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Abstract 

This thesis investigates the role of environmentally relevant concentrations of fluoxetine, a 

commonly prescribed selective serotonin reuptake inhibitor (SSRI), in wound healing. While 

SSRIs are effective in treating psychiatric conditions, their increasing presence in aquatic 

environments has raised concerns about unintended biological impacts. SSRI are widely-used 

antidepressants, and in the UK, antidepressant prescriptions have almost doubled in the past 

decade (Heald et al., 2021). After ingestion, SSRI are excreted via urine. Wastewater treatment 

does not remove SSRI effectively, leading to accumulation in freshwater courses (to 0.4-3,645 

ng/l), making SSRI priority contaminants in ecotoxicology. Average fluoxetine and sertraline 

concentrations in England rivers across 2016-2024 were 218 and 15 ng/l, respectively, and up 

to 2,560 ng/l fluoxetine in post-treatment effluents. Population growth, urbanisation, and 

regional climate change-induced water scarcity can increase these concentrations. While 

exposure to environmental SSRI affects the physiology and behaviour of freshwater species, 

little is known about effects of exposure on human health. My hypothesis was that SSRIs, 

particularly fluoxetine, at environmentally relevant concentrations promote wound healing 

through serotonin signalling. To test this hypothesis, here, I investigate the influence of 

fluoxetine on wound healing models using human keratinocytes and ex-vivo human skin 

biopsies, assessing its effects on serotonin signalling pathways and cell proliferation. 

Using a combination of molecular and cell biology techniques, including scratch assays, RNA 

sequencing (RNAseq), protein microarrays and phosphoproteomics, alongside using an ex-

vivo human skin model, I investigated the impact of fluoxetine at environmentally relevant 

concentrations (62.5-5400 ng/l) on wound closure, cell proliferation, and key signalling 

pathways. Results showed that fluoxetine increased scratch closure in a dose-dependent 

manner (by 5% and 20% at 125 and 5400 ng/l of fluoxetine) in keratinocyte models by 

promoting cell proliferation through serotonin receptor-mediated pathways. RNAseq revealed 

differential expression of exactly 100 upregulated and 250 downregulated genes involved in 

cell cycle progression, energy metabolism, cell proliferation, and cellular resilience. Protein 

microarrays and phosphoproteomics indicated dynamic changes in phosphorylation among key 

kinases, including GSK3β, MSK1/2, and p70 S6K, with 190 upregulated and 45 downregulated 

phosphorylated proteins. These proteins showed enrichment in GO terms and KEGG pathways 

related to cellular structure, stress response, and kinase signalling pathways, particularly in 

HIPPO and PI3K/AKT signalling. Ex-vivo experiments with human skin validated these 

findings in a physiologically-relevant model that maintains the wound microenvironment. I 
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observed an increase in wound healing of 30% at 5400 ng/l compared to control biopsies, 

demonstrating enhanced wound closure upon exposure to environmentally relevant fluoxetine 

associated with serotonin pathway activation. 

 

Human wounds cost the NHS >£8.3 billion/year and new treatments are direly needed. This 

research underscores both the potential therapeutic applications of low-dose fluoxetine in 

wound care, and the importance of understanding its effects on healthy skin as an 

environmental pollutant. Together, these findings contribute to a deeper insight into the 

molecular and phenotypical impact of fluoxetine on human skin, with implications for both 

clinical and environmental health. My results justify a transition from the study of behavioural 

effects of environmental fluoxetine in aquatic animals to the investigation of effects of 

exposure on wound healing in aquatic and terrestrial animals, including direct impacts on 

human health. I also open avenues to investigate low-dose SSRI as new treatments to promote 

wound healing. 
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Chapter 1: General Introduction  

1.1 SSRIs: development, how they work, and public perception 

1.1.1 The development of SSRIs: a milestone in psychiatric medicine 

The history and advancements in Serotonin Reuptake Inhibitors (SSRIs) represent a crucial 

progression in the treatment of depression and other psychiatric disorders. This journey 

commenced in the 1970s, a period when the psychiatric community was fervently searching 

for newer, safer and more tolerable antidepressants than tricyclic antidepressants (TCAs) and 

monoamine oxidase inhibitors (MAOIs) used at that time (Gillman, 2007). The introduction of 

SSRIs on the market marked a significant advancement in the way depression and other 

psychiatric disorders were treated. They work by inhibiting the reuptake of serotonin (5-

hydroxytryptamine, 5-HT) into presynaptic neurons (Figure 1.1), consequently increasing the 

concentration of serotonin in the central nervous system and making them effective for treating 

mood disorders (Albert and Lemonde, 2004; Kreke and Dietrich, 2008; Lattimore et al., 2005).  

 

Figure 1.1: Schematic diagram showing the mechanism of action of SSRIs.  These agents 

block serotonin reuptake at the presynaptic membrane, thus increasing its concentration at the 

postsynaptic nerve terminal membrane. From Lattimore et al.2005 

 

When the first SSRI, fluoxetine (Prozac), was discovered by scientists at Eli Lilly in the late 

1970s, it was considered a revolutionary event. Fluoxetine was developed on the hypothesis 

that by strengthening serotonergic transmission, it was possible to treat depression very 

effectively, and this hypothesis turned out to be successful (Campos et al., 2012; Sommi et al., 

1987).  Soon after the initial triumph of fluoxetine, other SSRIs were developed (Figure 1.2), 
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such as sertraline (Zoloft), paroxetine (Paxil), citalopram (Celexa) and escitalopram (Lexapro). 

Each of these SSRIs had a similar mode of action, they selectively inhibited serotonin reuptake 

by neurons but with different profiles that made them suitable for various patients and 

conditions. For example, escitalopram dual binding to orthosteric sites (primary functional 

sites) and allosteric sites (secondary functional sites) on 5-HT transporters (SERT) is 

highlighted as a possible mechanism for its high efficacy and rapid onset of action when 

compared to sertraline and paroxetine (Sanchez et al., 2014).  

 

Figure 1.2: Milestones in antidepressant therapy: a timeline of SSRIs development.  Created 

by Rodriguez-Barucg, 2023 

 

Prozac and its subsequent products have revolutionised the concept of depression and its 

therapy. SSRIs were seen as drugs that could bring relief to millions of people who suffered 

from depression and other major mental disorders. With time, the usage of SSRIs was 

broadened not only for depression but also for the therapy of various psychiatric conditions 

like anxiety disorders, obsessive-compulsive disorder (OCD), post-traumatic stress disorder 

(PTSD), by reducing symptoms such as obsessions and compulsions (Bokor and Anderson, 

2014; Diniz et al., 2011; Gosmann et al., 2021). SSRIs do not affect other neuroreceptors and 

adrenergic receptors, this allows for fewer side effects than TCAs (Peretti et al., 2000; Wilson 

and Mottram, 2004). By being safer and better tolerated, SSRIs eventually replaced TCAs as 

the most prescribed type of antidepressant, (Figure 1.3) (Bogowicz et al., 2021; Hillhouse and 

Porter, 2015; Lattimore et al., 2005; Von Wolff et al., 2013). 
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Figure 1.3: Two-decade trends in antidepressant prescribing: The rise of SSRIs and the 

decline of TCAs.  The population standardised numbers (A) and proportions (B) of prescribed 

antidepressant items by class from 1998–2018. MAOI = monoamine oxidase inhibitor. SNRI = 

serotonin-norepinephrine reuptake inhibitor. SSRI = selective-serotonin reuptake inhibitor. 

From Bogowicz et al., 2021. 

 

1.1.2 Comprehensive mechanisms and clinical implications of SSRIs 

Building on the basic understanding of SSRIs introduced earlier, this section delves into the 

detailed pharmacological mechanisms that explain how these drugs affect serotonin levels and 

the broader nervous system. By exploring these processes further, we can gain a clearer view 

of their role in treating psychiatric disorders and the factors influencing their effectiveness. 

 

SSRIs selectively block serotonin reuptake, which occurs in the synaptic cleft, a small gap 

between neurons where neurotransmitters are released and then bind to receptors on receiving 

neurons (Figure 1.1) (Kreke and Dietrich, 2008; Lattimore et al., 2005). Usually, serotonin 

released into the synaptic cleft is sucked back into pre-synaptic neurons through SERT. The 

reuptake process is blocked by SSRIs, which elevates the levels of serotonin in the synaptic 

cleft and improves serotonergic neurotransmission (Tate et al., 2021). This increase in serotonin 

availability is what made SSRIs so effective as antidepressants. Nevertheless, the exact mode 
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of action SSRIs is challenging to understand, and there is also a downstream modulation of 

neural circuits and neurotransmitter systems that happens, rather than just the increase in 

synaptic serotonin. An essential part of the effectiveness and safety of SSRIs is their 

pharmacokinetics (absorption, distribution, metabolism, and excretion).  While SSRIs usually 

have a high oral bioavailability and can be taken in tablet form, food intake can highly influence 

their efficiency (van Harten, 1993).  Once consumed, they are distributed widely throughout 

the body and brain. With their capacity to cross the blood-brain barrier, SSRIs affect the central 

nervous system. (Rochat et al., 1999). SSRIs are metabolised mainly in the liver into active 

metabolites or inactive compounds (Silva et al., 2012). Most of those compounds are excreted 

in urine (Edinoff et al., 2021; Vaswani et al., 2003). For example, fluoxetine is metabolised into 

norfluoxetine mainly through demethylation  (Figure 1.4)  by an enzyme of the cytochrome 

P450 family (CYP2D6) before being excreted (Dubovsky, 2015; Smith et al., 2010). Genetic 

variations in these enzymes can influence the efficacy of SSRIs and their potential drug-drug 

interactions (Dubovsky, 2015).  

 

Figure 1.4: The chemical structure of fluoxetine and its active demethylated metabolite, 

norfluoxetine.  CYP2D6 is the dominant human CYP responsible for this metabolism. From 

Silva et al., 2012 

 

Although SSRIs are generally considered more benign than older antidepressants, they still 

come with a range of side effects that need careful management in clinical practice. Common 

adverse effects include nausea, headache, sexual dysfunction, and sleep disturbances 

(Clevenger et al., 2018; Strawn et al., 2015). The pharmacological basis of these side effects 

must be understood to manage them effectively (Wood and Hashemi, 2013). Beyond these, 

SSRIs have been linked to other symptoms such as drowsiness, weight gain, dry mouth, and 

fatigue (Atmaca, 2020; Ferguson, 2001; Jing and Straw-Wilson, 2016). In some cases, 
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movement-related concerns, including tremors or involuntary physical movements, have been 

reported (Zahra et al., 2022). 

 

The widespread use of SSRIs has also sparked debates over their long-term efficacy and safety, 

particularly concerning vulnerable populations like pregnant women and neonates (Domingues 

et al., 2022; Kaihola et al., 2015). Early treatment phases can exacerbate symptoms like anxiety, 

sleep disturbances, and sexual dysfunction (Björkenstam et al., 2013), with an increased risk 

of suicidal ideation in children, adolescents, and young adults requiring close monitoring 

during the initial stages of treatment or dosage adjustments (K. Li et al., 2022). Genetic 

variability and underlying medical conditions further complicate patient responses, 

highlighting the importance of individualised treatment approaches that consider 

pharmacogenomic testing and patient history (Barbui et al., 2009; Hedna et al., 2021; van 

Westrhenen et al., 2020). 

 

SSRIs are not considered addictive, but sudden cessation can lead to withdrawal-like symptoms 

known as discontinuation syndrome (Fava et al., 2015; Roose and Rutherford, 2016). This 

condition emphasises the need for a medically supervised discontinuation process to prevent 

complications (Marchocki et al., 2013). As SSRIs remain a cornerstone in psychiatric 

treatment, balancing their therapeutic benefits with the management of potential side effects is 

critical to their continued success. 

 

1.1.3 SSRIs in the public and medical discourse 

The public and medical opinion on SSRIs is complex. Their discovery revolutionised the way 

depression and other major psychiatric disorders were treated, but such a quick change of 

paradigm brought controversies.  While being considered safer than already existing 

antidepressants (TCAs, MAOIs) due to their low risk of overdose (Jung et al., 1997), their mild 

side-effect profile (Bayes and Parker, 2019), their lower suicidal risk when compared to TCAs 

(Gibbons et al., 2005), SSRIs also face controversies regarding their effectiveness. For 

example, a meta-analysis comparing antidepressants and placebos in the treatment of mild 

depression in Parkinson's disease found that there was insufficient evidence to reject the null 

hypothesis of no differences in efficacy between SSRIs and placebo (Skapinakis et al., 2010). 

But on the other end, another study found that all antidepressants were more effective than 
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placebo in adults with major depressive disorder (Cipriani et al., 2018). This is a prime display 

of the constant controversies regarding the effectiveness of SSRIs. 

Another main controversy is the risk of withdrawal symptoms. As mentioned previously, those 

symptoms are variable, usually occur within a few days of discontinuation, and can last up to 

a few weeks (Fava et al., 2015). They range from flu-like symptoms and tremors to mood 

swings or hallucinations, among others, Table 1.1 is a list of signs and symptoms of withdrawal 

from SSRIs. The primary debate among clinicians arising from the presence of withdrawal 

symptoms is whether or not to add SSRIs to the list of drugs potentially inducing withdrawal 

symptoms upon discontinuation. The term ‘discontinuation syndrome’ currently used being 

considered to minimise vulnerabilities induced by SSRIs and should be replaced by 

‘withdrawal syndrome’ (Fava et al., 2015). 

 

Table 1.1: Signs and symptoms of withdrawal from SSRIs From Fava et al. 2015 

 

The general public view on SSRIs is also highly variable; on the one hand, there is a growing 

awareness and acceptance of mental health issues in our society, but for some, there is an over-

consumption of antidepressants (Bouckaert, 2021; Katolik and Oswald, 2017). The broad 

availability of SSRIs highly participated in the promotion of mental well-being and a better 

consideration for people suffering from mental illnesses (Bülow, 2022). However, part of the 

population criticises how appropriate it is to prescribe SSRIs as the treatment for major mental 

disorders. It considers that SSRIs are used as “quick fixes” for more complex issues (Golder et 

al., 2023).  

In conclusion, the dichotomy in the public perception of SSRIs highlights two significant trends 

in mental health treatment, one advocating for a medicalised treatment using SSRIs as the 

primary described drug, and one that, while acknowledging the positive impact of SSRIs 
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advocates for a more appropriate use of SSRIs in consideration of their potential side effects 

and withdrawal symptoms. 

 

1.1.4 Future directions in SSRIs research and development 

As SSRIs continue to represent the most prescribed antidepressants to treat depression and 

other major psychiatric disorders, research tends to focus on resolving current limitations and 

finding new uses for SSRIs. One of the limitations of SSRIs is their excellent efficacy in 

favourable conditions but their limited efficacy in stressful situations. In order to increase the 

efficacy of SSRI in stressful conditions, the new approach is to have a polypharmacological 

strategy (Fineberg et al., 2018; Hjorth et al., 2022; Mayo-Wilson et al., 2014). By using a 

combination of SSRIs and other drugs, the efficacy of SSRIs could be increased. This has been 

tested in mice suffering from depression by using a combination of fluoxetine and metformin, 

a drug that improves the metabolic profile.  The results were that the combined treatments were 

more effective than fluoxetine alone in ameliorating depression symptoms after just a week of 

treatment (Poggini et al., 2019).  

Another research focus is the way SSRIs are delivered; some new delivery systems are being 

thought of as a way to increase bioavailability while reducing side effects. A novel way to 

deliver SSRIs is Fast Dissolving Tablets (FDT), which allow more than 95% of the drugs to be 

available within 10 minutes (Bhatia et al., 2022). This fast delivery allows for the initial 

increase in plasma concentration, which is mandatory in an acute depression attack.  Another 

promising delivery system is transdermal patches. Drugs like sertraline, paroxetine, and 

escitalopram have been investigated using various transdermal strategies, and with further 

development, these products show significant potential for reaching the market. For these 

drugs, advantages, including the suppression of side effects and improved tolerance, are 

predicted (Tijani et al., 2021). 

By improving the efficacy of SSRIs and bioavailability, there is hope for greater flexibility and 

individualised patient care. With advances such as Fast Dissolving Tablets and transdermal 

patches, these new methods offer the potential to optimise treatment outcomes by addressing 

the varied needs of patients, particularly in cases requiring rapid relief or tailored therapeutic 

regimens. As research in this area continues, these innovations may help enhance both the 

therapeutic effectiveness and the tolerability of SSRIs, ultimately improving patient 

experiences. 
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1.2 Environmental impact of SSRIs 

1.2.1 Environmental presence of SSRIs 

The presence of SSRIs in freshwater ecosystems has become a growing concern, combining 

pharmacological insights with ecological considerations. Once prescribed for psychiatric 

conditions and consumed by patients, a significant portion of these drugs, along with their 

metabolites, are excreted unchanged into wastewater as illustrated in Figure 1.5 (Silva et al., 

2012). Wastewater treatment plants are often unable to fully eliminate these compounds, 

leading to their release into surface water bodies such as lakes and rivers, as well as into human 

water supplies (Bossus et al., 2014; Brooks et al., 2005; Christensen et al., 2007; Henry et al., 

2004). Many SSRI metabolites retain some pharmacological activity such as norfluoxetine, 

although typically less potent than the parent compound, with the notable exception of 

norfluoxetine, which remains significantly active (Silva et al., 2012). 

 

Figure 1.5: Pathway of Selective Serotonin Reuptake Inhibitors (SSRIs) from Clinical Use 

to Aquatic Environmental Contamination. Created by Rodriguez-Barucg, 2023. 

 

Studies have detected SSRIs in various freshwater sources across Europe and North America. 

In Poland, for example, in the Warsaw region (Poland), traces of various antidepressants have 

been found in rivers and even in tap water  in concentrations up to 3 ng/l (for sertraline) 

(Giebułtowicz and Nałecz-Jawecki, 2014).  Those results are similar to those found in other 

European countries; for instance, in Spain, the presence of fluoxetine has been recorded at 

concentrations of up to 44 ng/l in 80% of the sampling sites from the main rivers of the Madrid 

metropolitan area: Jarama, Manzanares, Guadarrama, Henares and Tajo. Other several 
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antidepressants were present in the surface water of that region, including venlafaxine, at 

concentrations of up to 387 ng/l and found in 100% of the sampling sites (González Alonso et 

al., 2010).  The presence of fluoxetine and venlafaxine in surface water can be explained by 

the fact that wastewater treatment processes do not completely remove those drugs from the 

water. Different studies have shown that water released from wastewater treatment plants still 

has presence of those drugs, as shown in the Rhine river (fluoxetine 24 ng/l, norfluoxetine 13 

ng/l) (Schlüsener et al., 2015). The water coming out of those wastewater treatment plants is 

considered the main source of SSRIs in surface water (Writer et al., 2013). In the U.S., 

antidepressants (such as fluoxetine, citalopram, etc.…) were present up to 8.4km downstream 

of the outfalls of two effluent-impacted streams, Boulder Creek (Colorado) and Fourmile Creek 

(Iowa) at concentrations of up to 12.1 ng/l and 11.1 ng/l, respectively (Schultz et al., 2010). 

Other recent environmental monitoring studies have identified fluoxetine concentrations that 

extend well beyond these background levels. In Canada, Lajeunesse et al. reported fluoxetine 

levels reaching up to 346 ng/l in influent and 69 ng/l in treated effluent (Lajeunesse et al., 

2012). Norfluoxetine was also detected at comparable levels. Kleywegt et al. recorded 

fluoxetine concentrations ranging from 8 to 97 ng/l in WWTP effluents in Ontario and 

highlighted the persistence of fluoxetine in downstream surface waters such as Lake Ontario 

and the Grand River (Kleywegt et al., 2019). 

In the United States, Benotti et al. documented fluoxetine concentrations as high as 560 ng/l in 

surface waters downstream of WWTPs (Benotti and Brownawell, 2007) while Bringolf et al.  

found fluoxetine levels of 104–119 ng/l in effluent discharge channels, which dropped to 10.0–

14.4 ng/l at 50 m downstream and 5.1–7.3 ng/l at 100 m, demonstrating rapid dilution yet 

persistent detectability (Bringolf et al., 2010). Hughes et al. compiled global monitoring data 

and reported fluoxetine concentrations up to 596 ng/l in treated wastewater effluents from 

various countries (Hughes et al., 2013). Bean et al. , in a UK-based modelling study, included 

literature-based influent values exceeding 1,310 ng/l to assess potential ecological risks (Bean 

et al., 2017a).The highest measured concentration in treated effluent was reported by Salgado 

et al., who detected 3,645 ng/l of fluoxetine in a WWTP in Portugal (Salgado et al., 2011). 

Shraim et al. went further, reporting norfluoxetine concentrations of 11,700 ng/l in treated 

wastewater in Almadinah, Saudi Arabia (Shraim et al., 2017). 

 

These findings demonstrate that while typical fluoxetine concentrations in surface waters range 

from 10–100 ng/l, specific locations near effluent discharge points can experience much higher 

levels, often exceeding 1,000 ng/l and, in extreme cases, 3,000–10,000 ng/l. Such 
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concentrations are not theoretical or based on in-vitro studies but are directly measured in real-

world aquatic environments. Therefore, in this thesis, the term “environmentally relevant 

concentrations” refers to empirically observed levels of fluoxetine and norfluoxetine in surface 

waters and wastewater effluents, particularly near WWTP discharge points, as reported in the 

studies discussed above. The concentrations used in this project (ranging from 62.5 to 5,400 

ng/l) were selected to reflect this spectrum: the lower and mid-range doses align with fluoxetine 

levels commonly detected in effluent and downstream environments, while the highest 

concentration (5,400 ng/l) represents a plausible upper-bound scenario. This extreme condition 

is intended to simulate future environmental risks that may arise from increasing 

pharmaceutical consumption, population growth, and water scarcity, factors expected to 

intensify SSRI accumulation in aquatic ecosystems, particularly in regions with limited 

wastewater infrastructure. 

While environmental studies have primarily focused on the ecotoxicological impact of SSRIs 

such as fluoxetine on aquatic organisms, the implications for human health are becoming 

increasingly relevant. Fluoxetine has been detected in surface waters, effluents, and even 

drinking water supplies, raising concerns about chronic low-level exposure (Benotti and 

Brownawell, 2007; Lajeunesse et al., 2012; Writer et al., 2013). Populations with direct contact 

with natural waters, including wild swimmers, rowers, athletes, and children, represent 

potential at-risk groups, especially in areas downstream of wastewater treatment plants where 

concentrations may reach hundreds of ng/l. Occupational exposure is also a consideration for 

individuals working in wastewater management or recreational water services. Moreover, 

climate change-driven water scarcity may lead to increased fluoxetine concentrations in both 

recreational waters and drinking supplies, potentially elevating daily dermal exposure levels 

across the general population. As the skin acts as a primary barrier and plays a central role in 

wound healing, investigating how environmentally relevant levels of fluoxetine influence skin 

repair processes is crucial for understanding both ecological and public health risks 

 

The presence of fluoxetine in most surface water sites, its environmental persistence, and its 

acute toxicity to non-target organisms such as fish and aquatic invertebrates (Oakes et al., 

2010) make it one of if not the key SSRIs compound to study in aquatic ecosystems (Silva et 

al., 2012). Most of the current reports come from Europe (50%) and North America (38%) 

(Mole and Brooks, 2019) while as stated earlier, the problematic of SSRI presence in aquatic 

ecosystems is even bigger in poor and highly demographically growing areas such as Africa 

and Asia (Burket et al., 2018; Mole and Brooks, 2019). Changes in lifestyle, as well as a high 
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demographic development in those areas, suggest that the quantities of SSRIs consumed and, 

as a consequence, rejected in the water will increase in the future (Burket et al., 2018; 

Schlüsener et al., 2015). This is further compounded by the growing issue of water scarcity 

due to climate change, which could exacerbate the environmental impact of pharmaceutical 

contamination. It makes it necessary that more reports regarding the presence of SSRIs in 

water are conducted there in the future.  

 

1.2.2 Impact on aquatic life: earlier research and findings. 

Various aquatic species (either vertebrates or invertebrates) can be affected by the presence of 

SSRIs in water, and those species are sensitive to different levels of SSRIs (Sumpter et al., 

2014). Not only are aquatic species sensitive to a wide range of SSRI concentrations in water, 

but the response to those drugs varies from one species to another.  

After an exposure of 3 weeks to fluoxetine (concentrations ranging from 10 ng/l to 10,000 

ng/l), Echinogammarus marinus (Figure 1.6) spent more time in the light (phototaxis 

behaviour) and were higher in the water column (geotaxis behaviour) than their non-exposed 

counterparts (Guler and Ford, 2010), While the highest concentration used (10,000 ng/l) 

exceeds environmental levels, the behavioural changes observed at lower doses (10–100 ng/l) 

are within environmentally relevant ranges, supporting the ecological relevance of these 

findings. Those changes are similar to what has been described for Echinogammarus marinus 

infected with acanthocephalans parasites. Previous studies have shown that Gammarus 

infected with that parasite had a higher predation risk and were more likely to be eaten by birds 

(Perrot-Minnot et al., 2007). The presence of fluoxetine in the water could potentially imply 

higher predation of birds on Echinogammarus marinus and suggest changes in the whole 

ecosystem. Those effects of SSRIs on small amphipod crustaceans seem to be dose-dependent. 

When exposed to low concentrations (1-100 ng/l) of pharmaceuticals (including fluoxetine), 

Gammarus pulex (Figure 1.6) showed increased ventilation, whereas when exposed to high 

concentrations (1 mg/l – 1 g/l), it showed increased locomotion (De Lange et al., 2009). 

Another study confirmed the difference in effects of different concentrations of drugs; when 

the same species Gammarus pulex was exposed to a low concentration of fluoxetine (100 ng/l), 

its swimming velocity was reduced (De Castro-Català et al., 2017), which is different to the 

effect observed by De Lange et al., 2009 after exposure to high concentrations (1 mg/l -1 g/l). 
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Another invertebrate also displays behavioural changes when exposed to antidepressants. 

Crayfish Orconectes virilis (Figure 1.6), after exposure to sertraline (424 ng/l), were more 

aggressive than non-exposed ones when facing each other in a bout; males exposed to sertraline 

initiated antagonistic interaction three times more than control males (Woodman et al., 2016). 

However, the number of initiations for bouts of two exposed crayfish was not significantly 

different from those recorded for two control animals' bouts. Sertraline affects the fighting 

dynamic of individuals, but since the whole population in an aquatic environment would be 

exposed to the same concentration, all individuals will likely experience the same increase in 

aggressive behaviour.  

Another typical behaviour affected by SSRIs is reproduction. For example, in the water flea 

Daphnia magna (Figure 1.6), exposure to fluoxetine (40 μg/l) will impact reproduction 

behaviour similarly to the food limitation factor (Campos et al., 2016). For fingernail clams 

Sphaerium striatinum (Figure 1.6), SSRIs seem to induce parturition (for fluvoxamine and 

paroxetine) or potentiate it (for fluoxetine) even at a low concentration (3 ng/l)(Fong et al., 

2017). 

 

Taken together, it has been demonstrated that SSRIs (especially fluoxetine) have significant 

sublethal effects at low concentrations on small amphipods and crustaceans. Those sublethal 

effects can impact the predation or competition behaviours of those small species, potentially 

impacting ecosystems at a larger scale. 
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Figure 1.6: Visual representation of the various aquatic species exposed to SSRI-

contaminated water. The species depicted here were selected based on those specifically 

discussed in Section 1.2.2, as they have been used in published studies investigating the 

behavioural and physiological effects of SSRIs, particularly fluoxetine. These include 

Echinogammarus marinus (phototaxis and geotaxis changes, Guler and Ford, 2010), 

Gammarus pulex (dose-dependent behavioural changes, De Lange et al., 2009; De Castro-

Català et al., 2017), Orconectes virilis (aggression modulation, Woodman et al., 2016), 

Daphnia magna (reproductive effects, Campos et al., 2016), and Sphaerium striatinum (early 

parturition, Fong et al., 2017). These invertebrates were chosen not as a comprehensive 

representation of all affected aquatic organisms, but because they exemplify the range of 

sublethal, ecologically relevant effects SSRIs can have at low concentrations. Their inclusion 

in the figure visually supports the discussion on how SSRI pollution can influence key 

ecological behaviours such as reproduction, competition, and predation. 

 

When it comes to fish, numerous studies have been published about the impact of SSRI-

contaminated water on those species. For example, when exposed to fluoxetine at 100, 1 000 

and 10 000 ng/l for 21 days, Danio rerio showed no changes in exploratory or social behaviour 

(Correia et al., 2022). However, a decrease in locomotor activity was displayed both in light 

and dark periods, demonstrating the ability of SSRIs to affect how this species responds to 

environmental stressors (change of light) (Correia et al., 2022). Similar results were observed 

in another study on Danio rerio exposed to sertraline at 10 000 ng/l (Faria et al., 2022) that 

identified that hypolocomotion was associated with augmented serotonin levels rather than 

other neurochemicals and molecular markers, highlighting the relationship between serotonin 

signalling and behaviour in zebrafish. 

Changes in behaviour have also been described for other fish species; for instance, exposure to 

fluoxetine in male Siamese fighting fish caused a shift in boldness (Dzieweczynski et al., 2016). 

Three groups of males (0, 500 and 5000 ng/l fluoxetine) were tested in multiple boldness assays 

(empty tank, novel environment, and shoal) once a week for three weeks to collect baseline 

measures and then at three different time points postexposure. Unexposed males were bolder 

 

Echinogammarus marinus                          Gammarus pulex                               Orconectes virilis  

 

          Daphnia magna       Sphaerium striatinum  
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in all contexts after exposure. Figure 1.7 shows the results for the novel environment assays; 

before exposure, all three groups had similar boldness. Still, on trial 4/5/6 after exposure to 

fluoxetine, groups exposed to both 500 and 5000 ng/l of fluoxetine displayed a significantly 

lower boldness when compared to non-exposed males (Dzieweczynski et al., 2016). When all 

contexts are considered, the effect of fluoxetine on boldness behaviour was dose-dependent; 

the higher the concentration, the greater the behavioural effect was. 

Another example is how, fluoxetine affects Pimephales promelas (fathead minnow). At 

concentrations ranging from 100 ng/l, which approaches the upper limit of environmentally 

detected levels, to 100 000 ng/l (a high-dose exposure) a change in mating and aggression 

behaviours has been described (Weinberger and Klaper, 2014). Males were more aggressive 

and tended to be more isolated. This aggressive behaviour impacted egg production due to 

females’ deaths after repeated aggressions. Both males and females took longer to eat and had 

decreased predator avoidance behaviour (Weinberger and Klaper, 2014). All those factors could 

affect population survival. 

 

 

Figure 1.7: Siamese fighting fish boldness assays. Mean boldness scores (PC B1) in all trials 

(1–6) for the three exposure groups (0, 0.5 and 5 μg l−1; n=20 for each group) in the novel 

environment assay. Error bars are ±1 s.e.m. Significant relationships are indicated by asterisks.  
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1.3 Serotonin signalling  

Serotonin is a neurotransmitter that plays a central role in regulating various physiological 

processes in the body, initially identified in the central nervous system (CNS), serotonin has 

since been found in numerous peripheral tissues, where it influences critical cellular functions 

(Berger et al., 2009; El-Merahbi et al., 2015). Serotonin signalling is a complex and tightly 

regulated system, mediated by multiple receptor families, transporters, and downstream 

signalling pathways (Boccuto et al., 2013; Zhu et al., 2011). The following sections explore 

serotonin production, its receptor families, and its broader physiological roles, setting the 

foundation for understanding its relevance to pharmacological interventions such as SSRIs. 

 

1.3.1 Overview of serotonin production and receptor families 

Serotonin synthesis begins with the amino acid tryptophan, which is hydroxylated by the 

enzyme tryptophan hydroxylase (TPH) to form 5-hydroxytryptophan, and subsequently 

decarboxylated to produce serotonin, see Figure 1.8 (Boccuto et al., 2013; Vadaq et al., 2022; 

Vleugels et al., 2015; Xiao et al., 2018). This process predominantly occurs in the 

enterochromaffin cells of the gastrointestinal tract, where approximately 95% of the serotonin 

of the body is produced (Vadaq et al., 2022). The remaining serotonin is synthesised in the 

brain, particularly in the raphe nuclei of the brainstem, where it plays a crucial role in 

modulating mood, cognition, and various physiological processes (Pho et al., 2022; Xiao et al., 

2018).  

Serotonin exerts its effects by binding to a broad range of serotonin receptors, which are 

classified into seven families (5-HT1 to 5-HT7), each comprising multiple subtypes with 

distinct functions (Boccuto et al., 2013). 5-HT1, 5-HT2, 5-HT4, 5-HT6, and 5-HT7 are key 

players in the transmission of serotonin signals, these receptors are distributed across various 

tissues in the body, including the brain, gastrointestinal tract, and cardiovascular system, 

regulating processes such as vasoconstriction, platelet aggregation, and gastrointestinal 

motility (Zhu et al., 2011). 

While serotonin is primarily synthesised in the central nervous system and gastrointestinal 

tract, accumulating evidence suggests that keratinocytes possess the enzymatic machinery 

required for serotonin biosynthesis. Studies have demonstrated that keratinocytes express 

tryptophan hydroxylase (TPH), the rate-limiting enzyme in serotonin synthesis, as well as dopa 

decarboxylase (DDC), enabling local serotonin production within the epidermis (Goodwin et 

al., 2017; Schallreuter et al., 2012). Additionally, keratinocytes express functional serotonin 
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receptors (e.g., 5-HT2A, 5-HT3), suggesting that serotonin-mediated signalling is intrinsic to 

epidermal biology (Go et al., 2024). Furthermore, ultraviolet (UV) radiation has been shown 

to stimulate serotonin production in keratinocytes, linking environmental cues to serotonin 

availability (Edstrom et al., 2010; Slominski et al., 2024). These findings suggest that serotonin 

is not only present in the skin but also actively contributes to epidermal function, supporting 

the plausibility of serotonin-mediated effects in keratinocyte culture systems. 

