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Abstract

Pseudomonas aeruginosa is an opportunistic pathogen, widely known for its chronic and severe
infections in immunocompromised individuals, such as those with cystic fibrosis (CF). Pyocyanin, a
virulence factor of P. aeruginosa, plays an important role in these infections. A redox-active phenazine
pigment, pyocyanin promotes virulence via the formation of reactive oxygen species (ROS). ROS
formation causes oxidative stress in cells, leading to DNA damage, compromised genomic stability, and
increased risk of mutation accumulation and, subsequently, cancer. While pyocyanin’s redox abilities
have been widely studied, its genotoxic effects on host cells remain unexplored. This study aims to
explore the potential genotoxic and cytotoxic effects of pyocyanin on eukaryotic cells, focusing on
human lymphocytes as a surrogate. Cell viability was assessed via the CCK-8 assay to determine the
cytotoxic potential of pyocyanin. Single- and double-strand breaks were assessed via the Comet assay
and PicoGreen assay to measure pyocyanin’s genotoxic effects. Pyocyanin was found to have a biphasic
dose-response relationship with cell viability, with increased viability at low concentrations and
cytotoxicity at high concentrations. Cell viability was enhanced over time up to concentrations of 10
UM pyocyanin. A dose-response increase in DNA damage was seen, with significant damage being
reported across all concentrations. Evidence was also found to suggest that pyocyanin is an
intercalating agent, producing falsely increased percentages of double-stranded DNA results in the
PicoGreen assay. Overall, the findings highlighted a hormetic effect of pyocyanin which has not been
previously established and its ability to induce DNA damage at low concentrations raises concerns
about its impact on host cells, especially in those with chronic P. aeruginosa infections. Further
research is necessary to investigate the genotoxic effects of long-term exposure to pyocyanin in
addition to its hormetic effects, which may have therapeutic potential.
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1.0 Introduction

1.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa, a Gram-negative, facultative anaerobic bacterium, is an opportunistic
pathogen, which poses no threat to healthy individuals but becomes life-threatening in those who are
immunocompromised. P. aeruginosa is commonly associated with nosocomial infections, causing acute
or chronic infections in individuals with cystic fibrosis (CF), chronic obstructive pulmonary disease
(COPD), bronchiectasis, burns, those undergoing chemotherapy, and those with ventilator-associated
pneumonia (VAP) including VAP caused by COVID-19 (Garcia-Nufiez et al. 2017; Lansbury et al. 2020;
Oliver 2000; Paprocka et al. 2022; Vidaillac and Chotirmall 2021). Treatment of P. aeruginosa is
extremely difficult, due to its array of antibiotic resistance determinants and rapid mutation inducing
strong antibiotic resistance, with infections being frequently associated with poor clinical outcomes
(Blomquist and Nix 2020).

The success of P. aeruginosa’s pathogenicity can be attributed to a diverse arsenal of virulence factors
that play a significant role in colonisation, survival, invasion, and defence. Among these virulence
factors, the production of secondary metabolites plays a key role. One such secondary metabolite
which is essential for the bacteria’s pathogenicity is the phenazine pigment pyocyanin (PYO)
(Schroeder, Brooks, and Brooks 2017; Muller, Li and Maitz 2009).

1.2 Pyocyanin: A Multifaceted Virulence Factor

The redox-active phenazine pigment PYO is produced by P. aeruginosa as a secondary metabolite via a
complex process involving multiple enzymes, regulated by various environmental factors such as iron
availability, oxygen levels, and quorum sensing (Mavrodi et al. 2001). PYO has been discovered in
approximately 90-95% of P. aeruginosa strains and strains deficient in this virulence factor show a
reduced ability to induce cell death in neutrophils when compared to PYO-proficient strains (Usher et
al. 2002; Lau et al. 2004; Ran, Hassett and Lau 2003). Pyocyanin’s role in P. aeruginosa is an essential
one, contributing to the survival, propagation, and pathogenicity of the bacteria via multiple roles.

One role of PYO is to act as an alternative electron acceptor for energy generation. Under anaerobic
conditions, such as biofilms or within the mucus-filled lungs of CF patients, PYO generates ATP via
oxidative phosphorylation, enabling respiration to continue (Manago et al. 2015). In biofilms, this
creates a pyocyanin electrocline, a redox potential gradient which can extend hundreds of micrometres
beyond the biofilm’s surface, resulting in a layer of PYO which is maintained in its reduced state
proximal to the biofilm (Fernanda Jiménez Otero, Newman and Tender 2023). Soluble iron (Fe?*) is
essential for biofilm formation and has been found to be positively correlated with the formation of the
PYO electrocline. Iron is often limiting in the human body, and it has been suggested that an additional
role of PYO is scavenging and reducing Fe3* near the biofilm surface (Koley et al. 2011). In CF patients,
CF epithelial cells will more readily release iron, suggesting this mechanism of PYO may have greater
consequences in CF patients (Reid, Anderson and Lamont 2008).

Moreover, PYO-induced apoptosis of host immune cells leads to the release of extracellular matrix
components, providing a structural scaffold for the biofilm. Additionally, PYO promotes extracellular
DNA (eDNA) release from P. aeruginosa, which further strengthens the biofilm and promotes bacterial
and immune cell adhesion (Das and Manefield 2012; Abdelaziz et al. 2023; Okshevsky and Meyer



2013). PYO is also able to interact with the quorum sensing (QS) system of P. aeruginosa, a
communication mechanism that allows bacteria to coordinate gene expression (Li, Z. and Nair 2012).
PYO can modulate the production of QS signalling molecules and affect the expression of QS-regulated
genes, including those involved in virulence factor production, allowing P. aeruginosa to fine-tune its
behaviour and adapt to changing conditions within the host (Al-Shabib et al. 2019).

1.3 Pyocyanin’s Redox Activity

Due to its low molecular weight, PYO can easily permeate host biological membranes and, owing to its
high level of stability, persist in host tissues for extended periods (El-Fouly et al. 2015). At pH 7, PYO is
zwitterionic in structure, enabling it to accept electrons from reducing agents such as nicotinamide
adenine dinucleotide phosphate (NADPH) and nicotinamide adenine dinucleotide (NADH). PYO then
transfers these electrons to molecular oxygen, creating reactive oxygen species (ROS) such as
superoxide anion radical (O2™) (Mavrodi et al. 2001: Rada et al. 2008).

This process, as shown in Figure 1, involves the cyclic, non-enzymatic reduction of PYO, leading to the
formation of hydrophenazine which then reacts with a second PYO molecule. This process creates two
PYO radicals which rapidly react with molecular oxygen, regenerating the oxidised form of PYO and
reducing the oxygen molecules to O, a highly reactive oxygen species. Superoxide dismutase (SOD)
then converts superoxide to hydrogen peroxide (H,02) which, while less reactive than superoxide, can
participate in the Fenton reaction in the presence of transition metals, such as iron (Fe?*), leading to the
generation of the extremely reactive hydroxyl radical (¢HO) (Davis and Thornalley 1983).

Usually, ROS regulate physiological cellular functions by acting as cell signalling molecules. In low
concentrations, ROS induce eustress in the cell, activating diverse signalling pathways involved in the
growth, proliferation, and death of cells (Pan, J. et al. 2010). However, excessive ROS overwhelm the
cell and cause loss of ROS signalling and, subsequently, the damage of cellular macromolecules such as

M
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Figure 1 Pyocyanin redox cycling (Barakat et al., 2013). Oxidised PYO undergoes reduction by NAD(P)H,
generating the reduced form of PYO. The reduced PYO then interacts with oxidised PYO, generating the
reactive PYO radical (PYOH-). PYO undergoes auto-oxidation in the presence of oxygen (O,), producing
reactive oxygen species such as superoxide (0,”) and hydrogen peroxide (H,0,). Both redox states of
pyocyanin are capable of interfering with the mitochondrial respiratory chain, contributing to oxidative
stress within cells.
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lipids, proteins, and DNA (O’Connor 2015). Continuous ROS production and disrupted cellular redox
balance are the primary drivers of PYO's genotoxic and cytotoxic effects.

