention times of BIT
and OIT in the system were determined by performing standard curves with in-
creasing concentrations of BIT and OIT in cell culture media. Due to the nature
of the mobile phase gradient program, hydrophilic compounds are expected to have
a shorter retention time than lipophilic compounds. The extracellular concentra-
tions of BIT and OIT were then examined by calculating the area under the curve
(AUC) responses on the chromatograms, performed by the Clarity Software. Sam-
ples of all tested exposure concentrations of BIT and OIT dissolved in MEM media
(non-cultured) was used as controls in this assay.

3.6 Analysis of intracellular BIT and OIT

This assay investigated the intracellular concentrations of BIT and OIT in PLHC-
1 cells that has been exposed for 24 h and is based on a method for extracting
intracellular benzola|pyrene and clotrimazole previously described by Edenius and
colleagues [1].

PLHC-1 cells were seeded onto 6-well plates and exposed as described in chapter 3.2.
After 24 hour exposure 500 uL of the exposure media was sampled for extracellular
analysis of BIT and OIT. The remaining media from each well were then removed
and each well was washed once with 2 mL of phosphate buffered saline pH 7.4
(PBS). The cells were detached from the bottom of the wells using 200 pL 0.25%
(w/v) trypsin and a sterile cell scraper (Sarstedt) before being transferred to 1.5
microcentrifuge tubes. 200 uL. HPLC-grade acetone was added and each sample
was vortexed. 200 pL heptane was added and the samples were vortexed again
before being sonicated in an ultrasonic waterbath for 10 min. The samples were
then centrifuged in a tabletop centrifuge at room temperature and 11000 RPM for 5
minutes. 100 uL of the top layer of the supernatant (consisting of the intracellular
components dissolved in heptane) was collected and transferred to 1.8 mL glass vials
with 250 uL inserts purchased from Agilent Technologies. The heptane was then
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allowed to evaporate in a fume hood overnight. 100 pL. methanol was added to each
vial before being analysed in the same HPLC system as described in chapter 3.5.
Chromatograms were analysed in Clarity software where the AUC of the peaks was
calculated. Samples of all tested exposure concentrations of BIT and OIT dissolved
in methanol was used as controls in this assay.

3.7 Statistical analysis

All statistical analyses were performed using GraphPad Prism 10.2.3 software. Data
for measurements with at least 4 replicates were analysed using one-way analysis of
variance (ANOVA), followed by Tukey’s multiple comparison posthoc test. For mea-
surements with less than 4 replicates, means and standard deviations are presented.
Differences were considered statistically significant when p < 0.05.
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Results

4.1 Analysis of CYP1A enzyme activity (EROD
assay)

The CYPI1A activity in the PLHC-1 cells was assessed using the EROD assay as
previously described in chapter 3.3. The goal was to fluorescently measure the
resorufin production in the treated cells after addition of 7-ethoxyresorufin, and
compare it to a resorufin standard to determine the specific amount of produced re-
sorufin. However, the stock solution from which the resorufin standard was prepared
was found to be of insufficient quality, resulting in an unreliable expected concen-
tration. Therefore, the unit of the CYP1A activity was not standardized to [pmol
resorufin formed/min/mg protein] as originally intended, but is instead expressed
as [FU/min/mg protein], where FU represents the fluorescent units measured in
the plate reader. This was decided to be sufficient for evaluating different trends
between treatments as the goal was not to specifically quantify resorufin production.

Additionally, the known CYP1A inducer BNF was utilized as a positive control
for the EROD assay to ensure the cells properly expressed the CYP1A enzyme and
that it was inducible. This treatment was not always successful, thus only exper-
iments where the BNF-treated cells exhibited a noticeably higher CYP1A activity
compared to the negative vehicle control group were included, unless stated other-
wise.

The result of a 24-hour exposure experiment is demonstrated in Figure 4.1. In
this experiment, the CYP1A activity of the cells following treatment with 10 pM
BIT alone and in combination with either 1 pM BNF or 5 pM OIT was investigated.
Only the positive control with 1 pM BNF and the mixture of 10 pM BIT with 1 pM
BNF exhibited a visible CYP1A activity compared to the negative vehicle control.

Further, the PLHC-1 cells were exposed to the treatments: 1 pM BIT alone; 1 ntM
OIT alone; 1 pM BIT in mixture with 1 pM OIT; 1 pM BIT in mixture with 5 pM
OIT; 1 pM BIT in mixture with 1 pM BNF; and 1 pM OIT in mixture with 1 pM
BNF for 3, 24, and 48 hours. Results from this time-course experiment are presented
in Figure 4.2. As shown in Figure 4.2a, no apparent effect on CYP1A activity could
be observed for any of the treatments, including the BNF control, after 3 hours.
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EROD 24h exposure
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Figure 4.1: CYPI1A activity expressed in terms of EROD activity in fluorescent units (FU) per
minute per mg protein for a 24h exposure experiment in PLHC-1 cells. Cells were treated with
0.4% DMSO (Negative vehicle control), 1 pM BNF (Positive control), 10 pM BIT alone and in
combination with 1 ptM BNF or 5 utM OIT (n=4). Data is expressed as mean £ SD.
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Figure 4.2: CYP1A activity expressed in terms of EROD activity in fluorescent units (FU)

per minute per mg protein for a) 3h, b) 24h, and ¢) 48h exposure experiments in PLHC-1 cells.

Cells were treated with: 0.4% DMSO (Negative vehicle control); 1 pM BNF (Positive control); 1

pM BIT; 1 pM OIT; 1 pM BIT + 1 uM BNF; 1 uM OIT + 1 pM BNF; 1 pM BIT + 1 uM OIT;
and 1 pM BIT 4 5 pM OIT (n=4). Data is expressed as mean + SD.