In addition to endogenous serotonin synthesis by keratinocytes, another potential source of 

serotonin in cell culture conditions is foetal bovine serum (FBS), which is widely used as a 

supplement in cell culture media. While direct quantification of serotonin in FBS remains 

limited, evidence suggests that maternal serotonin can cross the placental barrier, making its 

presence in foetal-derived serum plausible (Yang Li et al., 2022). Additionally, serotonin or its 

precursors have been detected in filtered FBS using biosensors, reinforcing the idea that even 

in culture conditions, serotonin could be present at biologically relevant levels (Chávez et al., 

2017). Some studies have also identified enzymatic activities in serum, including amine 

oxidases, which may regulate serotonin availability in culture media over time (Holbert et al., 

2020). Although absolute serotonin levels in FBS batches used in this study were not measured, 

these findings suggest that serotonin-mediated effects in keratinocyte cultures could be 

influenced by both intrinsic production within the cells and external serotonin sources from the 

culture medium. 
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Figure 1.8: Biosynthesis of serotonin (5-HT). Tryptophan is converted into 5-

hydroxytryptamine (5-HTP) by tryptophan hydroxylase (TPH), and 5-HTP is then 

decarboxylated into serotonin (5-HT) by aromatic amino acid decarboxylase (AADC). From 

Vleugels et al. 2015. 

 

The mechanism by which serotonin receptors function is primarily determined by their 

coupling to G-proteins. 5-HT1 receptors, particularly the 5-HT1A subtype, are coupled with 

Gi/o proteins, which inhibit adenylyl cyclase (AC) activity (Vleugels et al., 2015). This reduces 

cyclic adenosine monophosphate (cAMP) levels, dampening downstream signalling pathways 

such as those mediated by protein kinase A (PKA), which are essential for processes like 

neuronal excitability and neurotransmitter release (Polter et al., 2012; Vleugels et al., 2015).  

5-HT4, 5-HT6, and 5-HT7 receptors, on the other hand, are coupled with Gs proteins, which 

increase cAMP levels and promote functions such as memory formation, neuroplasticity, and 

learning. For example, activation of the 5-HT4 receptor stimulates acetylcholine release, 

critical for cognitive processes (Kang et al., 2019). Similarly, 5-HT6 receptor activation 

enhances learning and memory through modulation of cholinergic and glutamatergic 

mechanisms (Woods et al., 2012), the 5-HT6 receptor's ability to stimulate adenylyl cyclase 

activity is directly correlated with enhanced cognitive functions, as demonstrated by 

behavioural assays (Kendall et al., 2011). Additionally, 5-HT7 receptor activation is 
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noteworthy for its role in increasing cAMP levels and facilitating neuroplastic changes. 

Research indicates that activation of 5-HT7 receptors promotes the expression and 

phosphorylation of the TrkB receptor, further linking serotonin signalling to neuroplasticity 

and cognitive enhancement (Samarajeewa et al., 2014). 

5-HT2 receptors are coupled with Gq proteins and activates phospholipase C, increasing 

intracellular calcium levels, this promotes physiological responses such as smooth muscle 

contraction and platelet aggregation (De Deurwaerdère et al., 2004; Garcia et al., 2007; Parrish 

and Nichols, 2006). 

 

Serotonin signalling is further regulated by its transporters, specifically the serotonin 

transporter (SERT), which facilitates the reuptake of serotonin into presynaptic neurons. This 

process not only terminates the serotonin signal but also plays a critical role in maintaining 

synaptic homeostasis and regulating serotonin availability for future neurotransmission 

(Penkova and Nikolova, 2017). Dysregulation of SERT function can significantly affect 

serotonin levels, influencing mood, cognition, and overall neuronal function. 

 

However, emerging evidence suggests that the pharmacological effects of fluoxetine extend 

beyond serotonin reuptake inhibition. Studies have shown that fluoxetine can interact directly 

with several serotonin receptor subtypes, influencing cell signalling even when serotonin levels 

are low. For example, fluoxetine acts as a high-affinity agonist at the 5-HT2B receptor, 

activating downstream pathways such as EGFR transactivation and ERK/AKT signalling in 

astrocytes (Peng et al., 2014). In contrast, it inhibits 5-HT3 receptor activity by binding to a 

different site than serotonin, reducing ion flow through the channel regardless of serotonin 

presence (Breitinger et al., 2001). Additional experiments showed that fluoxetine reduces the 

flow of sodium and calcium ions through 5-HT3 receptors when serotonin is present. This 

effect occurred in a dose-dependent way and was not affected by changes in electrical voltage, 

confirming that fluoxetine acts as a functional antagonist at this receptor (Eisensamer et al., 

2003).  

Fluoxetine has also been shown to block 5-HT2C receptors by competing with serotonin for 

the same binding site, preventing their activation even at low concentrations (Ni and Miledi, 

1997). These findings highlight that fluoxetine can behave either as an agonist or an antagonist, 

depending on the receptor subtype. Agonists activate receptors and mimic the effects of 

serotonin, while antagonists bind to receptors and prevent them from being activated. This 

receptor-specific behaviour suggests that fluoxetine may influence cellular responses not just 
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by increasing serotonin levels, but also by directly modifying receptor activity. Such effects 

could be especially relevant in tissues like the skin, where serotonin levels may be limited, but 

serotonin receptors remain active and responsive. Figure 1.9 provides a schematic overview of 

serotonin-mediated cellular signalling and fluoxetine’s interactions with its key components, 

including serotonin receptors, the serotonin transporter (SERT), and intracellular pathways 

implicated in wound healing. 

 

In summary, serotonin signalling is shaped by local synthesis, diverse receptor subtypes, and 

regulation by transporters such as SERT. Fluoxetine can influence this system not only by 

increasing serotonin levels but also by directly interacting with specific receptors, acting as 

either an agonist or antagonist. These receptor-specific effects may be especially relevant in 

peripheral tissues like the skin, where serotonin levels are limited but receptors remain active. 

The following section will explore how these receptors trigger intracellular signalling pathways 

that regulate key cellular functions. 
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Figure 1.9: Mechanistic representation of serotonin signalling and fluoxetine activity in 

keratinocytes. This schematic illustrates the proposed serotonin-mediated signalling cascade 

relevant to wound healing in human keratinocytes. Endogenous serotonin (S) is synthesised 

intracellularly from tryptophan via the enzymes tryptophan hydroxylase (TPH) and aromatic 

L-amino acid decarboxylase (AADC), then released into the extracellular space where it can 

bind to various serotonin receptor subtypes (5-HT1–7). Upon activation, these receptors 

stimulate intracellular signalling cascades including MAPK/ERK, PI3K/AKT, and HIPPO 

pathways, which promote keratinocyte proliferation, survival, and tissue repair. Fluoxetine 

(Flx), blocks serotonin reuptake by binding to the serotonin transporter (SERT), thereby 

increasing serotonin availability at the cell surface. Additionally, fluoxetine can directly bind 

to 5-HT receptors (5-HT2B, 5-HT2C, 5-HT3), potentially exerting receptor-specific or off-

target effects that influence cellular behaviour independently of extracellular serotonin levels. 

This multi-pathway model integrates both serotonin-dependent and potential serotonin-

independent effects of fluoxetine relevant to wound healing outcomes. 
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1.3.2 Serotonin signalling pathways 

As outlined in the previous section, serotonin receptors play diverse roles throughout the body, 

and upon activation, they initiate complex signalling pathways. These receptors are distributed 

across multiple tissues and systems, including the central nervous system, gastrointestinal tract, 

and cardiovascular system. Each receptor activates distinct intracellular signalling pathways 

that regulate critical processes such as cell proliferation, migration, apoptosis, 

neurotransmission, and immune response (Sahu et al., 2018). Given the widespread distribution 

and physiological importance of serotonin, understanding these pathways is key to revealing 

how 5-HT influences various cellular and molecular processes. The downstream effects of 

serotonin receptor activation are mediated by several key intracellular pathways, including the 

MEK/MAPK, PI3K/AKT, and JAK/STAT pathways Figure 1.9. 

The activation of 5-HT2 receptors, coupled with the activation of phospholipase C (PLC), 

triggers the MEK/MAPK pathway. This pathway is integral to regulating gene expression and 

cell cycle progression and plays a crucial role in tissue repair and regeneration. Upon 

activation, PLC leads to the generation of inositol trisphosphate (IP3) and diacylglycerol 

(DAG), which mobilise intracellular calcium and activate protein kinase C (PKC). PKC, in 

turn, activates the MEK/MAPK pathway, promoting cellular processes such as proliferation 

and differentiation (Jung et al., 2006; Kimura et al., 2013; Tai and Tzeng, 2014). This signalling 

route highlights the significant role of serotonin in facilitating cell growth and wound healing, 

as explored further in later chapters. Additionally, 5-HT1 and 5-HT6 receptors are linked to the 

PI3K/AKT pathway, which is crucial for promoting cell survival by inhibiting pro-apoptotic 

factors such as CASP3 and CASP9 (Hsiung et al., 2005). This pathway is also involved in 

regulating autophagy, a key process in maintaining cellular homeostasis, particularly under 

stress conditions (Nebigil et al., 2003). Through its activation, serotonin modulates the survival 

of both neuronal and non-neuronal cells, such as fibroblasts and keratinocytes, which play 

critical roles in wound healing and tissue repair (Vleugels et al., 2015). Additionally, the 

PI3K/AKT pathway complements this process by preventing cell death and promoting 

recovery in damaged tissues. As further illustrated in Figure 1.10 from Sahu et al., 2018, the 

serotonin-signalling network triggers several key molecular events, including the activation of 

pathways such as MEK/MAPK and PI3K/AKT. This schematic represents protein-protein 

interactions, enzyme-catalysed reactions, and gene regulation processes initiated by serotonin 

receptor activation. By highlighting the downstream signalling modules enriched across 

various 5-HT receptor subtypes, the map demonstrates how serotonin influences critical 
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cellular activities, such as proliferation, survival, and apoptosis. This network underscores the 

multifunctional role of serotonin in both central nervous system regulation and peripheral 

processes like tissue repair and wound healing. 

 

Another essential pathway influenced by serotonin is the JAK/STAT pathway, which is 

primarily activated by 5-HT2 receptors and is heavily involved in modulating immune 

responses and inflammation. Upon activation, this signalling cascade promotes the expression 

of pro-inflammatory cytokines, such as IL-6 and TNF-α, which are crucial for the wound 

healing process (Khan et al., 2020; Macrì et al., 2024). This pathway not only controls 

inflammation but also regulates immune responses and cellular survival (Malemud, 2017). The 

involvement of the JAK/STAT pathway in tissue repair underscores its critical role in broader 

effects of serotonin on both immune regulation and wound healing (Moon et al., 2021). 

Dysregulation of this pathway has been linked to chronic inflammatory disorders, highlighting 

the therapeutic potential of modulating JAK/STAT signalling in conditions involving excessive 

inflammation (Meyer and Levine, 2014; Montilla et al., 2019). 
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Figure 1.10: Schematic representation of the NetPath reactions induced by serotonin-

serotonin receptor. The pathway reaction map depicts molecular events induced through 

serotonin-serotonin receptor interaction. Pathway map represents protein-protein 

associations, enzyme catalysis reactions, translocation events, gene and/or protein regulation 

induced upon treatment with serotonin or its analogues. Legends describe the reaction events 

in the map. From Sahu et al., 2018. 
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1.4 SSRIs and Wound Healing 

As outlined in the previous section, serotonin plays a critical role in processes like cell 

proliferation and tissue repair, which are essential to wound healing. To fully understand how 

SSRIs might influence these processes, it is first important to examine the general mechanisms 

of wound healing. Following this, we will explore how SSRIs, whether through therapeutic use 

or environmental exposure, affect these pathways and their broader implications for health. 

 

1.4.1 What is cutaneous wound healing? 

A wound happens when the epidermal layer of the skin loses its integrity and exposes the 

dermis to the air (Ozgok Kangal and Regan, 2022).  This can be accompanied by a disruption 

of the structure and function of the normal dermal tissue (Enoch and Leaper, 2008). A wound 

can result from various disruptions from precise incisions, lacerations, contusions or more 

extensive tissue damage (e.g. burns)(Enoch and Leaper, 2008; Reinke and Sorg, 2012). 

The healing of normal wounds is a balanced process involving a complex and well-organised 

series of events (Cullen et al., 2002; Wilkinson and Hardman, 2020a) including repair processes 

to form new tissue and destructive processes to remove damaged tissue. A wound is considered 

fully healed when the connective tissues have been repaired, and the wound is entirely re-

epithelialised, returning to a normal structure and function (Enoch and Leaper, 2008). 

 

Wound healing occurs in four distinct but overlapping stages: the haemostasis and 

inflammatory phase, the proliferative phase, and the remodelling phase (Ozgok Kangal and 

Regan, 2022; Wilkinson and Hardman, 2020a). Each phase is tightly regulated and requires a 

specific set of cellular and molecular processes to occur in synchrony to achieve successful 

tissue repair. The timeline of these events can be influenced by numerous factors, including the 

wound type, the patient’s health, and environmental conditions (Reinke and Sorg, 2012). Figure 

1.11 illustrates these stages, the processes involved, and the time they occur at. 
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Figure 1.11: Representation of the different phases of the wound healing process.  From 

Enoch & Leaper, 2008 

 

Haemostasis: 

Haemostasis is the body’s initial response to tissue injury. It begins immediately after a wound 

occurs and serves to minimise blood loss and initiate the healing cascade. The first crucial event 

in haemostasis is vasoconstriction, where the blood vessels constrict to reduce blood flow to 

the injured site. This response is crucial for minimising blood loss. Simultaneously, platelets 

aggregate at the site of injury, adhering to the exposed collagen in the damaged blood vessels 

(Ozgok Kangal and Regan, 2022; Wilkinson and Hardman, 2020a). Figure 1.12 illustrates the 

involvement of various cellular components, such as platelets, neutrophils, and fibroblasts, 

during the haemostasis, inflammation, proliferation, and remodelling phases. Platelets release 

their contents, including adenosine diphosphate (ADP), thromboxane A2, and serotonin, that 

promote production of thrombin and further platelet aggregation and stabilise the initial clot 

(Horowitz and Spielvogel, 1971; Periayah MH et al., 2017). The formation of a fibrin clot 

occurs through the coagulation cascade, where fibrinogen is converted into fibrin. The fibrin 

matrix not only functions as a scaffold for cell migration but also acts as a reservoir for 

cytokines and growth factors that modulate the subsequent phases of healing (Hiebert and 

Werner, 2019). 

 An essential aspect of haemostasis is the release of growth factors and cytokines from the 

aggregated platelets. Studies demonstrate that during this phase, alpha granules in platelets 

release a cocktail of growth factors, including platelet-derived growth factor (PDGF), 

transforming growth factor-beta (TGF-β), and interleukin-1α (IL-1α) (Cognasse et al., 2008; 

Durante et al., 2013). These factors are essential not only for stabilising the clot but also for 
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initiating the inflammatory response (Hosseini et al., 2022; Reinke and Sorg, 2012). TGF-β, 

for instance, is crucial for attracting immune cells to the wound site, where they begin clearing 

dead cells and debris, setting the stage for tissue regeneration. IL-1α and PDGF play pivotal 

roles in orchestrating the recruitment of neutrophils and macrophages, which are key 

components of the inflammatory response (Hosgood, 1993; Wahl et al., 1989). 

 

Inflammation: 

The inflammatory phase begins shortly after haemostasis and is essential for protecting the 

wound from infection. Neutrophils (a type of granulocyte) are the first immune cells to arrive, 

typically within hours of the injury (Simpson and Ross, 1972). They act as the body's primary 

defence mechanism, engulfing and destroying invading pathogens through phagocytosis and 

releasing reactive oxygen species (ROS) to neutralise harmful bacteria (Reinke and Sorg, 2012; 

G. Schultz et al., 2011; Wilkinson and Hardman, 2020a).  

The neutrophils also release enzymes such as elastase and collagenase, which help degrade 

damaged tissue, aiding the subsequent arrival of other immune cells (Reinke and Sorg, 2012). 

Neutrophils are typically active for the first 24–48 hours after injury, after which macrophages 

and monocytes take over., macrophages, arriving around 48–72 hours post-injury, are 

instrumental in clearing neutrophils and apoptotic cells, as well as dead bacteria and other 

debris (Savill et al., 1989). Importantly, macrophages are not only involved in tissue 

debridement but also play a crucial role in driving the transition from inflammation to the 

proliferative phase. They secrete cytokines and growth factors like TGF-β and vascular 

endothelial growth factor (VEGF), which promote angiogenesis and stimulate the migration 

and proliferation of fibroblasts (Reinke and Sorg, 2012). The late inflammatory phase is 

marked by the predominance of macrophages, which coordinate the repair process by inducing 

fibroblast proliferation and promoting the formation of new blood vessels (angiogenesis) 

(Enoch and Leaper, 2008; Wilkinson and Hardman, 2020a). 
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Figure 1.12: The stages of wound repair and their major cellular components. Wound repair 

begins with haemostasis. Inflammation then ensues to remove debris and prevent infection, 

commencing with neutrophil influx, which is promoted by histamine release from mast cells. 

Monocytes arrive later and differentiate into tissue macrophages to clear remaining cell debris 

and neutrophils. During the proliferative phase, keratinocytes migrate to close the wound gap, 

blood vessels reform through angiogenesis, and fibroblasts replace the initial fibrin clot with 

granulation tissue. Macrophages and regulatory T cells (Tregs) are also vital for this stage of 

healing. Finally, the deposited matrix is remodelled further by fibroblasts, blood vessels 

regress, and myofibroblasts cause overall wound contraction. From Wilkinson and Hardman 

2020. 

 

Proliferation: 

The proliferative phase begins around 3–10 days post-injury and is characterised by extensive 

tissue formation, including the generation of granulation tissue and re-epithelialisation (Ozgok 

Kangal and Regan, 2022). Granulation tissue forms as a result of fibroblast activity, with 

fibroblasts migrating into the wound site and synthesising the extracellular matrix (ECM), 

which includes collagen type III, fibronectin, and hyaluronic acid. The ECM provides structural 

support to the wound bed and serves as a scaffold for cell migration and proliferation (Reinke 

and Sorg, 2012). Fibroblasts are stimulated by cytokines and growth factors released during 

the inflammatory phase, such as PDGF and TGF-β, to synthesise and secrete these ECM 

components (Leivonen et al., 2013; Man et al., 2012; Rosengren et al., 2010).  
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During the proliferative phase, the wound bed becomes rich in new blood vessels through 

angiogenesis, a process driven by VEGF and fibroblast growth factor (FGF-2). The formation 

of new blood vessels ensures an adequate supply of oxygen and nutrients to the regenerating 

tissues, which is crucial for sustaining cellular proliferation and collagen synthesis (Barrientos 

et al., 2008). The newly formed granulation tissue is pink and moist, a hallmark of active wound 

healing, and provides the foundation for re-epithelialisation, the process by which keratinocytes 

migrate from the wound edges to cover the wound bed. 

 

Re-epithelialisation is a critical part of wound closure and involves the migration, proliferation, 

and differentiation of keratinocytes to re-establish the epidermal barrier (Wilkinson and 

Hardman, 2020a). Keratinocytes are stimulated by growth factors such as epidermal growth 

factor (EGF) and transforming growth factor-alpha (TGF-α) (Wilkinson and Hardman, 2020b). 

They proliferate at the wound margins and migrate across the wound bed, forming a new 

epithelial layer that covers the granulation tissue. In cases where the basement membrane is 

intact, re-epithelialisation proceeds rapidly. However, if the injury has disrupted the basement 

membrane, keratinocytes must synthesise a new one as they migrate (Enoch and Leaper, 2008). 

 

Remodelling: 

The final phase of wound healing, remodelling, can take several months to years to complete 

and begins approximately 21 days post-injury (Reinke and Sorg, 2012; Wilkinson and 

Hardman, 2020a). During this phase, the ECM undergoes extensive remodelling to increase 

the tensile strength of the newly formed tissue. Initially, the wound site primarily contains 

collagen type III, which provides a temporary scaffold. Over time, collagen type III is replaced 

by the stronger collagen type I, which provides greater tensile strength and stability to the tissue 

(Ozgok Kangal and Regan, 2022). The balance between ECM synthesis and degradation is 

maintained by matrix metalloproteinases (MMPs), which are secreted by fibroblasts, 

macrophages, and endothelial cells (Carmona-Rivera et al., 2015; Kwon et al., 2008; Pellicoro 

et al., 2012; Taraboletti et al., 2002). MMPs degrade excess ECM components, allowing for 

the precise remodelling of the tissue (Barrientos et al., 2008; Stojadinovic et al., 2007; Veves 

et al., 2012; Wilkinson and Hardman, 2020a). The activity of MMPs is tightly regulated by 

tissue inhibitors of metalloproteinases (TIMPs), ensuring that ECM degradation does not 

exceed synthesis and that the wound achieves optimal strength (Han et al., 2021; Lachowski et 

al., 2019). 
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During remodelling, fibroblasts differentiate into myofibroblasts, which possess contractile 

properties that enable them to bring the wound edges closer together, a process known as 

wound contraction (Darby et al., 2014). This contraction is essential for reducing the size of 

the wound and facilitating its closure. Myofibroblasts are characterised by the expression of 

alpha-smooth muscle actin (α-SMA), which gives them their contractile abilities (Sadiq et al., 

2018). 

 

Angiogenesis, which was initiated during the proliferative phase, ceases as the wound matures, 

and the newly formed blood vessels regress. Myofibroblasts and macrophages undergo 

apoptosis, and the remaining cells are reabsorbed, leaving behind a collagen-rich scar 

(Wilkinson and Hardman, 2020a). The scar tissue, although functional, does not possess the 

same strength as normal skin, with the tensile strength of healed skin reaching approximately 

80% of that of unwounded skin (Hosseini et al., 2022; Hu et al., 2014). 

 

The dynamic nature of the wound healing process means that any disruptions or delays in one 

phase can significantly impair overall healing. Chronic wounds, such as diabetic ulcers, are 

often characterised by prolonged inflammation and impaired re-epithelialisation, leading to 

incomplete healing (G. Schultz et al., 2011).  

 

1.4.2 Impact of SSRIs on wound healing 

Serotonin plays a vital role in regulating the activity of wound healing, mainly through its 

interactions with the hypothalamus and the pituitary gland (M. M. Schultz et al., 2011). The 

hypothalamus is a small but powerful regulatory centre in the brain that regulates many 

essential functions, including hunger, thirst, body temperature, and sleep. Serotonin modulates 

the activity of the hypothalamus by regulating the release of certain hormones, such as 

corticotropin-releasing hormone (CRH) and oxytocin, which are involved in stress response 

and social behaviour, respectively (Martins et al., 2020).  Serotonin has also been described as 

being part of the immune signalling system (Mössner and Lesch, 1998). Certain 

antidepressants, such as mirtazapine, are potent antagonists of 5-HT receptors, mirtazapine 

antagonising specifically 5-HT2 and 5-HT3 (Watanabe et al., 2011). SSRIs inhibit the reuptake 

of serotonin through SERT (Lattimore et al., 2005). 

Several studies have described 5-HT receptors and 5-HT transporters as present in human skin 

cells (Hjorth et al., 2022; Lee et al., 2011; Nordlind et al., 2008; Slominski et al., 2003, 2002; 

Wu et al., 2014; Zmijewski and Slominski, 2011). Those receptors and transporters can be 
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found in the different layers of the skin (see Figure 1.13). For example, immunohistochemistry 

assays in human skin showed that 5-HT1AR was present in the upper part of the epidermis, 5-

HT2AR in the epidermis, 5-HT1AR was present in the upper part of the epidermis, 5-HT2AR 

in the epidermis and 5-HT3R in the basal epidermal skin layer (Lundeberg et al., 2002).  

 

Figure 1.13: Serotonin, serotonin transporter (SERT) and serotonin receptors (5-HTRs) in 

human skin immunocytes and non-immunocytes. The figure shows all the membrane proteins 

that may be present at any given time. Double arrows represent the production of 5-HT by the 

cells and the effect of 5-HT on the same cells; single arrows initiating in cells represent the 

production of 5-HT by these cells, while arrows initiating in 5-HT represent the direct or 

indirect effects of 5-HT on these cells. LCs, Langerhans cells; dDCs, dermal dendritic cells; 

MCs, mast cells. From Martins et al., 2020 

 

It has been suggested that SSRIs may be an attractive addition to the wound healing process in 

a review published in 2004 (Malinin et al., 2004) due to the importance of serotonin in the 

wound healing process (Abdouh et al., 2001; Alstergren et al., 1999; Zhang et al., 2001). 

Serotonin has been established to be part of various healing pathways; proinflammatory 

cytokines such as Interleukin 1b (IL-1b) or Interferon-c upregulate the 5-HT transporter SERT, 

and IL-4 also induces a reduction of 5-HT uptake (Mössner et al., 2001). Also, during the 

inflammatory stage, serotonin concentration is increased, as well as the synthesis of 5-HT1a 

receptors in B and T lymphocytes (Alstergren et al., 1999; Zhang et al., 2001). Lymphocytes 

are also recruited into an inflammatory focus through serotonin linked via secretion of IL-16 
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(Laberge et al., 1996). Serotonin also induces fibroblast adhesion and proliferation (Seuwen et 

al., 1988) by upregulating the secretion of fibroblast growth factor-2 (FGF-2). 

All those interactions between the serotonergic and immune pathways lead to the belief that 

SSRIs would impact the healing process. This hypothesis was first tested on mammals other 

than humans, Kubera et al. (Kubera et al., 2000) treated mice for up to 4 weeks with citalopram 

(SSRI) or fluoxetine (10 mg/kg) to test the production of cytokines linked to the immune 

system (Interferon gamma, Il-1, Il-4 IL-2, IL-6, IL10).  The results obtained in this study 

showed a drug-dependent and time-dependent effect of SSRIs on the production of cytokines. 

For citalopram, treatment for 1, 2 and 4 weeks suppressed the production of IL-4, an anti-

inflammatory cytokine, and stimulated the proliferation of splenocytes (splenocytes are white 

blood cells originating from the spleen; they consist of a variety of cell populations such as T 

and B lymphocytes and macrophages). For fluoxetine, the suppressed production of IL-4 was 

observed only after four weeks. 4 weeks of exposure to either citalopram or fluoxetine led to 

increased production of IL-6 and IL-10, immunosuppressive and anti-inflammatory cytokines. 

This study confirmed that SSRIs have an immunomodulatory effect related to changes in the 

serotonergic system. 

A follow-up study looked at the immunomodulatory effect of SSRIs, specifically on the wound-

healing process of rats. In this study (Yuksel et al., 2014), paroxetine was injected in rats 

(healthy or diabetic) every day for up to 14 days at a concentration of 1 mg/kg; excision wounds 

were made on the skin of the rats using 4 mm biopsy punches. After 14 days of administration 

of paroxetine, the number of fibroblasts was significantly higher for healthy rats compared with 

the saline-administered healthy rats; this was not the case for diabetic rats. Complete 

epithelisation was also observed after 14 days only for healthy and paroxetine-administered 

rats. Fibroblast plays an important throughout multiple phases of wound healing, including 

inflammation, proliferation, and tissue remodelling. This study demonstrated that short-term 

exposure to certain SSRIs (specifically paroxetine) could enhance cutaneous wound healing, 

potentially through modulation of fibroblast activity. 

Similar results were observed for chronically stressed rats (chronic social stress, 24 hours of 

isolation followed by 24 hours of crowding repeated for 15 days) exposed up to 14 days to 

fluoxetine (intraperitoneal injections of 1 mg/kg of fluoxetine diluted in sterile saline) 

(Farahani et al., 2007). Fluoxetine treatment increased the wound healing rate by 68% and 31% 

for stressed and non-stressed rats, respectively. The authors hypothesised that this improvement 

in wound healing after treatment with fluoxetine could be due to the fact that fluoxetine 
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administration increases the level of IL-1(Kubera et al., 2000). This cytokine plays a significant 

role in regulating inflammatory mediator production in wounds (Zhang et al., 2010). 

 

In 2018 a study by Sadiq et al., introduced the first human experimentation. This study 

investigated the impact of SSRIs on the healing of burn wounds in an in vivo mice model and 

in vitro human fibroblast cells. Serotonin (0.3 g/l) was added to the culture media of the 

fibroblast this treatment significantly increased cell proliferation (Bromodeoxyuridine 

incorporation assays), migration, and survival (CellTiter-Glo® Luminescent cell viability 

assay), confirming a link between serotonergic signalling and wound healing. When treated 

with both serotonin and fluoxetine (3000 ng/l), a decrease in fibroblast and keratinocyte 

proliferation was observed. The authors estimate that inhibition of SERT may specifically 

affect fibroblast and keratinocyte migration and proliferation. This study (Sadiq et al., 2018) 

suggest that SSRIs have a deleterious effect on wound closure due to the inhibition of migration 

and proliferation of fibroblasts and keratinocytes, treatment with fluoxetine led to a decrease 

in wound closure percentage in thermal burn wounds in mice. 

This seems contradictory with another study published by (Nguyen et al., 2019) where 

fluoxetine enhanced keratinocyte migration in scratch assays. In the presence of exogenous 

serotonin, neonatal human keratinocytes (isolated from human foreskin) showed improved s h 

scratch closure: 60.6% in the 3000 ng/l treatment group, 62.0% in the 0.3 g/l treatment group 

(P = 0.01), and 67.0% healed wound area in the 1 mmol/l FLX group (P = 0.001), compared to 

52.2% for the non-treated cells. The authors estimated that this improved scratch closure was 

due to a higher migration of keratinocytes when exposed to fluoxetine, and in order to confirm 

this process was due to the serotonergic pathways, they replicated the scratch assays, using a 

5-HT blocker (ketanserin). The use of 5-HT blockers reversed the effect of fluoxetine, 

confirming that the increased wound healing was due to 5-HT signalling through HTR. 

Fluoxetine increased keratinocyte migration and made the immune milieu less inflammatory 

(Nguyen et al., 2019).  

 

The contradictory results regarding the effect of SSRIs on wound healing could be due to the 

different tissue/cell types used. Also, a non-linear dose-dependent effect of SSRIs may 

contribute to the observed discrepancies in cell culture and animal models (Stapel et al., 2021). 
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1.5 Phosphorylation and its role in wound healing 

Phosphorylation is a critical post-translational modification that plays a central role in 

regulating cellular activities crucial for wound healing, such as cell proliferation and migration 

(Jung et al., 1997; Kimura et al., 2013; Tai and Tzeng, 2014). By adding phosphate groups to 

proteins, phosphorylation activates key signalling pathways, including MEK/MAPK and 

PI3K/AKT, which are essential for tissue repair (Flender et al., 2024). Understanding the role 

of phosphorylation in wound healing is important for exploring how serotonin signalling, and 

its modulation by SSRIs, may influence these processes. 

 

1.5.1 Overview of PTMs and protein phosphorylation 

Post-translational modifications (PTMs) are essential biochemical processes that regulate 

protein function, stability, localisation, and interactions, enabling cells to dynamically respond 

to environmental and physiological signals. Several major types of PTMs include 

ubiquitination, glycosylation, acetylation, and methylation (as depicted in Figure 1.14) each 

contributing uniquely to cellular homeostasis (Flender et al., 2024). 

 

Figure 1.14: Overview of common protein post-translational modifications (PTMs) in 

eukaryotic cells. The schematic representation illustrates various PTMs occurring on proteins 

in eukaryotic cells. 

 

Ubiquitination involves attaching ubiquitin molecules to lysine residues on target proteins, 

marking them for degradation via the proteasome pathway. This modification is critical for 

regulating protein turnover, cell cycle progression, and DNA repair, maintaining cellular 

homeostasis (Guo et al., 2012; Kawabe and Brose, 2011). Similarly, glycosylation adds 
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carbohydrate moieties to proteins, which is vital for proper protein folding, stability, and 

intercellular communication, glycosylation influences protein localisation and interaction, 

especially in immune responses and extracellular matrix formation, underlining its importance 

in cellular signalling (Ido-Kitamura et al., 2012; Zheng et al., 2014). 

Acetylation and methylation of lysine residues are pivotal PTMs that play significant roles in 

regulating gene expression and chromatin structure. These modifications are primarily 

associated with histones, which help package DNA into nucleosomes and regulate its 

accessibility. Acetylation typically occurs on lysine residues and is catalysed by histone 

acetyltransferases (HATs), which neutralise the positive charge of lysine, leading to a more 

relaxed chromatin structure and facilitating gene transcription (Singh et al., 2010; You et al., 

2012). For instance, acetylation of histone H3 at lysine 14 (H3K14ac) promotes transcription 

by recruiting transcription factors (Kato, 2017; Rothgiesser et al., 2010). In contrast, lysine 

methylation can either activate or repress gene expression, depending on the specific residue 

modified and the number of methyl groups added. For example, trimethylation of histone H3 

at lysine 4 (H3K4me3) is linked to active transcription, while trimethylation at lysine 27 

(H3K27me3) is associated with transcriptional repression (Stark et al., 2011; Zhang et al., 

2022). Methylation also plays a role in stabilising protein interactions; for instance, methylation 

of transcription factors can enhance their DNA-binding affinity, thus modulating gene 

expression (Han et al., 2019). These modifications, work in concert to fine-tune gene 

expression, acetylation can counteract the repressive effects of methylation, allowing for a 

dynamic and adaptable regulation of transcription (Moore and Gozani, 2014; Stark et al., 2011). 