1.4 Pyocyanin’s Genotoxic Effects on Eukaryotic Cells

Genotoxicity plays an important role in cellular dysfunction, mutation accumulation, and disease
progression. While ROS are known for their ability to cause oxidative DNA damage, PYQ'’s potential to
induce genotoxic effects in eukaryotic cells remains an area lacking in research.

One of the ways ROS damage DNA is via base modification, oxidizing DNA bases directly, and guanine is
particularly vulnerable. This oxidation results in the formation of 8-oxoguanine (8-oxoG), a well-known
lesion that can lead to mutations (Driessens et al., 2009; Verbon, Post and Boonstra 2012). The
presence of 8-0xoG can lead to errors during DNA replication, causing G:C to T:A transversions if left
unrepaired (Fleming and Burrows, 2021; Shibutani et al., 1991).

In addition to base modifications, ROS may induce single-strand breaks (SSBs) in the DNA phosphate-
sugar backbone. These breaks can occur directly through ROS interaction with the deoxyribose sugar or
indirectly as a result of the base excision repair (BER) pathway (McDonald et al., 1993). While less
severe than double-strand breaks (DSBs), SSB accumulation can overwhelm cellular repair capacity and
cause genomic instability (Kuzminov 2001). DSBs can be induced by spatially proximate SSBs on
opposite DNA strands or as a result of the collapse of replication forks encountering unrepaired lesions,
such as persistent SSBs or bulky adducts (Driessens et al., 2009). DSBs are challenging for cells to repair
accurately, and misrepair can lead to chromosomal rearrangements, deletions, and translocations, all
hallmarks of genomic instability and potential contributors to carcinogenesis (Burssed et al. 2022; Qiu
et al. 2017).

While these methods of genotoxicity do not have a direct link to PYO, the existing literature does show
an established redox mechanism of PYO, which ultimately leads to the production of ROS (Muller
2002). It is, therefore, highly plausible that PYO-induced ROS formation could contribute to base
modifications, SSBs, and DSBs, but further research is necessary to directly investigate whether the
redox activity of PYO can be directly linked to the above-mentioned methods of DNA damage in
eukaryotic cells.

PYO-induced oxidative stress has been shown to have a direct link to the inactivation of vacuolar (V-
JATPases, the ATP-driven proton pumps responsible for maintaining pH gradients across cellular
membranes, in human lung epithelial cells (Jefferies, Cipriano and Forgac 2008; Ran, Hassett and Lau
2003). V-ATPases are crucial for the functioning of the cystic fibrosis transmembrane conductance
regulator (CFTR) protein in airway epithelial cells. When inhibited, chloride ion transport is disrupted,
affecting fluid balance in the airways (Quinton, 2008). A study found that 27 pug/ml (128.5 uM )PYO was
enough to interfere with V-ATPase activity, and at concentrations of 50-100 pg/ml (237.8 uM - 475.6
UM) PYO, this activity was entirely diminished. This poses a significant threat to CF patients as they
typically have reduced, or a lack, of CFTR. A PYO-induced diminishment of V-ATPase activity could
potentially lead to a worsening of CF symptoms (Stewart-Tull and Armstrong 1972).

Host cells possess several mechanisms by which they neutralise oxidant species, such as the
glutathione-peroxidase system, which neutralises hydrogen peroxide by reducing it to water and the
lipid hydroperoxides to the corresponding lipid alcohol (Mills 2004). However, in the presence of PYO,
glutathione (GSH) must compete for reducing agents. Additionally, some research shows that PYO can
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directly oxidise glutathione, potentially enhancing PYO-induced cellular damage by providing an
alternative source of reducing equivalents for PYO redox cycling, and depleting GSH levels create
susceptibility to more oxidative stress and subsequent cellular damage (Muller 2011; O’Malley et al.
2004). This can be a significant issue, especially in CF patients, where GSH is already depleted.

1.5 Pyocyanin’s Cytotoxic Effects on Eukaryotic Cells

While lower levels of ROS can induce genetic damage in eukaryotic cells via oxidative stress, an
overproduction of these molecules can damage the cell so severely that apoptosis may occur. PYO-
induced ROS have been found to activate redox-sensitive transcription factors, such as nuclear factor
kappa B (NF-kB) and activator protein 1 (AP-1). The activation of these transcription factors triggers the
release of pro-inflammatory cytokines, including interleukin-8 (IL-8) and tumour necrosis factor-alpha
(TNF-a) at the site of infection. In turn, immune cells are recruited to the infection site, where they are
subjected to damage by PYO, reducing the efficacy of P. aeruginosa clearance. PYO-inflicted damage to
neutrophils is one of the most significant ways this virulence factor causes damage to the host,
especially in CF patients. Neutrophils have an integral role in the pathogenesis of CF, with increased
numbers being found in the tissues of the airways, resulting in chronic inflammation (Lauredo et al.
1998). To kill these cells, some research suggested that PYO increases oxidative stress in the
neutrophils coupled with a decrease in intracellular cyclic AMP (cAMP) concentrations. PYO
concentrations as little as 10 uM were able to achieve this, with neutrophil apoptosis increasing 10-fold
at concentrations of 50 uM PYO (Usher et al. 2002).

Another way PYO induces cytotoxicity is via interference with mitochondrial function. PYO has been
shown to disrupt the electron transport chain (ETC) by accepting electrons from Complexes | and I,
which results in the inhibition of Complex lll. Not only does this increase oxidative stress within the cell
but it also halts cellular ATP production, resulting in the depletion of cellular energy and the
impairment of various cellular functions, accelerating the process of senescence and apoptosis
(Manago et al. 2015).

Normally, apoptotic cells are removed by phagocytes, such as macrophages, but if apoptosis exceeds
the ability of these cells, or if these cells are impaired, secondary necrosis can occur. PYO-induced
impairment of these cells, as described above in the case of neutrophils, can lead to inefficient clearing
of cellular contents. This can lead to secondary necrosis and the release of intracellular components,
which, if not cleared, can trigger an inflammatory response and subsequent tissue death.

Ultimately, while PYO's roles in P. aeruginosa pathogenesis have been well documented, there is a lack
of understanding of the genotoxic and cytotoxic effects of PYO on eukaryotic cells. Studying these
effects is of clinical relevance, especially in the context of chronic P. aeruginosa infections, such as
those often found in CF patients. These infections create an environment where PYO’s damaging
effects are likely to be amplified. The long-term consequences of chronic P. aeruginosa infections raise
concerns about PYO'’s potential to cause DNA damage, accumulation of genetic mutations, and,
ultimately, an increased risk of cancer development. This study aims to bridge this knowledge gap by
assessing the cytotoxic and genotoxic effects of PYO. Understanding these effects can elucidate the
possible long-term effects of P. aeruginosa in chronic infections and aid future research into the
development of targeted therapies, especially those which target PYO.
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1.6 Aims and Objectives

The goal of this study is to investigate the genotoxic and cytotoxic effects of pyocyanin (PYO), a
virulence factor produced by Pseudomonas aeruginosa, on eukaryotic cells. To achieve this the study
has several aims: the in vitro cytotoxic threshold of PYO will be determined in isolated human
lymphocytes via the Cell Counting Kit-8 (CCK-8) assay to quantify cell viability following treatment with
PYO; the time-dependent effects of PYO treatment on cell viability will also be assessed by the CCK-8
assay to provide insight into the dynamics of PYO-induced cytotoxicity; the research will investigate
whether, and how, PYO induces DNA damage in lymphocytes. The presence of both SSBs and DSBs will
be assessed with the alkaline Comet assay and the PicoGreen assay will be used to specifically measure

the presence of SSBs.
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2.0 Materials and Methods

2.1 Chemicals and Reagents
Pyocyanin was obtained from Selleck Chemicals, PicoGreen™ Dye Solution was obtained from Thermo
Fisher Scientific, and SYBR™ Safe DNA Gel Stain was obtained from Thermo Fisher Scientific.