After 24 hours of exposure, shown in Figure 4.2b, a noticeable effect on the CYP1A
activity was observed only for the BNF control, as well as for the cells treated with 1
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pM BIT or 1 pM OIT in combination with 1 pM BNF. Moreover, a seemingly lower
CYP1A activity was observed for the cells that were co-treated with 1 pM BNF and
1 pM OIT or 1 uM BIT, compared to those treated with 1 pM BNF alone. Similar
to the 24h exposure, only cells exposed to 1 pM BNF alone or in combination with
1 pM BIT or 1 pM OIT exhibited any observable CYP1A activity after 48 hours, as
illustrated in Figure 4.2c. However in this case, co-treatment with 1 pM BNF and
1 pM OIT instead display a slightly higher CYP1A activity compared to treatment
with 1 ptM BNF alone.

In summary, no treatment except for those containing BNF resulted in an observable
increase of CYP1A activity in the PLHC-1 cells when compared to the negative
control group.

4.2 Analysis of membrane integrity and mitochon-
drial activity (cytotoxicity assay)

The cytotoxic effect of BIT and OIT exposure on the PLHC-1 cell line was inves-
tigated using the fluorescent probes alamarBlue™ and CFDA-AM to analyze the
mitochondrial activity and membrane integrity, respectively. The output for each
treatment has been normalized to the vehicle control and the cytotoxicity of each
treatment is expressed as a percentage of the control group. The vehicle control
represents healthy cells and is normalized to 100%. Values lower than 100% signi-
fies lower mitochondrial activity or lower membrane integrity, while higher values
indicate the opposite.

The treatments investigated in this assay includes the vehicle control (0.4% DMSO),
BIT at concentrations 1 pM, 5 pM, and 10 pM, OIT at concentrations 1 pM, 5 nM,
and 10 pM, as well as the combination of BIT and OIT at these concentrations. For
all experiments the duration of exposure to the treatments was 24 hours.

Exposure for 24 hours to BIT alone at concentrations 1 pM, 5 pM, and 10 pM
resulted in minimal cytotoxic effects on both mitochondrial activity and membrane
integrity as demonstrated by Figure 4.3. While exposure to 1 ptM BIT exhibited a
statistically significant increase in mitochondrial activity compared to the control
group, the magnitude of the difference is small.

For 24h exposure to OIT alone, no significant effect was observed on the mito-
chondrial activity for concentrations of 1 pM or 5 pM as shown in Figure 4.4. A
statistically significant increase in membrane integrity was however observed at the
same concentrations when compared to the control group. Further, exposure to 10
pM OIT displayed a slight decrease in membrane integrity, and a more distinct and
highly significant decrease in mitochondrial activity as compared to the control.
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BIT exposure
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Figure 4.3: Cytotoxicity measured in terms of mitochondrial activity (alamarBlue™, AB) and
membrane integrity (CFDA-AM) and expressed as percentage of vehicle control, for a 24h exposure
experiment in PLHC-1 cells. Cells were treated with 0.4% DMSO (Negative vehicle control), and
BIT at concentrations 1 pM, 5 pM, and 10 mM (n=12). Data is combined from three repeated
experiments with 4 technical replicates for each treatment, expressed as mean 4+ SD. Significance
was calculated with one-way ANOVA followed by Tukey’s multiple comparison test. * p < 0.05

OIT exposure
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Figure 4.4: Cytotoxicity measured in terms of mitochondrial activity (alamarBlue™, AB) and
membrane integrity (CFDA-AM) and expressed as percentage of vehicle control, for a 24h exposure
experiment in PLHC-1 cells. Cells were treated with 0.4% DMSO (Negative vehicle control), and
OIT at concentrations 1 pM, 5 pM, and 10 mM (n=12). Data is combined from three repeated
experiments with 4 technical replicates for each treatment, expressed as mean 4+ SD. Significance
was calculated with one-way ANOVA followed by Tukey’s multiple comparison test, * p < 0.05,
ik p < 0.001.

To investigate potential mixture effects of BIT and OIT, experiments were conducted
where the two were combined at different concentrations. Figure 4.5 displays the
cytotoxic effect when BIT was kept constant at 10 pM and combined with increasing
concentrations of OIT. The combination of 10 pM BIT with 10 pM OIT exhibited
a large significant decrease in both mitochondrial activity and membrane integrity,
while no other treatment showed a significant cytotoxic effect compared to the con-
trol group.
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BIT with increasing OIT
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Figure 4.5: Cytotoxicity measured in terms of mitochondrial activity (alamarBlue™, AB) and
membrane integrity (CFDA-AM) and expressed as percentage of vehicle control, for a 24h exposure
experiment in PLHC-1 cells. Cells were treated with 0.4% DMSO (Negative vehicle control), 10
pM BIT alone and in mixture with OIT at concentrations 1 pM, 5 pM, and 10 mM (n=12). Data is
combined from three repeated experiments with 4 technical replicates for each treatment, expressed
as mean + SD. Significance was calculated with one-way ANOVA followed by Tukey’s multiple
comparison test. *** p < 0.001.

Corresponding experiments were conducted where OIT was instead kept at a con-
stant concentration of 5 pM while combined with increasing concentrations of BIT
(1 pM, 5 pM, 10 pM). Treatment with 5 pM OIT without BIT as well as 5 pM OIT
in combination with 1 ptM BIT showed a significant increase in membrane integrity
compared to the control group. However no other treatment in these experiments
exhibited a significant difference in neither mitochondrial activity nor membrane
integrity compared to the control.

OIT with increasing BIT
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mm  Mitochondrial activity (AB)
== Membrane integrity (CFDA-AM)
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Control NoBIT 1pMBIT 5uMBIT 10 uM BIT

Figure 4.6: Cytotoxicity measured in terms of mitochondrial activity (alamarBlue™, AB) and
membrane integrity (CFDA-AM) and expressed as percentage of vehicle control, for a 24h exposure
experiment in PLHC-1 cells. Cells were treated with 0.4% DMSO (Negative vehicle control), 5 tM
OIT alone and in mixture with BIT at concentrations 1 pM, 5 uM, and 10 mM (n==8). Data is
combined from two repeated experiments with 4 technical replicates for each treatment, expressed
as mean + SD. Significance was calculated with one-way ANOVA followed by Tukey’s multiple
comparison test. *** p < 0.001.