This interplay between acetylation and methylation underscores the complexity of chromatin 

regulation and its impact on cellular function (Wei et al., 2019). 

While these PTMs are crucial for regulating protein function, phosphorylation is particularly 

significant due to its central role in activating key signalling pathways. Its ability to rapidly 

modulate cellular processes like growth and repair makes it a major focus, especially in the 

context of how SSRIs may affect wound healing.  

 

Phosphorylation influences protein function through several mechanisms, firstly, 

phosphorylation can directly alter the conformation of a protein, either activating or inhibiting 

its enzymatic activity. This is particularly important for proteins such as enzymes, receptors, 

and transcription factors, where activity must be tightly regulated. Phosphorylation typically 

occurs on serine, threonine, or tyrosine residues and induces structural changes that either 

expose or obscure active sites or binding domains, modulating the protein's function 
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accordingly (Yue Li et al., 2022; Nishi et al., 2014). For example, the phosphorylation of 

transcription factors can enhance or inhibit their ability to bind DNA and regulate gene 

expression. A notable case is the oestrogen receptor, where phosphorylation enhances its 

transcriptional activity, particularly in cancerous tissues (Du et al., 2023). Similarly, 

phosphorylation of MYBL2 by GSK3-like kinase BIN2 inhibits its activity, illustrating how 

phosphorylation can act as a molecular switch in gene regulatory networks (Ye et al., 2012).  

Secondly, phosphorylation significantly influences protein-protein interactions by either 

creating or disrupting binding sites, impacting processes such as signal transduction, 

cytoskeletal organisation, and vesicle trafficking. This modification allows cells to coordinate 

these functions in response to both internal signals and environmental cues. For example, 

phosphorylation can create docking sites for proteins with SH2 or PTB domains, which 

recognise phosphorylated tyrosine residues (Amanchy et al., 2011; Nishi et al., 2011). 

Conversely, it can disrupt binding sites, such as with the retinoblastoma protein (Rb), where 

phosphorylation inhibits its interaction with E2F, regulating the cell cycle (Antonucci et al., 

2014; Burke et al., 2014; Lamber et al., 2013). Additionally, phosphorylation modulates protein 

complexes involved in mitosis and apoptosis, such as MCL-1, where it regulates interactions 

with apoptotic regulators (Nakajima et al., 2016). 

 

Phosphorylation also plays a key role in regulating both subcellular localisation and complex 

signalling cascades. It enables proteins to move between cellular compartments in response to 

specific signals, such as promoting the nuclear translocation of proteins involved in cell cycle 

regulation or DNA repair, ensuring they are active in the correct cellular context. For example, 

the phosphorylation of collapsin response mediator protein 2 (CRMP2) alters its localisation 

in glioblastoma cells, impacting tumour growth pathways (Moutal et al., 2018). Similarly, 

hyperphosphorylation of tau proteins is linked to their mislocalisation, contributing to 

neurodegenerative diseases (Passaro et al., 2023; Yamazaki et al., 2011). Additionally, in 

multicellular organisms, phosphorylation regulates signalling cascades like the MEK/MAPK 

and PI3K/AKT pathways. In these pathways, kinases sequentially activate one another to 

amplify signals, ensuring rapid cellular responses. These pathways control crucial processes 

such as cell growth, differentiation, and apoptosis, and their dysregulation is frequently 

associated with diseases like cancer and neurodegenerative disorders (Kitagishi et al., 2014; 

Lei et al., 2023; Zhang, 2017). Aberrant phosphorylation, caused by mutations in kinases or 

phosphatases or external factors, plays a critical role in these diseases by disrupting signalling 

pathways. In cancer, overactive phosphorylation can drive uncontrolled cell growth and 
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survival, as seen with fibroblast growth factor receptors (FGFRs) promoting oncogenic 

signalling (Lih et al., 2019; Zhu et al., 2017). Similarly, in neurodegenerative diseases, 

hyperphosphorylation of tau protein leads to neurofibrillary tangles, contributing to neuronal 

dysfunction (Ardito et al., 2017; Lih et al., 2019). To target these aberrant processes, kinase 

inhibitors have emerged as promising therapeutic options. For example, CDK4/6 inhibitors halt 

cancer cell proliferation, while inhibitors of the MAPK pathway are used for cancers with 

BRAF or KRAS mutations (Corcoran et al., 2013; Goel et al., 2016).  

Research into phosphorylation dynamics has also extended into areas such as wound healing, 

where protein phosphorylation and other PTMs are essential in regulating tissue repair 

mechanisms, further underscoring the therapeutic potential of targeting phosphorylation in 

diverse pathological contexts. 

 

1.5.2 Protein phosphorylation and PTMs in wound healing 

Phosphorylation is particularly crucial in wound healing, where it governs the signalling 

pathways responsible for coordinating cell proliferation, migration, differentiation, and 

survival during the repair process. Wound healing involves several tightly regulated phases, 

haemostasis, inflammation, proliferation, and tissue remodelling, all of which are dependent 

on precise phosphorylation events to ensure proper cellular responses. Phosphorylation plays 

a crucial role in regulating these key phases by coordinating various cellular functions, 

including migration and proliferation. During the haemostasis and inflammation phases, 

phosphorylation of signalling molecules activates platelets and inflammatory cells, initiating 

the wound healing cascade. For example, these phosphorylation events activate platelets, which 

then release cytokines and growth factors that promote an early immune response to clear the 

damaged tissue and prepare the wound for further healing (Gupta, 2018).  

 

During the early inflammatory phase of wound healing, phosphorylation is critical for 

activating immune cells and cytokine signalling. The JAK/STAT pathway plays a crucial role 

in this process by regulating immune cell activation and cytokine-mediated responses. Upon 

cytokine binding, associated JAK kinases are activated, leading to the phosphorylation of 

specific tyrosine residues on STAT proteins. This phosphorylation event causes STAT proteins 

to dimerise and translocate to the nucleus, where they bind to DNA and initiate the transcription 

of genes involved in cell growth, differentiation, and immune responses (Ferrajoli et al., 2006; 

Mohr et al., 2012). This pathway is particularly important in hematopoietic cells, including 
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neutrophils and macrophages, which are critical for wound healing. Phosphorylation of STAT 

proteins in these immune cells drives their recruitment and activation, enabling them to clear 

pathogens and dead tissue at the wound site, which is essential for the inflammatory phase of 

healing (Ferrajoli et al., 2006). Interestingly, the JAK/STAT pathway can be activated not only 

by cytokines but also by environmental stressors such as hyperosmolarity, which suggests its 

involvement in a broad range of inflammatory responses (Gatsios et al., 1998), this flexibility 

enhances its role in the early stages of wound healing, where the pathway responds to various 

external stimuli. Additionally, the regulation of the JAK/STAT pathway is complex, involving 

proteins such as suppressors of cytokine signalling (SOCS) and protein inhibitors of activated 

STATs (PIAS), which help maintain immune homeostasis and prevent excessive immune 

responses that could damage tissue (Morales et al., 2010). In conclusion, phosphorylation-

mediated activation of the JAK/STAT pathway plays a central role in coordinating immune cell 

function and cytokine signalling by inducing the expression of genes crucial for the recruitment 

and activation of neutrophils and macrophages during the wound healing process. The 

versatility of this pathway, and its ability to respond to both cytokines and environmental 

factors, underscores its importance in regulating the early immune response in wound healing 

(Ferrajoli et al., 2006; Gatsios et al., 1998; Mohr et al., 2012; Morales et al., 2010) 

 

As the wound progresses into the proliferative phase, phosphorylation of kinases in the MAPK 

and PI3K/AKT pathways becomes essential for driving cell proliferation, migration, and 

survival (Vaiana et al., 2011). These pathways ensure that keratinocytes and fibroblasts 

proliferate and migrate to the wound site, facilitating re-epithelialisation and extracellular 

matrix (ECM) production. In particular, ERK1/2 phosphorylation in the MAPK/ERK pathway, 

triggered by growth factors like epidermal growth factor, promotes keratinocyte proliferation 

and migration, processes critical for wound closure (Kim et al., 2020; Vaiana et al., 2011). 

Similarly, the PI3K/AKT pathway, through AKT phosphorylation, enhances cell survival and 

migration while stimulating collagen production, which is crucial for ECM remodelling and 

scar tissue formation in the later stages of healing (Cao et al., 2019; Escuin-Ordinas et al., 2016; 

Wu et al., 2023), studies have highlighted the therapeutic potential of targeting these pathways 

to accelerate wound healing. For example, the short antimicrobial peptide Pt5-1c enhances 

keratinocyte migration and proliferation by inducing the phosphorylation of EGFR, Akt, ERK, 

p38, and STAT3, promoting both keratinocyte activation and collagen production (Wu et al., 

2023). Moreover, the BRAF inhibitor vemurafenib has been shown to accelerate skin wound 

healing by inducing ERK phosphorylation and cell cycle progression, improving keratinocyte 
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function and wound closure in mouse models (Escuin-Ordinas et al., 2016). However, this 

benefit is reversed by the addition of MEK inhibitors, underscoring the importance of precisely 

regulating these phosphorylation pathways for optimal healing outcomes. In conclusion, the 

coordinated action of the MAPK and PI3K/AKT pathways, through ERK1/2 and AKT 

phosphorylation, is vital for driving cell proliferation, migration, and collagen production 

during the proliferative phase of wound healing, offering insights into potential therapeutic 

interventions (Cao et al., 2019; Escuin-Ordinas et al., 2016; Wu et al., 2023). 

 

The importance of phosphorylation extends into the tissue remodelling phase, where it 

regulates critical enzymes such as matrix metalloproteinases (MMPs), which are responsible 

for reorganising the extracellular matrix (ECM) to form scar tissue. Phosphorylation of MMPs 

ensures that the ECM is appropriately remodelled, allowing for both the breakdown of excess 

matrix components and the proper formation of new tissue (Han et al., 2021; Lachowski et al., 

2019). Additionally, phosphorylation plays a crucial role in angiogenesis, the formation of new 

blood vessels, which is essential for delivering oxygen and nutrients to the regenerating tissue. 

VEGF-induced phosphorylation of endothelial nitric oxide synthase (eNOS) at specific serine 

residues, particularly Ser-1177 and Ser-633, promotes angiogenesis by enhancing nitric oxide 

(NO) production, a key factor that drives endothelial cell migration (Aicart-Ramos et al., 2014; 

Chen et al., 2016; Kang et al., 2024). This cascade supports wound healing by facilitating blood 

vessel growth, which is crucial for tissue regeneration. The phosphorylation of eNOS exhibits 

a biphasic response to VEGF stimulation., initially eNOS is transiently phosphorylated at Ser-

633 by protein kinase A (PKA), followed by sustained phosphorylation at Ser-1177 by Akt. 

This sequential activation of eNOS is critical for maintaining both short-term and long-term 

angiogenic responses (Chen et al., 2016; Y. Chen et al., 2017). Moreover, this phosphorylation 

amplifies eNOS's affinity for its cofactors, increasing NO production, which in turn not only 

promotes endothelial cell migration but also influences MMP activity and ECM metabolism 

(Kang et al., 2024). However, angiogenesis and tissue remodelling are tightly regulated 

processes, for instance, interactions between endothelial cells and the fibronectin-rich matrix 

can negatively modulate eNOS activity through a p38 MAPK-dependent pathway, potentially 

serving as a feedback mechanism to prevent excessive angiogenesis (Viji et al., 2009). In 

conclusion, VEGF-induced phosphorylation of eNOS at Ser-1177 and Ser-633 is essential for 

angiogenesis and ECM remodelling during wound healing. The phosphorylation of eNOS 

promotes NO production, endothelial cell migration, and MMP activity, ensuring the effective 

regeneration of tissue. These phosphorylation events are tightly regulated through various 
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feedback mechanisms involving ECM components, allowing for controlled tissue remodelling 

that balances scar formation and angiogenesis (Aicart-Ramos et al., 2014; Chen et al., 2016; 

Kang et al., 2024; Viji et al., 2009). 

 

SSRIs have been shown to modulate key intracellular signalling pathways, specifically the 

MAPK/ERK and PI3K/AKT cascades, which are integral to cellular processes involved in 

wound healing, such as proliferation, migration, and survival (Bai et al., 2017; Y. X. Wang et 

al., 2014). Fluoxetine has been observed to enhance the phosphorylation of ERK1/2, a critical 

component of the MAPK/ERK pathway, which can stimulate the expression of immediate early 

genes like c-Fos that support cell proliferation and differentiation (Li et al., 2017). Through 

mechanisms such as promoting metalloproteinase activity and activating epidermal growth 

factor receptors (EGFR), fluoxetine enhances ERK signalling, which may also facilitate 

cellular responses in non-neuronal contexts relevant to wound healing (Li et al., 2017; Y. X. 

Wang et al., 2014). Furthermore, fluoxetine activates the PI3K/AKT pathway, crucial for cell 

survival and proliferation, by promoting the phosphorylation of downstream targets that 

regulate these processes (Bai et al., 2017). Activation of 5-HT2B receptors by fluoxetine in 

astrocytes transactivates EGFR, which recruits both the MAPK/ERK and PI3K/AKT 

pathways, potentially enhancing migration and proliferation of fibroblasts and keratinocytes 

necessary for wound healing (Bai et al., 2017). Additionally, the interaction between the 

MAPK/ERK and PI3K/AKT pathways is significant in coordinating tissue repair functions, 

with ERK signalling implicated in regulating matrix metalloproteinases (MMPs) crucial for 

extracellular matrix remodelling, while PI3K/AKT pathway supports cell survival, promoting 

efficient tissue healing (Y. X. Wang et al., 2014). 

 

Recent advancements in phosphoproteomics hold the potential to reveal how SSRIs, may 

impact wound healing through phosphorylation-dependent mechanisms. Phosphoproteomics 

provides detailed mapping of phosphorylation events in key signalling pathways, particularly 

the MAPK/ERK and PI3K/AKT pathways, which regulate cellular functions like proliferation, 

migration, and survival essential for wound repair. For instance, phosphoproteomic studies 

have identified that ERK1/2 phosphorylation in the MAPK/ERK pathway drives fibroblast 

migration and proliferation by activating downstream targets like c-Fos and c-Jun, which are 

crucial for cellular growth and the re-epithelialization phase of wound healing (Kim and Kim, 

2023). Additionally, phosphoproteomics has elucidated that AKT phosphorylation in the 

PI3K/AKT pathway supports cell survival and metabolism, important for tissue regeneration 
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(Kominato et al., 2022). This pathway’s activation also enhances the expression of growth 

factors and cytokines involved in tissue repair (Kurashiki et al., 2022). Through comprehensive 

mapping of phosphorylation states, phosphoproteomics could identify how SSRIs might 

modulate these pathways, providing insights into their therapeutic potential. Further studies 

integrating phosphoproteomic data with functional assays could clarify how concurrent 

activation of the MAPK/ERK and PI3K/AKT pathways may enhance fibroblast and 

keratinocyte proliferation and migration, crucial for wound closure (Choi et al., 2021). By 

delineating specific phosphorylation events, phosphoproteomics could thus pave the way for 

understanding and optimising the role of SSRI in wound healing and tissue repair. 

 

In conclusion, phosphorylation plays a fundamental role in wound healing by regulating the 

signalling pathways necessary for cell proliferation, migration, and tissue remodelling. SSRIs, 

through their modulation of phosphorylation, have the potential to influence these pathways, 

making it essential to understand their context-dependent effects on wound healing. 

 

1.6 Hypothesis & Aims 

Hypothesis: The overarching hypothesis for this thesis is that SSRIs, particularly fluoxetine, at 

environmentally relevant concentrations promote wound healing through serotonin signalling.  

 

Aims: 

1) To determine the effect of environmentally relevant concentrations of fluoxetine 

on wound healing by assessing cell proliferation and wound closure in a keratinocyte 

scratch assay model. By incorporating the serotonin receptor antagonist ketanserin, this 

aim will help clarify whether the impact of fluoxetine on cellular processes critical to 

wound repair, such as proliferation, is mediated specifically through serotonin 

signalling (Chapter 3). 

 

2) To examine transcriptional changes associated with fluoxetine exposure in 

keratinocytes using RNA sequencing. This aim will explore gene expression changes 

comprehensively, highlighting specific pathways and biological processes affected by 

fluoxetine to provide insight into its influence on wound healing (Chapter 4). 
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3)  To investigate the biochemical mechanisms underlying the impact of fluoxetine 

on wound healing through protein microarrays and phosphoproteomics, with a focus 

on identifying phosphorylation changes in key serotonin signalling pathways. This 

analysis will reveal specific targets modulated by fluoxetine that contribute to its effects 

on wound healing (Chapter 5). 

 

 

4) To validate findings from in vitro studies within an ex-vivo human skin biopsy 

model. This aim will assess the relevance of the effects of fluoxetine in a 

physiologically complex environment, offering insights into the potential therapeutic 

use of low-dose fluoxetine for treatment of wounds (Chapter 6). 
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Chapter 2: Materials and Methods 

2.1 Cell culture and scratch assays 

2.1.1 Cell line and cell culture condition 

The cell line used in these experiments is a HaCaT cell line. HaCaT cells are spontaneously 

transformed aneuploid immortal keratinocyte cell lines from adult human skin. Prof Matt 

Hardman’s research group at the Centre for Atherothrombosis and Metabolic Disease, Hull 

York Medical School, provided this cell line. 

Cells were grown in T75 flasks in high glucose, no glutamine, and no calcium Dulbecco's 

Modified Eagle Medium (DMEM) bought from Fisher Scientific. This DMEM was 

supplemented with 10% FBS, 1% antibiotic cocktail, 2 mM L-glutamine (Fisher Scientific), 

and 1 mM Ca2+. 

Once the cells were 80% confluent, the medium was taken out of the T flask, and 10 ml of 

phosphate-buffered saline (PBS) was used to wash the cells. Once the PBS was removed, cells 

were incubated at 37°C for 10 minutes with 4 ml of Trypsin 1:10 in PBS (stock: 10x Trypsin-

EDTA solution from Sigma-Aldrich). After adding 6 ml of the medium, the content of the T 

flask was transferred to a 15 ml falcon tube and centrifuged at 300g for 3 minutes. The 

supernatant was removed from the tube; the pellet was resuspended in 10ml of medium. 1 ml 

of the resuspended cells was put in a new T75 flask with 9 ml of the medium, resulting in a 

1:10 splitting. 

 

2.1.2 Scratch assay using fluoxetine 

To prepare for the scratch assays, 900 μl of a low FBS and calcium medium (same DMEM 

used for cell culture + 2%FBS + 0.5 mM Ca2+) was added in 16 wells (4 columns out of 6) of 

the 24-well plates. The use of 0.5 mM Ca²⁺ in the scratch assay was chosen to optimise 

keratinocyte migration and proliferation rates, as adjusting calcium concentration can 

significantly influence cellular responses during wound healing (Pekmez and Milat, 2020; 

Riahi et al., 2012). The last two columns were filled with 900 μl of the 10%FBS and 1mM Ca2+ 

medium. Those two last columns were used as positive control. In every well of the plate, I 

added 100 μl of the cells in suspension. Cells were left at 37°C for three days until a monolayer 

of cells covered the entirety of the well. Using a 1000 μl pipette tip, I scratched a line in each 

of the wells (see Figure 2.1) the medium was removed from the wells, and PBS was used to 

wash. I used the following concentrations of fluoxetine: 65 ng/l, 125 ng/l, 250 ng/l, 540 ng/l, 
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2.5µg/L, 5400 ng/l. In the example provided in Figure 2.1, in columns 2,3,4 and 6, 1 ml of the 

mediums used in the previous step was added to the wells. Fluoxetine was added to the wells 

of the columns 3 and 4. I added a concentration of 540 ng/l in the wells of column 3 and a 

concentration of 5400 ng/l in the wells of column 4 (in this specific example). 

For column 1 (negative control) and 5 (positive control), 500 μl of 1% Crystal violet solution 

was added. Plates were put back in the 37°C incubator for 5 minutes. The Crystal violet was 

removed, and the wells were washed with water. Plates were kept in the 37°C incubator for 36 

hours to allow the cells of the column non-stained with Crystal violet to migrate and proliferate 

towards the middle of the scratch. After those 36 hours the Crystal violet staining was 

performed for all the remaining wells. 

 

Figure 2.1: Representative diagram of the scratch assay protocol. C-: Negative control 

(DMEM + 2% FBS + 0.5 mM Ca2+), LF: 540 ng/l of fluoxetine, HF: 5400 ng/l of fluoxetine, 

C+: Positive control (DMEM + 10% FBS + 1 mM Ca2+) 

 

Pictures of the scratches were taken using the Olympus BX51 Fluorescence microscope with a 

4x objective and using CellSens software. Four photos of each well were taken. The distance 

between the two sides of the scratch was measured using the software ImageJ (4 measurements 

per picture). The percentage of wound closure was calculated using the formula: 100-((wound 

distance/original wound distance) *100). The original wound distance was the measurements 

obtained for the negative controls.  
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2.1.3 Use of a proliferation inhibitor: Mitomycin C 

In order to test if fluoxetine stimulates the migration or proliferation of HaCaT cells, leading 

to a higher percentage of wound closure, I decided to use a proliferation inhibitor: Mitomycin 

C. This antibiotic has been isolated from the Streptomyces caespitosus, and it inhibits the 

proliferation of different cell types (keratinocytes, fibroblast, etc…) through inhibition of RNA, 

DNA, and protein synthesis (Correa et al., 1999; Jampel, 1992; Nambu et al., 2007). 

Scratch assays were performed as described in the previous section, this time using just 

fluoxetine (540 ng/l or 5400 ng/l), just Mitomycin C (800 μg/l), or combination of both drugs.  

 

2.1.4 Use of Sertraline and Ketanserin 

To find if the results obtained using fluoxetine could be extended to other SSRI, I decided to 

use another SSRI: Sertraline. I also decided to use a serotonin blocker, Ketanserin. Serotonin 

blockers are another common type of antidepressant, and Ketanserin targets 5-HT2 receptors. 

This part of the project was done in collaboration with one master student (Tomilayo Akinmola) 

and a visiting PhD student (Belen Garcia-Merino) from the University of Cantabria, Spain. 

The protocol of the scratch assays was similar to the one used for fluoxetine; the concentrations 

of Sertraline used for the scratch assays were 62.5, 125, 250, 540 and 5400 ng/l. The 

concentration of ketanserin used was 10 µM. 

 

2.1.5 Statistical analysis 

All statistical analyses for the scratch assays were performed using RStudio (version 

2023.12.0). The normality of data distribution was assessed using the Shapiro-Wilk test. Since 

the data were normally distributed (p > 0.05), one-way ANOVA was conducted to compare 

fluoxetine-exposed groups with the control, followed by Tukey’s post hoc test to determine 

pairwise differences. 

Data are presented as mean ± standard deviation (SD). Statistical significance was defined as 

p < 0.05. Sample sizes (n) for each experiment are detailed in the figure legends. For boxplots, 

the median, interquartile range (IQR), and minimum/maximum values are displayed, with 

outliers defined using the 1.5×IQR rule.  Statistical significance is indicated either by asterisks 

(*) or by different letters (A, B, C), where groups sharing the same letter are not significantly 

different from each other. 
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2.2 Protein microarrays 

The kits used were Human Phospho-Kinase Array Kit purchased from the R&D system 

(Catalog number ARY003C). Those kits were used to detect the relative levels of 

phosphorylation of 37 kinase sites and 2 related total proteins. 

I used different two times of exposure to fluoxetine (6 and 36 hours) and one concentration of 

fluoxetine (540 ng/l). For cells exposed to fluoxetine for 36 hours, I have four replicates of 

each of the following concentrations: 540 ng/l (LF), 0 ng/l (Control), and for cells exposed to 

fluoxetine for 6 hours, I have three replicates of those same concentrations. 

During a splitting, HaCaT cells were transferred to a 6-well plate (3 wells were used per 

condition). Cells were left in an incubator at 37°C until they reached 100% confluence. The 

media was then removed, and the wells were washed with PBS. After removal of the PBS, 1 

ml of Lysis buffer 6 (denaturing buffered solution) was added to the first well. The cells were 

detached from the bottom of the wells using a sterile cell scraper. The media with cells 

resuspended was then collected and transferred to the second well; the process was repeated, 

and the media was transferred to the 3rd well. After scraping the bottom of the 3rd well, the 

media was collected and transferred to an Eppendorf tube. The tubes were left to rock in a cold 

room (2-8°C) for 30 minutes. Lysates were centrifuged at 14,000xg for 5 minutes, and the 

supernatant was transferred to a new Eppendorf tube. 

334 μl of cell lysate was added to 1666 μl of Array buffer 1 to make a total volume of 2mL. 

The Proteome profiler kits are divided into two protein microarray membranes (A and B) to 

minimise cross-reactivity. Figure 2.2 lists the capture antibodies present on each membrane.  

Membranes were blocked for one hour, and then 1 ml of the sample was added to each part of 

the membrane and left to incubate overnight at 2-8°C on a rocking platform. Membranes were 

then washed three times 10 minutes using the wash buffer provided in the kit before being 

incubated with 1 ml of Detection antibody A/B at room temperature for 2 hours on a rocking 

platform. Following three more washes of 10 minutes, Streptavidin-HRP was added to the 

membranes and left to incubate for 30 minutes at room temperature. After a final 10-minute 

wash, Clarity™ ECL western substrate (Bio-Rad) was added to the membranes; the membranes 

were then visualised using a ChemiDoc™ Imaging system (Bio-Rad). The densitometry was 

analysed using ImageJ software (Schneider et al., 2012), and the data was gathered in an Excel 

file. Results were analysed using Rstudio (version 2023.12.0); normality was assessed using 

the Shapiro-Wilk test, confirming that the dataset was non-parametric, so I used the non-
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parametric equivalent of the MANOVA: a PERMANOVA. This test was computed using the 

Adonis function from the vegan package.  

 

 

Figure 2.2: List of capture antibodies and their coordinates on the membranes, detailing the 

target or control proteins and their respective phosphorylation sites. The layout provides a 

reference for the phosphoprotein detection array, showing the specific membrane locations and 

associated phosphorylation sites used to analyse the modulation of kinase activity in response 

to fluoxetine exposure. 
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2.3 Western blots 

2.3.1 Sample preparation 

For the western blots I used HaCaT cells non-exposed and exposed to 540 ng/l of fluoxetine 

for either 6 or 36 hours. The lysis protocol was similar to the one used for the proteome profiler 

kits.  

25 μl of 4x loading buffer was added in 75 μl of lysate and then boiled at 100°C for 5 minutes. 

Recipe for the 4x loading buffer: 8% SDS, 320 nM Tris HCl (pH 6.8), 40% Glycerol, 10% 

Mercaptoethanol, 0.04% Bromphenol blue. 

 

2.3.2 Gel preparation 

Western blot gels are composed of two parts, the resolving gel at the bottom, and the stacking 

gel at the top with the wells. For the western blots I used 12% gels following the recipe: 6.8 ml 

H2O, 3.75 ml 1.5M Tris (pH 8.5), 4.3 ml Acrylamide, 150 μl 10% SDS, 69 μl 10% APS, 23 μl 

TEMED. Once the resolving gel is fully set, I prepared the stacking gel using the following 

recipe: 3.1 ml H2O, 1.5 ml 0.5M Tris (pH 7.4), 500 μl Acrylamide. 50 μl 10% SDS, 30 μl 10% 

APS, 10 μl TEMED. Once the gel is poured between the glass plates, a 10-well comb was 

added. Once the gels fully set, they are ready to be used for western blotting.  

 

2.3.3 Electrophoresis and transfer. 

Gels were put in a tank full of 1X electrophoresis buffer (5x electrophoresis buffer recipe: 144 

g of Glycine, 30 g Tris Base, 5 g SDS for 1 liter of buffer). 25 μl of sample was loaded in the 

wells, I also loaded 7.5μl of the protein ladder (Thermo Scientific™ PageRuler™ Plus 

Prestained Protein Ladder) in one of the wells. The electrophoresis ran at 80V for 5 minutes in 

order for all the samples to gather at the bottom of the wells, then the electrophoresis ran at 

120V until the blue loading buffer reached the bottom of the gel (approximately one hour). 

Gels were then placed in a sandwich (Figure 2.3) against a nitrocellulose membrane 

(AmershamTM ProtanTM). The transfer was run at 100V for 1 hour using transfer buffer (Glycine 

111.75 g, Tris base 24.24 g, SDS 10 g for 1 liter of 10x), this 10x buffer was diluted as 8 parts 

10x buffer, 1 part water, 1 part methanol. 
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Figure 2.3: Schematic picture of western blot wet transfer sandwich. The assembly consists 

of several layers designed to facilitate the transfer of proteins from the polyacrylamide gel onto 

the membrane. Starting from the bottom: a sponge, followed by two layers of filter paper, the 

polyacrylamide gel, and the membrane (typically made of nitrocellulose), all covered by 

another layer of filter papers and a final sponge layer. The entire assembly is placed between 

two electrode plates in a transfer cassette. The electric field applied across the assembly 

facilitates the movement of proteins from the gel onto the membrane, which can later be probed 

for specific proteins using antibodies. 

 

 

2.3.4 Antibodies incubation, visualisation, and analysis 

After transfer membranes were blocked for one hour at room temperature in 5% milk, then 

placed in primary antibodies diluted in 5% milk (working concentration of 2 µg/ml) to incubate 

at 4°C overnight. The list of primary antibodies can be found in Table 2.1. After incubation 

membranes were washed 3x10 minutes with TBST before being placed to incubate in 

secondary antibodies for one hour at room temperature. This step is followed by three more 

washes of 10 minutes in TBST and a wash with TBS. 

 

The membrane was then covered with 1 ml of HRP substrate (Millipore Immobilon Forte) and 

visualised using a Chemidoc (Biorad Chemidoc mp). Band intensity values were normalised 

against loading controls (α-tubulin or total protein levels). Statistical analysis was conducted 

using one-way ANOVA, followed by Tukey’s post hoc test to determine significant differences 

between control and fluoxetine-exposed groups. Statistical significance was set at p<0.05, with 

results indicated using asterisks (*) in figures. Data are presented as mean ± standard deviation 

(SD). 
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Table 2.1: List of primary antibodies used for western blotting. The table includes details of 

the antibodies used to detect both total proteins and phosphorylated proteins, specifying the 

target proteins, phosphorylation sites, catalogue numbers, host species, and expected 

molecular weights. The antibodies target phospho-GSK-3β (S9), phospho-

MSK1(S376)/MSK2(S360), SRC (Y419), and p70 S6K (T421/S424), as well as total protein 

levels of these kinases, to assess both protein expression and phosphorylation status in response 

to fluoxetine exposure. 

 

2.4 Phosphoproteomics 

2.4.1 Cell lysis 

I prepared one six-well plate of HaCaT cells per sample; once the cells were 100% confluent, 

I took the media out one well and rinsed with PBS (cold) for 5min; I then added 1 ml of the 

urea buffer (Buffer: 20 mM HEPES pH 8.0, 9 M Urea, 1 mM sodium orthovanadate, 2.5 mM 

sodium pyrophosphate, 1 mM B-glycerophosphate and cOmplete™, EDTA-free Protease 

Inhibitor Cocktail). Cells were detached using a sterile scraper and the plate kept tilted. After 

rinsing the second well with PBS, the lysate was transferred from the first well into it and I 

repeated the process. After scraping all six wells, the lysate was transferred to a conical 

Eppendorf tube. 

Samples were then sonicated on a high setting for 5 minutes at 30-second intervals.  After 

centrifuging at 20,000g for 15 minutes, the supernatant was transferred to a new Eppendorf 

tube. 

For HaCaT cells, I used 3 replicates under 2 conditions. The two conditions were a negative 

control (no exposure to fluoxetine) and cells exposed to 540 ng/l of fluoxetine for 36 hours. 

 



68 

 

2.4.2 Reduction and Alkylation of Proteins 

The Reduction and Alkylation process is used to break disulphide bonds within the protein and 

prevent the reversibility of disulphide bond forming. (Hustoft et al., 2012). This process is 

depicted in Figure 2.4. I added 1/278 volume of 1.25 M DTT to the cleared cell supernatant 

(3.6 μl of 1.25 M DTT for 1 ml of protein extract), mixed well and placed the tube into a 55ºC 

incubator for 30 min. After incubation, the solution was briefly cooled on ice until it reached 

room temperature. 1/10 volume of iodoacetamide solution was added to the cleared cell 

supernatant (final concentration of 50 mM of iodoacetamide) and left to incubate for 15 min at 

room temperature in the dark. 

 

Figure 2.4: The reduction and alkylation process. Reduction by DTT to form cysteine residues 

must be followed by further modification of the reactive –SH groups (to prevent reformation of 

the disulfide bond) by acetylation by, in this case, iodoacetamide. Adapted from (Hustoft et al., 

2012) 

 

2.4.3 Protease digestion 

Samples were diluted to a 4-fold dilution by adding 3 ml of 20 mM HEPES, pH 8.0, to 1 ml of 

sample. The final concentration was of 2 M urea, 20 mM HEPES, pH 8.0. Trypsin digestion 

allows to cleave the proteins in peptides. 40 μl of 1 mg/ml Trypsin-TPCK (Worthington, 
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LS003744) stock in 1 mM HCl was added to the 4 ml sample and left to digest overnight at 

room temperature with mixing. 

 

2.4.4 Sep-Pak® C18 Purification of Lysate Peptides 

1/20 volume of 20% TFA was added to the digest for a final concentration of 1% TFA. The pH 

was checked by spotting a small peptide sample on a pH strip (the pH should be under 3). After 

acidification, samples were placed in ice and left for 15 minutes to allow a precipitate to form. 