2.2 Collection of whole blood

Blood samples were collected from healthy volunteers into lithium heparin vacutainers by a trained
phlebotomist following standardised procedures. Written informed consent was obtained from all
volunteers prior to collection. Ethical approval was granted by The School of Science, Technology, and
Health Research Ethics Committee of York St John University (STHEC0071).

2.3 Isolation of PBMCs

Heparinized blood was diluted with an equal volume of saline solution (0.9% NaCl). 6 ml of diluted
blood was then layered on top of 3 ml Ficoll-Paque™ in a 15 ml Falcon tube. Following centrifugation
(800 x g, 20 minutes, 21°C, no break), peripheral blood mononuclear cells (PBMCs) were collected using
a plastic Pasteur pipette and transferred to a 15 ml falcon tube pre-filled with 6 ml saline. After
centrifugation (500 x g, 15 minutes, 21°C, no break), supernatant was discarded, and the pellet
resuspended in 900 pl phosphate-buffered saline for immediate use. For future use, the pellet was
instead resuspended in 900 ul foetal bovine serum (FBS) and split into two cryo-vials (450 pl each), each
pre-filled with 50 ul dimethyl sulfoxide (DMSO). Cryo-vials were frozen at -20°C overnight before being
transferred to -80°C for long-term storage.

2.4 Cell Count and Viability

Cell count and viability were performed at the time of harvest for the CCK-8 assay. Following the
isolation of PBMCs, 60 pl of the sample was loaded into a Via-1 Cassette (chemometec, 941-0012)
containing acridine orange (AO) and 4’,6-diamidino-2-phenylindole (DAPI) dyes. Cassettes were read
using the NucleoCounter® NC-3000 (Chemometec 970-3002), providing a total cell count and
percentage cell viability. These values were then used to calculate the appropriate dilution factor for
the cell suspension stocks to ensure optimal cell density for the CCK-8 assay.

2.5 Treatments
All treatments were performed in a manner that minimised sample dilution, with the volume of added
solutions or working stocks never exceeding 1% of the total sample volume.

2.5.1 PYO

Pyocyanin was dissolved in DMSO to prepare a 23.8 mM stock solution. This stock solution was stored
at -20°C and protected from light. Working stock solutions were prepared ahead of time by diluting the
stock solution in DMSO and were stored at -20°C. Negative control (NC) cells received an equal volume
of Gibco Roswell Park Memorial Institute (RPMI) medium, and the vehicle control received an
equivalent volume of DMSO.

2.5.2 H,0;

H,0, served as positive controls (PCs). Working stock solutions were prepared ahead of time and stored
at-20°C and protected from light. Stocks were prepared by diluting a 30% (w/w) H,05 solution in
distilled water.
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2.5.3 Assay Treatments

Following a rest period of 24 hours, cells were treated with PYO at final concentrations of 0 (NC), 0.005,
0.01,0.05,0.1,0.5, 1, 5, and 10 uM. H,0; (PC) final concentrations used in this assay were 1, 50 and
100 uM. The PicoGreen assay was conducted with PYO concentrations of 0 (NC), 0.005, 0.01, 0.05, 0.1,
0.5, and 1 uM. H,0; (PC) final concentrations used in this assay were 1 and 50 uM. The Comet assay
was conducted with PYO concentrations of 0.01, 0.05, 0.1, 0.5, and 1 uM. H,0; (PC) final concentrations
used in this assay were 1 uM.

2.6 Experimental Procedures

2.6.1 CCK-8 Assay

Total alive/dead count was performed on isolated lymphocytes using Vial-Cassettes for the NC-3000
(chemometec 941-0012). 100 pl of cell suspension containing approximately 200,000 cells/100 pl in
RPMI 1640 medium was pipetted into each well in a flat-bottomed 96-well cell culture plate. Plates
were incubated at 37°C in a humidified atmosphere with 5% CO; for 24 hours. After incubation, 1 pl of
treatment was added to the wells. Three replicates were created for each treatment point. Plates were
incubated with treatment for 24 or 48 hours at 37°C in a humidified atmosphere with 5% CO,.
Following incubation, 10 ul of CCK-8 reagent was added to each well, and absorbance at 450 nm was
measured using a multifunction microplate reader (Varioskan LUX Multimode Microplate Reader) after
incubation for 2 hours at 37°C and 5% CO,.

2.6.2 Comet Assay

2.6.2.1 Cell treatment and lysis

A 1 ml end volume of whole blood solution was used for the comet assay. In Eppendorf tubes, 980 ul
sterile 1 x HBSS, 10 ul whole blood, and 10 pl treatment were combined. Treatment points were as
follows: NC (only cells and HBSS), DMSO, 1 uM H,0,, 10 uM H,0,, and PYO concentrations of 0.01, 0.05,
0.1, 0.5, and 1 uM. Eppendorf’s were then incubated at 37°C for either 24 or 48 hours. Following
incubation, tubes were centrifuged at 400 x g, 20°C for 3 minutes. 900 pl supernatant was discarded
and the pellet was resuspended in 100 ul 1% low melting point (LMP) agarose. 100 pl each of cell-
agarose suspension was pipetted onto two Superfrost slides pre-coated with 1% normal melting point
(NMP) agarose. Slides were left to solidify on an ice box before 100 pl of 0.5% LMP agarose was
pipetted onto each slide. Cells were once again left to solidify before being placed into fresh, cold lysis
solution and incubated at 4°C overnight.

2.6.2.2 Alkaline Comet Assay

After lysis, slides were placed in a horizontal electrophoresis chamber and covered with fresh, cold
alkaline electrophoresis buffer. The slides were then incubated at 4°C for 30 minutes for DNA
unwinding. Electrophoresis was then performed at 4°C and 0.8 V/cm for 30 minutes. Following this,
slides were washed with a neutralisation buffer 3x for 5 minutes. Slides were then washed with PBS for
5 minutes before being dehydrated in ice-cold methanol for 5 minutes. After airdrying, all slides were
rehydrated with 100ul SYBR™ Safe DNA Gel Stain for scoring. Images were captured using a 40x
objective lens with a fluorescent microscope, and images were analysed using ImageJ and the add-on
tool OpenComet.