To further investigate potential mixture effects of BIT and OIT, the cytotoxic effect
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for the combination of BIT and OIT at a concentration of 10 ptM was compared
to exposure of the two compounds separately at the same concentration as shown
in Figure 4.7. As previously observed, treatment with 10 pM OIT alone displayed
a significant decrease in mitochondrial activity, while no significant cytotoxic effect
was observed for treatment with 10 pM BIT alone compared to the control group.
However, when the cells were exposed to the combination of the two, a very sig-
nificant decrease in both mitochondrial activity as well as membrane integrity was
observed, surpassing the effect observed with either of the compounds alone.

BIT and OIT mixture effects

*ok ok
mm  Mitochondrial activity (AB)
== Membrane integrity (CFDA-AM)

Percentage of control

Control BIT 10 upM OIT 10 uM BIT 10 uM
+

OIT 10 uM

Figure 4.7: Cytotoxicity measured in terms of mitochondrial activity (alamarBlue™, AB) and
membrane integrity (CFDA-AM) and expressed as percentage of vehicle control, for a 24h exposure
experiment in PLHC-1 cells. Cells were treated with 0.4% DMSO (Negative vehicle control), 10
pM BIT and 10 pM OIT alone and in mixture (n=12). Data is combined from three repeated
experiments with 4 technical replicates for each treatment, expressed as mean 4+ SD. Significance
was calculated with one-way ANOVA followed by Tukey’s multiple comparison test. *** p < 0.001.

4.3 Analysis of extracellular BIT and OIT

As previously described, the extracellular concentrations of BIT and OIT were anal-
ysed through sampling of the cell media following exposure. The media samples were
then run through an HPLC system with UV detection at two wavelengths (275 nm
and 320 nm), which gave an output in the form of a chromatogram for each sample.
By comparing chromatograms, controls and external standards, the peaks of inter-
est (BIT, OIT, and possible metabolites) could be identified. The integral of these
peaks, also known as area under the curve (AUC), was subsequently calculated and
correlates to the concentration of analyte in the sample. The results of the extra-
cellular BIT and OIT analysis will hence be presented in arbitrary AUC units. As
the goal was to only compare differences between treatments, determining absolute
concentrations was deemed unnecessary.

In Figure 4.8 below is a visualisation of an example chromatogram (DMSO control)
obtained from the HPLC system used in this project. Since every sample is anal-
ysed at both wavelengths, all chromatograms have two lines (output signals) which
corresponds to the two wavelengths used for detection.
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Figure 4.8: Example of a chromatogram obtained from the HPLC system in use. This sample
consisted of cultured cell media containing the 0.4% DMSO vehicle control and was sampled after
24h exposure. The red line corresponds to the output signal at 275 nm detection, while the blue
line corresponds to detection at 320 nm.

Using an external standard consisting of four concentrations of OIT (0.5, 1, 5 and
10 uM) dissolved in DMSO, the retention time of OIT in this HPLC system was de-
termined at 12 minutes. The standard test also proved that the system could detect
concentrations of OIT between 0.5-10 uM successfully. Figure 4.9 illustrates the
determination of the retention time of OIT. It was also confirmed that the optimal
wavelength of detection for OIT was 275 nm in this system, since no quantifiable
peak was appearing on the signal corresponding to 320 nm.
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Figure 4.9: Determination of the retention time of OIT in the HPLC system. The image is
zoomed in on the region of the chromatograms where the standard peaks appeared.

A previous Master thesis project (not yet published) performed in the research group
also analysed extracellular BIT, however in a different HPLC system [62]. In sam-
ples where cells had been exposed to BIT the student could describe a peak on the
chromatogram at a slightly shorter retention time compared to that of BIT. This
bump was hypothesised to be a metabolite of BIT as it was only visible in the chro-
matograms obtained from media samples where cells had been exposed to BIT. This
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proposed metabolite was further investigated in this project. It was found that in
this HPLC system, the retention time for BIT was around 7 minutes, while for the
potential metabolite it was around 6.3 minutes. Figure 4.10 illustrates an experi-
ment where the retention time for BIT in this system was determined, as well as
confirming that the peak of the proposed metabolite was also visible. It can also be
seen that BIT is better detected at 320 nm, while the BIT metabolite was best de-
tected at 275nm. Since new mobile phases were prepared once they ran out (batches
of 1 L), deviations in the preparations of them slightly affected the retention times
of peaks in the chromatograms, however not to an extent of not being identifiable.

[mAU]_I
275nm
> Metabolite = DMSO control -
= 10 uM BIT in non-cultured media
4 \ 0 pM BIT in cultured media
s 320 nm
5 3+ = DMSO control
wn
2 275 nm /\ 7
R ——
L) T T T r
i ° ’ 8 ° [min]
Time

Figure 4.10: An initial chromatogram to determine the retention time of BIT in the HPLC
system as well as confirming the presence of the presumed metabolite. The image is zoomed in on
the region of the chromatograms where the BIT peaks appeared.

When the retention times for BIT and OIT were determined the data acquisition
began, where the isothiazolinones were analysed extracellularly over time. It was
possible to detect a decrease (represented by AUC) of both extracellular BIT and
OIT over time in cultured media samples, however extracellular OIT decreased
considerably faster compared to BIT. These decreases are visualised using media
samples where cells have been exposed to 10 uM BIT and 5 uM OIT respectively
and can be seen in Figure 4.11. In media samples from 10 uM BIT exposed cells, it
was also possible to detect an increase of AUC for the peak hypothesised to be the
metabolite of BIT over time, also included in Figure 4.11a. It is however important
to note that the results illustrated in Figure 4.11a is a representation from one of the
experimental repeats. However similar trends were noted between the repeats and
are visualised in Figure A.1 in Appendix A. A peak for a potential OIT metabolite
was never found, as no chromatograms from cultured media samples with exposures
of the concentrations of OIT (1 pM, 5 pM, 10 uM) contained such a peak in this
HPLC system.
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Figure 4.11: AUC for BIT, BIT metabolite and OIT peaks in cultured media over time
(3, 24, 48, 72h) after exposure with 10 uM BIT or 5 pM OIT (n=2). Data is from one
experimental repeat with 2 technical replicates per treatment, expressed as mean £+ SD.