The acidified peptide solution was centrifuged for 15 min at 1780 x g at room temperature to 

remove the precipitate. The peptide-containing supernatant was transferred into a new 50 ml 

conical tube without dislodging the precipitated material. 

Peptides were purified by elution through a HyperSep C18 column (Thermo Fisher). The 

column was pre-wet with 100% acetonitrile and washed with 3 washes of 0.1% trifluoroacetic 

acid. The lysate was loaded and cleaned with 3 washes of 0.1% TFA and two washes with 0.1% 

TFA and 5% acetonitrile. The lysate was then eluted with 0.1% TFA and 40% acetonitrile, snap-

frozen in liquid Nitrogen, and lyophilised for 2 days. Samples were then sent to York University 

for analysis. 

 

2.4.5 Phosphopeptides enrichment 

This part of the work was done by the Centre of Excellence in Mass Spectrometry at the 

University of York. Phosphopeptides were enriched using MagReSyn Zr-IMAC HP beads 

before analysis by LC-MS/MS over 1 h acquisitions.  Peptides were eluted from a 50 cm EN 

C18 PepMap column driven by a Waters mClass UPLC onto an Orbitrap Fusion Tribrid mass 

spectrometer operated in DDA mode.  MS1 spectra were acquired in the Orbitrap mass analyser 

with parallel MS2 acquisition using the linear ion trap. Figure 2.5 depicts the enrichment 

process, adapted from (Galán et al., 2018). 

Resulting data in .raw format were imported into PEAKS StudioXPro for peak picking, 

database searching, chromatographic alignment and relative label-free peak area 

quantification. 
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Figure 2.5: Phosphopeptides enrichment scheme.  Magnetic Zr4+ beads were used. 

Samples containing (phospho) peptides were mixed with the beads, and several washes were 

applied using magnets to retain beads at the bottom of each tube. In a final step, enriched 

phosphopeptides were eluted from beads by adding a high pH acetonitrile solution. Adapted 

from (Galán et al., 2018) 

 

 

2.5 Ex-vivo experiments. 

The ex-vivo experiments were performed following the protocol described by Wilkinson et al., 

2021. Human skin was obtained from patients undergoing reconstructive surgery at Castle Hill 

Hospital and Hull Royal Infirmary (Hull, UK) under fully informed, written patient consent, 

institutional guidelines, and ethical approval (LRECs: 17/SC/0220 and 19/NE/0150). Skin was 

collected from patients undergoing routine surgery. Samples from surgery were transported in 

holding media and processed immediately upon arrival at the laboratory. All experimental steps 

using unfixed human tissue were performed at Biosafety Level-2 (BSL-2) in a class II laminar 

flow biosafety cabinet. 

 

2.5.1 Preparation of skin for wounding 

In a class II laminar biosafety cabinet, skin was placed dermis-side down in a 90mm sterile 

Petri dish, and adipose tissue was removed using sterile scissors. Once the adipose tissue was 

removed, the skin was placed in 25 ml of HBSS (Hank's balanced salt solution with 4% (v/v) 

antibiotic-antimycotic solution) and left to incubate for 10 min at room temperature.  

The skin was then placed in a new 50 ml falcon tube with 25 ml of HBSS, this time without 

any antibiotic solution, and left to incubate for 10 minutes at room temperature.  During those 

 

 r4  magnetic beads 
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incubation phases, the tubes were shaken regularly. Finally, the skin was placed in a new tube 

containing 25 ml of Dulbecco's phosphate-buffered saline (9.6 g of DPBS powder per litre of 

distilled water). The 50 ml Falcon tube was autoclaved to sterilise it. 

 

2.5.2 Creating ex-vivo human skin wounds 

The dermis side of the skin was dried using sterile gauze. The skin was then placed dermis-

side down on a 90mm Petri dish lid and dabbed with fresh sterile gauze. 

The skin was held using curved-toothed tissue forceps, and the wound was created by pressing 

a 2mm biopsy punch against the skin and twisting gently. The 2mm wound was cut out and 

removed using forceps and curved iris scissors. A 6mm biopsy punch was then used to create 

a 6mm explant around a 2mm partial thickness wound in the middle (Figure 2.6 panel A).  

The wound explants were placed epidermis-side up on a stack of two sterile absorbent pads 

and a nylon filter membrane in a 60mm Petri dish containing 4 ml of human skin media 

(DMEM with 2 mM L-glutamine, 1% (v/v) antibiotic-antimycotic solution, and 10% (v/v) 

foetal bovine serum) as showed in Figure 2.6 panel B. 

In this experiment, I used a control condition (human skin media) and six exposures to drug 

conditions: 

- Human skin media + 2500 ng/l of fluoxetine => 11 replicates 

- Human skin media + 5400 ng/l of fluoxetine => 11 replicates 

- Human skin media + 1.5mg/l of mirtazapine => 4 replicates  

- Human skin media + 5400 ng/l of fluoxetine + 1.5mg/l of mirtazapine => 4 replicates 

- Human skin media + 10µM of ketanserin => 3 replicates 

- Human skin media + 5400 ng/l of fluoxetine + 10µM of ketanserin => 3 replicates  

 

The biopsies were incubated at 37 °C and 5% CO2 in a humidified atmosphere (90-95%) for 

48 hours (Wilkinson et al., 2021). 
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Figure 2.6: Wound creation and explant placement in a Petri dish. (A) Brightfield image of 

a 2 mm partial-thickness wound created in human skin tissue using a biopsy punch. The dashed 

line indicates the boundary of the 6 mm explant surrounding the central wound. Scale bar = 

300 µm. (B) Example of how the 6 mm wound explants were placed in the Petri dish. Explants 

were placed epidermis-side up on a stack of two sterile absorbent pads and a nylon filter 

membrane in a 60 mm Petri dish containing human skin media (DMEM with 2 mM L-

glutamine, 1% (v/v) antibiotic-antimycotic solution, and 10% (v/v) fetal bovine serum). 

Adapted from (Wilkinson et al., 2021). 

 

 

2.5.3 Whole-mount staining of ex-vivo wounds. 

Wound explants were placed on the epidermis face down in a 42-well plate (one explant per 

well). 500 µl of skin fixative (450 ml of dH2O + 40 ml of formaldehyde solution + 10 ml of 

glacial acetic acid + 4.5 g of sodium chloride and 0.25 g of alkyltrimethylammonium bromide) 

was added to every well. Explants were left to incubate at 4 °C overnight. The skin fixative 

was removed and replaced with 1 ml of staining wash buffer (PBS and 0.5% (v/v) Triton X-

100). This buffer was removed, and another wash was performed using 1 ml of staining wash 

buffer. 
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All staining buffer was removed from the plate, and 150 µl of blocking buffer (staining wash 

buffer + 0.2% (w/v) sodium azide and 2% (v/v) animal serum) was added to every well. The 

plates were left to incubate at room temperature for 1 hour. 

The blocking buffer was removed, and 150 µl primary antibody (Anti-mouse keratin 14 diluted 

1:1000 in blocking buffer) was added to each well (Wilkinson et al., 2021). The plates were 

left to incubate overnight at 4°C. The following day, the primary antibody solution was 

removed, and 500 µl of staining wash buffer +0.2 % sodium azide was added to every well. 

Explants were left to incubate for 1 hour at room temperature. This step was followed by three 

washes (using staining wash buffer), every wash lasting 30 minutes. 

Once the wash process was completed, all buffer was removed, and 150 µl of secondary 

antibody (goat anti-mouse 488 diluted 1:400 in staining wash buffer) was added to every well. 

Explants were left to incubate for 1 hour at room temperature in the dark. Secondary antibodies 

and 3 washes of 30 min using staining wash buffer were performed. 

Once the washes were done, all buffers were removed. 150 µL of DAPI working solution (5 

µg/ml) was then added to every well. The plates were incubated in the dark at room temperature 

for 10 minutes. The DAPI solution was removed, and two more 30-minute washes were 

performed. 

 

2.5.4 Imaging, quantification and statistical analysis 

Wound explants were transferred to a 60mm Petri dish filled with 1 mL of DBPS and placed 

epidermis-side down using small tissue forceps. Images were acquired using a confocal 

microscope (Zeiss LSM 710) and the ZEN software. Focus was done for each channel (DAPI 

and K14) before acquisition of the image. 

The quantification was performed using the ImageJ software. Using the freehand shape tool, 

the outside of the re-epithelialised wound where it meets the normal skin was measured. Then, 

using the same tool, the wound area was measured, this time where the open wound meets the 

inside edge of the re-epithelializing tissue. Values were copied in an Excel file, and the 

percentage of wound re-epithelialization/closure was calculated using the following formula: 

% Closure = (Outer Wound Area - Inner Wound Area) / (Outer Wound Area) x 100. 

All statistical analyses for the scratch assays were performed using RStudio (version 

2023.12.0). The normality of data distribution was assessed using the Shapiro-Wilk test. Since 

the data were normally distributed (p > 0.05), one-way ANOVA was conducted to compare 
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fluoxetine-exposed groups with the control, followed by Tukey’s post hoc test to determine 

pairwise differences. 

Data are presented as mean ± standard deviation (SD). Statistical significance was defined as 

p < 0.05. Sample sizes (n) for each experiment are detailed in the figure legends. For boxplots, 

the median, interquartile range (IQR), and minimum/maximum values are displayed, with 

outliers defined using the 1.5×IQR rule.  Statistical significance is indicated either by asterisks 

(*) or by different letters (A, B, C), where groups sharing the same letter are not significantly 

different from each other. 

 

2.6 RNA sequencing  

2.6.1 Cell lysis and RNA isolation  

RNA sequencing (RNAseq) was performed using HaCaT cells not exposed to any drugs and 

exposed to 540 ng/l of fluoxetine. Cells from both conditions were lysed at two different time 

points: 6 hours and 36 hours. I used four replicates of each condition for each time point, giving 

a total of 16 samples. 

Total RNA was isolated from HaCaT cells using the PureLink™ RNA Mini Kit (Thermo Fisher 

Scientific, Catalog number 12183020) following the manufacturer's instructions. The 

procedure was performed under RNase-free conditions to ensure RNA integrity. Before every 

RNA isolation, Wash Buffer II (60 ml of 96–100% ethanol added to the Wash Buffer II mix) 

and Lysis Buffer (10 µl of 2-mercaptoethanol per 1 ml of Lysis Buffer) were made freshly. 

I prepared half a 6-well plate of HaCaT cells per sample; once the cells were 100% confluent, 

I removed the media from one well and rinsed it with PBS (cold). 350 µl of Lysis Buffer was 

added to the first well with 350 µl of 70% ethanol. The well was scraped using a cell scraper. 

Lysate was transferred to the second well before scraping, and finally, it was transferred to the 

third well for scraping. The 700 µl of lysate obtained was then transferred to a spin column. 

Columns were centrifuged at 12,000 x g for 15 seconds at room temperature. Any liquid was 

discarded. 700 µl of Wash Buffer I was added to the column and another 15-second cycle at 

12,000 x g was performed.  

The liquid was removed again, and 500 µl of Wash Buffer II was added to the column. The 

samples were centrifuged for 15 seconds at 12,000 x g, and this step was repeated once more. 

Finally, all liquid was removed, and columns were centrifuged for 2 minutes at 12,000 x g to 

dry. 
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30 µl of DH2O was added to the column and left to incubate for 1 minute at room temperature. 

The columns were then centrifuged for 2 minutes at 12,000 x g. The liquid obtained from that 

process is the sample (Elute RNA in  Figure 2.7). After concentrations of RNA were measured 

using a spectrophotometer (ThermoFisher NanoDrop™ Lite), the samples in Eppendorf tubes 

were frozen using liquid nitrogen and stored at -80°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Overview of RNA extraction process. Starting with mammalian cells or tissues, 

the cells are lysed to release RNA. The RNA binds to the silica membrane in the columns, while 

other cellular components are washed away. After a series of wash steps, the purified RNA is 

eluted and collected in a final tube for downstream applications. Figure from EpigenTek. 

 

2.6.2 RNA sequencing and data analysis 

Samples were sent to Novogene (Cambridge, UK) where Human mRNAseq was performed 

using the Illumina NovaSeq 6000 platform. Raw data were processed, including quality 

control, alignment, and gene expression analysis. Reads were aligned to the human reference 

genome using HISAT2, and the expression of genes was quantified using FPKM (Fragments 

Per Kilobase of transcript per Million mapped reads). Differential expression analysis was 

conducted using the DESeq2 R package. A Benjamini-Hochberg correction was applied to 

adjust for false discovery rate (padj ≤ 0.05). Gene expression data, including significantly 

differentially expressed genes, were log2 transformed for further analysis. The RNAseq data 

have been deposited in the NCBI Gene Expression Omnibus (GEO) under the accession 

number GSE268987 (Rodriguez-Barucg et al., 2024).  
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2.7 Edu Cell proliferation assay 

To evaluate the proliferative activity of keratinocytes, an EdU (5-ethynyl-2’-deoxyuridine) 

incorporation assay was performed using the Click-iT EdU Imaging Kit (Thermo Fisher, 

#BCK-EDU488). Cells were seeded in 6-well plates at 80% confluence and exposed to 

fluoxetine at concentrations of 62.5, 125, 250, 540, and 5400 ng/l for 36 hours. A second round 

of experiments was conducted using either 540 or 5400 ng/l fluoxetine alone, or in combination 

with mitomycin C (800 µg/l). After the exposure period, cells were incubated with 10 µM EdU 

for 2 hours. Following the EdU incubation, cells were fixed in 3.7% formaldehyde for 15 

minutes at room temperature and permeabilised with 0.5% Triton X-100 in PBS for 20 minutes. 

 

EdU detection was achieved through the Click-iT reaction cocktail, as per the manufacturer’s 

protocol, using 500 µl of reaction cocktail per well. Following a 30-minute incubation at room 

temperature, protected from light, cells were washed with 3% BSA in PBS. Counterstaining 

was performed using Hoechst 33342 for nuclear visualisation. Cells were imaged using an 

Olympus BX51 microscope using a Zeiss fluorescence LDA-Plan x5 lens and the software 

CellSens, and quantification of EdU-positive cells was performed with ImageJ software. Each 

condition was tested with three biological replicates. 
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Chapter 3: Investigating the effects of fluoxetine in a scratch 

closure keratinocyte model. 

 

3.1 Introduction 

The recent emergence of studies indicating the connection of Selective Serotonin Reuptake 

Inhibitors (SSRIs) to environmental and biological systems has led to research on their broader 

biological impact, particularly in human health, outside of their traditional psychiatric 

applications (Brooks et al., 2003; Daughton and Ternes, 1999; Schultz et al., 2010). Due to 

their widespread presence in aquatic environments and human water systems, understanding 

how SSRIs such as fluoxetine interact with human cells has become essential. This chapter will 

explore the possible impact of SSRIs on scratch closure in a keratinocyte model based on the 

hypothesis that SSRIs could impact critical cellular processes involved in wound healing. 

 

The rationale for this study arises from the previous research showing that serotonin beyond 

its neurological functions, plays a critical role in processes essential for wound healing, such 

as inflammation, cell migration, and tissue repair. These processes are regulated through 

serotonin signalling pathways, which are modulated by SSRIs (Kreke and Dietrich, 2008; 

Lattimore et al., 2005; Nguyen et al., 2019; Sadiq et al., 2018; Tate et al., 2021).  

 

Serotonin receptors and transporters are present and functionally active in keratinocytes and 

other skin cells (Lundeberg et al., 2002; Nordlind et al., 2008). While SSRIs such as fluoxetine 

are best known for inhibiting the serotonin transporter (SERT) in neuronal systems, they can 

also interact directly with serotonin receptors. For instance, fluoxetine is a reversible antagonist 

of the 5-HT2C receptor (Ni and Miledi, 1997), which is relevant given the presence of 5-HT 

receptor subtypes in skin. This raises the possibility that SSRIs may influence skin physiology 

through both transporter-dependent and receptor-mediated mechanisms. 

 

Based on the established knowledge of the effects of SSRIs on neuronal systems, this study 

further explores the effects on skin physiology. Keratinocytes are one of the main cells involved 

in wound healing, and upon injury, they migrate and proliferate to close the wound (Wilkinson 

and Hardman, 2020a). The mechanism of action of SSRIs on serotonin pathways implies that 

these processes can be affected in a way that could either promote or hinder skin repair. This 
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aspect is of particular interest given the fact that human populations are being exposed to SSRIs 

through environmental vectors (González Alonso et al., 2010; Schlüsener et al., 2015). 

Studying the influence of fluoxetine on keratinocyte function will help to expand the 

knowledge of the environmental impact of SSRIs, which is the intersection of pharmacology, 

environmental science, and public health. 

 

 

3.2 Aims & Objectives 

The aim of this chapter is to investigate how exposure to environmentally relevant 

concentrations of fluoxetine impacts scratch closure in a keratinocyte model.  

 

The objectives of this chapter are the following: 

1) To determine the effect of fluoxetine on scratch closure in a keratinocyte model by 

using an environmentally relevant range of concentrations of fluoxetine in scratch 

assays. 

 

2) To understand the mechanisms underlying changes in scratch closure by using 

mitomycin C (a cell proliferation inhibitor) and EdU assays. 

 

3) To identify the relationship between changes in scratch closure and serotonin 

signalling by using another SSRI (Sertraline) and a serotonin antagonist (Ketanserin) 
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3.3 Results 

3.3.1 Fluoxetine promotes keratinocyte model scratch closure in a dose-dependent manner 

The first objective of this chapter was to determine the effect of fluoxetine on scratch closure 

in a keratinocyte model. I performed a scratch assay on human keratinocytes (HaCaT cells) 

and used six concentrations of fluoxetine (62.5, 125, 250, 540, 2700, and 5400 ng/l); scratch 

closure was assessed at 36 hours post-scratch.  

 

Figure 3.1 shows representative images of the scratch assays. Visual observation indicated that 

exposure to fluoxetine had a notable impact on the scratch-healing process of HaCaT cells. 

Specifically, cells exposed to fluoxetine (Figure 3.1b-f)  exhibited enhanced scratch closure 

compared to control cells (Figure 3.1a). This effect was particularly evident at higher fluoxetine 

concentrations (Figure 3.1f) where the scratch was almost completely closed, indicating a 

strong positive response to fluoxetine. 

In order to validate these observations, I measured the percentage of scratch closure. The 

averages for each condition were calculated across four biological replicates (n=4, four 

different cell passages) and are presented in Figure 3.2. The data passed the Shapiro-Wilk test 

for normality (p-value=0.2374), allowing to use a one-way ANOVA, which highlighted the 

significant impact of fluoxetine on scratch closure (p-value=4.688e-15). Post-hoc analysis was 

conducted using Tukey’s HSD test to further identify the differences between the fluoxetine-

exposed groups and the control group. 

 

 After statistical analysis, I observed an apparent dose-dependent effect of fluoxetine on the 

HaCaT cells' scratch closure percentage.  In the control group, the mean scratch closure was 

66% ± 2.41, serving as the baseline for comparison. At the lowest fluoxetine concentration 

(62.5 ng/l), a slight decrease in scratch closure was calculated (64.59% ± 1.90), but this 

difference was not statistically significant when compared to control (p-value=0.861). 

However, at 125 ng/l, the enhancement in would closure became significant, with the average 

scratch closure percentage increasing to 70.85% ± 0.17 (p-value=0.00356 when compared to 

control). This trend continued at higher fluoxetine concentrations with a dose-dependent effect. 

For cells exposed to 250 ng/l, 540 ng/l and 2700 ng/l, scratch closure increased to 72.62% ± 

1.02, 75.52% ± 0.43 and 79.78% ± 0.6186, respectively, with p-values<0.001. 

 



80 

 

Cells exposed to the highest concentration of fluoxetine (5400 ng/l) resulted in the most 

substantial percentage of scratch closure, with an average of 86.36% ± 1.7 (p-value<0.001 

when compared to control). This increase highlighted the dose-dependent nature of the impact 

of fluoxetine on HaCaT cell's scratch closure. The variability within each treatment group was 

relatively low (around ± 1%), indicating consistent responses among HaCaT cells exposed to 

fluoxetine. 

 

In conclusion, the results from both visual inspection (Figure 3.1) and statistical analysis 

(Figure 3.2) demonstrate that fluoxetine has a dose-dependent effect on HaCaT cells scratch 

healing. With the most pronounced increase in scratch healing being observed at higher 

concentrations. 

 

 

Figure 3.1: Representative images of scratch assays in the presence of fluoxetine. At the 

indicated concentrations, at 36 hours after scratching (Figure 3.1b-f) or at the time of 

scratching (Figure 3.1a), with n=4 for each condition. Images were captured at 4× 

magnification, and the scale bars indicate 250µm. 
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Figure 3.2: Boxplot of the percentage of scratch closure after 36 hours of exposure to 

fluoxetine. The x-axis represents the fluoxetine concentrations (62.5 ng/l to 5400 ng/l), and the 

y-axis shows the percentage of scratch closure. X-axis not to scale. Each box represents the 

interquartile range (IQR), where the top and bottom of the box indicate the 75th and 25th 

percentiles, respectively. The horizontal line within each box represents the median. The 

whiskers extend to the minimum and maximum values, excluding outliers, and the dots 

represent individual data points. Statistical significance compared to the control group is 

indicated by asterisks (* p < 0.05), NS: non-significant. Statistical analysis was performed 

using one-way ANOVA followed by Tukey’s post hoc test (n>4 biological replicates per 

condition). 

 

3.3.2 Mechanistic insights: fluoxetine-induced keratinocyte proliferation 

Having established that fluoxetine significantly enhances scratch closure in a dose-dependent 

manner in HaCaT cells, the next aim was to understand the mechanisms underlying these 

changes. In the following section I will explore the results from Mitomycin C and EdU assays. 

These assays are designed to determine if the increase in scratch closure in HaCaT cells is 

caused mainly by increase in cell proliferation or cell migration. These experiments were 

conducted in collaboration with Belen Garcia-Merino, a visiting PhD student from the 

University of Cantabria, Spain, whom I trained and supervised throughout the process. 

 

First, I conducted a series of experiments using Mitomycin C, a known inhibitor of cell 

proliferation, for this experiment I used HaCaT cells exposed to either just fluoxetine at two 

different concentration (540 and 5400 ng/l), cells exposed to only Mitomycin C (800 µg/l), 
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cells exposed to a combination of both drugs (540   ng/l fluoxetine+ 800 µg/l Mitomycin C and  

5400 ng/l fluoxetine + 800 µg/l Mitomycin C) as well as control cells. 

Initial visual observation indicated that cells exposed to 800 µg/l of Mitomycin C seemed to 

have a similar scratch closure when compared to control cells (Figure 3.3 a&d). Visual 

observation of cells exposed to the combination of both drugs showed less scratch closure when 

compared to cells exposed to only fluoxetine (Figure 3.3 b/e and c/f) at both 540 and 5400 ng/l. 

 

After statistical analysis I confirmed that the presence of Mitomycin C completely abrogated 

the fluoxetine-induced enhancement of scratch closure (Figure 3.4). When Mitomycin C was 

introduced, the scratch closure percentage was significantly reduced when compared to cells 

exposed to only the equivalent concentration of fluoxetine (p-values<0.05). Cells exposed to 

combination of both Mitomycin C and fluoxetine had a percentage of scratch closure 

comparable to the control cells (p-values>0.05).   

This finding suggests that fluoxetine promotes scratch closure through a mechanism that is at 

least partially dependent on cell proliferation, as pre-treatment with Mitomycin C reversed this 

effect. However, it cannot be concluded from this experiment alone whether fluoxetine and 

Mitomycin C act through the same proliferative signalling pathways. 

 

Figure 3.3: Representative images of scratch assays in the presence of fluoxetine. At the 

indicated concentrations, at 36 hours after scratching with n=4 for each condition. Images 

were captured at 4× magnification, and the scale bars indicate 250µm. 
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Figure 3.4: Boxplot of the percentage of scratch closure after exposure to Mitomycin C, 

fluoxetine or a combination of both. The x-axis represents the fluoxetine concentrations (540 

ng/l and 5400 ng/l) in combination with or without Mitomycin C, and the y-axis shows the 

percentage of scratch closure 36 hours after scratching. X-axis not to scale. Each box 

represents the interquartile range (IQR), where the top and bottom of the box indicate the 75th 

and 25th percentiles, respectively. The horizontal line within each box represents the median. 

The whiskers extend to the minimum and maximum values, excluding outliers, and the dots 

represent individual data points. Groups labelled A and B represent statistically significant 

differences between conditions, where different letters indicate a significant difference (p < 

0.05), and the same letter indicates no significant difference. Statistical analysis was performed 

using one-way ANOVA followed by Tukey’s post hoc test (n>4 biological replicates per 

condition). 

 

In order to confirm that the faster scratch closure after exposure to fluoxetine is due to an 

increase in cell proliferation, I performed EdU (5-ethynyl-2’-deoxyuridine) incorporation 

assays. This assay allows to measure the number of proliferating cells. For this experiment I 

used the range of environmentally relevant concentrations of fluoxetine (62.5 to 5400 ng/l) and 

EdU was added to label the proliferating cells. 

 

After visualisation using a Zeiss fluorescence and a LD A-Plan x5 lens I measured the number 

of proliferating cells for each condition. Raw pictures are depicted in Figure 3.5. The pictures 

suggest a dose-dependent impact to fluoxetine on scratch closure, the higher the concentration, 

the smaller the scratch is after 28 hours. Due to experimental variation across different time 
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points and cell passages, the timeframe was adjusted to 28 hours for this set of experiments to 

ensure consistent scratch closure in control cells.  

 

The measurement results are depicted in Figure 3.6. Fluoxetine increases the number of 

proliferating cells in the scratch area in a dose dependant manner. The difference in the number 

of proliferating cells between control cells and those exposed to fluoxetine was statistically 

significant only at the two highest concentrations, 540 ng/l (p-value = 0.01) and 5400 ng/l (p-

value = 0.0023). Although there was an increase in proliferation at lower concentrations, these 

changes were not statistically significant (p-values > 0.05). 

Those findings suggest that exposure to fluoxetine increases cell proliferation that in 

consequences increases scratch closure. To confirm these results, I repeated the EdU assays in 

the presence of Mitomycin C. The number of EdU-positive cells in the presence of both 

fluoxetine and Mitomycin C was significantly lower than with fluoxetine alone, as shown in 

Figure 3.7 and did not differ significantly from the control group (p-values> 0.05). This further 

supports the conclusion that fluoxetine enhances scratch closure primarily through the 

stimulation of keratinocyte proliferation. 

 

In summary the results from both the Mitomycin C and EdU assays provided strong evidence 

that the exposure to fluoxetine at environmentally relevant concentrations promotes scratch 

closure of HaCaT cells by increasing cell proliferation. These findings do not only corroborate 

my previous findings but also offer a deeper understanding of the mechanisms involved in how 

fluoxetine may influence cellular processes involved in scratch healing. 
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Figure 3.5: Representative images of EdU assays in the presence of fluoxetine At the 

indicated concentrations, EdU incorporation was assessed at 28 hours after scratching, with 

n > 3 biological replicates per condition. Images were captured at 5× magnification, and the 

scale bars indicate 200 µm. EdU-positive cells were quantified using ImageJ software, where 

fluorescence thresholding was applied to identify EdU+ nuclei, and the percentage of EdU-

positive cells was calculated relative to the total number of Hoechst-stained nuclei. 

 

 

Figure 3.6: Dose-response dependence of the number of proliferating cells. The x-axis 

represents fluoxetine concentrations (62.5 ng/l to 5400 ng/l), and the y-axis shows the 

normalized number of proliferating cells, measured by EdU incorporation 28 hours after 

scratching. Data are normalised to the Control condition, meaning that a value of 2.0 indicates 

twice as many proliferating cells compared to the non-treated Control group. EdU-positive 

cells were counted using ImageJ software. The data are presented as mean ± standard deviation 

(SD), and statistical significance compared to the control group is indicated by asterisks (*p-

value=0.01, **p-value=0.0023). 
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Figure 3.7: Barplot of the number of proliferating cells after exposure to Mitomycin C, 

fluoxetine or a combination of both. The y-axis represents the normalised count of 

proliferating cells, as measured by EdU incorporation 28 hours after scratching. Data are 

normalised to the Control condition, meaning that a value of 2.0 indicates twice as many 

proliferating cells compared to the non-treated Control group. The x-axis represents the 

experimental conditions of fluoxetine, Mitomycin C, and their combination (not to scale). Each 

bar represents the mean, with error bars indicating the standard deviation. Statistical 

significance between groups is indicated by letters, where different letters denote significantly 

different groups (p < 0.05). Statistical analysis was performed using one-way ANOVA followed 

by Tukey’s post hoc test (n>4 biological replicates per condition). 

 

 

3.3.3 Sertraline and ketanserin modulate keratinocyte scratch healing: insights into serotonin 

receptor involvement 

In the previous sections I demonstrated that fluoxetine enhances keratinocyte scratch healing 

through an increase in cell proliferation. I will in this section aim to determine the relationship 

between changes in scratch closure and serotonin signalling. I will be testing another SSRI 

(Sertraline) to determine if the findings from my fluoxetine experiments can be extended to 

other SSRIs. Additionally, I will be using a serotonin receptor antagonist called Ketanserin to 

identify which specific receptors are involved in scratch-healing These experiments were 

conducted in collaboration with Tomilayo Akinmola a Master's student from the University of 

Hull, whom I trained and supervised throughout the process. 

 

First, in order to investigate whether the enhanced scratch healing observed in the HaCaT 

model after exposure to fluoxetine is a general characteristic of SSRIs or specific to fluoxetine, 
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I conducted similar scratch assays using sertraline, another commonly used SSRI. I used the 

same range of concentrations as the one used in the fluoxetine experiments: 62.5 ng/l to 5400 

ng/l.  Examples of the images obtained are shown in Figure 3.8, visual observation indicates 

that sertraline worked in the same way that fluoxetine did, with an increase in scratch-closure 

after exposure to the drug.  

 

The statistical analysis validates the visual observations, exposure to sertraline at 125, 540 and 

5400 ng/l enhances the scratch closure of scratched HaCaT cells in a dose-dependent manner, 

as shown in Figure 3.9 (p-values<0.05 when compared to control cells). The lowest 

concentration of sertraline showed no significant changes in the percentage of scratch closure 

when compared to the control cells (p-value=0.999). Unlike fluoxetine, where the increase in 

scratch closure followed a clear dose-dependent pattern, the sertraline-induced enhancement in 

wound closure did not show a statistically significant difference between the three highest 

concentrations (p-values > 0.05), suggesting that a more complex relationship might be 

involved.  

These findings suggest that the scratch healing enhancement may be a common feature of 

SSRIs, most likely due to alteration of 5-HT signalling.  

 

 
Figure 3.8: Representative images of scratch assays in the presence of sertraline. At the 

indicated concentrations, at 28 hours after scratching (Figure 1.1b-f) or at the time of 

scratching (Figure 1.8a), with n=4 for each condition. Images were captured at 4× 

magnification, and the scale bars indicate 200µm. 
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Figure 3.9: Boxplot of the percentage of scratch closure after 28 hours of exposure to 

sertraline. The x-axis represents the concentrations of sertraline (62.5 ng/l to 5400 ng/l), and 

the y-axis shows the percentage of scratch closure 28 hours after scratching. X-axis not to 

scale. Each box represents the interquartile range (IQR), where the top and bottom of the box 

indicate the 75th and 25th percentiles, respectively. The horizontal line within each box 

represents the median. The whiskers extend to the minimum and maximum values, excluding 

outliers, and the dots represent individual data points. Statistical significance compared to the 

control group is indicated by asterisks (* p < 0.05), NS: non-significant. Statistical analysis 

was performed using one-way ANOVA followed by Tukey’s post hoc test (n=4 biological 

replicates per condition). 

 

In order to determine the role of alteration of 5-HT signalling in mediating the wound healing 

effects of SSRIs I performed a series of scratch assays in which HaCaT cells were exposed to 

fluoxetine in combination with ketanserin. Ketanserin is an antagonist of 5HTR2a and 5HTR2c 

that has been previously used to investigate the role of 5-HT in wound healing (Nguyen et al., 

2019; Sadiq et al., 2018). 

 

Figure 3.10 illustrates the effect of ketanserin (10 µM) on fluoxetine-induced scratch healing. 

The co-administration of ketanserin with fluoxetine resulted in a significant reduction in 

scratch closure compared to fluoxetine alone (p-value=0.003). The addition of ketanserin 

reduced the percentage of scratch closure from 58.21% ± 5.84 to 45.99% ± 4.00   indicating 
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that the activation of 5-HT2 receptors is crucial for the observed effects and that the 5-HT2 

receptor plays a pivotal role in mediating the scratch healing effects of SSRIs.  

To identify the serotonin receptors involved in mediating these effects, RNAseq was performed 

to assess the expression of 5-HT receptors in HaCaT cells. The analysis detected the expression 

of 5-HT receptors from all seven receptor families (HTR1 to HTR7), as shown in Table 3.1. 

The RNAseq results, along with further details and analysis, will be provided in Chapter 4. 

 

Figure 3.10: Boxplot of the percentage of scratch closure after exposure to fluoxetine, 

ketanserin or a combination of both. The x-axis represents the conditions of fluoxetine, 

Ketanserin, and the combination of both, and the y-axis shows the percentage of scratch closure 

28 hours after scratching. X-axis not to scale. Each box represents the interquartile range 

(IQR), where the top and bottom of the box indicate the 75th and 25th percentiles, respectively. 

The horizontal line within each box represents the median. The whiskers extend to the minimum 

and maximum values, excluding outliers, and the dots represent individual data points. 