2.6.3 Fast Micromethod DNA Single-Strand-Break (PicoGreen) Assay
The methodology was adapted from the published protocol ‘Fast Micromethod DNA Single-Strand
Break Assay’ by Schroder et al. (2006).
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Isolation of PBMCs from whole blood was conducted prior to the assay. 20 pl of separated lymphocyte
suspension containing 50,000 cells was pipetted into each well in a flat-bottomed, black 96-well plate.
0.2 pl of treatment was added to each well and plates were incubated at 37°C in a humidified
atmosphere with 5% CO; for 24 hours (three replicates were created for each treatment point). After
incubation, plates were centrifuged (350 x g, 5 minutes, 21°C, no break) and the supernatant discarded.
The pellet was resuspended in 20 pul deionised water before being centrifuged again (350 x g, 5
minutes, 21°C, no break). The supernatant was discarded, and the pellet resuspended in 20.2 pl 1x PBS
buffer. 20.2 ul of PicoGreen dye solution (1:10 dilution of PicoGreen and lysis solution) was pipetted
into each well and left to incubate on ice in a dark room for 40 minutes. After incubation, 200 pl
unwinding solution was pipetted into each well and the plate was immediately read by a multifunction
microplate reader (Varioskan LUX Multimode Microplate Reader). Plate reader specifications were as
follows: the plate was read every 5 minutes for a total of 7 cycles (30 minutes total) in a kinetic loop,
with the fluorescent excitation reading set to 490 nm, the bandwidth to 5 nm and the emission to 535
nm, at 20°C. The change in fluorescent kinetics was then recorded and exported to an Excel file.

2.7 Data Analysis and Statistics

Graphics were drawn and statistical analysis was conducted using GraphPad Prism 10 software. Data
are represented as mean * standard error of at least three independent experiments, each containing
three replicates.

For the CCK-8 and Comet assays, the Kruskal-Wallis test was used to test for statistical significance
between treatment groups. A post hoc Dunn’s test was then used to compare treatment groups to the
negative control (NC). For the CCK-8 assay, a paired samples T-test was also used to find any significant
difference between 24- and 48-hour treatment groups.

For the PicoGreen assay, data in Figure 5 were analysed by a One-way ANOVA with a Dunnett’s
multiple comparisons test to find comparisons between treatment groups. Due to non-normality as
determined by the Shapiro-Wilk test, data in Figure 6 were analysed by a Kruskal-Wallis test, followed
by a Dunn’s multiple comparison test.

Statistical significance was set to p<0.05(*), p<0.01(**), p<0.001(***), and p<0.0001(****) for all tests.
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3.0 Results

3.1 Pyocyanin exhibits biphasic effects on lymphocyte viability. The cytotoxic potential of pyocyanin on
isolated lymphocytes was determined by treating cells with increasing concentrations of PYO (0.005-10
uM). Cells were treated for either 24 or 48 hours and cell viability was assessed using the CCK-8 assay.
After 24 hours (Figure 2a), cells treated with PYO exhibited a dose-dependent decrease in viability.
Lower concentrations of PYO (0.005 and 0.01 uM) showed some increase in cell viability compared to
the NC and DMSO, but this difference was not significant. Intermediate concentrations of PYO (0.05 -1
uM) demonstrated increasingly cytotoxic effects on the cells, with 0.5 and 1 uM decreasing cell viability
at rates comparable to those of 1 and 50 uM hydrogen peroxide (H.0>) respectively, a well-known
cytotoxic compound. Higher concentrations of PYO (5 and 10 uM) produced a significant decrease in
cell viability (p<0.001), with viability being greatly reduced compared to the highest concentration of
H,0, (100 uM).

Figure 2b shows the effects of pyocyanin on lymphocytes after 48 hours. The effects of PYO were
similar to those after 24 hours, with increasing concentrations of pyocyanin reducing viability of
lymphocytes. Intermediate concentrations of PYO (0.1-5 uM) caused increasingly cytotoxic effects on
the cells, with 10 uM PYO significantly affecting cell viability (p<0.001). Cells treated with 0.005 and
0.01 uM PYO for 48 hours showed a significant increase in cell viability (p<0.05) when compared to the
NC.

3.2 Effects of pyocyanin on lymphocyte survival at 24 and 48 hours. Treatment of lymphocytes with PYO
for 24 and 48 hours demonstrated a time-dependent effect on cell viability (Figure 3). An increase in
cell viability after 48 hours treatment when compared to 24 hours treatment was seen in all PYO
treated groups, except 10 uM , with a significant difference seen at 0.05 and 5 pM PYO (p<0.01). In
contrast, cells treated with 10 uM PYO showed no obvious difference in cell viability between 24 and 48
hours of treatment. DMSO and the positive control (100uM H,0;) produced no significant changes in
lymphocyte survival between 24 and 48 hours.

3.3 Pyocyanin’s cytotoxic threshold for lymphocytes. The toxic dose 25 (TD25) defines the point at
which a substance is considered cytotoxic. Based on research by (Henderson et al., 1998), a substance
can be considered cytotoxic at the concentration at which 75% of cells, or less, survive. The TD25,
defined as the concentration of PYO at which cell survival is reduced to 75% relative to the negative
control (NC), was determined for lymphocytes treated with pyocyanin for 24 and 48 hours. For cells
treated for 24 hours (Figure 4a), the TD25 was calculated to be 0.153 uM and after 48 hours, the TD25
increased to 0.38 uM (Figure 4b), reflecting a shift in the cytotoxic threshold over time.
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Figure 2 Cytotoxic effects of pyocyanin on isolated lymphocytes measured using the CCK-8
assay. Lymphocytes were treated with varying concentrations of pyocyanin (0.005, 0.01, 0.05,
0.1, 0.5, 1, 5, and 10 uM), with untreated cells (NC), DMSO, and H,0; (1, 50, and 100 uM) as
controls for (a) 24 hours or (b) 48 hours. Absorbance values, representing cell viability, were
measured at 450nm using the CCK-8 assay. Data are presented as the means + standard error
(SE). Statistical significance was determined using a Kruskal-Wallis test with post hoc Dunn’s test
(*p<0.05, **p<0.01, ***p<0.001, n=7).
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Figure 3 Effect of pyocyanin on lymphocyte viability over 24 and 48 hours, as assessed by the CCK-8 assay. Isolated
lymphocytes were treated with varying concentrations of pyocyanin (0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, and 10 uM), with
untreated cells (NC), DMSO, and H,0, (100 uM) as controls. Data are presented as the mean survival rate of the
lymphocytes relative to the negative control (expressed as a percentage). Statistical significance between 24 hour and
48 hour treated groups was determined using a paired samples T-test (**p<0.01, n=7).
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Figure 4 Determination of the toxic dose 25 (TD25) for isolated lymphocytes treated with pyocyanin. Cells were treated with
varying concentrations of pyocyanin (0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, and 10 uM) for (a) 24 hours and (b) 48 hours. Viability of
cells was assessed using the CCK-8 assay. Data are presented as the mean survival rate of the cells relative to the negative
control (untreated cells) and expressed as a percentage. Each data point represents the mean * standard error (SE) (n=7).
Negative error bars were truncated at 0% survival where applicable to represent biological limits. Data is presented on a
logarithmic scale (base 10) for clarity. The TD25, defined as the concentration at which cell survival is reduced to 75%, was
calculated to be (a) 0.153uM for cells treated for 24 hours and (b) 0.38uM for cells treated for 48 hours. The intersecting line (y
=75) represents the threshold used to determine the TD25 for both treatment durations.
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3.4 Effects of pyocyanin on dsDNA dynamics in lymphocytes. Figure 5 shows the time-dependent effects
of pyocyanin on the percentage of dsDNA in isolated human lymphocytes. Cells were treated with
increasing concentrations of PYO (0.005 — 1 uM) for 24 hours and the PicoGreen Assay was used to
measure fluorescence at 5-minute intervals over the course of 30 minutes. The NC group showed a
relatively stable decrease in %dsDNA over the 30 minutes, showing a reduction from 100% dsDNA to
approximately 70%. There was a progressive decline in %dsDNA in the 1 uM H,0; (positive control)
group, reducing from 89% at t=0 to 61% at 30 minutes.