Analysis of extracellular BIT and OIT in media samples where cells had been ex-
posed to 10 uM BIT in combination with different concentrations of OIT (1, 5 and
10 uM) were also performed. As described above and shown in Figure 4.11b, extra-
cellular OIT was not detectable in exposures >3 hours (in this experimental setup),
regardless of its exposure concentration or if in mixture with BIT. However, it was
noted that in cultured media samples exposed to a mixture of 5 uM OIT and 10 uM
BIT (for 3 hours) it was not possible to detect extracellular OIT. This means that
the cellular uptake of OIT was drastically increased when in mixture with BIT, as
opposed to when cells were exposed to OIT alone, see Figure 4.12.

Extracellular OIT after 3 hours

OIT control 5 uM OIT 5 pM OIT
+

10 uM BIT

Figure 4.12: AUC values for peaks of extracellular OIT in media samples from treatments of
5 uM OIT, 5 uM OIT in combination with 10 uM BIT and 10 uM OIT in combination with 10
puM BIT. The exposure time was 3 hours. The gray bar represents the control of 5 pM OIT in non-
cultured media. Data is from one experimental repeat with 2 technical replicates per treatment,
expressed as mean + SD.

The mixture effects of BIT and OIT mixes were also investigated in a time study.
Since OIT could not be detected in cultured media for time points >3 hours, the
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following analysis focused only on changes in amount of extracellular BIT and BIT
metabolite in cultured media. A comparison with exposures to 10 uM BIT alone
were also performed to assess whether the presence of OIT in the exposure mixture
had an impact on the cellular clearance of BIT and excretion of metabolite. The
AUC of the peaks corresponding to BIT and the presumed metabolite were cal-
culated for each time point and treatment (10 uM BIT alone and in combination
with 1, 5 or 10 uM OIT) and are presented in Figure 4.13. The AUC values of
the BIT and BIT metabolite peaks were not affected by the presence of 1 uM or 5
uM OIT in the exposure mixtures; as the AUC values for BIT and the metabolite
were similar when exposed to only 10 uM BIT over time, represented by the white
bars in Figure 4.13a and 4.13b. For each time point, except 3 hour exposure, the
AUCs of extracellular BIT were largest when cells had been exposed to a mixture
of 10 uM BIT in combination with 10 uM OIT. The opposite effect was observed
for the AUCs of the metabolite, which were lower in samples cultivated with this
mixture. This would mean that only the exposure mixture containing the highest
concentration of OIT had an effect on the presence of extracellular BIT and BIT
metabolite in cultured media over time. It is important to note that this time study
with BIT and OIT mixtures was only performed once (with two replicates), the
results presented in Figure 4.13 should thus be interpreted with caution.

Extracellular BIT Extracellular BIT metabolite
15+ 15+
=1 No OIT =3 No OIT
=1 1uMOIT = 1 pMOIT
10 =1 5uMOIT 10 =1 5uMOIT
S = 10uMOIT S = 10pMOIT
2 2
5+ 5
0 0_‘,_|:|.|:|,-._[l.[l,l.l_l:l_[l,l.l
3h 24h 48h 72h 3h 24h 48h 72h
(a) BIT in cultured media after exposure to (b) BIT metabolite in cultured media after
mixtures of BIT and OIT. exposure to mixtures of BIT and OIT.

Figure 4.13: AUC for BIT and BIT metabolite peaks in cultured media with exposures of 10
uM BIT in combination with no, 1 uM, 5 uM or 10 uM OIT. Sampling took place after 3, 24, 48
and 72 hours of exposure. The white bars represents cultured media samples with only 10 uM
BIT exposure (no OIT) and the gray bars represents cultured media samples with 10 uM BIT
exposure in combination with 1, 5 or 10 puM OIT. Data is from one experimental repeat with 2
technical replicates per treatment, expressed as mean + SD.

To further asses potential involvement of the CYP1A enzyme in the clearance of
extracellular BIT, cells were treated with a mixture of 10 uM BIT and 1 uM BNF,
the known CYP1A inducer, for 24 hours. The BIT and BIT metabolite peak sizes
were then calculated in media samples where cells had been exposed to either 10
uM BIT alone or the combination of 10 uM BIT and 1 uM BNF. Figure 4.14 below
is a compilation of three experimental replicates (each consisting of two technical
replicates) where the AUC of BIT and metabolite peaks have been calculated in
cultured media samples with 10 uM BIT (+/-) 1 uM BNF exposure(s). It can be
noted that the presence of 1uM BNF did not increase the clearance of extracellular
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BIT, but rather decreased it significantly. The figure also displays the AUC values
for the BIT metabolite produced in the samples, however there are no significant
difference in the amount of excreted metabolite between the samples.
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Figure 4.14: AUC for extracellular BIT and BIT metabolite in cultured media samples from
24 hour exposures of 10 pM BIT (+/-) 1 uM BNF (n=6). Data is combined from three repeated
experiments with 2 technical replicates for each treatment. Significance was measured with one-
way ANOVA followed by Tukey’s multiple comparison test. ns p > 0.05, * p < 0.05.