Statistical significance between groups is indicated by asterisks (* p< 0.05). Statistical analysis 

was performed using one-way ANOVA followed by Tukey’s post hoc test (n>5 biological 

replicates per condition). 
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Table 3.1: Expression of serotonin (5-HT) receptors in HaCaT cells. The table displays the 

gene identifiers, names, chromosomal locations, and biotypes of the serotonin receptors 

expressed in HaCaT cells, as detected by RNAseq. The gene biotypes indicate whether the 

genes are functional, protein-coding receptors.  

 

 

3.4 Discussion 

This chapter aimed to investigate the effects of environmentally relevant concentrations of 

fluoxetine on wound closure, more specifically on how fluoxetine will influence a keratinocyte 

model. The results demonstrated a dose-dependent enhancement of wound closure, which 

appears to be mainly due to an increase in cell proliferation.  

This discussion will delve into the specific underlying mechanisms in fluoxetine-mediated 

scratch closure. 

 

3.4.1 Fluoxetine-induced scratch closure via serotonin signalling. 

The dose-dependent scratch closure observed in this study confirms the role of serotonin 

signalling in promoting keratinocyte activity. At the highest concentration of fluoxetine (5400 

ng/l), near-complete wound closure was achieved after 36 hours, suggesting that serotonin 

receptor activation drives keratinocyte behaviour. RNAseq results further reinforced this, 

showing the expression of serotonin receptors from all seven receptor families (HTR1 to 

HTR7) in HaCaT cells, with notable expression of HTR2A and HTR2C, receptors known to 

regulate cell proliferation and tissue repair. 

 

Gene ID
Gene 
Name

Chromosome Gene Biotype Description

ENSG00000158748 HTR6 1 protein_coding 5-hydroxytryptamine receptor 6
ENSG00000179546 HTR1D 1 protein_coding 5-hydroxytryptamine receptor 1D
ENSG00000135914 HTR2B 2 protein_coding 5-hydroxytryptamine receptor 2B 
ENSG00000179097 HTR1F 3 protein_coding 5-hydroxytryptamine receptor 1F
ENSG00000186090 HTR3D 3 protein_coding 5-hydroxytryptamine receptor 3D
ENSG00000178084 HTR3C 3 protein_coding 5-hydroxytryptamine receptor 3C
ENSG00000186038 HTR3E 3 protein_coding 5-hydroxytryptamine receptor 3E
ENSG00000178394 HTR1A 5 protein_coding 5-hydroxytryptamine receptor 1A
ENSG00000164270 HTR4 5 protein_coding 5-hydroxytryptamine receptor 4 
ENSG00000135312 HTR1B 6 protein_coding 5-hydroxytryptamine receptor 1B
ENSG00000168830 HTR1E 6 protein_coding 5-hydroxytryptamine receptor 1E
ENSG00000157219 HTR5A 7 protein_coding 5-hydroxytryptamine receptor 5A
ENSG00000147246 HTR2C X protein_coding 5-hydroxytryptamine receptor 2C
ENSG00000149305 HTR3B 11 protein_coding 5-hydroxytryptamine receptor 3B
ENSG00000166736 HTR3A 11 protein_coding 5-hydroxytryptamine receptor 3A
ENSG00000148680 HTR7 10 protein_coding 5-hydroxytryptamine receptor 7
ENSG00000102468 HTR2A 13 protein_coding 5-hydroxytryptamine receptor 2A 
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These findings align with a previous study (Nguyen et al., 2019), who demonstrated that 

fluoxetine improved wound healing in diabetic mice, primarily through promoting keratinocyte 

migration. However, while Nguyen et al. focused on migration in Normal Human Epidermal 

Keratinocytes (NHEK), my results suggest that fluoxetine promotes scratch closure in HaCaT 

cells via proliferation. Both studies underscore the importance of 5-HT2 receptors, though the 

specific cellular responses (migration versus proliferation) may vary based on the experimental 

model and fluoxetine concentrations (Nguyen et al., 2019). 

 

Sertraline, another SSRI tested in this chapter, also enhanced scratch closure, with a more 

complex dose-response relationship, unlike fluoxetine, the sertraline-induced enhancement in 

wound closure did not show statistically significant differences between the three highest 

concentrations (125, 540, and 5400 ng/L). This suggests that while both SSRIs act via serotonin 

signalling, the wound-healing effects of sertraline may plateau at higher doses or involve 

additional factors beyond 5-HT2 receptor activation. These findings are consistent with the 

general role of SSRIs in modulating skin cell function but also suggest distinct mechanisms of 

action between fluoxetine and sertraline that warrant further investigation. 

 

The critical role of 5-HT2 receptors in skin cells is well-established in the literature. In a study 

published in 2008 it was showed that 5-HT2 receptors are highly expressed in human 

keratinocytes and play an essential role in regulating inflammation and wound healing 

(Nordlind et al., 2008). My findings confirm that fluoxetine, through 5-HT2 receptor activation, 

enhances keratinocyte proliferation, which accelerates wound closure. The RNAseq results in 

my study align with the findings from Nordlind et al., demonstrating that serotonin receptor 

expression in HaCaT cells contribute to skin regeneration. 

 

The broader regulatory role of serotonin signalling in skin cells has also been previously 

emphasised (Martins et al., 2020). Their work on psoriasis highlighted how 5-HT2 receptors 

modulate inflammation and tissue regeneration, roles consistent with fluoxetine’s effects on 

keratinocyte proliferation in my study. These combined findings suggest that serotonin 

signalling through 5-HT2 receptors is central to maintaining keratinocyte function and 

promoting tissue repair in a variety of contexts. 

 

The relevance of 5-HT2 receptors in wound healing was also confirmed by other teams, who 

showed that serotonin receptor activation enhances keratinocyte proliferation after thermal 
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injury (Sadiq et al., 2018). Their study mirrors my findings, where fluoxetine-driven 5-HT2 

receptor activation significantly boosted keratinocyte proliferation, underscoring the potential 

therapeutic applications of fluoxetine for skin repair. 

 

However, while the data support a role for serotonin signalling, it is important to acknowledge 

that serotonin was not supplemented in the culture media, and its endogenous levels were not 

directly measured. Although keratinocytes express the enzymes necessary for serotonin 

biosynthesis  (Goodwin et al., 2017; Schallreuter et al., 2012) and FBS been shown to contain 

trace amounts of serotonin or its precursors (Chávez et al., 2017), these potential sources may 

not provide sufficient levels to fully activate serotonin receptors. Therefore, the contribution of 

serotonin itself remains uncertain. An alternative and plausible explanation is that fluoxetine 

may act directly on serotonin receptors, independently of serotonin availability. Fluoxetine is 

a competitive and reversible antagonist at the 5-HT2C receptor, a non-competitive antagonist 

at 5-HT3 receptors, and an agonist at 5-HT2B receptors (Peng et al., 2014), all of which are 

expressed in skin. These receptor-mediated mechanisms may account for the observed effects 

and suggest that fluoxetine could modulate receptor activity directly, without requiring high 

extracellular serotonin concentrations. 

 

3.4.2 Cell proliferation as the primary mechanism of action of fluoxetine 

The Mitomycin C experiments provided crucial mechanistic insights, confirming that 

fluoxetine enhances wound closure by stimulating keratinocyte proliferation. Mitomycin C, 

which inhibits DNA synthesis and cell proliferation, effectively blocked the wound-healing 

effects of fluoxetine, indicating that proliferation, rather than migration, is the primary driver 

of the observed wound closure. This finding complements studies that used Mitomycin C to 

block cell proliferation in keratinocytes, such as Ribeiro et al. (De Andrade Quintanilha Ribeiro 

et al., 2004) who demonstrated that Mitomycin C significantly delayed wound healing in rats 

by inhibiting fibroblast activity, and Wang et al. (Wang et al., 2012) who showed that 

Mitomycin C inhibited the proliferation of both fibroblasts and HaCaT cells in vitro, with 

higher concentrations of Mitomycin C resulting in stronger antiproliferative effects. Both 

studies align with my findings, where fluoxetine's ability to accelerate wound closure was fully 

abrogated when proliferation was inhibited by Mitomycin C, highlighting the critical role of 

cell proliferation in the action of fluoxetine. 
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The dose-dependent increase in keratinocyte proliferation observed in the EdU incorporation 

assays further supports this conclusion. Higher concentrations of fluoxetine resulted in greater 

cell proliferation, indicating that fluoxetine directly influences the cell cycle in HaCaT cells. 

While a previous study (Nguyen et al., 2019) found that fluoxetine primarily enhanced 

keratinocyte migration in their in vivo model, my study shows that fluoxetine promotes 

proliferation in HaCaT cells, which is the key driver of scratch closure in this in vitro system. 

Although the exact cellular responses differ between migration and proliferation, both studies 

reinforce the role of fluoxetine in promoting wound healing via serotonin receptor activation, 

particularly 5-HT2 receptors. 

 

3.4.3 Serotonin receptor activation as a key driver of scratch closure 

The role of serotonin receptor activation in fluoxetine-mediated scratch closure was further 

clarified by the use of ketanserin, a 5-HT2A receptor antagonist. Co-administration of 

ketanserin significantly reduced the wound-healing effects of fluoxetine, confirming that 5-

HT2 receptors are essential mediators of the action of fluoxetine. This finding complements 

earlier work (Nordlind et al., 2008; Sadiq et al., 2018), who identified 5-HT2 receptors as 

critical in modulating keratinocyte function and tissue repair. In my study, the reduction in 

wound closure when 5-HT2 receptors were blocked underscores the importance of serotonin 

signalling in driving keratinocyte proliferation. 

The RNAseq results, which showed strong expression of 5-HT2A and 5-HT2C receptors in 

HaCaT cells, provide molecular support for the involvement of these receptors in mediating 

the effects of fluoxetine. However, the mechanism underlying their activation in this context 

remains open to interpretation. No serotonin was supplemented in the culture system, and 

although keratinocytes can produce serotonin endogenously, and foetal bovine serum may 

contain trace levels (Chávez et al., 2017; Goodwin et al., 2017), the presence of serotonin under 

these conditions was not directly confirmed. This raises the possibility that fluoxetine may act 

through serotonin-independent mechanisms by binding directly to serotonin receptors. Indeed, 

fluoxetine has been shown to modulate receptor activity independent of serotonin, functioning 

as a 5-HT2C antagonist, a 5-HT2B agonist, and a 5-HT3 non-competitive antagonist 

(Breitinger et al., 2001; Eisensamer et al., 2003; Ni and Miledi, 1997; Peng et al., 2014). These 

direct receptor interactions could explain the effects on keratinocyte proliferation even in the 

absence of high extracellular serotonin. 
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Importantly, although these effects are not mediated by serotonin itself, they still fall within the 

scope of serotonin receptor signalling. Thus, fluoxetine may modulate skin physiology through 

receptor-specific signalling events, even in the absence of classical serotonergic activation. 

 

In this light, the inhibition of the effects of fluoxetine by ketanserin supports the importance of 

5-HT2 receptor engagement but does not necessarily confirm serotonin-mediated signalling. 

Further studies are required to determine whether the action of fluoxetine is dependent on 

endogenous serotonin levels or arises from direct modulation of serotonin receptors in 

keratinocytes. 

 

3.5 Conclusion 

In this chapter, I have demonstrated that fluoxetine, a widely prescribed SSRI that is frequently 

detected in freshwater systems, significantly enhances scratch closure in keratinocyte models 

through a dose-dependent mechanism. This effect is primarily driven by increased cell 

proliferation, as confirmed by the Mitomycin C and EdU assays. My findings suggest that the 

impact of fluoxetine on scratch closure is mediated through the activation of serotonin 

receptors, particularly 5-HT2A and 5-HT2C, which regulate key processes in cell proliferation 

and tissue repair. The use of ketanserin, a 5-HT2 receptor antagonist, further confirmed the 

essential role of 5-HT2 receptors in mediating these effects. 

RNAseq revealed the expression of 5-HT receptors from all seven receptor families (HTR1 to 

HTR7) in HaCaT cells, with notable expression of HTR2A and HTR2C, providing molecular 

evidence for the mechanism of action of fluoxetine. These results emphasise that serotonin 

signalling, particularly through 5-HT2 receptors, plays a central role in skin physiology and 

wound healing. However, serotonin itself was not supplemented in the culture system, and its 

concentration was not measured. While keratinocytes can synthesise serotonin and FBS may 

contain trace levels, the precise contribution of endogenous serotonin to receptor activation 

remains uncertain. Given this, it is plausible that fluoxetine acts directly on serotonin receptors 

to promote downstream signalling, independent of serotonin availability. Fluoxetine is known 

to act as an agonist or antagonist at several 5-HT receptor subtypes, including 5-HT2B, 5-

HT2C, and 5-HT3, which could account for the observed cellular effects. This still falls within 

the scope of serotonin receptor signalling, but not classical serotonin-mediated signalling, and 

highlights the need for further mechanistic dissection. 
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Furthermore, the effects of sertraline, another SSRI, mirrored those of fluoxetine, suggesting 

that these wound-healing properties may be a broader characteristic of SSRIs. These findings 

expand the understanding of the biological effects of SSRIs beyond their psychiatric 

applications, indicating potential therapeutic uses for skin repair and regeneration. 

These findings have important implications, particularly in the context of the environmental 

presence of SSRIs. Fluoxetine has been detected in surface waters at concentrations ranging 

from low ng/l to several hundred ng/l, depending on location and treatment efficacy 

(Lajeunesse et al., 2012; Schultz et al., 2010). The concentrations used in this chapter include 

levels that bracket environmentally relevant exposures, with 540 ng/l falling well within the 

upper range found in contaminated effluents. Although accelerated wound healing may not 

inherently pose a health risk, the ability of SSRIs to modulate cellular processes such as 

proliferation raises broader ecotoxicological questions, particularly regarding chronic, low-

level exposure through environmental vectors. Populations such as wild swimmers, rowers, 

and children who regularly use lakes and rivers may be more directly exposed to SSRIs like 

fluoxetine. In parallel, increasing water scarcity due to climate change may lead to higher 

concentrations of pharmaceuticals in drinking water supplies. Additionally, occupational 

exposure in wastewater-related jobs may represent another under-recognised risk. Whether 

through indirect serotonin-mediated pathways or direct receptor engagement, SSRIs have the 

potential to disrupt skin physiology under environmentally relevant exposure scenarios. 

 

In conclusion, this chapter provides new insights into the role of SSRIs in scratch closure, 

revealing the complex interplay between serotonin receptor signalling and keratinocyte 

function. Although the presence of serotonin in the culture system remains uncertain, the 

consistent expression of serotonin receptors and the effects of fluoxetine and ketanserin 

together suggest a receptor-driven mechanism. These results not only enhance the 

understanding of the broader biological effects of SSRIs but also underscore the need for 

further research into their environmental and health impacts. 
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Chapter 4: Transcriptomic insights into fluoxetine-induced wound 

healing in keratinocytes 

 

4.1 Introduction 

In the previous chapter, I determined that exposure to environmentally relevant concentrations 

of fluoxetine promoted scratch closure in HaCaT cells, primarily through activation of 

serotonin signalling and increased keratinocyte proliferation. These findings align with existing 

literature (Yoon et al., 2021), which demonstrated that fluoxetine accelerates re-

epithelialization in chronic wounds by influencing both inflammatory and proliferative 

pathways. The molecular mechanisms behind these, particularly at low environmentally 

relevant fluoxetine concentrations, are however less well understood.  

 

The main mode of action of fluoxetine as an SSRIs involves the inhibition of serotonin 

reuptake, leading to elevated levels of extracellular serotonin. Downstream pathways that 

regulate cellular proliferation, tissue repair and inflammation control are activated due to the 

increase in serotonin levels (Nordlind et al., 2008; Sahu et al., 2018). While the connection 

between serotonin and keratinocyte activity has begun to be reported (Nguyen et al., 2019), the 

precise transcriptomic changes that occur in keratinocytes exposed to fluoxetine, particularly 

at lower, environmentally relevant concentrations, remain largely unexplored. 

 

To address this knowledge gap, this chapter uses RNAseq to determine the transcriptional 

modifications caused by fluoxetine in keratinocytes. By analysing the gene expression changes 

and pathway enrichment I aim to identify the main genes and pathways involved in the 

fluoxetine-induced proliferation and wound healing processes. These insights will offer a 

deeper understanding of the mechanisms by which fluoxetine influences skin regeneration and 

its broader environmental implications. 
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4.2 Aims & Objectives 

The aim of this chapter is to investigate the molecular mechanisms underlying fluoxetine-

induced wound healing in keratinocytes through transcriptomic analysis. Specifically, RNA 

sequencing was employed to identify differentially expressed genes (DEGs) that are involved 

in the process of cell proliferation and wound healing in response to fluoxetine exposure. 

 

The objectives of this chapter are: 

 

1) To characterise the transcriptomic response of keratinocytes exposed to 

environmentally relevant concentrations of fluoxetine, by identifying differentially 

expressed genes through RNA sequencing analysis. 

 

2) To analyse the biological pathways modulated by fluoxetine in keratinocytes, by 

performing Gene Ontology (GO) and KEGG pathway enrichment analyses. 

 

 

3) To investigate the molecular interactions influencing fluoxetine-induced 

keratinocyte proliferation, through protein-protein interaction (PPI) network analysis. 
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4.3 Results 

4.3.1 RNA sequencing overview 

To assess the transcriptomic changes in keratinocytes exposed to fluoxetine, RNAseq was 

performed on HaCaT cells. The concentration of fluoxetine used was environmentally relevant 

(540 ng/l) and exposure time was 36 hours. High-throughput sequencing generated a robust 

dataset, with an average of 51,076,758 reads per sample, and the average clean read count was 

50,048,716 per sample. Quality control checks ensured high confidence in the data, with more 

than 95.39% of the reads aligning to the reference genome, with 96.36% mapping to exonic 

regions, 2.39% to intronic regions, and 1.25% to intergenic regions. The high proportion of 

exonic reads highlights the quality of the data. This is further demonstrated by the sector 

diagram (Figure 4.1), showing the distribution of reads across exonic, intronic, and intergenic 

regions. 

 

Figure 4.1: Sequencing reads in the genomic region. The pie chart displays the distribution 

of RNAseq reads across exonic, intronic, and intergenic regions in the HaCaT cell line. 

 

The RNAseq data revealed some gene expression changes in response to fluoxetine exposure, 

identifying a total of 350 differentially expressed genes, comprising both upregulated and 

downregulated genes. This comprehensive dataset provided the foundation for further analysis 

to explore the biological pathways affected by fluoxetine and how these transcriptomic 

alterations relate to wound healing. 
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Serotonin receptors were among the key transcripts identified, reflecting the expected role of 

serotonin signalling in keratinocytes. As noted in Chapter 3, Table 3.1, 5-HT receptors, 

including 5-HTR2q and 5-HTR2c, were expressed in HaCaT cells, providing further evidence 

of the involvement of serotonin signalling in the molecular pathways activated by fluoxetine. 

These results are consistent with the idea that fluoxetine mediates its effects on wound healing 

by modulating serotonin receptor activity, subsequently affecting downstream signalling 

pathways involved in cellular proliferation and tissue repair. 

 

This section sets the stage for a detailed examination of differentially expressed genes, pathway 

enrichment, and protein-protein interactions in subsequent sections of the results. 

 

4.3.2: Differential gene expression and pathway enrichment analysis after fluoxetine exposure 

RNAseq identified a total of 350 DEGs in HaCaT exposed to fluoxetine. Of these, exactly 100 

genes were upregulated while 250 genes were downregulated. The volcano plot in Figure 4.2 

is the visual representation of the magnitude and significance of the DEGs. The red dots 

represent genes that are significantly upregulated, while the green dots indicate genes that are 

significantly downregulated. Genes with non-significant changes are depicted in blue, 

providing a clear distinction between those that were highly affected by fluoxetine and those 

that were not. The volcano plot demonstrates a strong segregation between upregulated and 

downregulated genes, reflecting the distinct transcriptional response to fluoxetine exposure. 

Figure 4.3 is a heatmap that further illustrate the global transcriptional changes induced by 

fluoxetine. The red regions on the heatmap represent genes that were upregulated, while the 

blue regions depict downregulated genes. The heatmap visually highlights the overall gene 

expression patterns in response to fluoxetine exposure, demonstrating clear clustering of 

upregulated and downregulated genes. This figure underscores the transcriptional impact of 

fluoxetine treatment on keratinocytes, setting the stage for further analysis of the affected 

biological pathways. 
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Figure 4.2: Volcano plot of differentially expressed genes (DEGs) in HaCaT cells 

keratinocytes exposed to fluoxetine (540 ng/l) for 36 hours. The plot visualises the 

significance and magnitude of gene expression changes. Red dots represent significantly 

upregulated genes, green dots indicate significantly downregulated genes, and blue dots 

represent genes with non-significant changes. The x-axis displays the log2 fold change, 

indicating the magnitude of expression changes, while the y-axis shows the -log10(p-value), 

representing the statistical significance of these changes. 

 

 

Figure 4.3: Heatmap of differentially expressed genes (DEGs) in HaCaT keratinocytes 

exposed to 540 ng/l fluoxetine for 36 hours. The heatmap visualises the global transcriptional 

response to fluoxetine treatment, with red regions indicating significantly upregulated genes 

and blue regions representing significantly downregulated genes. The clustering in the heatmap 

highlights the distinct molecular responses in keratinocytes exposed to fluoxetine.  
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To understand the biological significance of the identified DEGs, Gene Ontology (GO) analysis 

was performed. Figure 4.4 illustrates the top enriched GO terms for upregulated and 

downregulated gene. In Figure 4.4 panel A the key GO terms for downregulated genes are 

presented, including NADH dehydrogenase activity, ATP metabolic process, and mitochondrial 

membrane part. The downregulated genes were significantly enriched in GO terms related to 

mitochondrial function, oxidative phosphorylation and energy metabolism.  

For the upregulated genes (Figure 4.4 panel B), GO analysis identified top enriched GO terms 

such as growth factor beta receptor binding, scaffold protein binding, and co-receptor binding. 

Upregulated genes were significantly enriched in GO terms linked to tissue morphogenesis, 

cell proliferation and cell cycle progression. 

  

Together, these GO analyses highlight the dual impact of fluoxetine: promoting cell 

proliferation through upregulated signalling pathways and downregulating mitochondrial 

processes that modulate energy metabolism. These findings suggest that fluoxetine may shift 

the energy balance in keratinocytes towards increased proliferation while modulating energy 

production. 

 

 

Figure 4.4: Gene Ontology (GO) analysis of differentially expressed genes (DEGs) in 

HaCaT cells after 36 hours of fluoxetine exposure. The dot plot visualises the most 

significantly enriched GO terms for both upregulated and downregulated genes. (A) GO terms 

enriched in downregulated genes. (B): GO terms enriched in upregulated genes. The dot size 

represents the number of genes associated with each GO term, while the colour scale indicates 

the statistical significance (with red representing the most significant terms). The gene ratio 

reflects the proportion of DEGs involved in each biological process. 
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Following the GO analysis, KEGG pathway enrichment analysis was conducted to further 

explore the specific biological pathways modulated by fluoxetine in HaCaT cells. The results 

of this analysis reveal distinct pathways enriched for both downregulated and upregulated 

genes, providing deeper insight into the molecular processes affected by fluoxetine exposure. 

 

The top downregulated pathways are presented in Figure 4.5 panel A. Some of the top 

downregulated pathways include oxidative phosphorylation, thermogenesis, and chemical 

carcinogenesis – reactive oxygen species. Oxidative phosphorylation, one of the most 

significantly enriched pathways, involves a series of mitochondrial processes critical for ATP 

production, the downregulation of this pathway, as shown by the large dot size and intense red 

colouring, suggests that fluoxetine may have a suppressive effect on mitochondrial energy 

production. Other energy-related pathways such as thermogenesis and ROS production are also 

significantly downregulated, further indicating a reduction in mitochondrial activity and the 

potential modulation of oxidative stress levels in fluoxetine-exposed cells. Each dot represents 

the number of genes involved in the pathway, with the colour intensity reflecting the adjusted 

p-values, showing a strong statistical significance for these findings. The distribution of gene 

ratios for these pathways suggests that a considerable proportion of downregulated genes are 

involved in energy metabolism, mitochondrial function, and stress responses, reflecting a 

substantial impact of fluoxetine on these processes. 

 

The pathways presented in Figure 4.5 panel B exhibit upregulation trends, although none 

reached statistical significance, as indicated by the adjusted p-value (padj) of 0.5. These 

upregulated pathways include those involved in cell cycle regulation, ECM-receptor 

interaction, and signalling pathways regulating pluripotency of stem cells. While these 

upregulated pathways suggest a potential role for fluoxetine in cellular proliferation and wound 

healing processes in keratinocytes, further investigation is needed to confirm these effects. For 

instance, pathways such as Basal cell carcinoma and Arginine biosynthesis showed enrichment, 

which might reflect the role of fluoxetine in enhancing cellular growth and metabolic activity. 

The ECM-receptor interaction pathway, involved in cell adhesion and communication, also 

suggests that fluoxetine could affect keratinocyte migration and adhesion, both of which are 

essential for effective wound healing. Overall, while these trends point to the potential impact 

of fluoxetine on processes related to wound healing, such as cell proliferation and tissue 

morphogenesis, further validation is required to determine their significance. 
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The size of the dots across both panels represents the number of genes involved in each 

pathway, while the colour scale indicates the statistical significance, with more intense red hues 

representing higher significance levels (adjusted p-values). This visual representation 

highlights the most prominent biological processes modulated by fluoxetine, with panel A 

underscoring the downregulation of mitochondrial and energy-related pathways, and panel B 

suggesting the upregulation of pathways critical for cell cycle progression, protein synthesis, 

and cell adhesion. 

 

In summary, the KEGG pathway enrichment analysis confirms the dual impact of fluoxetine 

on HaCaT cells, with significant downregulation of mitochondrial processes and oxidative 

phosphorylation pathways, alongside upregulation of pathways that drive cellular proliferation, 

protein synthesis, and tissue regeneration. 

 

 

Figure 4.5: KEGG pathway enrichment analysis of downregulated and upregulated genes 

after 36-hour fluoxetine exposure. The dot plot visualises the most significantly enriched 

KEGG pathways for both upregulated and downregulated genes. (A): KEGG pathways 

enriched in downregulated genes. (B): KEGG pathways enriched in upregulated genes. The 

dot size represents the number of genes associated with each pathway, while the colour scale 

indicates the statistical significance (with red representing the most significant pathways). The 

gene ratio reflects the proportion of DEGs involved in each pathway. 
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4.3.3 Protein-protein interaction networks 

To further explore the functional relationships between the differentially expressed genes 

identified after fluoxetine exposure, a protein-protein interaction network was generated using 

the STRING database. This analysis provides insights into how proteins encoded by these 

DEGs may interact and cooperate in biological processes. The PPI network (Figure 4.6) 

included 58 out of the 350 DEGs with high-confidence interactions (interaction score > 0.9), 

illustrating the complex interaction landscape among fluoxetine-modulated proteins. A total of 

132 edges were identified, significantly more than the 71 edges expected by chance (PPI 

enrichment p-value = 6.69E-11), indicating strong functional associations between these 

DEGs. 

 

The PPI network revealed two major clusters of interacting proteins. The first major cluster 

consists of proteins related to mitochondrial function and energy metabolism, including 

multiple subunits of the oxidative phosphorylation machinery (Figure 4.6). Notably, proteins 

such as NDUFB10, NDUFA2, COX5B, COX6C, and ATP5PO, all involved in oxidative 

phosphorylation, formed tight interactions. This is consistent with the KEGG pathway analysis 

results that showed downregulation of oxidative phosphorylation and mitochondrial ATP 

synthesis pathways. These proteins are critical components of the electron transport chain, 

where their downregulation suggests a significant reduction in mitochondrial energy 

production.  

 

The second major cluster of the PPI network was composed of proteins involved in ribosomal 

function and protein synthesis (Figure 4.6). Proteins such as RPL39, RPL35, RPS9, and 

MRPL11 were highly interconnected, forming a dense network linked to ribosome biogenesis 

and translation. This cluster aligns with the upregulation of pathways associated with protein 

biosynthesis and cell cycle progression observed in the KEGG pathway enrichment analysis. 

The upregulation of ribosomal proteins reflects the increased protein synthesis requirements 

during cell proliferation and tissue regeneration in response to fluoxetine treatment. The 

enrichment of ribosomal function is, thus, likely to support the keratinocyte proliferation 

observed in the wound healing process. 

 

A smaller cluster of interacting proteins included POLR2J, which is involved in RNA 

polymerase II-mediated transcription, along with RBX1, ANAPC10, UBE2S, H4C6, and 
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ANAPC11. These proteins are part of the ubiquitin-proteasome system and the anaphase-

promoting complex (APC/C). The APC/C regulates cell cycle progression by tagging specific 

proteins with ubiquitin, marking them for degradation by the proteasome. For example, the 

APC/C targets cyclins, whose degradation helps reset the cell’s regulatory machinery, enabling 

the cell to exit mitosis and enter the G1 phase. Although not directly involved in the ubiquitin-

proteasome system, the APC/C plays a crucial role in protein turnover during cell division 

(Chowdhury and Enenkel, 2015; Fhu and Ali, 2021; Wang et al., 2017). The interactions 

observed in this cluster suggest that fluoxetine exposure may influence cell cycle control and 

protein turnover, potentially contributing to the observed increase in keratinocyte proliferation 

  

In summary, the PPI network analysis highlights the effects of fluoxetine on mitochondrial 

activity, protein synthesis, and cell cycle regulation. The downregulation of mitochondrial 

proteins involved in oxidative phosphorylation reflects changes in energy metabolism, while 

the upregulation of ribosomal proteins points to an increase in protein synthesis. Additionally, 

proteins such as RBX1, ANAPC10, UBE2S, H4C6, and ANAPC11, interacting with POLR2J, 

suggest involvement in the ubiquitin-proteasome system and protein degradation pathways. 

These interactions indicate the role of fluoxetine in modulating processes linked to cell cycle 

regulation and protein turnover, supporting the observed transcriptional changes. 
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Figure 4.6: STRING analysis of all differentially expressed genes (DEGs) identified after 

36-hour fluoxetine (540 ng/l) exposure in HaCaT keratinocytes. Only the highest confidence 

interactions (interaction score > 0.9) are displayed, showing connections between 58 of the 

350 DEGs. A total of 132 edges are present in the network, compared to the 71 expected, 

indicating significant protein-protein interactions (p-value = 6.69E-11). 

 

 

4.3.4 Time-dependent gene expression changes 

To gain insights into the early transcriptional changes induced by fluoxetine, gene expression 

was analysed at a 6-hour time point in addition to the 36-hour exposure. The 6-hour time point 

was specifically chosen to explore whether early molecular responses precede the cell 

proliferation observed at 36 hours. RNAseq was performed on HaCaT cells exposed to 540 

ng/l of fluoxetine, revealing distinct patterns of differentially expressed genes (DEGs) at both 

time points. 

 

At 6 hours, a total of 165 DEGs were identified, with 76 genes upregulated and 89 genes 

downregulated. Figure 4.7 is a volcano plot that highlights the statistical significance and 
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magnitude of these changes, with upregulated genes shown in red and downregulated genes in 

green.  

 

Figure 4.8 presents a heatmap illustrating the gene expression changes at the 6-hour time point 

following fluoxetine exposure. In this heatmap, red regions correspond to upregulated genes, 

while blue regions represent downregulated genes. The visual clustering in the heatmap 

highlights the distinct transcriptional profiles induced by fluoxetine, with clear differentiation 

between upregulated and downregulated gene sets. The heatmap provides an overview of the 

global transcriptional shifts, setting the foundation for further exploration of the specific 

biological pathways involved through Gene Ontology (GO) analysis. 

 

Gene Ontology (GO) enrichment analysis for the downregulated genes (Figure 4.9 panel A) 

suggested enrichment in processes related to oxidative stress and mitochondrial function, 

including glutathione transferase activity, phospholipase inhibitor activity, and mitochondrial 

proton-transporting ATP synthase complex. This suggests that fluoxetine impacts 

mitochondrial activity and stress response pathways early in the exposure. Other enriched terms 

included transferase activity, lipase inhibitor activity, and anaphase-promoting complex, 

reflecting changes in cellular metabolic processes and possibly cell cycle regulation at the 6-

hour mark. For the upregulated genes (Figure 4.9 panel B), the GO enrichment analysis 

suggested potential involvement of pathways such as potassium ion channel activity, 

filamentous actin, vascular endothelial growth factor receptor signalling, and guanylate cyclase 

activity (which are linked to early cellular signalling and cytoskeletal organisation), although 

these did not show strong statistical support. However, adenylate cyclase binding was 

significantly enriched, suggesting that cAMP-mediated signalling, which regulates key 

processes like cell proliferation, migration, and tissue repair, may play a central role in 

fluoxetine’s influence on early cellular responses and cytoskeletal organisation. 

 

Comparing the transcriptional changes at 6 hours with those observed at 36 hours, the early 

responses primarily target mitochondrial function and stress pathways, while later 

transcriptional changes suggest a shift towards processes involved in cellular proliferation and 

tissue regeneration, though this was not strongly supported by statistically significant 

upregulation. This time-dependent shift from early metabolic and stress adaptations to potential 

proliferation-related processes highlights the evolving impact of fluoxetine on keratinocytes, 

where early responses may prime the cells for later regenerative processes. 



108 

 

 

Figure 4.7: Volcano plot showing differentially expressed genes (DEGs) in HaCaT cells 

after 6 hours of exposure to 540 ng/l fluoxetine. The x-axis represents the log2 fold change in 

gene expression, and the y-axis displays the -log10(p-value), indicating the statistical 

significance of the changes. Red dots represent significantly upregulated genes, while green 

dots indicate significantly downregulated genes. blue dots correspond to genes with non-

significant expression changes. 