Exposure to PYO produced an immediate decrease in %dsDNA at t=0 for all PYO treated groups. The
most notable was 0.01 uM PYO where, at t=0, there was a statistically significant decrease in %dsDNA
when compared to the NC group (p<0.05). This initial decrease in %dsDNA in PYO treated groups was
not dose-dependent, instead, some of the higher concentrations (0.05 and 0.1 uM PYO) produced only
a minimal decrease in %dsDNA and, at 0.5 uM PYO, the initial %dsDNA surpassed that of the NC,
producing a %dsDNA of 106%. Following the initial measurement at t=0, PYO treatment resulted in
variable changes in %dsDNA over the 30-minute period. Some concentrations, including 0.005, 0.05,
and 0.5 uM, produced a relatively stable decrease in %dsDNA, while 0.01 uM PYO showed a minor
decrease up until 25 minutes. At the 30-minute interval, 0.01 uM PYO showed an increase in %dsDNA,
surpassing the t=0 percentage for this concentration. Overall, at the 30-minute mark, there was no
significant difference in %dsDNA for any PYO treated group when compared to the control and no
dose-dependent relationship between PYO concentration and %dsDNA was apparent.
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90 —+— 1M H202
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Figure 5 Time course of %dsDNA in human lymphocytes treated with pyocyanin as assessed by the Fast
Micromethod DNA Single-Strand-Break Assay (PicoGreen). Isolated lymphocytes were treated for 24 hours
with varying concentrations of pyocyanin (0.005, 0.01, 0.05, 0.1, 0.5, and 1 uM), with untreated cells (NC),
and H,0; (1 uM) as controls. Data represent the mean percentage of dsDNA in isolated lymphocytes over a
30-minute period with measurements taken every 5 minutes. Error bars are omitted for clarity. A significant
decrease in %dsDNA was observed at 0.01 uM PYO at t=0 (*p<0.05, n=6).
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Figure 5 DNA damage in human lymphocytes after 24-hour incubation with pyocyanin. Cells were incubated
with varying concentrations of pyocyanin (0.005, 0.01, 005, 0.1, 0.5, and 1 uM) with untreated cells (NC=0
UM PYO) as a control for 24 hours. Data is expressed as the mean SSF x (-1) £ SEM (n=6). The SSF was
calculated as log10(%dsDNA in the sample / %dsDNA in the control), where %dsDNA represents the
percentage of double-stranded DNA remaining after treatment and unwinding (at t = 30). SSF values were
multiplied by -1 for visualisation. A one-way ANOVA with Dunnett’s multiple comparisons test revealed no
statistically significant differences between the mean SSF x (-1) of the treatment groups and the NC (all
adjusted p-values > 0.05). No trendline is shown due to the non-linear relationship between PYO
concentration and SSF.

3.5 Effect of pyocyanin on DNA strand scission factor (SSF). The strand scission factor (SSF) multiplied by
-1 (SSF x (-1)) was calculated to present DNA damage in isolated lymphocytes exposed to varying
concentrations of PYO (0.005 — 1 uM) for 24 hours, with untreated cells (NC =0 uM PYO) as a control.
SSF x (-1) values were calculated after an unwinding period of 30 minutes. Higher SSF x (-1) values
indicate more single-strand breaks and, as such, more DNA damage.

Baseline DNA damage, indicated by the mean SSF x (-1) at the NC, was approximately 0.15 (Figure 6).
After the 30-minute unwinding duration, PYO treated cells showed no dose-dependent change in SSF x
(-1) values. The lowest concentration of PYO (0.005 uM) showed a mean SSF x (-1) very similar, if
slightly higher, to the NC group, indicating only a slight increase in overall DNA damage. The lowest SSF
x (-1) value was seen in the 0.1 uM PYO treated group indicating that these cells experienced the least
DNA damage. PYO The 0.005 and 0.5 uM PYO treated groups showed a slight increase in SSF x (-1)
when compared to the NC (0.162 and 0.160 respectively compared to 0.156), with the 0.005, 0.05, and
0.5 UM PYO groups showing an overall increase in SSF x (-1) when compared to the 0.01, 0.1, and 1 uM
PYO treated groups. Error bars indicate a large degree of variability in PYO treated groups, specifically
the middle-to-high concentrations (0.05 — 1 uM). The highest concentrations of PYO, 0.5 and 1 uM,
produced a similar to, or lower, SSF x (-1) than the NC, suggesting less DNA damage in these treatment
groups after 30 minutes of unwinding when compared to the NC.
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Figure 6 Change in %dsDNA in isolated lymphocytes after treatment with pyocyanin for 24 hours.
Cells were incubated with varying concentrations of pyocyanin (0.005, 0.01, 005, 0.1, 0.5, and 1
uM) with untreated cells (NC) and DMSO as negative and vehicle controls, and H,0, (1 and 50
UM) as positive controls. Unwinding period was 30-minutes, with readings taken every 5
minutes. Data represent the change in mean %dsDNA between 0 and 30 minutes. Error bars
represent the standard error of the mean (SEM) for n=6 independent repeats. Data were
analysed by Kruskal-Wallis test followed by Dunn’s multiple comparison test due to violations of
normality and homogeneity of variance (*p<0.05).

3.6 %dsDNA change over time. The change in the percentage of dsDNA between 0 and 30 minutes
reflects the susceptibility of the DNA to unwinding after treatment with PYO. An increased change in
%dsDNA over time indicates more rapid unwinding of the dsDNA, and therefore more DNA damage.
Isolated lymphocytes were treated with varying concentrations of PYO (0.005 — 1 uM), H,0,, DMSO, or
they were left untreated for 24 hours. The modified Fast Micromethod Single-Strand-Break Assay,
which utilises the principle of alkaline unwinding, was employed. Figure 7 represents the change in the
percentage of dsDNA in the lymphocytes over the 30-minute unwinding period. Negative A%dsDNA
values indicate a decrease in dsDNA over the unwinding period, whereas positive values suggest an
increase.

As shown in Figure 7, there was a significant increase in A%dsDNA for the 0.01 uM PYO treatment
group when compared to the NC (p<0.05). This suggests that, at 0.01 pM PYO, PYO treatment led to an
increase in the mean percentage of dsDNA over the unwinding period. The greatest decrease in
A%dsDNA in the 50 uM H202 treated group, as expected, though this was not significant. There was no
dose-dependent decrease in the change of %dsDNA in the PYO treated groups. Some PYO
concentrations, 0.005, 0.05, and 0.5 uM, produced a decrease in A%dsDNA, suggesting an overall
decrease in dsDNA and faster unwinding of the dsDNA. PYO concentrations 0.1 and 1 uM, however,
produced a smaller A%dsDNA, with the highest concentration of PYO (1 uM) producing the smallest
A%dsDNA of all the PYO treatments, suggesting decreased kinetics of unwinding of the dsDNA
compared to all other PYO treatments.
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Figure 8 Pyocyanin-induced dose-dependent DNA damage in lymphocytes, as assessed by the Comet assay. Lymphocytes
were treated with increasing concentrations of pyocyanin (PYO) for 24 hours before performing the alkaline Comet assay.
(a) Olive tail moment and (b) Tail DNA % were measured to assess DNA damage. Hydrogen peroxide (H,0) at 1 uM and 10
UM served as positive controls, while untreated cells (NC) served as the negative control. Data are presented as mean +
SEM. Statistical significance was determined using the Kruskal-Wallis test followed by Dunn’s post hoc test (**p<0.01,
**%p<0.001, ****p<0.0001 n:3).
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Figure 9 Visualisation of pyocyanin-induced DNA damage in lymphocytes, as detected by the alkaline Comet assay.
Lymphocytes were treated with varying concentrations of pyocyanin (0.01 - 1 uM), 1 or 10 uM H,0; (positive controls),
DMSO (vehicle control), or left untreated (NC), for 24 hours. DNA damage was assessed via the alkaline Comet assay
and fluorescent microscopy was used for visualisation. Images show a representative comet from each treatment
group.
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3.7 Pyocyanin induces dose-dependent DNA damage in lymphocytes. To evaluate the genotoxic
potential of PYO, lymphocytes were exposed to increasing concentrations of PYO (0.01 — 1 uM) for 24
hours and DNA damage was assessed by the alkaline Comet assay.