4.4 Analysis of intracellular BIT and OIT

The analysis of intracellular BIT and OIT involved extracting the cellular contents
of cells exposed to BIT and OIT followed by anlysis in the same HPLC system used
for analysing extracellular BIT and OIT. The purpose was to investigate whether it
was possible to extract OIT and BIT from inside of the treated cells after 24 hour ex-
posure. The method did not successfully extract any detectable amounts of BIT and
OIT the two times it was performed. The samples containing intracellular BIT and
OIT produced chromatograms that were challenging to interpret, even when com-
pared to controls and external standards. They did not display detectable peaks on
expected retention times. Figure 4.15 illustrates two chromatograms obtained from
the extraction procedure, one obtained from 10 uM BIT exposure and the other
from 5 uM OIT exposure. As can be seen there seems to be no apparent distinction
between the two extraction samples as they look identical. This means that also
the BIT metabolite was not detectable intracellularly since the region around its
expected retention time had identical peaks on both chromatograms. If the BIT
metabolite was present in the samples there should have been a distinction between
the chromatograms from samples of cells exposed to the different isothiazolinones.
When comparing the samples to the external standards of 10 uM BIT and 10 uM
OIT dissolved in methanol it was not possible to identify any peaks corresponding
to BIT and OIT either. These chromatograms can be found in Figure A.2 and A.3
in Appendix A.
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The chromatograms of extraction samples from exposures with 10 uM BIT in com-
bination with 5 uM OIT also looked similar to the chromatograms in Figure 4.15.
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Figure 4.15: Chomatograms of extraction samples from cells treated with 10 uM BIT or 5 uM
OIT for 24 hours.
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Discussion

Due to the extensive use of the isothiazolinone biocides BIT and OIT, their reported
skin sensitizablility and release into the environment, it is important to review their
(eco)toxicological properties. Following, the results from each assay performed in
this study will be thoroughly evaluated and discussed.

5.1 CYP1A enzyme activity (EROD)

As induction of CYP1A serves as a common biomarker for for exposure to the
enzyme’s target compounds, such as polycyclic aromatic hydrocarbons (PAHs), in-
vestigating how exposure to BIT and OIT affects the CYP1A activity is a reasonable
approach to detect potential involvement of the enzyme in metabolizing the isothia-
zolinones. The results of this study showed no noticeable increase in CYP1A activity
in the PLHC-1 cells when they were exposed to BIT and OIT, alone or in mixture.
However, due to the limited amount of data, it is not possible to say if other con-
centrations of the compounds could have produced a different outcome.

As briefly mentioned in the results section, problems with the positive BNF control
resulted in data that was decided unadequate to present and draw conclusions from.
Previous studies on PLHC-1 cells display a significant induction of CYP1A activity
when treated with 1 pM BNF [51], however this induction was not always observed
in experiments within this project. At times it worked as expected, and other times
it did not display sufficient CYP1A induction for it to be used as a positive control.
To investigate the source of this problem, different approaches for troubleshooting
were performed. Experiments were conducted investigating the quality of the BNF,
as well as the performance of the instrument. It was eventually discovered that the
settings on the plate reader were not optimal for sensitive resorufin detection in the
EROD assay, likely being the reason for inconsistent fluorescent measurements of the
positive control. As discussed in the results section, the resorufin standard proved
to be of insufficient quality, where the fluorescent output was considerably lower
than expected for the standard concentrations. Besides acting as a parameter in the
calculations of EROD activity (for resorufin quantification), the resorufin standard
also works as an indication of the limit of detection for fluorescent measurement
with the instrument. Without this standard, it is not possible to determine if the
resorufin produced by the cells reaches a quantifiable amount. However, the results
obtained during this project can still give some hint about if BIT or OIT could
induce CYP1A activation similar to the BNF. As the CYP1A activity appeared to
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be higher in the BNF-treated cells compared to the negative control group, it seems
as though the CYP1A activity could be induced by the BNF. If BIT and OIT were
as potent as BNF in the activation of the AhR, a similar trend would presumably
be observed. Nonetheless, smaller differences in fluorescence can not be interpreted
with high certainty, both due to the absence of a resorufin standard as well as the
instrument settings. From the few results obtained in this assay, no comparable
effect as observed for BNF-treated cells was observed after treatment with BIT or
OIT, alone or in mixture. However, if there would have been a slight CYP1A activ-
ity after exposure to these isothiazolinones, it is not certain that this effect would
be detectable with our setup. As a consequence of these issues the data for CYP1A
induction after treatment with BIT and OIT is limited in this study, and statistical
testing of these results was determined unsuitable. Thus similar experiments should
be performed with well-functioning controls, standards and correct instrumental set-
tings to supplement this data.

Slight differences in the CYP1A activity could be observed depending on if the cells
were exposed to BNF alone or in mixture with BIT or OIT. The induction of CYP1A
activity for these mixtures was likely due to the presence of BNF rather than the
isothiazolinones, as no activity was observed without BNF. The induction of CYP1A
activity from isothiazolinone mixtures with BNF was at times higher than the BNF
control, while other times the opposite was observed. The inconsistency of these
results might be due to differences in cell density between treatments and experi-
ments, but could also suggest an interaction between BNF and the isothiazolinones.
However, due to the lack of resorufin standard, no definite conclusion can be drawn
from these results.

While no induction of CYP1A enzyme was observed after exposure to BIT and OIT,
its involvement in their metabolism cannot be ruled out based on these results.

5.2 Mitochondrial activity and membrane integrity
(cytotoxicity)

Because of the likely exposure to isothiozolinones, such as BIT and OIT, for both
humans and the marine ecosystems, the cytotoxic effect of these compounds is of
importance to study. The current data on how BIT and OIT, especially in mix-
ture, affect mitochondrial activity and membrane integrity in hepatocytes is limited.
Thus, the results from this study will contribute to a broader knowledge about these
effects. At the concentrations investigated in this study, no apparent toxic effect was
observed on the cells when exposed to BIT alone. Similar results were observed in
a study by Kim and colleagues (2021) on mouse brain endothelial cells (bEND.3)
where no effect on mitochondrial activity or membrane integrity was observed after
24 hours of 10 uM BIT exposure [63].

For exposures to OIT at concentrations of 1 pM and 5 pM there was a statistically
significant increase in membrane integrity when compared to the control, while ex-
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posure to 10 uM OIT significantly decreased the membrane integrity. A reason for
this could potentially be an effect referred to as hormesis. This term is primarily
used in toxicology to describe the biphasic dose-response, where a low dose of a
toxin results in a positive or beneficial effect, while a higher dose causes a negative
or toxic effect [64]. Although this is only a hypothesis, it might be an explanation
for the positive effect observed on the membrane integrity following exposure to
the lower concentrations of OIT. Further, treatment with 10 pM OIT significantly
decreased the mitochondrial activity. In a study performed by Kim and colleagues
(2021), it was found that 24 hour exposure of 5 pM OIT resulted in no significant
difference in mitochondrial activity or membrane integrity in bEND.3 cells, when
compared to a control group [65]. However, exposure to 25 pM OIT resulted in a
significant decrease in both cellular properties. Their results suggest that the toxic
concentration of OIT lies within the range of 5 to 25 pM, which is further reinforced
by the results of our study. However it is important to point out the different cell
types used in these studies.