 

 
 Figure 4.8: Heatmap of differentially expressed genes (DEGs) in HaCaT keratinocytes 

exposed to 540 ng/l fluoxetine for 6 hours. The heatmap visualises the global transcriptional 

response to fluoxetine treatment, with red regions indicating significantly upregulated genes 

and blue regions representing significantly downregulated genes. The clustering in the heatmap 

highlights the distinct molecular responses in keratinocytes exposed to fluoxetine.  
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Figure 4.9: Gene Ontology (GO) enrichment analysis of differentially expressed genes 

(DEGs) in HaCaT cells after 6 hours of fluoxetine exposure. The dot plot visualises the most 

significantly enriched GO terms for both upregulated and downregulated genes. (A) GO terms 

enriched in downregulated genes. (B): GO terms enriched in upregulated genes. The dot size 

represents the number of genes associated with each GO term, while the colour scale indicates 

the statistical significance (with red representing the most significant terms). The gene ratio 

reflects the proportion of DEGs involved in each biological process. 

 

 

4.4 Discussion 

This chapter aimed to investigate the molecular mechanisms by which fluoxetine enhances 

wound healing in keratinocytes at environmentally relevant concentrations. Using 

transcriptomic analysis, I identified key differentially expressed genes and pathways that are 

involved in cellular proliferation, energy metabolism, and wound healing following fluoxetine 

exposure. The results suggests that fluoxetine may influence keratinocyte proliferation, through 

pathways that modulate cellular signalling and mitochondrial function, as well as protein 

turnover, although no direct associations with serotonin signalling were observed in the GO 

terms. 

This discussion will explore the specific underlying molecular mechanisms involved in 

fluoxetine-mediated wound healing and examine the implications of these findings for potential 

therapeutic applications and environmental risks. 
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4.4.1 Fluoxetine promotes keratinocyte proliferation and wound healing through serotonin 

signalling 

The results from this chapter suggest that fluoxetine promotes keratinocyte proliferation and 

wound healing through the modulation of pathways related to cell cycle regulation, energy 

metabolism, and protein synthesis. RNAseq analysis highlighted significant changes in the 

expression of genes involved in these key processes, supporting the conclusion that fluoxetine 

enhances cellular proliferation and wound healing by influencing multiple biological pathways 

critical for wound healing. 

 

RNAseq analysis also detected the presence of several serotonin receptors in HaCaT cells, 

including 5-HTR2a and 5-HTR2c, which are known to regulate cell proliferation and tissue 

repair (Nordlind et al., 2008). While the expression of these receptors was not significantly 

upregulated in my datataset, their presence suggests that fluoxetine could potentially influence 

keratinocyte proliferation through serotonin receptor-mediated signalling. This is consistent 

with findings from Chapter 3, where fluoxetine enhanced scratch closure in a dose-dependent 

manner. Previous studies have shown that serotonin modulates key wound healing processes, 

including inflammation and cell migration (Kim et al., 2018; Sahu et al., 2018; Welsh et al., 

2004). Although my findings do not conclusively demonstrate serotonin receptor-mediated 

signalling as a primary mechanism, they align with the study by Nguyen et al. (2019),  which 

suggests that fluoxetine improves wound healing through pathways involving serotonin 

receptors in other models, such as diabetic mouse models. 

 

Gene Ontology analysis further supports the observation that fluoxetine influences pathways 

related to cell cycle regulation, tissue morphogenesis, and cell proliferation among the 

upregulated genes. This suggests that fluoxetine shifts the balance in keratinocytes towards 

increased cellular proliferation and tissue regeneration, corroborating the phenotypic outcomes 

of enhanced scratch closure observed in Chapter 3. The increased expression of ribosomal 

proteins such as RPL39 and RPS9 also points towards enhanced protein synthesis, further 

supporting the proliferative effect of fluoxetine. These results are consistent with previous 

studies showing the ability of fluoxetine to promote proliferation in various cell types, such as 

brain cells and fibroblasts (Imoto et al., 2015; C. C. Wang et al., 2014).  
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4.4.2 Modulation of energy metabolism by fluoxetine 

Fluoxetine exposure also led to significant downregulation of pathways involved in 

mitochondrial function and oxidative phosphorylation, as identified through both GO and 

KEGG pathway analyses. The observed reduction in mitochondrial activity, particularly 

downregulation of components of the electron transport chain (NDUFB10, NDUFA2, COX5B, 

and COX6C), suggests that fluoxetine induces a metabolic shift in keratinocytes. This shift 

could be analogous to the Warburg effect, where cells reduce oxidative phosphorylation in 

favour of glycolysis to support rapid proliferation (Arciuch et al., 2012; Chandel, 2021). 

Although my study did not directly measure glycolytic activity (which could be assessed 

through the Seahorse glycolytic assay, which measures the extracellular acidification rate 

(ECAR) as an indicator of glycolysis as part of future work), the transcriptomic data suggest 

that fluoxetine may promote a similar metabolic reprogramming in keratinocytes, which could 

be necessary for increased cell proliferation. This is consistent with research demonstrating that 

fluoxetine promotes glycolysis in various cellular contexts, including in neuronal cells (Pan et 

al., 2022).  This metabolic modulation is critical in the context of wound healing, where rapid 

tissue regeneration requires not only increased cellular proliferation but also substantial 

alterations in energy metabolism to support the biosynthetic demands of new tissue formation. 

The downregulation of mitochondrial pathways suggests that fluoxetine might reduce energy 

production through oxidative phosphorylation while enhancing processes that support 

biosynthesis and growth. This is supported by the upregulation of cell cycle-related pathways 

and proteins involved in ribosomal biogenesis, pointing to a cellular environment primed for 

rapid proliferation. Similar effects of fluoxetine on enhancing growth and cellular proliferation 

through metabolic reprogramming have been observed in other studies, such as those involving 

brain and cancer cells (Ballou et al., 2018; Imoto et al., 2015). 

 

4.4.3 Protein interactions and the role of the ubiquitin-proteasome system 

The protein-protein interaction network analysis highlighted two major clusters of interacting 

proteins. One cluster was composed of ribosomal proteins, which are essential for protein 

synthesis, further corroborating the enhanced cellular proliferation observed in fluoxetine-

treated keratinocytes. The second cluster involved proteins linked to the ubiquitin-proteasome 

system (UPS), such as RBX1, ANAPC10, and UBE2S, which are crucial in regulating the cell 

cycle through targeted protein degradation. The UPS functions by tagging damaged or not 

needed proteins with ubiquitin, marking them for degradation by the proteasome. This 
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regulated degradation is vital for maintaining protein homeostasis, especially during cell 

division, as it removes cyclins and other key regulatory proteins to ensure timely cell cycle 

progression (Chowdhury and Enenkel, 2015; Fhu and Ali, 2021). Specifically, the anaphase-

promoting complex/cyclosome (APC/C) targets proteins like cyclin B for degradation, 

allowing the cell to transition from mitosis to the G1 phase, a process essential for proper cell 

cycle progression and the proliferative effect observed in fluoxetine-treated keratinocytes (Fhu 

and Ali, 2021). The role of the UPS in cell proliferation is well-supported, as evidenced by 

UBE2C’s involvement in regulating cell cycle progression through its interaction with APC/C 

and its role in tumorigenesis across various cancers, including gastric adenocarcinoma (Wang 

et al., 2017).  

 

In addition to these protein degradation mechanisms (Chowdhury and Enenkel, 2015; Fhu and 

Ali, 2021), the influence of fluoxetine extends to transcriptional activity. The upregulation of 

POLR2J, a component of RNA polymerase II, alongside UPS-related proteins, suggests that 

fluoxetine affects both transcriptional activity and protein degradation pathways. These 

processes are tightly regulated during cell cycle progression, especially in the context of wound 

healing, where rapid cellular turnover and regeneration are required. These findings provide 

mechanistic insight into how fluoxetine influences keratinocyte proliferation at the molecular 

level and extend previous research on the effects of fluoxetine on different cell types ((Ballou 

et al., 2018; Brandes et al., 1992; Sousa-Ferreira et al., 2014). 

 

4.4.4 Time-dependent effects of fluoxetine 

My time-dependent analysis of fluoxetine exposure provided valuable insights into the early 

and late transcriptional responses in keratinocytes. This aligns with findings from a previous 

study (Correia et al., 2023), which reported the impact of fluoxetine on oxidative stress 

pathways in other biological systems, showing similar gene expression changes related to 

oxidative stress and mitochondrial function. At 6 hours, the downregulation of mitochondrial 

function and oxidative stress-related genes was already apparent, suggesting that fluoxetine 

induces an early metabolic shift in keratinocytes. This was accompanied by the upregulation 

of genes involved in cytoskeletal organisation, potassium ion channel activity, and signalling 

pathways related to vascular endothelial growth factor, pointing to an early response that likely 

primes cells for proliferation and migration. 
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By 36 hours, the effects of fluoxetine on keratinocyte proliferation were much more 

pronounced, as indicated by the significant upregulation of genes involved in cell cycle 

regulation and tissue morphogenesis. The increased expression of ribosomal and cell cycle-

related genes at this later time point suggests that fluoxetine drives sustained cellular 

proliferation and tissue regeneration. These findings are consistent with other studies that have 

demonstrated the proliferative effects of fluoxetine in brain cells (Imoto et al., 2015) and breast 

cancer cells (Ballou et al., 2018), highlighting the broad influence of fluoxetine on cell 

proliferation. 

 

This time-dependent analysis underscores the dynamic nature of the effects of fluoxetine on 

keratinocytes, where early metabolic and signalling changes pave the way for later proliferative 

responses. The early transcriptional changes at 6 hours likely prime keratinocytes for the 

enhanced cellular proliferation observed at the later time point, supporting the conclusion that 

fluoxetine has both immediate and sustained effects on wound healing processes. 

 

4.4.5 Implications for fluoxetine as a wound healing therapy 

The findings from this chapter have significant implications for understanding how low-dose 

fluoxetine exposure affects skin physiology, particularly in the context of environmental 

contamination. This is especially relevant given that fluoxetine, like other SSRIs, is frequently 

detected in surface waters and wastewater effluents, where human exposure may occur through 

recreational contact or water reuse. The ability of fluoxetine to enhance keratinocyte 

proliferation at low, sub-therapeutic concentrations, including levels that bracket those reported 

in environmental settings, suggests that such compounds may have unanticipated effects on 

skin homeostasis and tissue repair.  

Previous studies have shown that fluoxetine enhances wound healing in various models, 

including diabetic mice and human keratinocytes (Nguyen et al., 2019; Yoon et al., 2021), but 

my study provides new insights into the molecular mechanisms underpinning these effects, 

likely through the modulation of several pathways involved in cellular proliferation and tissue 

regeneration, rather than being exclusively mediated through serotonin signalling and energy 

metabolism modulation. 

 

These findings suggest that fluoxetine enhances wound healing, likely through its modulation 

of several pathways involved in cellular proliferation and tissue regeneration, rather than being 
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exclusively mediated through serotonin signalling. Crucially, this observation originates from 

a toxicological perspective, by examining environmentally relevant concentrations of 

fluoxetine, this work helps uncover how SSRIs, even at low doses, can modulate non-neuronal 

systems such as the skin. These data not only raise awareness of the potential risks of long-

term, low-level pharmaceutical exposure but also uncover molecular pathways that could, in a 

different context, be harnessed therapeutically. Thus, while this is not a therapeutic proposal, it 

demonstrates how environmental pharmacology can reveal new biological interactions with 

translational relevance. Although the concentration used in this chapter (540 ng/l) is higher 

than typical surface water levels, it aligns with concentrations reported in contaminated 

wastewater effluents and pharmaceutical discharge zones (Salgado et al., 2011; Shraim et al., 

2017). This dose allows for the assessment of potential cellular and molecular effects under 

conditions that may reflect high-exposure scenarios or environmental hotspots, as well as 

potential future conditions, including increased pharmaceutical load due to water reuse, 

climate-related scarcity, or poor infrastructure. Moreover, these findings highlight the 

relevance of chronic low-level exposure for specific subpopulations, including wild swimmers, 

children, athletes in open water, or workers frequently in contact with effluent-impacted 

environments. In such groups, repeated dermal or incidental ingestion exposure may be more 

significant than in the general population. 

 

However, the potential risks of chronic exposure to fluoxetine, particularly in the context of 

environmental contamination, should not be overlooked. The observed downregulation of 

mitochondrial pathways and possible induction of a Warburg-like metabolic state raise 

concerns about the long-term consequences of fluoxetine exposure, particularly in terms of 

uncontrolled cell proliferation, which is a hallmark of cancer (Hanahan and Weinberg, 2011).  

Further research, such as long-term in vitro and in vivo studies, would be necessary to determine 

whether chronic exposure to fluoxetine induces oncogenic transformation. In vitro studies 

using immortalised keratinocyte cell lines could assess changes in cell morphology, 

proliferation rates, and the expression of key oncogenic markers following prolonged 

fluoxetine exposure. In vivo studies using animal models, such as genetically modified mice 

prone to tumorigenesis, could help elucidate the potential tumorigenic effects of fluoxetine at 

environmentally relevant concentrations (Sahu et al., 2021). Additionally, proteomic and 

metabolomic profiling could provide further insight into the metabolic shifts and signalling 

pathways involved in fluoxetine-induced proliferation (Fang et al., 2022; Önal et al., 2023; 

Shao et al., 2022; Zhao et al., 2018). 
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4.5 Conclusion 

This chapter explored the molecular mechanisms by which fluoxetine promotes wound healing 

in keratinocytes at environmentally relevant concentrations. Using RNAseq and pathway 

analysis, I identified that fluoxetine enhances keratinocyte proliferation primarily through 

serotonin signalling, with key upregulation of genes involved in cell cycle regulation and 

protein synthesis. The modulation of energy metabolism, particularly the downregulation of 

mitochondrial function and oxidative phosphorylation, suggests that fluoxetine induces a 

Warburg-like metabolic shift, facilitating rapid cell proliferation. 

 

Protein-protein interaction analysis further highlighted the role of the ubiquitin-proteasome 

system and ribosomal biogenesis in fluoxetine-driven cell cycle regulation and protein 

turnover. Time-dependent transcriptional changes showed that fluoxetine triggers early 

metabolic shifts and cytoskeletal rearrangement, followed by sustained cellular proliferation 

and tissue regeneration at later time points. 

 

The results from this chapter provide strong evidence that fluoxetine, even at low 

concentrations, enhances wound healing by modulating key molecular pathways. However, the 

potential risks associated with chronic environmental exposure to fluoxetine, including the 

possibility of uncontrolled cell proliferation, warrant further investigation. 
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Chapter 5: Phosphoproteomics insights into the effect of fluoxetine 

on kinase activity in wound healing. 

 

5.1 Introduction 

The findings from the previous chapters underscore the significant impact of fluoxetine on 

wound healing in keratinocytes, particularly its ability to modulate gene expression related to 

cellular proliferation and mitochondrial function. However, while transcriptomic data provided 

valuable insights into the early transcriptional changes, further investigation into the post-

translational modifications is necessary to fully understand the molecular pathways activated 

during fluoxetine-induced wound healing. 

 

Proteome profiler arrays were chosen as the first approach to explore the specific proteins and 

pathways affected by fluoxetine at a broader level, with a focus on key proteins involved in 

wound healing, proliferation, and cell migration. This method provides a semi-quantitative 

analysis of multiple proteins simultaneously, offering a snapshot of the key signalling 

molecules modulated by fluoxetine exposure. Studies have demonstrated that kinase 

phosphorylation assays, like the proteome arrays used here, are particularly effective in 

uncovering the broader impact of drug treatments on signalling pathways, including those 

involved in cellular stress responses and metabolism (Zheng et al., 2009). 

 

Following the results from the proteome profiling, phosphoproteomics was employed to 

investigate the phosphorylation status of key kinases and signalling proteins, as 

phosphorylation plays a critical role in the activation and regulation of various cellular 

pathways. This method allows for the identification of phosphorylation sites on proteins that 

are crucial for cell proliferation, survival, and migration. By examining these post-translational 

modifications, the aim is to gain a deeper understanding of how fluoxetine modulates key 

signalling pathways. Investigating phosphorylation dynamics is essential for comprehending 

the broader effects of fluoxetine on keratinocyte proliferation and wound healing. 

 

A specific focus was placed on the ERK and MAPK pathways, given their established roles in 

5HT signalling, cellular proliferation, differentiation, and wound healing (Shi and Sun, 2020; 

Shishido and Nguyen, 2016). These pathways are critical targets for investigating how 
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fluoxetine affects skin cell regeneration due to their involvement in promoting cell survival and 

growth. Studies have shown that serotonin can promote keratinocyte proliferation and 

migration via the 5-HT2B receptor and ERK pathways, suggesting a potential mechanism by 

which fluoxetine, as a serotonin reuptake inhibitor, could modulate these processes in skin cells 

(Kim et al., 2018). Additionally, studies have shown the involvement of MAPK signalling in 

mediating the role of serotonin in various cell types, including cardiomyocytes, suggesting its 

relevance to skin cells (Nebigil et al., 2003). The phosphorylation status of ERK1/2 and other 

MAPK-related proteins will help elucidate whether fluoxetine promotes keratinocyte 

proliferation through these pathways. 

 

In summary, this chapter integrates proteome profiling and phosphoproteomics to 

comprehensively explore the signalling pathways activated by fluoxetine, with particular 

emphasis on the ERK and MAPK pathways. These analyses aim to reveal the post-translational 

mechanisms driving the proliferative effects observed in previous chapters, offering deeper 

insights into how fluoxetine influences keratinocyte proliferation and wound healing. 

 

5.2 Aims & Objectives 

The aim of this chapter is to investigate how fluoxetine modulates post-translational 

modifications, with a particular focus on phosphorylation events, to understand their influence 

on keratinocyte proliferation, migration, and wound healing. 

 

The objectives of this chapter are as follows: 

 

1) To explore the modulation of the ERK and MAPK pathways, as well as other key 

signalling proteins involved in wound healing, by using proteome and kinase arrays. 

 

2) To validate the effects of fluoxetine on specific proteins, particularly within the 

ERK and MAPK pathways, by using western blot analysis. 

 

3) To assess phosphorylation changes and the modulation of signalling pathways, by 

fluoxetine through comprehensive phosphoproteomics analysis. 
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5.3 Results 

5.3.1 Protein microarrays result after 36-hour exposure to fluoxetine 

To investigate the phosphorylation status of key kinases involved in wound healing, cell 

proliferation, and migration, I employed a protein kinase array. This array allowed us to 

simultaneously monitor the relative phosphorylation levels of 37 kinase sites and two related 

total proteins. Phosphorylation plays a crucial regulatory role in many signalling pathways, and 

this approach provided a comprehensive snapshot of the molecular effects induced by 

fluoxetine at the protein level. 

 

I chose a single fluoxetine concentration of 540 ng/l, reflecting environmentally relevant 

exposure levels, to explore its effects on keratinocytes after 36 hours of treatment. The array 

included key kinases known to play critical roles in cellular stress responses, proliferation, and 

survival pathways, such as ERK1/2, PDGF Rβ, STAT1. 

 

Figure 5.1 shows representative membranes from the protein kinase array. The dots in the 

corners of each membrane are reference spots, which allow us to normalise the pixel density 

of the capture antibody spots across all membranes. These reference spots serve a similar role 

to loading control antibodies used in western blotting. While the raw phosphorylation data are 

shown here, the red and green boxes indicate key findings from the quantitative analysis that 

follows. Specifically, the red boxes highlight reduced phosphorylation levels for GSK3β (Ser9) 

in box 1, MSK1/2 (Ser376/Ser360) in box 2, and SRC Tyr419 in box 3, while the green box 

indicates increased phosphorylation of p70 S6K (Thr421/Ser424) in box 4. These differences 

were confirmed through the subsequent analysis of the pixel density values, which were 

transferred to an Excel sheet. The values for each kinase (each duplicated on the membrane) 

were averaged, and following normalisation to the reference spots, these values were saved as 

the final dataset for further interpretation. 
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Figure 5.1: Example of protein microarrays membranes showing relative phosphorylation 

levels after 36 hours of exposure to 540 ng/l fluoxetine in HaCaT cells. Reference spots in 

the corners were used for normalisation. Red boxes indicate reduced phosphorylation of 

GSK3B (Ser9) (box 1), MSK1/2 (Ser376/Ser360) (box 2), and SRC Tyr419 (box 3), while the 

green box shows increased phosphorylation of p70 S6K (Thr421/Ser424) (box 4). These 

changes were identified through quantitative analysis of the normalised pixel densities. 

 

Using the software RStudio, I initially aimed to perform a MANOVA (Multivariate Analysis 

of Variance) to compare the phosphorylation profiles of keratinocytes exposed to fluoxetine 

versus control cells. However, the Shapiro-Wilk test for normality returned a p-value of 2.2e-

16, indicating that the data did not meet the assumption of normality (p < 0.05). As a result, I 

employed the non-parametric equivalent of MANOVA, the PERMANOVA, using the Adonis 

function from the vegan package in R. 

The PERMANOVA test was conducted to compare the phosphorylation profiles of the control 

group, and the group exposed to an environmentally relevant concentration of fluoxetine (540 

ng/l). The results, as summarised in Table 5.1, indicated that there was no statistically 

significant difference between the two groups (p-value=0.125). This suggests that the overall 

composition of the phosphorylation profiles in both groups was not different, although there 

may be a trend (p value close to 0.1). 

 

To further investigate the position of the samples and the centroids of each treatment, I utilised 

a two-dimensional principal component analysis (2D PCA), as shown in Figure 5.2. This PCA 

plot illustrates the control and 540 ng/l of fluoxetine samples based on their phosphorylation 
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profiles. The percentages on the axes indicate the variance explained by each principal 

component, with PC1 accounting for 41.9% and PC2 for 32.8% of the total variation. 

The confidence intervals around the treatment centroids (black bars) extend widely across the 

graph, indicating that there are no statistically significant differences between the two 

treatments. The control samples (yellow squares) cluster closely together, while the exposed 

samples (teal circles) show more variability, with one sample spread further along the PC2 axis. 

These findings are consistent with the non-significant result from the PERMANOVA analysis 

(p-value=0.125), suggesting that the phosphorylation profiles of the proteins did not differ 

significantly between the control and fluoxetine-exposed groups, while allowing to speculate 

that there may be a trend towards differences between the treatments in terms of specific 

phosphorylation events in specific proteins. 

 

When visualised in three dimensions, as shown in Figure 5.3, the 3D PCA plot reveals that the 

low fluoxetine samples are clustered more closely together, while the control (C) samples 

display greater variability across the PC2 and PC3 axes. The positioning of the control and 

fluoxetine-exposed groups in different planes along the PC3 axis may suggest a trend towards 

separation between the treatments, although the differences are not statistically significant, as 

indicated by the PERMANOVA analysis (p-value=0.125). This visual trend aligns with the 

non-significant p-value, indicating that while there may be some potential differentiation, it is 

not conclusive at this stage across all the phosphosites. 

 

 

Table 5.1: Results of the PERMANOVA analysis comparing the phosphorylation profiles of 

control cells and cells exposed to fluoxetine (540 ng/l). The test was performed using the 

Adonis function from the vegan package in R, and no statistically significant difference was 

observed between the groups (p-value=0.125, F=1.8735). The R² value indicates that 23.8% 

of the variation in kinase activity can be attributed to the treatment. 
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Figure 5.2: Two-dimensional principal component analysis (2D PCA) plot for 36-hour 

exposure. Illustrating the phosphorylation profiles of keratinocytes exposed to fluoxetine (540 

ng/l) and control cells (C) after 36 hours of exposure. The percentages on the axes represent 

the variance explained by each principal component. Control samples are represented by 

yellow squares, fluoxetine-exposed samples are represented in teal circles. Confidence 

intervals are displayed using black bars.  

 

 

Figure 5.3: Three-dimensional principal component analysis (3D PCA) plot for 36-hour 

exposure. Showing the phosphorylation profiles of control (C, teal) and fluoxetine-exposed 

(LF, green) keratinocytes after 36 hours of exposure. The axes represent the first three principal 

components, with PC2 and PC3 highlighting potential trends in separation between the two 

treatment groups. 
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I had therefore collected weak evidence that there may be trends towards differences between 

treatments, but this still warranted further investigation for each protein. To explore any 

potential differences, I performed post-hoc tests for all kinases to compare their 

phosphorylation levels between the control and fluoxetine-exposed groups. From this analysis, 

I decided to focus on kinases with a p-value of less than 0.1, including both those that were 

significantly affected (p-value<0.05) and those that showed a trend toward significance (p-

value< 0.1), as they were most likely to be biologically relevant. 

Boxplots were generated to visualise the distribution of phosphorylation levels for these 

selected proteins, including GSK3β (Ser9), MSK1/2 (Ser376/Ser360), SRC Tyr419, and p70-

S6K (Thr421/Ser424). The boxplots in Figure 5.4 demonstrate the variance across replicates 

for each treatment condition. Statistical analysis revealed significant reductions in the 

phosphorylation of GSK3β (p-value=0.0286) and p70-S6K (p-value=0.0213) in the fluoxetine-

exposed group. Although SRC showed an increase in phosphorylation, and MSK1/2 showed a 

reduction, these changes were borderline statistically significant (p = 0.0525 for both). Given 

these findings, I selected both the significantly affected proteins and those with a p-value of 

less than 0.1 for further validation via western blotting (see section 5.3.2). 

 

 

Figure 5.4: Boxplots illustrating the phosphorylation levels of selected kinases in control (C) 

and fluoxetine-exposed (Flx, 540 ng/l) keratinocytes after 36 hours of exposure. The selected 

kinases include GSK3β (Ser9), MSK1/2 (Ser376/Ser360), SRC Tyr419, and p70-S6K 

(Thr421/Ser424), which were chosen for further analysis based on their post-hoc test results 

(p-value<0.1). The black horizontal lines within each box represent the median values, while 

the vertical lines (whiskers) denote the range of data within 1.5 times the interquartile range 

(IQR). Black circles represent the mean values for each group, and the grey dots represent 

individual replicates. 
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5.3.2 Protein microarrays result after 6-hour exposure to fluoxetine 

To investigate the immediate effects of fluoxetine exposure on kinase activity, I conducted a 

protein microarray analysis after 6 hours of treatment with 540 ng/l fluoxetine. This early time 

point was chosen to capture rapid phosphorylation events that might be transient and potentially 

crucial for initiating key cellular processes, such as proliferation and stress responses. 

 

Following the same approach as in the 36-hour analysis, the phosphorylation levels of 37 kinase 

sites were measured and normalised to reference spots. By analysing this shorter time point, I 

aimed to identify which signalling pathways were activated or modulated shortly after 

fluoxetine exposure. This could provide a deeper understanding of the immediate molecular 

changes that precede the longer-term effects observed at the 36-hour time point. 

 

To statistically assess the overall differences between the control and fluoxetine-exposed 

groups, I performed a PERMANOVA test on the phosphorylation data. The results, shown in 

Table 5.2, indicate that the differences between the control and fluoxetine-exposed groups were 

non-significant (p-value=0.1). Although the R² value was relatively high (0.6233), suggesting 

a substantial proportion of variance might be associated with fluoxetine treatment, this cannot 

be confidently interpreted without statistical significance. Nonetheless, the data suggest a 

potential trend towards early changes in phosphorylation patterns that warrants further 

investigation with increased replicates or alternative time points 

 

To further visualise the differences in phosphorylation profiles between the control and 

fluoxetine-exposed groups at the 6-hour time point, I performed a two-dimensional principal 

component analysis (2D PCA). This method allows us to assess the distribution of samples 

based on their overall phosphorylation patterns. The results, shown in Figure 5.5, revealed 

clustering of the LF samples along the PC1 axis, which explained 66.9% of the total variance. 

In contrast, the control samples showed more variability along the PC2 axis, which accounts 

for 16.6% of the variance. While the centroids for the two treatment groups appeared separated, 

there was some overlap in the variability, as indicated by the confidence intervals around the 

centroids (black bars). 

 

Key kinases such as GSK3β, WNK1, and STAT5a showed notable contributions to the 

separation between the control and exposed groups, as depicted by the vector loadings. These 
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results aligned with the PERMANOVA analysis, suggesting that, although there were 

observable trends in phosphorylation changes, the overall difference between the groups 

remained marginally non-significant (p-value=0.1). 

 

To further explore the potential differences in phosphorylation profiles between control and 

fluoxetine-exposed groups, I performed a three-dimensional principal component analysis (3D 

PCA). This analysis provides a more comprehensive view of the variance across the samples 

by incorporating an additional principal component (PC3), allowing for a more detailed 

examination of the underlying trends. As shown in Figure 5.6, the 3D PCA plot revealed the 

spatial distribution of the samples along the three principal components. Similar to the 2D 

analysis, PC1 explained the majority of the variance, with PC2 and PC3 capturing additional 

variability. LF samples cluster more closely together, while the control samples are spread 

along both PC2 and PC3 axes. This pattern suggests potential differentiation between the two 

groups, though further analysis was needed to confirm the significance of these trends. 

 

Table 5.2: Results of the PERMANOVA analysis comparing the phosphorylation profiles of 

control cells and cells exposed to fluoxetine (540 ng/l) after 6 hours. The test was performed 

using the Adonis function from the vegan package in R. While the differences between the 

groups were marginally non-significant (p-value=0.1, F = 6.6175), the R² value indicates that 

62.3% of the variation in kinase activity can be attributed to the treatment. 

 



125 

 

 

Figure 5.5: Two-dimensional principal component analysis (2D PCA) plot for 6 hours 

exposure. Illustrating the phosphorylation profiles of keratinocytes exposed to fluoxetine (540 

ng/l) and control cells (C) after 6 hours of exposure. The percentages on the axes represent the 

variance explained by each principal component. Control samples are represented by yellow 

squares, fluoxetine-exposed samples are represented in teal circles. Confidence intervals are 

displayed using black bars. 

 

 
Figure 5.6: Three-dimensional principal component analysis (3D PCA) plot for 6-hour 

exposure. Showing the phosphorylation profiles of control (C, teal) and fluoxetine-exposed 

(LF, green) keratinocytes after 6 hours of exposure. The axes represent the first three principal 

components, with PC2 and PC3 highlighting potential trends in separation between the two 

treatment groups. 
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To assess these potential differences between treatments, I performed post-hoc tests on all 

kinases to compare phosphorylation levels between the control and fluoxetine-exposed groups, 

selecting those with p-values of 0.1 or lower for further analysis. Boxplots were generated for 

the kinases GSK3α/β (Ser21/Ser9), GSK3β (Ser9), and WNK1. As shown in Figure 5.7, there 

was a trend toward reduced phosphorylation in fluoxetine-exposed cells for all three kinases 

compared to the control. Although these changes did not reach conventional levels of statistical 

significance, the p-value of 0.1 indicates that these trends are worth further investigation. 

 

 

Figure 5.7: Boxplots illustrating the phosphorylation levels of selected kinases in control (C) 

and fluoxetine-exposed (Flx, 540 ng/l) keratinocytes after 6 hours of exposure. The selected 

kinases include GSK3α/β (Ser21/Ser9), GSK3β (Ser9) and WNK1, which were chosen for 

further analysis based on their post-hoc test results (p-value=0.1). The black horizontal lines 

within each box represent the median values, while the vertical lines (whiskers) denote the 

range of data within 1.5 times the interquartile range (IQR). Black circles represent the mean 

values for each group, and the grey dots represent individual replicates. 

 

 

5.3.3 Western blot validation of key signalling proteins 

To further validate the phosphorylation changes observed in the protein microarrays, I 

conducted western blot analyses. This method was employed to examine both total protein 

levels and the specific phosphosites identified in the microarray analysis. Western blotting 

provides a more direct, quantitative method for confirming the trends observed in 

phosphorylation, offering a clearer view of how fluoxetine modulates kinase activity at specific 

sites. 
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For the western blots, I focused on the key kinases GSK3β (Ser9), MSK1/2 (Ser376/Ser360), 

SRC (Tyr419), and p70 S6K (Thr421/Ser424), all of which showed phosphorylation changes 

in the earlier analyses. The antibodies used for these analyses, along with their respective 

molecular weights, are presented in Table 2.1. I used both phospho-specific antibodies and total 

protein antibodies to determine whether changes in phosphorylation were independent of 

changes in overall protein levels. 

 

This approach allows us to differentiate between changes in protein expression and 

modifications at specific phosphorylation sites, helping to clarify the impact of fluoxetine on 

kinase signalling. Due to technical limitations, such as non-specific antibody binding and 

failure to detect the target protein, I was unable to obtain reliable results for SRC and p70 S6K, 

and as such, no graphs are presented for these proteins. The results for MSK1/2 and GSK3 are 

shown below. 

 

The western blot results for the 36-hour exposure are presented in Figure 5.8, with the 

corresponding raw western blot data presented in Figure 5.9, detailing both total protein levels 

and phosphorylation states for MSK1 and GSK3. 

 For MSK1, total protein levels in fluoxetine-exposed cells showed a significant reduction 

compared to the control group, the raw western blot data, shown in Figure 5.9, illustrate the 

reduced band intensity in the fluoxetine-exposed group compared to the control, corroborating 

the quantitative data. The boxplot displays a clear separation between the two conditions, with 

the fluoxetine-exposed group exhibiting notably lower median protein levels. The ANOVA 

analysis confirmed that this reduction was statistically significant (p-value=0.00757). 

Similarly, phosphorylation levels of MSK1/2 at Ser376/Ser360 were reduced in the fluoxetine-

exposed cells relative to the control. The boxplot for phosphorylated MSK1/2 shows a distinct 

decrease in phosphorylation levels for the fluoxetine-exposed group, with lower median values 

and a narrower distribution. This decrease was also found to be statistically significant based 

on the ANOVA test (p-value=0.00346). 