As shown in Figure 8, treatment with PYO resulted in dose-dependent DNA damage in lymphocytes.
Figure 8a shows an increase in mean OTM as PYO concentrations increased. The mean OTM for
untreated lymphocytes was 4.59, confirming minimal baseline DNA damage. The OTM increased to
18.12 and 29.98 for 1 and 10 uM H,0, respectively, validating the assay’s sensitivity to DNA damage.

All PYO concentrations, excluding 0.05 uM, showed a significant increase in OTM. The lowest
concentration of PYO, 0.01 uM, produced a modest 1.7-fold increase in OTM compared to the NC
(p<0.0001). The OTM continued to increase, producing a substantial increase in DNA damage at 0.5 and
1 uM PYO, with a 7.4 and 7.9-fold increase, respectively, when compared to the NC (p<0.0001). This
trend was similarly observed in the Tail DNA % (Figure 8b). Tail DNA % quantifies the proportion of DNA
which has migrated out of the head, allowing a direct estimate of strand break accumulation. The NC
provided a baseline of 3.32% DNA in the comet tails, and this increased to 21.83 and 31.33% for 1 and
10 uM H;0s. Similar to the OTM results, 0.01 uM PYO showed a slight increase in Tail DNA % (2.4-fold
increase when compared to the NC, p<0.001). There was a significant increase in the Tail DNA % for
0.05 uM PYO, not seen in the OTM results (p<0.01). The highest concentrations of PYO (0.5 and 1 uM)
produced a 9.6 and 10.3-fold increase in Tail DNA % when compared to the NC (p<0.0001). Notably, the
OTM and Tail DNA % values for 0.5 and 1 uM PYO were comparable to 10 H202, if not somewhat
greater.

Representative comet images for each treatment condition are shown in Figure 9. These images
qualitatively reflect the observed PYO dose-dependent increase in DNA damage seen in Figures 8a and
b, indicated by increased tail length and intensity and decreased head intensity in treated cells when
compared to the NC.
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4.0 Discussion

Pyocyanin (PYQ), a vital virulence factor secreted by Pseudomonas aeruginosa, has garnered increasing
attention for its multifaceted roles in microbial pathogenesis and its potential impact on human health
(Shouman et al. 2023; Marey et al. 2024). Its contribution to the establishment and persistence of P.
aeruginosa has been widely documented, and its redox abilities have been well-studied, but there is a
lack of research investigating the genotoxic and cytotoxic potential of this well-known virulence factor
(Lau et al. 2004; Muller 2006). This study aimed to elucidate three key aspects of PYO’s impact on
eukaryotic cells: determine the in vitro cytotoxic threshold of PYO in eukaryotic cells, using human
lymphocytes as a surrogate; investigate whether and how PYO induces DNA damage in eukaryotic cells;
to assess the dose-dependent effects of PYO treatment on both cell viability and DNA damage.
Understanding PYO’s genotoxic and cytotoxic effects on eukaryotic cells is crucial for assessing the long-
term consequences of PYO exposure, especially in patients suffering chronic P. aeruginosa infections.

4.1 Biphasic Dose-Response

The CCK-8 assay relies on the reduction of the water-soluble tetrazolium salt WST-8 (2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) by cellular
dehydrogenases, primarily mitochondrial enzymes, to produce a yellow-orange formazan dye. The
amount of formazan produced is directly proportional to the number of living cells and, when measured
via absorbance, provides a quantitative measure of cell viability (Fan et al. 2024). In this study, the CCK-
8 assay provided evidence for a biphasic dose-response relationship between PYO and cell survival.
Figure 2 illustrates that there are two distinct phases that characterise this biphasic response: hormesis
at low concentrations and cytotoxicity at high concentrations.

Cells treated with low concentrations of PYO (0.005 — 0.05 uM) showed an unexpected increase in cell
viability after a treatment period of 24 hours. Known as hormesis, this phenomenon describes an effect
where a low dose of a potentially harmful agent stimulates a beneficial effect on, in this case, the cell,
while a high dose of the same agent would cause harm (Calabrese 2014). This is evident in Figure 2b,
whereby, after 48 hours of exposure, treatment with 0.005 and 0.01 uM PYO resulted in a statistically
significant increase in cell viability (p<0.05) when compared to the negative control (NC). Interestingly,
the potential for PYO to induce hormetic effects has been demonstrated in mitochondrial function. A
recent study by Peruzzo et al. (2021) found that low concentrations of PYO normalised the membrane
potential of mitochondria and mildly increased ROS production and biogenesis in cells with genetic
dysfunction in Complex lll of the ETC. Although there are no reports on PYO’s hormetic effects with
regard to cell viability, it is reasonable to suggest that enhanced mitochondrial function at low PYO
concentrations could support increased ATP production and metabolic activity, in turn promoting cell
survival.

There are likely multiple mechanisms underlying PYO-induced hormesis in lymphocytes. PYO in low
concentrations may be able to generate low levels of ROS, which act as cell signalling molecules,
triggering adaptive responses to promote cell survival. For example, it is possible that PYO-induced ROS
can activate survival pathways, such as the nuclear factor kappa B (NF-kB) (Chai et al. 2014). The NF-kB
pathway induces the expression of genes involved in cell survival and anti-apoptotic responses. NF-kB
activation leads to the transcription of anti-apoptotic proteins, such as Bcl-2, which prevents
mitochondrial permeability transition and cytochrome c release, which is a key trigger for apoptosis
(Chen, C., Edelstein and Gelinas, 2000; Kowaltowski, Vercesi and Fiskum, 2000; Eleftheriadis et al., 2016).
As Bcl-2 aids in maintaining mitochondrial integrity, the mitochondria continue to produce ATP,
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generating a higher absorption value in the CCK-8 assay due to increased formazan production via the
cellular dehydrogenases (Dissanayaka et al. 2020). This is a possible explanation for the increased cell
viability in cells treated with low concentrations of PYO when compared to the NC; the sublethal levels
of ROS in cells treated with low concentrations of PYO delay apoptosis and maintain mitochondrial
function via the activation of survival pathways. Therefore, more cells in the low concentration PYO
groups remain metabolically active, resulting in enhanced survival when compared to the NC.

Conversely, high concentrations of PYO (1-10 uM) produce the opposite effect in lymphocytes, instead
inducing apoptosis. Figure 2 shows an obvious PYO dose-dependent cytotoxic effect at both 24 and 48
hours, with the cytotoxic effects of PYO being especially evident at 5 and 10 uM. At these two
concentrations, there was a statistically significant decrease in cell viability after 24 hours (p<0.001) and,
at 48 hours, both concentrations produced a further decrease in viability. This reduction in cell viability
is likely due to overwhelming PYO-induced ROS production. High PYO concentrations may lead to
excessive ROS generation (Muller 2002), which exceeds the cell’s antioxidant capacity, leading to
widespread damage to cellular components. Through this redox activity, PYO directly interferes with
mitochondrial function via disruption of the electron transport chain (ETC), causing the collapse of the
mitochondrial membrane potential and, consequently, ATP depletion and the release of pro-apoptotic
factors (Peruzzo et al. 2021; Manago et al. 2015). Ultimately, this damage leads to the death of the cell,
producing an overall decrease in cell viability.