As both BIT and OIT are extensively used in similar products and are likely to
end up in the same environment, their potential mixture effects are of high interest.
In experiments of co-exposure to BIT and OIT, it was found that an increasing
concentration of OIT resulted in greater cytotoxic effects rather than when the BIT
concentration was increased. This suggests that in mixture with BIT, it is still the
presence of OIT that determines the magnitude of toxicity in terms of mitochondrial
activity and membrane integrity. Interestingly, exposure to 10 ptM OIT proved to
have an even greater toxic effect when combined with the non-toxic concentration
of 10 M BIT, as compared to 10 pM OIT alone. These results suggests a synergis-
tic mixture effect on cytotoxicity where the combination of BIT and OIT at these
concentrations display a greater toxic effect than either compound alone. Such be-
haviour might be a potential threat in the environment, where these compounds are
likely to co-exist.

CYP enzymes are known to cause formation of reactive oxygen species (ROS) upon
uncoupling of the catalytic cycle [66]. In phase I metabolism, CYP enzymes in-
crease the polarity of xenobiotic substances by adding functional groups like -OH or
-COOH. However, if uncoupled, these groups can react further leading to the forma-
tion of potent ROS such as O2~ or H20,. There are several features that affects the
formation of ROS in the CYP catalytic cycle, such as pH, oxygen presence, concen-
tration of substrate and even which specific CYP enzyme derivative is metabolising
the compound. It is known that ROS can modify cellular macromolecules such as
DNA, lipids and proteins, and has also been linked to development of disease and
cancer in humans [67]. In addition, ROS is believed to be highly reactive with mi-
tochondrial DNA, ultimately leading to mitochondrial dysfunction upon formation
of ROS [68]. Although the results obtained from the EROD assay do not suggest
involvement of CYP1A, it can still not be ruled out. The involvement of other CYP
enzymes in the metabolism of both BIT and OIT is also likely given their important
role in phase I biotransformation. Due to the likelihood of ROS production during
the catalytic cycle of CYPs, this could be a potential explanation for the decreased
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mitochondrial activity in the cell samples exposed to the higher concentration of
OIT. However, there are many other possible explanations for the decreased cellular
functions upon treatment with isothiazolinones. The biocidal mechanism of action
that BIT and OIT have towards microorganisms may very well cause similar effects
in other organisms and cell types, such as PLHC-1 cells, though to a lesser extent.
The specific mechanism for the toxic effects that are observed after exposure to OIT,
alone and in combination with BIT, would have to be further specified but the toxic
nature is well demonstrated in our results.

5.3 Cellular uptake and excretion of BIT and OIT
(extracellular)

Measuring the concentrations of extracellular compounds over time can give an in-
dication of the cellular metabolism of these compounds, in this case BIT and OIT.
As mentioned in chapter 4.3, the number of replicates for HPLC analysis were few
which is a result of several constraints. HPLC analysis is both time-consuming and
resource-demanding, limiting the number of samples that could be analysed. This
was further restricted by the limited availability of the instrument. This project
aimed to do a preliminary screening of BIT and OIT metabolism rather than per-
forming a precise quantitative analysis. Therefore, it was decided that assessing
different exposure concentrations was more valuable than increasing the number of
replicates per treatment.

As the results showed, BIT was detectable in the cell media at all time points,
while OIT was only detectable after 3 hours of exposure. This indicates a more
rapid cellular uptake of OIT compared to BIT, which could be a consequence of
their different chemical properties. The OIT molecule contains a long hydrophobic
carbon chain, resulting in a log K., of 3.3, while BIT has a much lower log K, of
0.7. As shown in a study by McKeage and colleagues (2000) on cellular uptake of
different drugs in a human ovarian carcinoma cell line, the uptake rate of the drugs
increased with increasing lipophilicity [69]. Similarly, the lipophilic properties of
OIT likely resulted in a more rapid transport over the cell membrane, as compared
to the less lipophilic BIT. What was also observed in our study, was an even faster
uptake of OIT when the cells were co-exposed to BIT and OIT. The cause of this
observation is not quite clear, but could however be of interest to further investigate.

As previously observed in a Master’s thesis project [62], a potential BIT metabolite
was detected in an HPLC experiment. This potential metabolite was further ob-
served in this project as a peak in the chromatogram appearing just before the BIT
peak. In time-resolved experiments, this proposed metabolite peak increased over
time, while the BIT peak decreased, displaying an inverse correlation. These find-
ings further supports the proposed metabolism of BIT in PLHC-1 cells. The shorter
retention time of the proposed metabolite compared to BIT in the HPLC system
suggests an increased hydrophilicity, potentially resulting from biotransformation
during phase I, phase II, or both. The fact that the presumed metabolite is better
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detected at a shorter wavelength than BIT, is an indication of structural differences
between the two. Both the aromatic and the thiazole ring in the BIT molecule
contribute to a conjugated system, resulting in increased electron delocalization.
Larger conjugated systems absorb light at higher wavelengths [70], indicating that
the degree of conjugation in the proposed metabolite is reduced. This reduction in
conjugation could be due to the opening of one of the ring structures. However,
it is more likely that the thiazole ring is opened because of the high reactivity of
the sulfur atom. The common denominator for several studies on BIT in different
reaction pathways, is the opening of the thiazole ring [71, 72, 73], which further re-
inforces this theory. To properly investigate the nature of the proposed metabolite,
further analytical methods should be utilized. Such methods could, for example, be
mass spectrometry techniques including LC-MS and GC-MS, which could provide
detailed information about molecular weight, fragmentation pattern and ultimately
the structure of the metabolite.