In the case of GSK3α/β, total protein levels were significantly lower in the fluoxetine-exposed 

group compared to the control. The raw western blot data in Figure 5.9 show visibly reduced 

band intensity in the fluoxetine-treated samples, supporting the quantitative results.  The 

boxplot reflects this difference, with the fluoxetine group showing a much lower median for 

total protein levels of GSK3α/β. The statistical analysis confirmed this reduction as significant 

(p-value=0.00226). Phosphorylation of GSK3β at Ser9, an inhibitory site, was also 
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significantly reduced in fluoxetine-exposed cells. The boxplot highlights a substantial decrease 

in phosphorylation levels, with the fluoxetine group displaying a considerably lower median 

value compared to the control group. The ANOVA analysis demonstrated that this reduction in 

GSK3β (Ser9) phosphorylation was statistically significant (p-value=0.0738). 

 

 

Figure 5.8: Western blot quantification of total protein levels and phosphorylation of MSK1 

and GSK3 in keratinocytes after 36-hour exposure to fluoxetine (540 ng/l). Boxplots 

represent normalised values (a.u.) for both total protein and specific phosphorylation sites: 

MSK1 whole protein, MSK1/2 (Ser376/Ser360), GSK3α/β whole protein, and GSK3β (Ser9). 

The black lines within each box represent the median values, and the whiskers indicate the full 

range of the data. Statistical significance between control and fluoxetine-exposed groups is 

indicated by an asterisk (*). Statistical analysis was performed using one-way ANOVA followed 

by Tukey’s post hoc test (n>4 biological replicates per condition). 
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Figure 5.9: Representative western blot images after 36-hour exposure to fluoxetine (540 

ng/l) in keratinocytes. For MSK1 total protein (WP), MSK1/2 phosphorylation (S376/S360), 

GSK3α/β total protein (WP) and GSK3β phosphorylation (Ser9) The images depict the protein 

bands for control and fluoxetine-exposed samples. The bottom bands represent the loading 

control (α-tubulin). 

Western blot results for the 6-hour exposure are shown in Figure 5.11 and the corresponding 

raw western blot data is presented in Figure 5.10, focusing on GSK3 protein levels. Due to 

technical issues, reliable results were only obtained for GSK3α/β total protein and GSK3β 

(Ser9) phosphorylation, while results for other kinases were inconclusive and are not presented 

here.  

The raw western blots in Figure 5.10 clearly show a reduction in signal intensity for both total 

GSK3α/β and phosphorylated GSK3β (Ser9) in fluoxetine-exposed cells compared to the 

control group. This visual decrease in band intensity is reflected in the box plot data. For 
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GSK3α/β total protein, there is a noticeable reduction in the fluoxetine-exposed group 

compared to the control (Figure 5.11). The boxplot shows a clear decrease in total protein levels 

after 6 hours of exposure to fluoxetine, with the fluoxetine-exposed group displaying lower 

median values. The ANOVA analysis revealed that this reduction was statistically significant 

(p-value=0.000039). 

 

Similarly, GSK3β phosphorylation at Ser9, an inhibitory site, was significantly reduced in 

fluoxetine-exposed cells compared to the control. The box plot illustrates a substantial decrease 

in phosphorylation levels, with the fluoxetine-exposed group having a much lower median 

value. The ANOVA test confirmed the statistical significance of this reduction (p-

value=0.000350). 

 

Figure 5.10: Representative western blot images after 6-hour exposure to fluoxetine (540 

ng/l) in keratinocytes. For GSK3α/β total protein (WP) and GSK3β phosphorylation (Ser9) 

The images depict the protein bands for control and fluoxetine-exposed samples. The bottom 

bands represent the loading control (α-tubulin).  
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Figure 5.11: Western blot quantification of total protein levels and phosphorylation of MSK1 

and GSK3 in keratinocytes after 6-hour exposure to fluoxetine (540 ng/l). Boxplots represent 

normalised values (a.u.) for both total protein and specific phosphorylation sites: MSK1 whole 

protein, MSK1/2 (Ser376/Ser360), GSK3α/β whole protein, and GSK3β (Ser9). The black lines 

within each box represent the median values, and the whiskers indicate the full range of the 

data. Statistical significance between control and fluoxetine-exposed groups is indicated by an 

asterisk (*). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post 

hoc test (n>4 biological replicates per condition). 

 

 

5.3.4 Phosphoproteomics: analysis of phosphorylation dynamics in keratinocytes 

Phosphoproteomics analysis was performed to explore the post-translational modifications 

induced by fluoxetine in keratinocytes. Given the observed changes in kinase activation from 

previous analyses, this study aimed to investigate phosphorylation changes across the 

proteomic landscape to understand how fluoxetine modulates cellular signalling at a broader 

level.  In this study, HaCaT cells were exposed to 540 ng/l of fluoxetine for 36 hours, after 

which cell lysates were processed for phosphoproteomics analysis. Proteins were digested and 

enriched for phosphopeptides before being analysed using mass spectrometry. Out of the 3,204 

phosphorylated proteins detected, 414 proteins were identified as having significant 

phosphorylation changes, with a p-value below 0.001. These 414 proteins were exclusively 

phosphorylated in either the control or fluoxetine-exposed groups. After filtering based on 

statistical significance (padj < 0.00001 and log2 fold change > 5), the final dataset comprised 

45 proteins with decreased phosphorylation in fluoxetine-exposed cells and 190 proteins with 

increased phosphorylation compared to controls. The volcano plot (Figure 5.12) illustrates the 



132 

 

phosphorylation changes between fluoxetine-exposed and control cells, showing proteins with 

increased phosphorylation in fluoxetine-exposed cells on the right and decreased 

phosphorylation on the left. 

Following this, the heatmap (Figure 5.13) provides a detailed comparison of the 

phosphorylation profiles across three replicates of fluoxetine-exposed and control cells. In this 

heatmap, each row represents a distinct phosphosite, while the columns correspond to 

individual replicates from both treatment conditions. The control samples (CTROL1-3) are 

shown on the right, and the fluoxetine-exposed samples (FLX1-3) are on the left. The heatmap 

reveals distinct clustering patterns, with groups of proteins showing differential 

phosphorylation between the two conditions. A large cluster of phosphosites shows increased 

phosphorylation in the fluoxetine-exposed samples, forming a distinct pattern on the left side 

of the heatmap. In contrast, a smaller cluster of proteins shows reduced phosphorylation in the 

fluoxetine-exposed samples compared to controls, appearing on the right side of the heatmap. 

This visualisation clearly distinguishes the phosphorylation dynamics between the control and 

fluoxetine-exposed groups, highlighting the shifts in phosphorylation levels across multiple 

proteins. 

 

Figure 5.12: Volcano plot illustrating 190 upregulated and 45 downregulated phosphosites 

after 36-hour exposure to 540 ng/l fluoxetine. The x-axis represents the log2 fold change in 

phosphorylation, with positive values indicating increased phosphorylation in fluoxetine-

exposed cells and negative values indicating decreased phosphorylation. The y-axis shows the 

-log10 p-value, with higher values indicating greater statistical significance. Phosphosites 

meeting the adjusted p-value threshold of padj < 0.00001 are highlighted. 
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Figure 5.13: Heatmap comparing phosphosites in HaCaT cells exposed to 540 ng/l of 

fluoxetine for 36 hours versus control cells. Three individual replicates are shown for control 

(CTROL1-3, right) and fluoxetine-exposed (FLX1-3, left) samples. The colour scale represents 

the level of phosphorylation, with red indicating higher phosphorylation levels and blue 

indicating lower phosphorylation levels. 

 

To further explore the functional relationships between the phosphoproteins identified as 

upregulated in fluoxetine-exposed cells, a protein-protein interaction network was constructed 

using STRING Figure 5.14. The analysis focused on the proteins with significantly increased 

phosphorylation levels upon fluoxetine exposure, displaying only the highest-confidence 

interactions (STRING interaction score > 0.9) for clarity. The network reveals several distinct 

clusters of interacting proteins, suggesting functional groupings relevant to the cellular 

response to fluoxetine. Cluster 1 includes proteins involved in DNA repair, cell signalling, and 

structures associated with epithelial cell fate, indicating that these processes may be influenced 

by fluoxetine exposure. Cluster 2, consists of ribonucleoproteins, suggesting that RNA 

processing and transport are affected by fluoxetine treatment. Cluster 3, contains proteins 

associated with chromosome organisation, pointing to the regulation of chromatin structure and 

gene expression as potential targets of fluoxetine. Finally, Cluster 4, features proteins related 

to elongation initiation factors, which are essential for protein synthesis, suggesting that 

fluoxetine may also affect translational mechanisms.  

No significant protein-protein interactions were observed among the proteins with 

downregulated phosphorylation levels events. 
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Figure 5.14: Protein-protein interaction network of proteins with upregulated 

phosphorylation after 36-hour exposure to fluoxetine (540 ng/l). The network was generated 

using STRING with a high-confidence interaction score (>0.9). Four distinct clusters are 

shown: Cluster 1 includes proteins related to DNA repair, cell signalling, and structures 

associated with epithelial cell fate; Cluster 2 consists of ribonucleoproteins involved in RNA 

processing and transport; Cluster 3 is associated with chromosome organisation; and Cluster 

4 contains proteins related to elongation initiation factors and protein synthesis. Only the 

highest confidence interactions are displayed for clarity. 

 

In addition to identifying the differentially phosphorylated proteins, functional enrichment 

analyses were conducted to explore the biological pathways and molecular functions 

specifically associated with proteins exhibiting altered phosphorylation after fluoxetine 

exposure. These analyses help contextualise the significance of both upregulated and 

downregulated phosphorylation levels in response to fluoxetine, providing a broader 

understanding of the cellular processes impacted by this treatment. 
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Focusing first on the upregulated phosphoproteins, the Gene Ontology (GO) analysis using 

ShinyGO revealed that proteins with increased phosphorylation in the fluoxetine-exposed 

group were significantly enriched in terms associated with structural and signalling roles 

(Figure 5.15). The top enriched terms included "anaphase-promoting complex," "apical 

junction complex," and "cell junction," indicating that fluoxetine exposure alters proteins 

critical for maintaining cell structure, cell adhesion, and signal transduction. These GO terms 

suggest that fluoxetine-induced phosphorylation enhances the function of proteins involved in 

cellular architecture and the regulation of keratinocyte proliferation. 

 

Similarly, the Ingenuity Pathway Analysis (IPA) (Table 5.3) revealed several canonical 

pathways that were significantly impacted by proteins with upregulated phosphorylation. 

Notably, the HIPPO signalling pathway, which regulates cell growth and apoptosis, was the 

most enriched pathway (p-value=6.13E-05, 5.8% overlap), followed by pathways such as ATM 

signalling and tight junction signalling, both of which are crucial for maintaining genomic 

stability and epithelial barrier function, respectively.  

 

 

Figure 5.15: Gene Ontology (GO) enrichment analysis of proteins with upregulated 

phosphorylation after 36 hours of fluoxetine exposure (540 ng/l). The graph displays the top 

GO terms enriched for molecular function and cellular components. The x-axis represents the 

fold enrichment of each term, while the colour scale represents the -log10 of the false discovery 

rate (FDR), with red indicating stronger statistical significance.  
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Table 5.3: Top canonical pathways enriched for proteins with upregulated phosphorylation 

after 36 hours of fluoxetine exposure (540 ng/l), identified using Ingenuity Pathway Analysis 

(IPA). The table displays the pathway names, associated p-values, and the percentage overlap 

between the identified proteins and the total proteins in each pathway.  

 

Focusing next on the downregulated phosphoproteins, the Gene Ontology (GO) analysis using 

ShinyGO highlighted several biological processes that were significantly affected by decreased 

phosphorylation levels in the fluoxetine-exposed group (Figure 5.16). The top enriched terms 

for these proteins included “polarised epithelial cell differentiation,” “maintenance of epithelial 

cell apical/basal polarity,” and “morphogenesis of a polarised epithelium.” These GO terms are 

crucial for the structural organisation and differentiation of epithelial cells, suggesting that the 

downregulation of phosphorylation at these sites may disrupt the structural integrity and 

differentiation of keratinocytes, potentially affecting their ability to maintain proper cellular 

architecture under fluoxetine exposure. 

 

Additionally, the Ingenuity Pathway Analysis (IPA) (Table 5.4) provided further insights into 

the canonical pathways impacted by downregulated phosphorylation. The Germ Cell-Sertoli 

Cell Junction Signalling pathway emerged as the most significantly affected, followed by 

pathways related to mismatch repair in eukaryotes and UVC-induced MAPK signalling. These 

pathways play essential roles in DNA repair, cell cycle regulation, and cellular stress responses, 

implying that fluoxetine may hinder the cells' capacity to manage genomic stability and 

effectively respond to stress.  
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Figure 5.16: Gene Ontology (GO) enrichment analysis of proteins with downregulated 

phosphorylation after 36 hours of fluoxetine exposure (540 ng/l).The graph displays the top 

GO terms enriched for molecular function and cellular components. The x-axis represents the 

fold enrichment of each term, while the colour scale represents the -log10 of the false discovery 

rate (FDR), with red indicating stronger statistical significance. 

 

 

 

 

Table 5.4: Top canonical pathways enriched for proteins with downregulated 

phosphorylation after 36 hours of fluoxetine exposure (540 ng/l), identified using Ingenuity 

Pathway Analysis (IPA). The table displays the pathway names, associated p-values, and the 

percentage overlap between the identified proteins and the total proteins in each pathway. 
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5.4 Discussion 

The objective of this chapter was to investigate how fluoxetine modulates phosphorylation 

events in keratinocytes, particularly in the context of wound healing and cellular signalling. By 

employing protein kinase arrays, phosphoproteomics, and western blot validation, I aimed to 

uncover key signalling pathways affected by fluoxetine exposure, with a particular focus on 

the ERK/MAPK pathway. This chapter builds upon the findings of previous chapters, which 

highlighted the impact of fluoxetine on keratinocyte proliferation and mitochondrial function. 

In this discussion, I interpret the phosphorylation changes observed and place them within the 

broader context of wound healing and signalling regulation in keratinocytes. 

 

5.4.1 Fluoxetine alters key signalling pathways: insights from protein microarray and western 

blot analysis 

The results of the protein microarray analysis revealed significant changes in the 

phosphorylation status of key kinases involved in keratinocyte proliferation and stress 

responses, particularly after 36 hours of fluoxetine exposure. To further validate these findings, 

western blot analysis was conducted, focusing on GSK3β and MSK1/2, which emerged as 

central players in the regulation of wound healing and cellular signalling. Importantly, both the 

total protein levels and phosphorylation states of these kinases were evaluated to provide a 

comprehensive view of the impact of fluoxetine. 

 

After 36 hours of fluoxetine exposure, both total protein levels and phosphorylation were 

significantly reduced in key kinases, including GSK3β and MSK1/2. The protein microarray 

data indicated a marked reduction in the phosphorylation of GSK3β at Ser9, an inhibitory site 

that plays a critical role in regulating the activity of the kinase. This reduction was confirmed 

by western blot analysis, which not only showed a decrease in phosphorylation but also 

revealed a significant reduction in the total GSK3β protein levels. The concurrent decrease in 

both total protein and phosphorylation levels suggests that fluoxetine affects GSK3β through 

multiple mechanisms: by reducing the overall abundance of the protein and by modulating its 

phosphorylation status. The reduction in total protein levels could indicate that fluoxetine 

downregulates the expression of GSK3β at the transcriptional or translational level, or it may 

enhance the degradation of GSK3β through proteasomal pathways. This impact on total protein 

availability may reduce the pool of GSK3β available for phosphorylation, leading to the 

observed decrease in phosphorylation at Ser9. Phosphorylation at Ser9 typically inhibits 
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GSK3β activity (Molz et al., 2011; Nishimoto et al., 2008), and thus, a decrease in both total 

GSK3β and its phosphorylation could suggest a broader suppression of its regulatory roles in 

apoptosis, proliferation, and migration. Studies have shown that reduced GSK3β levels 

contribute to diminished kinase activity, as seen in various models, such as cancer cell lines 

and neurodegenerative disorders (Ma et al., 2015; Yao et al., 2016). In addition, a study (Lang 

et al., 2013) highlighted that GSK3β plays a central role in regulating cellular survival and 

stress response, which may be relevant to keratinocytes under fluoxetine exposure. Another 

study (Zeng et al., 2014) discussed how fluoxetine modulates pathways associated with GSK3β 

to influence cellular behaviour, further supporting these observations of reduced kinase activity 

in response to fluoxetine. 

 

A similar pattern was observed for MSK1/2, where both total protein levels and 

phosphorylation at Ser376/Ser360 were reduced in fluoxetine-exposed cells compared to 

controls. MSK1/2 is a key downstream target of the ERK/MAPK signalling pathway, which 

plays a critical role in regulating cellular stress responses, chromatin remodelling, and 

proliferation (Reyes et al., 2014; Sawicka et al., 2014).  

In addition to the observed changes in GSK3β phosphorylation, our phosphoproteomics 

analysis revealed hyperphosphorylation of key MAPK kinases, including MAP3K3, MAP3K4, 

and MAP4K5, in fluoxetine-exposed keratinocytes. These findings highlight the involvement 

of the MAPK signalling pathway in mediating the effect of fluoxetine on cellular stress 

responses and cell fate decisions. MAPK signalling, particularly through these kinases, plays a 

critical role in modulating cell proliferation and survival, processes essential for efficient 

wound healing. The hyperphosphorylation of these kinases suggests that fluoxetine not only 

modulates GSK3β activity but also affects upstream MAPK components, further amplifying 

its impact on cellular signalling dynamics. 

The observed reduction in total MSK1/2 protein levels after 36 hours suggests that fluoxetine 

may be modulating the ERK/MAPK pathway, but this reduction likely occurs after an earlier 

activation of the pathway. Given the role of MAPK in early signalling events, it is likely that 

fluoxetine initially activates the ERK/MAPK pathway, and the reduction at 36 hours reflects a 

later phase of downregulation after the primary effects have already taken place. MSK1 has 

been shown to influence transcriptional regulation in response to cellular stress through the 

phosphorylation of histone H3 (Zhang and Wu, 2020), which further highlights its importance 

in maintaining proper cellular functions during wound healing and tissue repair processes(P. 

Chen et al., 2017; Choi et al., 2012; Ukil et al., 2011). 
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The implications of a reduction in both total protein and phosphorylation are significant. Since 

phosphorylation is dependent on the presence of the protein itself, it stands to reason that a 

decrease in total protein would lead to reduced phosphorylation levels. However, the fact that 

both total protein and phosphorylation are reduced suggests a more comprehensive mechanism 

at play, where fluoxetine may be downregulating the production of these proteins as part of a 

larger cellular response. This could be a way for keratinocytes to tightly regulate signalling 

pathways, ensuring that excessive activity does not lead to uncontrolled proliferation or stress 

responses during wound healing. 

 

The ability of fluoxetine to suppress both the abundance and activity of GSK3β and MSK1/2 

hints at its broader role in modulating cellular signalling at multiple levels. Interestingly, since 

no changes were observed in the RNA levels of these proteins, it is likely that fluoxetine 

promotes protein degradation rather than affecting transcription, at least after 36 hours. By 

reducing the overall levels of these proteins, fluoxetine may be downregulating pathways 

involved in cell cycle control, stress responses, and DNA repair, thereby modulating the 

balance between cell survival and death during the wound healing process. The reduction of 

GSK3β levels has been shown to influence key pathways involved in cell survival and 

apoptosis, as serotonin signalling through 5-HT1A receptors regulates GSK3 activity via the 

PI3K/Akt pathway, impacting various downstream effects on cell fate (Polter et al., 2012). 

Similarly, MSK1/2, which are activated by both MAPK and SAPK2/p38 pathways, play a 

critical role in the cellular response to stress, and their inhibition by fluoxetine could further 

modulate stress responses and transcriptional regulation (Deak et al., 1998). 

 

At the 6-hour time point, the western blot analysis revealed early reductions in both GSK3β 

total protein levels and phosphorylation at Ser9, though the effects were less pronounced 

compared to the 36-hour exposure. This suggests that fluoxetine begins to modulate GSK3β 

activity relatively early, with reductions in both the amount of the protein and its 

phosphorylation state becoming more pronounced over time. The early decrease in GSK3β 

phosphorylation could be a key event in initiating the effects of fluoxetine on keratinocyte 

behaviour (Polter et al., 2012). 

 

Despite the successful validation of GSK3β, the western blot analysis encountered technical 

challenges when validating other kinases, such as SRC and p70-S6K. Issues with antibody 
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specificity may have limited the ability to detect changes in these proteins. However, the 

consistent findings in GSK3β provide strong evidence that fluoxetine modulates critical 

signalling pathways involved in keratinocyte proliferation, survival, and wound healing. 

 

5.4.2 Influence of fluoxetine on cellular signalling networks: phosphoproteomic insights 

To further explore the molecular mechanisms by which fluoxetine modulates keratinocyte 

behaviour, I performed a comprehensive phosphoproteomics analysis. This technique allowed 

for a broader examination of phosphorylation events across the proteome, offering deeper 

insights into how fluoxetine influences key signalling pathways involved in wound healing, 

cellular proliferation, and stress responses.  

The phosphoproteomics analysis conducted in this study provides comprehensive insights into 

the role of fluoxetine in modulating phosphorylation dynamics, which are crucial for cellular 

signalling during the wound healing process. The identification of 235 differentially 

phosphorylated peptides between fluoxetine-exposed and control keratinocytes suggests that 

fluoxetine has a measurable impact fluoxetine has on the cellular phosphoproteome. This 

modulation of kinase activity has significant implications for processes such as cell 

proliferation, migration, stress response, and DNA repair, all of which are integral to efficient 

tissue regeneration. 

 

A key observation from this study was the significant upregulation of 190 phosphosites in 

fluoxetine-exposed cells, suggesting that fluoxetine triggers activation of signalling networks 

involved in keratinocyte function. These phosphosites were predominantly linked to pathways 

that promote keratinocyte proliferation and migration, both of which are fundamental for 

wound healing. This aligns with previous research showing that fluoxetine enhances cellular 

survival and proliferation by regulating phosphorylation of critical proteins, such as GSK3β, 

which is central to the PI3K/AKT pathway (Hui et al., 2015; Yang et al., 2020). This pathway 

plays a pivotal role in promoting keratinocyte survival by inhibiting pro-apoptotic signals and 

driving the expression of genes involved in cell growth and tissue repair. 

The upregulation of the PI3K/AKT pathway in fluoxetine-exposed keratinocytes suggests that 

this signalling cascade may be one of the primary mechanisms through which fluoxetine exerts 

its pro-regenerative effects. The activation of PI3K/AKT signalling has been widely implicated 

in promoting cell proliferation and inhibiting apoptosis, which is critical for efficient wound 

closure. By enhancing the phosphorylation of downstream effectors within this pathway, 
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fluoxetine may help maintain a favourable environment for keratinocyte survival and division, 

facilitating the wound healing process (Yang et al., 2020). 

 

Interestingly, fluoxetine also appeared to downregulate phosphorylation in several pathways 

related to stress responses and DNA repair. Specifically, proteins involved in mismatch repair 

and UVC-induced MAPK signalling exhibited reduced phosphorylation in fluoxetine-exposed 

cells. This downregulation is consistent with the known ability of fluoxetine to modulate 

cellular stress responses by inhibiting key kinases such as GSK3β and p38 MAPK (Hui et al., 

2015; Zhao et al., 2018). The inhibition of stress-related pathways could be an adaptive 

mechanism, allowing cells to prioritise proliferation and migration over the activation of DNA 

repair processes, which might otherwise delay wound closure. The suppression of stress 

responses likely reduces excessive inflammation and prevents prolonged cell cycle arrest, both 

of which are detrimental to timely tissue regeneration. 

 

The balance between promoting cell proliferation and suppressing stress signalling is a critical 

aspect of the role of fluoxetine role in wound healing. On one hand, the ability of fluoxetine to 

upregulate phosphosites involved in proliferation-related pathways supports its role in 

enhancing keratinocyte migration and tissue repair. On the other hand, the suppression of 

stress-related kinases, such as p38 MAPK, may limit the cellular energy spent on managing 

DNA damage and instead direct resources towards tissue regeneration. This selective 

modulation of signalling pathways reflects the dual capacity of fluoxetine to stimulate cellular 

growth while curbing excessive stress responses that could otherwise impede wound healing 

(Maingrette et al., 2015). 

 

Another critical aspect of the impact of fluoxetine on phosphorylation dynamics is its 

modulation of the HIPPO signalling pathway, a key regulator of cell proliferation, organ size, 

and tissue regeneration (Yu et al., 2015; Zhao et al., 2011). The upregulation of fluoxetine of 

phosphosites within this pathway suggests its potential influence on keratinocyte architecture 

and growth control mechanisms, which are essential for efficient wound healing. The HIPPO 

pathway primarily regulates the balance between cell growth and apoptosis by modulating YAP 

and TAZ activity, ensuring that tissue expansion occurs in a controlled manner (Duan, n.d.; 

Mia and Singh, 2022; Misra and Irvine, 2018). This influence on HIPPO signalling likely helps 

maintain tissue integrity, enhancing keratinocyte proliferation and migration, which are critical 

for timely wound closure (Mia and Singh, 2022; Yu et al., 2015). 



143 

 

Future experiments could investigate whether fluoxetine inhibits upstream kinases such as 

MST1/2 and LATS1/2, potentially promoting YAP/TAZ nuclear translocation and thereby 

activating transcriptional programs that support keratinocyte proliferation and survival (Misra 

and Irvine, 2018; Pan, 2007). To test this hypothesis, experiments could involve assessing 

YAP/TAZ localisation and activity following fluoxetine exposure, using specific inhibitors or 

genetic knockdowns of MST1/2 and LATS1/2 to observe any changes in keratinocyte 

proliferation and survival.  

 

The STRING network analysis also revealed distinct clusters of proteins involved in both the 

structural maintenance of keratinocytes and the regulation of DNA repair mechanisms. These 

findings are in line with previous reports on the ability of fluoxetine to modulate signalling 

pathways that govern cellular architecture, particularly in contexts where rapid tissue repair is 

required. The activation of pathways such as PI3K/AKT and HIPPO, alongside the suppression 

of DNA repair processes, highlights the capacity of fluoxetine to fine-tune cellular responses 

to injury. This dynamic regulation of phosphorylation allows fluoxetine to promote tissue repair 

while maintaining cellular homeostasis (Polter et al., 2012; Zheng et al., 2009). 

 

The phosphoproteomics analysis highlights the significant enrichment of proteins involved in 

structural maintenance, shedding light on the role of fluoxetine role in stabilising keratinocyte 

architecture during the wound healing process. Ensuring structural integrity is essential for 

effective cell migration and tissue remodelling, both of which are vital for wound closure. The 

modulation of phosphosites within these pathways underscores the potential of fluoxetine not 

only to promote keratinocyte proliferation but also to ensure the resilience and strength of the 

newly formed tissue (Mia and Singh, 2022; Yang et al., 2020). 

  

In conclusion, the phosphoproteomics data provide compelling evidence that fluoxetine has a 

broad and multifaceted impact on phosphorylation dynamics in keratinocytes. By selectively 

modulating key signalling pathways such as PI3K/AKT, HIPPO, and MAPK, fluoxetine 

enhances keratinocyte proliferation and wound healing, while simultaneously downregulating 

stress responses and DNA repair mechanisms. These findings align with existing literature on 

the role of fluoxetine in cellular proliferation and survival (Hui et al., 2015; Shi and Sun, 2020; 

Yang et al., 2020), highlighting its potential for therapeutic applications in tissue repair and 

regenerative medicine. 
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5.5 Conclusion  

The work presented in this chapter provides crucial insights into the broader effects of 

fluoxetine on keratinocyte behaviour, especially through its impact on post-translational 

modifications. This chapter explored the impact of fluoxetine on the modulation of kinase 

activity and phosphorylation dynamics through a combination of proteome profiling, 

phosphoproteomics, and western blot validation. Collectively, these findings underscore the 

multifaceted role of fluoxetine in promoting wound healing by influencing key signalling 

pathways. 

 

The proteome profiler arrays highlighted significant changes in the phosphorylation of proteins 

critical to cellular stress responses, proliferation, and migration. Specifically, fluoxetine was 

shown to reduce the phosphorylation of GSK3β and MSK1/2, central regulators of cell survival 

and stress responses, thereby suggesting a broad suppression of these pathways during wound 

healing. Western blot analysis validated these findings, showing that both the total protein 

levels and phosphorylation status of GSK3β and MSK1/2 were significantly reduced. These 

reductions highlight the ability of fluoxetine to modulate these proteins at multiple regulatory 

levels, possibly through transcriptional or translational downregulation, in addition to direct 

phosphorylation changes. 

 

Additionally, the phosphoproteomics analysis offered a more detailed view of the post-

translational modifications occurring under fluoxetine exposure. By identifying differentially 

phosphorylated proteins, this analysis revealed the capacity of fluoxetine to trigger 

phosphorylation of proteins involved in keratinocyte migration and proliferation. Pathways 

such as PI3K/AKT and HIPPO were particularly enriched, further demonstrating the role of 

fluoxetine in promoting cellular proliferation and ensuring proper tissue remodelling during 

wound healing. This phosphorylation-driven modulation of cellular architecture aligns with the 

transcriptional and mitochondrial observations made in previous chapters. 

 

Linking these findings to the results from Chapter 3, which focused on the role of fluoxetine in 

keratinocyte proliferation and wound healing through serotonin signalling, I can see a clear 

connection between early gene expression changes and subsequent post-translational 

modifications. In Chapter 3, fluoxetine was shown to enhance keratinocyte proliferation and 

wound closure, driven by transcriptional changes related to serotonin receptors and cell growth 
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pathways. The current chapter builds on these findings by demonstrating how phosphorylation 

events reinforce these gene expression changes at the protein level, further regulating 

keratinocyte behaviour through post-translational control. 

Chapter 4 explored how fluoxetine modulates signalling pathways tied to energy metabolism 

and stress responses, particularly through mitochondrial function. This chapter complements 

those findings by showing how fluoxetine also affects kinase signalling pathways such as 

ERK/MAPK and potentially PI3K/AKT, which are crucial for managing cellular stress and 

facilitating tissue repair. The reduction in stress-related phosphorylation, especially in DNA 

repair and MAPK signalling pathways, highlights the capacity of fluoxetine to prioritise 

keratinocyte proliferation over stress management, ensuring efficient tissue regeneration. 

 

Together, this chapter extends the insights from Chapters 3 and 4, revealing the critical role of 

fluoxetine in both transcriptional and post-translational regulation. Through a detailed 

examination of phosphorylation dynamics, fluoxetine is shown to enhance keratinocyte 

proliferation and tissue remodelling, while effectively managing cellular stress responses. 

These findings underscore the potential of fluoxetine in wound healing and regenerative 

medicine. 

 

In conclusion, Chapter 5 highlights the importance of integrating multiple molecular 

approaches, such as proteome profiling, phosphoproteomics, and western blotting, to fully 

understand the broad impact of fluoxetine on cellular signalling. The combined insights from 

these techniques illustrate the multi-level regulation of keratinocyte behaviour by fluoxetine, 

from transcriptional changes to phosphorylation-driven pathways, positioning fluoxetine as a 

promising candidate for therapeutic interventions in tissue repair. 
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Chapter 6: Ex-vivo model to investigate the effects of fluoxetine on 

human skin  

6.1 Introduction 

The previous chapters established that fluoxetine modulates key signalling pathways involved 

in cellular stress, proliferation, and apoptosis, providing a foundation for understanding its 

potential therapeutic effects in wound healing. These findings suggest that fluoxetine may play 

a significant role in promoting tissue regeneration and enhancing healing outcomes. 

To further explore these possibilities, this chapter investigates the effects of fluoxetine on 

human skin repair using ex-vivo models. These models serve as an intermediary between in 

vitro cell cultures and in vivo studies, offering a more accurate representation of physiological 

conditions. Human skin biopsies, in particular, provide an ideal platform for studying wound 

healing, as they preserve the wound microenvironment and interactions between different cell 

types, such as keratinocytes, fibroblasts, and immune cells, which are crucial for the wound 

healing process (Sorg et al., 2017; Wilkinson and Hardman, 2020a). This approach allows to 

assess the effects of fluoxetine in a context that closely mimics in vivo conditions, providing 

relevant insights into its potential therapeutic and adverse effects. 

 

To elucidate the mechanisms underlying the effects of fluoxetine, I also employed two 

serotonin blockers: mirtazapine and ketanserin. Mirtazapine acts as an antagonist at key 

serotonin receptors, including 5-HT2 and 5-HT3 receptors. Given that my study suggests 

fluoxetine may impact serotonin signalling, understanding the effect of mirtazapine is essential 

for evaluating how serotonergic pathways influence wound healing outcomes (Chang et al., 

2010; Lalani et al., 2023). Ketanserin is an antagonist of 5-HT2A and 5-HT2C that has 

previously been used to investigate the role of 5-HT in wound healing (Nguyen et al., 2019; 

Sadiq et al., 2018). In order to confirm that fluoxetine impacts wound healing through serotonin 

signalling, I used fluoxetine in combination with these two blockers. This approach allows to 

dissect the contributions of serotonergic signalling to the modulation of wound healing 

processes more effectively. 
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6.2 Aims & Objectives 

This chapter investigates the effects of fluoxetine on wound healing using human skin biopsies 

in ex-vivo models to elucidate the underlying mechanisms of tissue repair. 

 

The objectives are as follows: 

 

1) To evaluate the effects of fluoxetine on human skin wound healing, by using ex-vivo 

human skin biopsies. 