4.3 Time-Dependent Effects on Cell Survival

The comparison of 24- and 48-hour treatments demonstrated a notable time-dependent modulation of
PYQ'’s effects on lymphocyte viability, as shown in Figure 3. The increase in cell viability over time suggests
a dynamic interaction between PYO-induced stress, cellular mechanisms, and, potentially, adaptive
responses. The hormetic response described above was enhanced after a longer exposure to PYO of 48
hours compared to 24 hours across all PYO concentrations and, crucially, there was no increase in viability
after 24 hours seen in the control groups (NC, DMSO, 100 uM H,0;) or the highest concentration of PYO
(10 uM). This time-dependent enhancement of hormesis suggests that the underlying cellular
mechanisms are not immediate but rather they involve processes which develop and become more
prominent over time.

One possible reason for the increase in cell viability at 48 hours might be the prolonged upregulation of
antioxidant defences. Initial exposure to low concentrations of PYO induces an oxidative stress response,
potentially triggering the activation of transcription factors such as nuclear factor erythroid 2-related
factor (Nrf2) (Xu et al. 2013). In response, Nrf2 binds to antioxidant response elements (AREs) in the
promoter regions of genes responsible for producing antioxidant enzymes such as SOD and GPx (Banning
et al. 2005). Continued exposure to low concentration PYO might lead to the ongoing activation of Nrf2
and subsequent production of antioxidant enzymes. The Toxic Dose 25 (TD25) results also support this
notion, as the TD25 rose over time with cell viability. The continued production of antioxidant enzymes
may result in a cumulative increase in antioxidant capacity. Research has shown that the overexpression
of peroxiredoxin 5, a cytoprotective antioxidant enzyme capable of neutralising hydrogen peroxide,
protected human tendon cells from oxidative stress and subsequent apoptosis (Yuan et al. 2004). PYO-
induced production of antioxidant enzymes may confer similar protective advantages to eukaryotic cells,
explaining the increase in cell viability seen between 24 and 48 hours.

It is important to note that the increase in cell viability detected by the CCK-8 assay in this study is not
likely to be the result of lymphocyte proliferation induced by PYO acting as a mitogen. A review of the
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literature provides no evidence to suggest that PYO functions as a mitogen, particularly in lymphocytes,
which require highly specific activation signals to undergo proliferation. Instead, the increase in cell
viability, particularly between 24 and 48 hours might be more plausibly explained by the stimulation of
mitochondrial biogenesis by low concentrations of PYO. Low levels of ROS can act as signalling molecules,
stimulating the formation of new mitochondria within the cell (Peruzzo et al. 2021). This process is often
mediated by the transcription factor PGC-la (peroxisome proliferator-activated receptor gamma
coactivator 1-alpha) and takes hours or days to complete (Fernandez-Marcos and Auwerx 2011). Since
the CCK-8 assay measures mitochondrial dehydrogenase activity, an increase in the number of
mitochondria would result in higher measured cell viability. In the NC group, cells remain in a
metabolically quiescent state due to the absence of external stimuli, but they retain their ability to
respond to signals when activated. The introduction of PYO may act as a stimulus, triggering activation
of the cells and increasing metabolic activity in the mitochondria and the generation of new mitochondria
over time. When this is assessed with the CCK-8 assay it translates to an increase in cell viability.

4.4 DNA Damage and Pyocyanin Intercalation

Despite the clear dose-dependent cytotoxicity observed at high PYO concentrations in the CCK-8 assay,
the PicoGreen assay showed no evidence of a similar dose-dependent relationship between PYO
concentration and SSBs. The PicoGreen assay is based on the ability of the fluorescent dye, PicoGreen,
to bind to double-stranded DNA (dsDNA), making it possible to directly measure the denaturation of
dsDNA (Dragan et al. 2010). Hydrogen bonds in the DNA double helix are destabilised in alkaline solutions
(pH 12), and the presence of SSBs and alkali-labile sites in the DNA affects the kinetics of the unwinding
of the dsDNA. When SSBs and alkali-labile sites are present, the DNA unwinds faster than undamaged
DNA. As such, the use of PicoGreen allows the remaining dsDNA to be quantified to determine the
frequency of SSBs in the DNA.

Following the principle of the PicoGreen assay, the %dsDNA should decrease faster as DNA damage
increases, however, Figure 5 shows that this did not occur. Figure 5 shows the %dsDNA remaining in
lymphocytes treated with varying concentrations of PYO over a 30-minute period of alkaline unwinding.
Interestingly, the graph shows an immediate drop in %dsDNA at t=0 for all PYO treated groups, except
the 0.5 uM group. This sudden decrease in %dsDNA is not dose-dependent, meaning that the decrease
is similar across the PYO treated groups (not 0.5 uM) regardless of concentration. If the cause of this
initial decrease were due to the presence of SSBs, a clear dose-dependent relationship would be
expected with higher PYO concentrations showing a greater initial decrease in %dsDNA.

Furthermore, PYO treated groups did not show an expected rapid decrease in dsDNA% over the 30-
minute unwinding period. The kinetics of unwinding dsDNA should increase with increasing DNA damage,
evidenced by the 50 uM H,0; treated group in Figure 5, where the %dsDNA decreased from 85% to 44%.
Comparing this to the highest concentration of PYO, 1 uM, where the %dsDNA decreased from 86% to
77% over the 30-minute period, shows that there was no notable change in the DNA unwinding kinetics
for the PYO treated group. The lowest concentration of PYO, 0.005 uM, did demonstrate increased
unwinding kinetics, however this was not significant. Overall, the lack of a dose-dependent decrease in
%dsDNA over the unwinding period, coupled with the slow kinetics of the unwinding dsDNA in PYO
treated cells suggests that PYO might have the potential to intercalate with DNA.

PYO intercalation with DNA is not well-studied, but the PicoGreen assay results in this study are
supported by the research of Das et al. (2015). It was found that PYO could displace ethidium bromide
(EtBr), a well-known intercalating agent, bound to dsDNA. This displacement of EtBr suggests that PYO,
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too, is able to intercalate with DNA and might compete with other intercalating agents to do so. The
lowest concentration of PYO in this study showed more typical kinetics of DNA unwinding when
compared to the other PYO treated groups. At low concentrations, there is less PYO available to
intercalate into the DNA, allowing denaturation to proceed more efficiently, therefore resulting in a more
typical reduction of %dsDNA over time. This is further evidenced by the SSF x (-1) values in Figure 6,
whereby the lowest PYO concentration produced the highest SSF x (-1) value, indicating that this
treatment group had the highest level of DNA damage. As the PYO concentrations increase, intercalation
becomes more pronounced, impeding strand separation and producing consistently high %dsDNA
measurements, regardless of the actual DNA damage.

4.5 Genotoxicity and the Comet Assay

The alkaline Comet assay allowed further investigation into the potential genotoxic effects of PYO in
lymphocytes. The Comet assay has emerged as one of the most sensitive and versatile methods for
detecting DNA damage at the level of the individual cell (McKelvey-Martin et al. 1993). Under alkaline
conditions (pH>13), the assay is particularly sensitive to SSBs and alkali-labile sites. During
electrophoresis, fragmented DNA migrates towards the anode, forming the “comet” pattern that is
visualised via fluorescent microscopy. Comet heads are comprised of intact DNA, while tails contain the
broken DNA fragments. The extent of the DNA damage can be quantified using parameters such as
Olive Tail Moment (OTM) and Tail DNA % (TDNA%), which were used in this study. The sensitivity of the
Comet assay allows for the detection of DNA damage induced by very low concentrations of genotoxic
agents which exert subtle but significant effects.