It was also investigated whether the presence of OIT affected the metabolism of
BIT in the PLHC-1 cells. It was found that only concentrations of 10 pM OIT (in
combination with 10 nM BIT) exhibited a considerable effect on BIT uptake and
metabolite production. What has already been observed in the cytotoxicity assay,
is that the combination of BIT and OIT at these concentrations resulted in a sig-
nificant toxic effect. Similar results were also observed in the total protein content
determination of treatments in the EROD assay (found in Figure A.4 in Appendix
A), where this combination resulted in decreased protein concentration (low cell
proliferation). The high concentration of BIT left in the cell media, as well as the
low concentration of BIT metabolite may therefore only be a result of lower cell
density as a result of toxicity rather than an interaction between the BIT and OIT.

The potential involvement of the CYP1A enzyme in the metabolism of BIT and
OIT was primarily investigated in the EROD assay, however it was further assessed
in the HPLC analyses. As OIT was not detectable at other timepoints than after
3 hours of exposure, and the induction of CYP1A activity was at a maximum after
around 24 hours exposure to BNF (see Fig. 4.2), this analysis focused on BIT
metabolism. Co-exposure to BIT and BNF was compared to exposure to BIT only,
and no differences in extracellular amounts of metabolite was observed between the
two treatments. Thus, an induction of CYP1A enzyme does not seem to have an
effect on the production of the metabolite. It was however observed that when
in combination with BNF, a higher concentration of BIT was detectable in the
cell media, suggesting less cellular uptake of BIT. It was also ruled out that this
decreased cellular uptake of BIT was due to a lower cell density from these culturing
samples, as there were no apparent difference in the protein contents after 24 hour
exposure to the two treatments (see Figure A.4 in Appendix A). Hence, the reason
for this response is not entirely clear. It could however be a result of the lipophilic
nature of the BNF molecule (log Koy of 4.65 [74]). Similar to the case with OIT, the
lipophilicity of BNF likely results in a more rapid cellular uptake compared to the
more hydrophilic BIT, which potentially hinders the uptake of BIT. However, no
difference in the amount of metabolite was detected in the cell media for cells exposed
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to BIT alone or in co-exposure with BNF, suggesting enough BIT has entered the
cells in order to produce a similar amount of metabolite in both cases. This could
indicate that either the metabolism of BIT or the excretion of BIT metabolite is
slower than the cellular uptake of BIT. However, as this effect was not observed
when BIT was in combination with the lipophilic OIT, other possible explanations
should be considered.

5.4 Extraction of intracellular BIT and OIT

As previously discussed, OI'T was undetectable in the media at time points >3 hours,
and thus hypothesized to quickly enter the cells. Additionally, no OIT metabolite
could be detected at any time point. Therefore, an attempt to extract the cellu-
lar content was performed to investigate whether OIT and/or a potential metabo-
lite could be detected intracellularly. However, this was not successfully accom-
plished with the performed assay since no peaks corresponding to the BIT and OIT
standards were identified on the chromatograms obtained from the cell extractions.
When extracting the intracellular content using heptane, the samples are expected
to not only contain the isothiazolinones but also other non-polar molecules, such
as different lipids and proteins. Because of the complex composition of the sam-
ples, the resulting chromatograms proved to be more challenging to interpret and
may contribute to the inability to distinguish any isothiazolinone peaks. Why OIT
was not detectable is unclear, however the lack of metabolite may be a result of a
structural change of the molecule. As previously discussed, the thiazole ring may
be opened during biotransformation. Upon this ring-opening of the OIT molecule,
the degree of conjugation would be decreased, or even lost, in the OIT metabolite.
Therefore, it would most likely not be detectable at the detection wavelengths used
in this HPLC system.

Overall, the results obtained from the analysis of intracellular BIT and OIT suggests
that the method needs further perfection and development in order to adequately
investigate the possibility of intracellular detection of the isothiazolinones.
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Conclusions and future
perspectives

This study explored the metabolism and mixture effects of the isothiazolinone bio-
cides BIT and OIT, in PLHC-1 cells. Given their widespread use and potential
impact on environment and human health, their toxicodynamic and toxicokinetic
properties are crucial to establish.

The findings regarding CYP1A activity, revealing no apparent increase when PLHC-
1 cells were exposed to BIT and OIT alone or in mixture, does not suggest involve-
ment of the enzyme in their metabolism. However, more robust data is necessary to
entirely rule it out. Involvement of other CYP enzymes can also not be excluded,
based on the current study.

Extracellular analyses provided insights into the metabolism of BIT, revealing the
presence of a probable metabolite with increased polarity and structural differences
compared to BIT. However further analysis is necessary to determine its definite
chemical structure. No OIT or OIT metabolite was detected intracellularly, thus
requiring refining of the analytical procedure, such as further development of the
extraction method and HPLC system.

At the concentrations investigated in this study, only OIT displayed a significant
toxic effect represented by impaired mitochondrial activity and membrane integrity
in the PLHC-1 cells. Cellular uptake of OIT proved to be considerably faster than
that of BIT, which may be a contributing factor to its toxicity. Indication of syner-
gistic toxic effects were also observed for BIT and OIT at the highest concentrations
examined, underscoring the importance of studying mixture effects in environmental
contexts.

In summary, this study contributes valuable insights into the toxicodynamic and tox-
icokinetic profile of BIT and OIT, emphasizing the importance of considering mix-
ture effects and metabolic pathways in assessing their potential adverse health and
environmental effect. Future research should focus on further exploring metabolic
pathways and interaction mechanisms of BIT and OIT, refining detection method-
ologies, and assessing the long-term effects of their exposure.

To investigate other enzymes potentially involved in the metabolism of BIT and
OIT, co-exposure with compounds known to inhibit (or induce) other detoxicifica-
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tion enzymes could be implemented to evaluate how production of the presumed
BIT metabolite is affected. Potential enzyme inhibitors could include: clotrimazole,
inhibitor of CYP1A and CYP3A (phase I) [75]; fluoxetine, inhibitor of CYP2C9 and
CYP2D6 (phase I) [76]; and chlorpromazine, inhibitor of glutathione S-transferases
(GSTs, phase IT) [77]. While the EROD assay is suitable for investigating how well
7-ethoxyresorufin is converted to the fluorescent resorufin by the CYP1A enzyme, it
does not directly assess the AhR activation and up-regulation of the CYP1A gene.
A high CYP1A activity may be influenced by factors other than enzyme quantity,
thus mRNA quantification would give an indication if this activity could be con-
nected to increased expression of the enzyme or if it could be a result of some other
interaction that increases the efficiency of the enzyme. Coversely, a low CYP1A
activity does not necessarily mean that the gene is not up-regulated as there could
be simultaneous process of gene induction and inhibition of CYP1A enzyme activ-
ity. Therefore, analysing the transcription of the CYP1A enzyme through mRNA
quantification, would be a good complementary assay to investigate if BIT and OIT
may still interact with the AhR receptor and induce CYP1A transcription. Quan-
tification of mRNA levels however do not take into account if the RNA is translated
into the CYP1A enzyme, or if post-translational modification occurs.

As the collection and composition of enzymes and other cellular functions vary in
liver cells between species, it is important to expand the study to include other
cell lines in the future. The human hepatocellular carcinoma (HepG2) cell line
is one such example that could help in explaining the behaviour and faith of the
isothiazolinones further in the human body.
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Appendix: Additional results

Appendix A presents some additional results obtained from the project, needed to
interpret and understand the explanations and reasoning in chapter 4 and 5.

The extracellular amount of BIT and BIT metabolite was analysed in a time study
twice (two experimental repeats), one consisting of two technical replicates (pre-
sented in chapter 4.3) and the other one with no technical replicates (presented
in Figure A.1). The two experimental repeats presented similar trends, decreased
extracellular BIT over time while extracellular metabolite increased, however dis-
played similar absolute values of the arbitrary AUC unit. Therefore, they should
not be combined into one dataset and this is also the reason for the complementary
data in Figure A.1.

10 uM BIT exposure

15
-= BIT

=-A= BIT metabolite

AUC

Time [h]

Figure A.1: AUC for BIT and BIT metabolite peaks over time (3, 24, 48, 72h) after exposure
with 10 uM BIT. The data is from one experimental repeat containing no technical replicates.

Below, in Figure A.2, is a chromatogram obtained from the analysis of intracellular
BIT, overlayed with the chromatogram of a 10 utM BIT standard dissolved in MeOH.
The standard was used to determine the retention time of BIT in the environment
of the cell extraction samples. As indicated by the arrow, the red chromatogram
appears to display a peak corresponding to BIT. However, this is not a BIT peak
as the peak also appeared on the chromatograms of extraction samples from cells
exposed to OIT (i.e. not BIT). Also, since the peak is only appearing on the 275
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nm detection wavelength, and not the 320 nm, further implies that the peak does
not represent intracellular BIT.

[mAU]
275nm
= Extraction from 10 pM BIT exposure
1,04 = 10 uM BIT standard in MeOH

320 nm

T o5 = Extraction from 10 uM BIT exposure

5 1 = 10 uM BIT standard in MeOH Not BIT

%)

0,0

-0,5

[min]
Time

Figure A.2: Chomatograms of extraction samples from cells treated with 10 uM BIT for 24
hours. The cromatogram is compared to a 10 pM BIT standard dissolved in MeOH to indicate the
retention time of BIT. As can be seen, the expected retention time of BIT in the system is around
7 minutes as visualized by the light blue peak from 320 nm detection. The arrow indicates a peak
on the red chromatogram that could be missinterpreted as presence of intracellular BIT, however
this was ruled out. The image is zoomed in on the region of the chromatograms where the BIT
standard peaks appeared.

The retention time of OIT was also determined in the system using a standard of
10 pM OIT dissolved in MeOH. Indicated by the brown chromatogram in Figure
A.3, the retention time was around 12 minutes. The lack of peak at 12 minutes on
the green chromatogram indicates no presence of intracellular OIT in the extraction
samples.

[mAU]
275 nm
1,04 = Extraction from 5 pM OIT exposure

= 10 uM OIT standard in MeOH
320 nm

= 0,54

5 = 10 pM OIT standard in MeOH

s

0,04

-0,54

[min]
Time

Figure A.3: Chomatograms of extraction samples from cells treated with 5 uM OIT for 24
hours. The cromatogram is compared to a 10 M OIT standard dissolved in MeOH to indicate
the retention time of OIT. As can be seen, the expected retention time of OIT in the system is
around 12 minutes as visualized by the brown peak from 275 nm detection. The image is zoomed
in on the region of the chromatograms where the OIT standard peaks appeared.

In the EROD assay, the protein content in every well was determined following
exposure. The protein content for each 24h treatment was then normalised to protein
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contents of vehicle control wells, so they could be comparable between exposure
treatments. The protein contents of some 24h treatments are displayed in Figure
A.4 and presented in percentage of the control.

Protein content
10 ~=—====——mcececcccecccec e e e e e e e e e e e e e e e e e e e e e e ===

60—

Percentage of control

20+

10yMBIT 5pMOIT 1uyMOIT 5uMOIT 10pMOIT 10uMBIT 5uMOIT
+ + + + +

10puMBIT 10uMBIT 10pMBIT 1uMBNF 1M BNF

Figure A.4: Collected data on protein content from the EROD assay after 24h exposure of some
treatments with BIT and OIT. For each culturing plate, the protein contents in each treatment
well have been normalized to the protein content for the DMSO vehicle control wells. The protein
contents for each treatment is therefore presented as a percentage of the protein content in wells
with vehicle control treated cells. The protein content of the DMSO vehicle control is set to 100%,
indicated by the dashed red line. The treatments include 10 pM BIT (n=16), 5 pM OIT (n=12), 1
pM OIT + 10 pM BIT (n=8), 5 pM OIT + 10 puM BIT (n=12), 10 pM OIT + 10 uM BIT (n=4),
1 M BNF + 10 pM BIT (n=12) and 1 pM BNF + 5 uM OIT (n=8). The data is combined from
up to three separate experimental repeats, each with four technical replicates, and expressed as
mean + SD.
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