The results in Figure 8 demonstrate a statistically significant increase in DNA damage in lymphocytes
following exposure to increasing concentrations of PYO for 24 hours. Both OTM and TDNA% values
increased progressively with increasing PYO concentration. For example, treatment with 0.01 uM PYO
resulted in a slight, but significant, increase in both OTM and TDNA% when compared to the NC.
Exposure to the highest concentration of PYO yielded substantially greater values for both
measurements, showing a clear dose-dependent relationship between DNA damage and PYO
concentration. While there is no literature which directly supports the dose-dependent PYO-induced
DNA damage in eukaryotic cells, research by Priyaja et al. (2014) found that, in human embryonic lung
cells, PYO exposure led to the production of hydrogen peroxide in a dose-dependent manner, with 119
KM PYO producing a 53% increase in hydrogen peroxide. Although the study did not directly measure
DNA damage in human lung embryonic cells, hydrogen peroxide is a well-known genotoxin capable of
inducing oxidative DNA damage via ROS generation and is produced as a consequence of PYQO’s redox
cycling. These findings, coupled with the dose-dependent PYO-induced DNA damage determined by the
Comet assay, suggest that PYO exposure induces genotoxicity in lymphocytes, likely through
mechanisms of oxidative stress.

Interestingly, a comparison of the two parameters measured shows that there are relatively small
differences between the mean OTM and TDNA% values across all treatment groups. This suggests that
the extent of DNA migration is largely proportional to the overall percentage of fragmented DNA,
implying that PYO-induced DNA damage results in relatively uniform fragmentation rather than
producing small, widely dispersed fragments, which would indicate a majority of SSBs (Olive, Banath
and Fjell, 1994). This observation is consistent with previous studies that have identified a strong
correlation between OTM and TDNA% in models of oxidative DNA damage. (A. Cabarkapa et al., 2014).
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The similarity between these two measurements reinforces the notion that PYO induces genotoxicity
via oxidative mechanisms, leading to consistent patterns of DNA strand breakage.

Importantly, the DNA damage demonstrated by the alkaline Comet assay, when combined with the
PicoGreen assay results, further supports the hypothesis of PYO intercalation with DNA. The
observation of substantial DNA damage in the Comet assay alongside the anomalous PicoGreen assay
results strengthens the hypothesis that the PicoGreen assay’s inability to detect increased SSBs was not
an actual absence of DNA damage, but rather the interference of PYO intercalation. The DNA damage
caused by PYO intercalation could have severe consequences, inducing local structural changes to the
DNA, which can impede the progression of DNA polymerase during replication, leading to incomplete
DNA synthesis (Sheaff, llsley and Kuchta 1991). Intercalators can also interfere with the recognition and
binding of DNA repair enzymes, compromising the cells’ ability to correct other forms of DNA damage,
including that caused by PYO’s redox activity (Zhou, J. et al. 2024). The potential combined disruption of
replication, transcription, and repair caused by PYO intercalation could have severe consequences for
patients suffering from chronic P. aeruginosa infections, as they can lead to an accumulation of
mutations, potentially triggering apoptosis or contributing to uncontrolled cell proliferation, a hallmark
of cancer (Espinoza et al. 2024; Kloeber and Lou 2021).

The combined DNA damage induced by PYQO’s oxidative and intercalative effects presents clinical
concerns for patients suffering from chronic P. aeruginosa infections. Continued oxidative stress can
result in excessive DNA damage, leading to the accumulation of mutations if not repaired correctly.
Over time, this genomic instability and mutation accumulation may lead to an increased risk of
malignant transformation in the affected cells. Patients suffering chronic infections, such as those with
CF, are likely to be exposed to pyocyanin for long periods, and this compounding DNA damage might
elevate the risk of oncogenesis. While there have been no investigations into whether PYO does
increase the risk of cancer, some studies have found a link between bacterial infection-induced
oxidative stress as a result of chronic inflammation. For example, chronic Helicobacter pylori infections
have been found to increase the risk of gastric carcinoma (Parsonnet et al. 1991). PYO is known for
contributing to chronic inflammation in P. aeruginosa infections, a process which is often associated
with the development and progression of cancer (Denning et al. 1998; Karin 2006).

4.6 Limitations and Future Work

The in vitro design of this study was a significant limitation, as it lacked variables seen in hosts, such as
immune systems and the complex microenvironments bacteria encounter within a living organism
(Crabbé, Ledesma and Nickerson 2014). In order to improve the translatability of results, future
research should prioritise the use of in vivo models, such as animal studies, to gain more understanding
of PYO's effects on host cells within the context of a P. aeruginosa infection.

With regard to the results of this study, future research should further investigate the specific
molecular signalling pathways activated during PYO-induced hormesis, with particular focus on how
this process promotes cell survival at low doses. PYO-induced hormesis may be tied to stress-response
mechanisms, including the upregulation of antioxidant defences and mitochondrial biogenesis (Lépez-
Martinez and Hahn 2012; Palmeira et al. 2019). Understanding the underlying mechanisms of this
hormetic response could lead to the identification of novel therapeutic strategies to target these
specific pathways, such as the Nrf2 pathway, for protective effects against PYO-induced oxidative
damage.
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Moreover, PYQO’s potential to intercalate with DNA is an area that requires further investigation,
especially concerning the possible subsequent DNA damage. Other intercalating agents have been
shown to contribute towards malignancies (Agudelo et al., 2014) and future work is necessary to fully
understand PYO’s intercalating abilities and its potential to cause malignancies, especially in patients
with chronic exposure. Fluorescence resonance energy transfer (FRET) assays are a potential way to
gain insight into the specific mechanisms of PYO intercalation abilities (Didenko, 2001). This technique
is able to detect molecular interactions and, by assessing changes in FRET efficiency upon PYO binding,
allows the determination of the mechanisms and structural distortions of PYO intercalation. This would
allow for a clearer understanding of PYO-induced genotoxicity and DNA damage, contributing to the
broader understanding of PYO’s role in bacterial pathogenesis.

Future studies should look into whether long-term exposure to PYO leads to the accumulation of DNA
damage over time. One limitation of this study is the use of short treatment periods and lack of diverse
cell types. Due to these limitations, the results do not reflect the long-term effects of PYO exposure or
represent the diverse cells and tissues affected by P. aeruginosa. As such, future work should
investigate the long-term effects of PYO exposure on various cell types in order to reveal whether
certain cell types are more prone to genotoxicity or cellular dysfunction. Future studies should also aim
to investigate if this genotoxicity has led to greater consequences for patients with P. aeruginosa
infections, such as an unestablished link between chronic infections with this pathogen and tumour
formation.

4.7 Conclusion

To conclude, this study highlights the complex effects of pyocyanin on host cells. The findings from this
study indicate that, while PYO induces genotoxicity, it may also trigger adaptive cellular responses to
produce a hormetic effect at low doses. More research is needed to elucidate the exact mechanisms
underlying these effects. Due to the limitations of this study, particularly its in vitro nature, future
research should focus on validating these findings in physiologically relevant models, including in vivo
systems. Additionally, further investigation into PYQ’s potential to intercalate with DNA should be
conducted via methodologies like FRET assays. Long-term studies assessing the cumulative effects of
PYO exposure are also critical to understand PYQO’s full impact on host cells. By addressing these gaps,
future research can provide further insight into the effects of PYO on host cells, with particular
attention to its genotoxic potential and its wider implications for the outcomes of patients suffering
chronic P. aeruginosa infections.
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