 

2) To investigate the role of serotonin signalling in the modulation of wound healing 

by employing mirtazapine and ketanserin to block serotonin receptors. 
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6.3 Materials and methods: clinical data of skin donors 

The clinical data of the skin donors used in this chapter are presented in Table 6.1. Samples 

were obtained from individuals undergoing surgical procedures, with an average age of 53 

years, and included mostly female donors (except one male donor). The donors had various 

comorbidities, such as squamous cell carcinoma of the hypopharynx, bilateral breast cancer, 

hypertension, and others. Medications taken by the donors included tamoxifen and 

Amitriptyline, while some were not on any medication. Skin biopsies were primarily collected 

from the abdomen, except for one sample from an anterolateral thigh flap (ALT). 

 

 

Table 6.1: Clinical data of skin donors used in the ex-vivo experiments. The table details the 

sex, comorbidities, medication history, and anatomical location of the biopsy. The 

"Experiments" column specifies the types of experiments conducted using each sample. 

 

 

 

 

Experiments Sex Co-morbidities Medication Skin location

Fluoxetine Female No information No information abdomen

Fluoxetine Male

Squamous Cell Carcinoma 

hypopharynx, Continuous 

Cycler Peritoneal Dialysis, 

Hypertension

Fosinopril

ALT 

(Anterolateral 

thigh flap)

Fluoxetine Female
Hypertension, Gout, Type 2 

Diabetes Mellitus

Letrozole, Allopurinol, 

Amitriptyline, Calceos, Fluoxetine, 

Gabapentin, Indapamide, 

Lansoprazole, Morphine, Ozemnpic, 

Perindopril, Simvastatin

Abdomen

Fluoxetine Female Bilateral breast cancer Tamoxifen Abdomen

Fluoxetine Female No information Amitriptyline Abdomen

Fluoxetine, 

Mirrtazapine
Female No information No information Abdomen

Fluoxetine, 

Mirtazapine
Female Bilateral idiopathic uveitis

Prednisolone, Mycophenolate, 

Adalimumab
Abdomen

Fluoxetine, 

Mirtazapine
Female Fit and well Nil Abdomen

Fluoxetine, 

Mirtazapine, 

Ketanserin

Female Breast Cancer Anastrozole, Ibandronic acid Abodomen

Fluoxetine, 

Ketanserin
Female no information No information Abodomen

Fluoxetine, 

Ketanserin
Female Breast Cancer Ventafaxine Abdomen
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6.4 Results 

6.4.1 Wound closure in human skin biopsies: fluoxetine treatment 

Fluoxetine exposure was tested at two concentrations (2500 ng/l and 5400 ng/l) to evaluate its 

impact on wound healing in an ex-vivo human skin model. These concentrations were selected 

to reflect the upper end of environmentally reported levels, particularly those found in 

wastewater effluents and near pharmaceutical discharge points, where concentrations have 

been measured up to 596 ng/l (Hughes et al., 2013), 1310 ng/l (Bean et al., 2017b), and even 

3645 ng/l (Salgado et al., 2011). While these concentrations exceed typical levels found in 

surface waters, they are environmentally relevant for modelling high-exposure scenarios, 

including direct contact with contaminated effluent, accidental dermal exposure, or conditions 

of limited water dilution due to infrastructure, geography, or climate-related water scarcity. 

These higher concentrations also align with previous experimental studies (Correia et al., 2022; 

Dzieweczynski et al., 2016; Guler and Ford, 2010; Weinberger and Klaper, 2014) and allow 

detection of robust biological responses in human skin tissue, providing a valuable model for 

assessing potential health impacts under worst-case exposure conditions. By using these 

concentrations, the study aimed to assess the biological effects of fluoxetine within a range that 

mirrors environmental exposure and potentially produces noticeable effects on wound healing. 

Representative images show the extent of wound closure for each treatment (Figure 6.1), with 

control samples exhibiting minimal epithelial coverage over the wound area. In contrast, 

samples treated with fluoxetine demonstrated significant increases in wound closure, 

particularly at the higher concentration of 5400 ng/l, where re-epithelialisation was visibly 

enhanced, with dense keratinocyte. This was accompanied by dense epithelial activity around 

the wound margins, suggesting increased cellular processes. However, without specific assays 

or markers, it remains unclear whether this enhancement was primarily due to proliferation and 

migration, or a combination of both.  

 

To validate these observations measurements of wound area were taken, the averages for each 

condition were calculated across eleven biological replicates (n=11, 11 different donors) and 

with three to four technical replicates per donor. The wound closure percentage was normalised 

across donors, due to the high variability of response between donors in ex-vivo biopsies model 

(Wilkinson et al., 2021). The quantitative analysis of wound closure percentage is depicted in 

Figure 6.2. Normality was tested using a Shapiro-Wilk test and homoscedasticity using a 

Levene test, both were proven true with p-values>0.05, allowing the usage of a one-way 
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ANOVA. This ANOVA highlighted the significant impact of fluoxetine on wound closure in 

the ex-vivo samples, with p-value=1.357e-09. Post-hoc analysis using Tukey’s HSD test was 

performed to identify the differences between control biopsies and the biopsies exposed to 

fluoxetine. The control biopsies had a percentage of wound closure after 48 hours of 55.1% ± 

0.859, biopsies exposed to 2500 ng/l of fluoxetine had an average wound closure of 62.61% ± 

2.59 that was significantly higher when compared to control biopsies (p-value=5.31e-04). 

Finally, biopsies exposed to 5400 ng/l had an average percentage of 71.43% ± 7.37, which was 

significantly higher than the other two groups (p-values<0.001). All groups were statistically 

different to the other. These results indicate that fluoxetine effectively stimulates wound healing 

processes in an ex-vivo human skin model, with the higher concentration (5400 ng/l) showing 

the most pronounced effects on wound closure. 

 

Figure 6.1: Representative images of the effects of fluoxetine on ex-vivo human skin 

biopsies. Images showing keratin 14 (K14, green) expression and nuclear staining (DAPI, blue) 

in control and fluoxetine-exposed samples at concentrations of 2500 ng/l and 5400 ng/l. The 

scale bar represents 500 µm. 
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Figure 6.2: Boxplot of the percentage of wound closure after 48 hours of exposure to 

fluoxetine. The x-axis represents the fluoxetine concentrations (2500 ng/l and 5400 ng/l), and 

the y-axis shows the percentage of wound closure. X-axis not to scale. Each box represents the 

interquartile range (IQR), where the top and bottom of the box indicate the 75th and 25th 

percentiles, respectively. The horizontal line within each box represents the median. The 

whiskers extend to the minimum and maximum values, excluding outliers, and the dots 

represent individual data points. Statistical significance between groups is indicated by 

asterisks (* p< 0.05). Statistical analysis was performed using one-way ANOVA followed by 

Tukey’s post hoc test (n=11 biological replicates per condition). 

 

6.4.2 Fluoxetine and mirtazapine: investigating serotonin signalling 

Fluoxetine was administered in combination with mirtazapine to elucidate whether the effects 

of fluoxetine on keratinocyte behaviour are mediated through serotonin pathways. Mirtazapine 

and fluoxetine were also administered on their own as controls. 

 

Representative images illustrate the extent of wound closure following exposure to fluoxetine, 

treatment with mirtazapine or exposure to both drugs (Figure 6.3). Similar to the results 

described in the previous section, biopsies exposed to fluoxetine seemed to have more 

epithelial coverage over the wound area when compared to control biopsies. Biopsies treated 

only with mirtazapine visually had a lower wound closure, in an order similar to what was 

visible in control biopsies. Finally, biopsies exposed to a combination to both drugs amongst 
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visual inspection presented wound closure similar to what was visible in the fluoxetine-exposed 

biopsies. 

 To quantify these observations, wound area measurements were taken, and averages for each 

condition were calculated across biological replicates (n=4, representing different donors), with 

three technical replicates per donor. The wound closure percentage was normalised across 

donors to account for variability inherent in ex-vivo biopsies as before. After validation of both 

normality and homoscedasticity of the date (p-values>0.05 for both Shapiro-Wilk and Levene 

tests) a one-way ANOVA was performed. This revealed a significant difference in percentage 

of wound closure across the different conditions (p-value= 0.002526). 

Post-hoc analysis using Tukey’s HSD test identified significant differences between the control 

group and biopsies exposed to fluoxetine only. Control biopsies demonstrated a percentage of 

wound closure after 48 hours of 55.1% ± 1.47.   

Biopsies treated with fluoxetine alone achieved an average wound closure of 65.55% ± 5.0, 

significantly higher than controls (p-value=0. 0215853). Samples treated with fluoxetine and 

mirtazapine exhibited the greatest wound closure, averaging 67.63% ± 2.9, which was 

significantly greater than the control (p-value=0. 0207458) but not significantly different than 

the fluoxetine-only group (p-values=0.999). Finally, biopsies treated with only mirtazapine 

showed a percentage of wound closure (54.0% ± 4.99) similar to the control group (p-

value=0.873) and significantly lower than both fluoxetine-exposed and 

fluoxetine+mirtazapine-treated groups (both p-values<0.01). Groups with statistically different 

percentage of wound closure were classified as groups A and B in the figure. 

 

Figure 6.3: Representative images of the effects of fluoxetine and mirtazapine on ex-vivo 

human skin biopsies. Images showing keratin 14 (K14, green) expression and nuclear staining 

(DAPI, blue) in control, fluoxetine-exposed (5400 ng/l) and mirtazapine-treated samples (0.15 

mg/l) as well as samples exposed to a combination of both drugs (5400 ng/l of fluoxetine + 

0.15 mg/l of mirtazapine). The scale bar represents 500 µm. 
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Figure 6.4: Boxplot of the percentage of wound closure after 48 hours of exposure to 

fluoxetine, mirtazapine or combination of both. The x-axis represents the conditions: 

fluoxetine (5400 ng/l) in combination with or without mirtazapine (0.15 mg/l) and mirtazapine 

alone. The y-axis shows the percentage of wound closure. X-axis not to scale. Each box 

represents the interquartile range (IQR), where the top and bottom of the box indicate the 75th 

and 25th percentiles, respectively. The horizontal line within each box represents the median. 

The whiskers extend to the minimum and maximum values, excluding outliers, and the dots 

represent individual data points. Groups labelled with different letters (A, B) indicate 

significant differences between conditions (p < 0.05). Conditions sharing the same letter are 

not significantly different from each other. For example, groups labelled "A" (Control, 

Mirtazapine) are statistically similar to each other but significantly different from those 

labelled "B" (Fluoxetine, Fluoxetine + Mirtazapine). Statistical analysis was performed using 

one-way ANOVA followed by Tukey’s post hoc test (n=4 biological replicates per condition). 

  

 

6.4.3 Using ketanserin to further investigate the impact of fluoxetine on wound-healing ex-vivo 

via serotonin signalling. 

Fluoxetine was administered in combination with ketanserin to determine whether the effects 

of fluoxetine on wound healing were mediated through serotonin signalling.  Figure 6.5 

presents representative images of the wound closure of the biopsies following exposure to 

fluoxetine, treatment with ketanserin or combination of both. Visual inspection seems to 

indicate that biopsies exposed to fluoxetine had greater epithelial coverage over the wound area 

compared to control samples. In contrast, those treated only with ketanserin exhibited wound 

closure similar to that of the control group, showing minimal epithelialisation. Finally, biopsies 
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treated with both fluoxetine and ketanserin presented wound closure comparable to those 

exposed to ketanserin alone and the control group. Statistical analysis using a one-way ANOVA 

was performed after validation of the normality and homoscedasticity of the data, this ANOVA 

revealed that the percentage of wound closure was different depending on the group, with a p-

value of 0.0004256.  

 

In order to identify the differences between each groups a post-hoc analysis was performed 

using a Tukey’s HSD test. The control group had significantly lower percentage of wound 

closure (55.1%± 1.347219) then the group exposed to only fluoxetine (75.55% ± 7.52) with p-

value=0.00078, this is relevant with results from the two previous sections of the ex-vivo 

chapter. 

Biopsies treated with only ketanserin, and biopsies treated with fluoxetine and ketanserin 

showed no significant difference between them (53.07% ± 2.02 and 63.4 ± 2.8 average wound 

closure respectively) with p-value=0.111. Those two groups were also not statistically different 

from the control group (p-value=0.985 and p-value=0.172 respectively) and had an average 

percentage of wound closure significantly lower than the fluoxetine-exposed group (p-

value=0.005 and p-value=0.0109 respectively). 

Groups with statistically different percentages of wound closure were classified as groups A 

and B in Figure 6.6. 

 

Figure 6.5: Representative images of the effects of fluoxetine and ketanserin on ex-vivo 

human skin biopsies. Images showing keratin 14 (K14, green) expression and nuclear staining 

(DAPI, blue) in control, fluoxetine-exposed (5400 ng/l) and ketanserin-treated samples (10 

µM) as well as samples exposed to a combination of both drugs (5400 ng/l of fluoxetine + 10 

µM of ketanserin). The scale bar represents 500 µm. 
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Figure 6.6: Boxplot of the percentage of wound closure after 48 hours of exposure to 

fluoxetine, ketanserin or combination of both. The x-axis represents the conditions: fluoxetine 

(5400 ng/l) in combination with or without ketanserin (10 µM) and ketanserin alone. The y-

axis shows the percentage of wound closure. X-axis not to scale. Each box represents the 

interquartile range (IQR), where the top and bottom of the box indicate the 75th and 25th 

percentiles, respectively. The horizontal line within each box represents the median. The 

whiskers extend to the minimum and maximum values, excluding outliers, and the dots 

represent individual data points. Groups labelled with different letters (A, B) indicate 

statistically significant differences between conditions (p < 0.05). Conditions sharing the same 

letter are not significantly different from each other. Specifically, Control, ketanserin, and 

fluoxetine+Ketanserin (A) are not significantly different from each other but differ significantly 

from fluoxetine (B). Statistical analysis was performed using one-way ANOVA followed by 

Tukey’s post hoc test (n=4 biological replicates per condition). 

 

6.5 Discussion 

This chapter aimed to investigate the effects of fluoxetine on wound healing using an ex-vivo 

human skin model, focusing on the role of serotonin signalling pathways. The results 

demonstrated that fluoxetine significantly enhanced wound closure, aligning with the 

hypothesis that fluoxetine may influence tissue repair processes through serotonin signalling. 

Additionally, serotonin antagonists, mirtazapine and ketanserin, were employed to test whether 

blocking serotonin receptors could reverse the effects observed with fluoxetine. This discussion 

explores the significance of these findings, integrates and compares them with previous 

literature, and highlights the potential clinical implications and limitations. 
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6.5.1 Fluoxetine increases wound-healing in ex-vivo samples 

To assess the impact of fluoxetine on wound healing, two concentrations were selected: 2500 

ng/l and 5400 ng/l. These concentrations were chosen based on upper limits reported for 

environmentally relevant fluoxetine levels. Several studies have used these as benchmark 

levels to investigate the effects of fluoxetine in various biological systems, demonstrating their 

relevance for environmental exposure scenarios. For example, on study looking at the chronic 

effects of fluoxetine on Danio rerio used fluoxetine concentrations ranging between 0.4 to 3600 

ng/l (Correia et al., 2022), another study looking at the dose-dependent effects of fluoxetine on 

boldness in male Siamese fighting fish used 5000 ng/l as their environmentally relevant 

concentration. Other various studies used environmentally relevant concentrations of 

fluoxetine ranging from 10 to 10 000 ng/l to look at its impact on different models(Al Shuraiqi 

et al., 2021; Guler and Ford, 2010; Weinberger and Klaper, 2014). By employing these 

concentrations, our aim was to evaluate the impact of fluoxetine on wound healing within a 

realistic exposure range, which adds ecological and translational relevance to the findings. 

 

My findings indicate that fluoxetine significantly enhances wound healing, as demonstrated by 

increased epithelial coverage and wound closure in treated biopsies compared to controls. This 

is consistent with my previous in-vitro work using HaCaT cells, where fluoxetine promoted 

keratinocyte proliferation and migration. The use of an ex-vivo model offers a more 

physiologically relevant environment by retaining the three-dimensional architecture and cell 

diversity of human skin, allowing to observe the effects of fluoxetine in a setting that closely 

mimics clinical conditions (Wilkinson et al., 2021). 

 

This role of fluoxetine in promoting wound healing has been further supported by several 

studies. For instance, Farahani et al. investigated the effects of fluoxetine and paroxetine on 

wound healing in stressed rat models by administering these SSRIs systemically for 14 days. 

They found that fluoxetine-treated rats exhibited a significant increase in fibroblast 

proliferation and epithelialisation compared to controls, indicating that these SSRIs promoted 

the healing process. The study also highlighted that fluoxetine modulated levels of pro-

inflammatory cytokines, such as IL-1, which are crucial during the inflammatory phase of 

wound healing, suggesting that the effects of fluoxetine are partly mediated through enhancing 

immune cell recruitment and activity, ultimately accelerating tissue repair (Farahani et al., 

2007). Similarly, Yüksel et al. conducted a study using rat excision wound models to evaluate 
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the impact of fluoxetine on wound healing. They administered fluoxetine daily for two weeks 

and observed a marked increase in fibroblast proliferation and wound closure rates compared 

to the control group. The study further demonstrated that fluoxetine treatment led to enhanced 

collagen deposition, which is essential for tissue strength and integrity during the repair 

process. Additionally, the authors noted that fluoxetine modulated inflammatory responses by 

reducing pro-inflammatory cytokine levels, indicating that serotonin signalling plays a vital 

role in balancing the inflammatory and proliferative phases of wound healing, thus promoting 

optimal tissue regeneration (Yuksel et al., 2014). My ex-vivo findings expand upon these 

studies by demonstrating that the effects of fluoxetine are not limited to in-vitro or animal 

models but are also effective in human skin biopsies. 

 

My results suggest that serotonin-related signalling may influence cellular behaviour and 

inflammatory responses during wound healing, although the precise mechanisms remain to be 

fully validated in this ex-vivo context. In the wound healing process, particularly during the 

inflammatory and proliferative phases, the role of serotonin has been previously described. For 

example, one study found that serotonin receptor expression is significantly upregulated in 

immune cells, such as macrophages and lymphocytes, within inflamed tissue sites (Zhang et 

al., 2001). This upregulation facilitates the recruitment of these immune cells to the wound 

area, which is crucial for initiating the healing response. The recruited immune cells release 

pro-inflammatory cytokines like IL-1 and TNF-α, which not only help to clear pathogens but 

also activate the subsequent stages of wound healing by promoting fibroblast activity and 

extracellular matrix deposition (Alstergren et al., 1999). Similarly, Zhang et al. observed that 

the activation of serotonin receptors enhanced the production of these cytokines, further 

supporting their role in the inflammatory and early proliferative phases of wound healing. Their 

study indicated that serotonin signalling modulates the behaviour of immune cells, enhancing 

their ability to sustain an inflammatory response critical for the formation of new tissue. Also, 

during the proliferative phase, serotonin has been shown to regulate fibroblast proliferation and 

extracellular matrix (ECM) deposition. Seuwen et al. demonstrated that serotonin significantly 

induces fibroblast proliferation by activating specific serotonin receptors, leading to the 

upregulation of fibroblast growth factor-2 (FGF-2) secretion. FGF-2 is a crucial component 

that facilitates cell proliferation, angiogenesis, and ECM formation, all vital for wound healing 

(Seuwen et al., 1988). The study also highlighted that serotonin stimulates the production of 

essential ECM components like collagen, which are necessary for maintaining tissue strength 

and providing a scaffold for re-epithelialisation (Seuwen et al., 1988). 
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My ex-vivo findings align with these studies, as fluoxetine treatment led to enhanced epithelial 

coverage. However, the mechanism may not depend solely on serotonin levels. While 

keratinocytes are capable of producing serotonin (Goodwin et al., 2017; Schallreuter et al., 

2012), and serotonin may be present in foetal bovine serum (Chávez et al., 2017), direct 

activation of serotonin receptors by fluoxetine itself is also plausible. As shown in earlier 

chapters, fluoxetine can function as a receptor agonist or antagonist independent of serotonin 

availability (Ni and Miledi, 1997; Peng et al., 2014). Therefore, the observed effects in this 

tissue model could reflect either serotonin-mediated signalling or direct modulation of receptor 

activity by fluoxetine. This dual possibility must be considered when interpreting the 

mechanism behind improved wound closure. 

 

 

6.5.2 Role of serotonin signalling in how fluoxetine impacts wound-healing ex-vivo 

To confirm the role of serotonin pathways in fluoxetine-mediated wound healing, serotonin 

blockers mirtazapine and ketanserin were utilised. The divergent outcomes with these blockers 

provide essential insights into the complexity of the role of serotonin in wound healing. The 

concentration of mirtazapine used in this study was 0.15 mg/l, chosen to align with plasma 

concentrations observed in therapeutic use. Timmer et al. reported that therapeutic doses of 

mirtazapine (15-45 mg/day) yield plasma levels ranging from 0.05 to 0.1 mg/l (Timmer et al., 

2000), additionally, Kirkton et al. identified a therapeutic range of 0.18 to 0.2 mg/l (Kirkton 

and McIntyre, 2006), further supporting the relevance of our selected dose for ex-vivo 

application. However, the differing effects observed, with ketanserin reversing the impact of 

fluoxetine while mirtazapine did not, suggest that receptor specificity, compound stability, or 

off-target effects may have influenced the outcomes. Although both drugs are serotonin 

receptor antagonists, their distinct pharmacological profiles and metabolic behaviours highlight 

the need for caution in interpreting these results as direct evidence of serotonin signalling. 

 

Mirtazapine, an atypical antidepressant that antagonises the 5-HT2A and 5-HT2C receptors, 

was expected to reverse the effects of fluoxetine if serotonin signalling was involved. However, 

mirtazapine did not significantly alter wound closure when administered alone or in 

combination with fluoxetine. This outcome was unexpected, as the pharmacological profile of 

mirtazapine profile suggests it could inhibit serotonin pathways involved in wound healing. 
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One possible explanation is that the observed effects of fluoxetine in this system may not be 

fully dependent on serotonin signalling. Given the broad pharmacological profile of 

mirtazapine, it is possible that off-target effects unrelated to serotonin pathways limited its 

specificity in this model. Mirtazapine not only antagonises 5-HT2A and 5-HT2C receptors, but 

also interacts with noradrenergic and histaminergic systems, and antagonises central alpha-2 

adrenergic receptors (Anttila and Leinonen, 2001). These neurotransmitter systems may not 

play significant roles in keratinocyte function, which could explain the limited impact 

observed. In addition, mirtazapine undergoes extensive metabolism via cytochrome P450 

enzymes, potentially contributing to variability in its efficacy depending on tissue type and 

receptor context. Altogether, this makes mirtazapine a challenging tool for specifically 

interrogating serotonin signalling in skin tissue. 

Another contributing factor for these unexpected results may be the stability of mirtazapine 

under experimental conditions. Research by Fang et al. demonstrated that mirtazapine is 

sensitive to light exposure and temperature fluctuations, which can lead to degradation over 

time. The study found that when mirtazapine was stored at room temperature and exposed to 

light, its chemical structure broke down, significantly reducing its pharmacological activity. 

Conversely, storing mirtazapine in dark, temperature-controlled environments (below 8°C) 

preserved its integrity (Fang et al., 2012). Similarly, Fitzpatrick et al. investigated the impact 

of formulation and storage practices on the stability of mirtazapine. They found that high 

humidity levels or non-airtight containers led to significant chemical degradation of the drug, 

diminishing its efficacy. The study also highlighted that brief UV light exposure could alter the 

pharmacological properties of mirtazapine properties, making it less effective. They. 

emphasised the importance of using light-resistant packaging and maintaining low-humidity, 

temperature-controlled storage to preserve the drug’s effectiveness (Fitzpatrick et al., 2018). 

Given these findings, experimental conditions such as prolonged exposure to light, humidity, 

or elevated temperature in the current study may have reduced the bioactivity of mirtazapine, 

limiting its ability to antagonise serotonin receptors effectively. 

This suggests that mirtazapine may not be the most reliable candidate for assessing the role of 

serotonin in wound healing, as its complex pharmacological interactions may not provide the 

specificity needed for clear conclusions. Exploring other serotonin antagonists with more 

selective mechanisms may offer a more precise understanding of the pathways involved. Future 

studies should focus on optimising the storage and handling conditions for mirtazapine to 

maintain its efficacy and consider alternative, more stable antagonists for exploring the role of 

serotonin in tissue repair. 
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Given the results with mirtazapine, ketanserin, a well-documented 5-HT2A receptor 

antagonist, was employed. Ketanserin has been extensively used in wound healing studies to 

modulate inflammatory responses and fibroblast activity. For instance, Quatresooz et al. 

investigated the effects of ketanserin in diabetic leg ulcers, a model characterised by impaired 

microcirculation and chronic inflammation. They found that ketanserin application 

significantly improved wound healing by enhancing blood flow and reducing inflammation in 

the affected tissues. The study highlighted the drug’s capacity to modulate microcirculation, 

leading to better oxygen and nutrient delivery to the wound site, which is critical for effective 

tissue repair. These results underscore the therapeutic potential of ketanserin in wounds where 

inflammation and poor blood supply are predominant issues (Quatresooz et al., 2006). My 

study aligns with these findings, as ketanserin treatment successfully reversed the enhancement 

of wound closure by fluoxetine in my ex-vivo model. This suggests that the antagonistic effect 

of ketanserin on serotonin pathways effectively counteracts the positive influence of fluoxetine 

on wound healing, providing evidence that the effects of fluoxetine are indeed serotonin-

mediated. Similarly, Hong et al. explored the anti-inflammatory properties of ketanserin and 

its impact on wound healing mechanisms. Their study demonstrated that ketanserin effectively 

reduced inflammation by targeting serotonin-mediated pathways, particularly those involving 

NF-κB and MAPK signalling. By inhibiting these pathways, ketanserin was shown to decrease 

the release of pro-inflammatory cytokines, thus creating a more conducive environment for 

wound healing. These findings suggest that the anti-inflammatory effects of ketanserin play a 

pivotal role in its ability to modulate wound healing processes. In my study, the antagonistic 

action of ketanserin led to a noticeable reduction in wound closure when combined with 

fluoxetine, which aligns with Hong et al.'s findings on its anti-inflammatory properties. The 

reduction in wound closure in the fluoxetine–ketanserin combination indicates that ketanserin 

likely inhibits the pathways that fluoxetine activates, supporting the involvement of serotonin 

receptors in mediating the effects of fluoxetine on wound healing. However, given the 

pharmacological complexity of ketanserin and fluoxetine, the possibility of off-target effects 

influencing the results cannot be ruled out. Both compounds interact with additional receptor 

systems and signalling pathways, and further validation using more selective tools or genetic 

approaches would be required to definitively confirm serotonin-specific mechanisms.  

 

These findings collectively demonstrate that the modulation of serotonin pathways can have 

dual outcomes depending on the experimental conditions and receptor targets. While fluoxetine 
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can enhance wound healing through serotonin receptor activation, the antagonistic action of 

ketanserin on the same pathways results in the inhibition of these beneficial effects. This duality 

underscores the complexity of SSRI mechanisms in tissue repair, where receptor-specific 

interactions play a critical role in determining the overall outcome of treatment. By integrating 

the results from my study with those of Quatresooz et al., and Hong et al, a more comprehensive 

understanding of the role of serotonin signalling in wound healing emerges, highlighting the 

importance of context and receptor specificity in therapeutic applications. 

 

6.5.3 Clinical implications, limitations, and future directions 

The consistency between my ex-vivo results and earlier in-vitro findings suggests that the 

mechanisms induced by fluoxetine-exposure are conserved across different experimental 

models. The use of ex-vivo human skin biopsies allows for the preservation of cellular diversity 

and tissue architecture, providing a more clinically relevant model for studying drug effects on 

wound healing. This is crucial for translating laboratory findings into therapeutic strategies 

applicable in clinical settings, as ex-vivo models bridge the gap between in-vitro studies and 

in-vivo clinical outcomes. The variability between the responses to mirtazapine and ketanserin 

highlights the importance of drug stability and receptor specificity. The consistent effects of 

ketanserin suggest that it is a reliable tool for investigating the role of serotonin in tissue repair, 

while the variability of mirtazapine indicates a need for further optimisation. Exploring 

additional serotonin antagonists with higher specificity for relevant receptors could provide 

clearer evidence of the mechanisms of fluoxetine in wound healing. Furthermore, 

understanding the pharmacokinetics and stability of these drugs in various biological 

environments is crucial. Studies like those by Rikki et al. emphasise the need to control storage 

conditions and formulations to maintain drug efficacy (Fitzpatrick et al., 2018). Future research 

should focus on optimising these parameters for mirtazapine and exploring its effects under 

controlled conditions to determine its true impact on wound healing. 

 

To deepen our understanding of the role of fluoxetine and serotonin, molecular analyses such 

as transcriptomics and proteomics on ex-vivo human skin biopsies should be incorporated. 

Identifying specific genes or proteins influenced by fluoxetine and serotonin blockers would 

offer a comprehensive view of the pathways involved and enable the development of targeted 

therapies. Comparing the effects of fluoxetine with other SSRIs, such as sertraline or 
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paroxetine, across different models (e.g., diabetic wounds or chronic ulcers) would also provide 

insights into the broader applicability of serotonin modulation in wound healing. 

 

Despite the promising findings, several limitations must be addressed. The variability in donor 

skin samples and the sample size may influence the reproducibility of results. Standardising 

clinical parameters for donor skin and expanding the study cohort would help validate these 

findings further. Additionally, while my study used fluoxetine concentrations based on previous 

studies on other models, it is worth noting that these concentrations are significantly lower than 

those used in studies in human (Nguyen et al., 2019; Yoon et al., 2021) where much higher 

doses were tested. The use of these lower, environmentally relevant concentrations in my study 

not only provides ecological relevance but also highlights the potential for therapeutic 

applications at lower doses, minimising potential side effects. This approach may offer an 

innovative pathway for developing safe and effective treatments for wound healing. Further 

exploration of this lower dose range could clarify the dose-dependent effects of fluoxetine and 

determine its optimal therapeutic window. 
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Chapter 7: General Discussion 

7.1 Overview of findings and implications 

This study investigates the potential of fluoxetine as a therapeutic agent in wound healing, 

particularly at environmentally relevant concentrations (62.5-5400 ng/l). The results indicate 

that fluoxetine enhances keratinocyte proliferation, which is critical for effective wound 

closure and tissue regeneration. By focusing on the cellular mechanisms underlying this effect, 

the research provides valuable insights into how fluoxetine might be utilised in clinical settings 

for improving wound healing outcomes. 

 

The exploration of molecular pathways revealed significant activation of serotonin signalling 

in keratinocytes exposed to fluoxetine. This was confirmed through the use of the serotonin 

antagonist ketanserin, which demonstrated that the wound healing effects of fluoxetine are 

likely mediated through its action on serotonin receptors. These findings not only highlight the 

pharmacological efficacy of fluoxetine in promoting cellular activities essential for wound 

repair but also underscore the importance of serotonin in this process. 

 

In addition to its therapeutic implications, the persistence of fluoxetine in the environment 

raises critical concerns. While this study primarily focuses on its benefits in wound healing, it 

is essential to recognise the broader context of the presence of fluoxetine in aquatic systems. 

The increasing detection of fluoxetine and other SSRIs in water bodies suggests a need for 

enhanced monitoring to assess potential risks to aquatic ecosystems. Although this project did 

not directly address the ecological consequences of fluoxetine exposure in non-target 

organisms, the environmental implications warrant attention and further investigation. 

 

Overall, this chapter will elaborate on the cellular mechanisms involved in the action of 

fluoxetine on keratinocytes and its effects observed in ex-vivo models, its potential therapeutic 

applications in chronic wound management, and the necessity for continued environmental 

surveillance of SSRIs. The subsequent sections will provide a detailed analysis of the findings, 

contextualised within the existing body of literature, to fully capture the multifaceted 

implications of this research. 
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7.2 Mechanisms of action of fluoxetine in wound healing 

7.2.1 Integrated pathways of proliferation, metabolism, and cellular resilience in fluoxetine-

mediated wound repair 

This study demonstrates that fluoxetine, even at environmentally relevant low concentrations, 

enhances keratinocyte proliferation and accelerates wound healing through a network of 

cellular pathways rather than a single dominant mechanism. The combined findings from 

scratch assays, RNAseq, and pathway analyses suggest that fluoxetine engages multiple 

systems that collectively contribute to wound repair. The investigation into the effects of 

fluoxetine on wound healing elucidates a multifaceted role in keratinocyte proliferation and the 

modulation of key cellular pathways. Through comprehensive analysis of phosphoproteomic 

data and validation in ex-vivo models, this study demonstrates that fluoxetine enhances wound 

repair mechanisms through a combination of kinase signalling activation and effective protein 

regulation. 

 

Initial insights from the scratch assays indicated the role of fluoxetine in promoting wound 

closure, as fluoxetine-exposed keratinocytes consistently showed increased proliferation, 

closing wound gaps more effectively than unexposed cells. This enhancement of cell 

proliferation directly supports early wound healing, providing the groundwork to explore how 

the molecular effects of fluoxetine facilitate keratinocyte function. 

 

Further molecular insights from RNAseq identified the influence of fluoxetine on a variety of 

gene expression changes linked to cellular proliferation and metabolic regulation. Several 

upregulated genes were associated with cell growth and energy production, indicating that 

fluoxetine optimises conditions necessary for keratinocyte survival and replication. Among the 

affected pathways, serotonin signalling was one notable component, though it likely works in 

tandem with other systems rather than serving as the central driver. This serotonin-related 

modulation hints at the known pharmacological interactions of fluoxetine, yet here it seems to 

act as part of a larger, multi-pathway response. 

 

Fluoxetine exposure resulted in significant phosphorylation of several key proteins within the 

ERK/MAPK signalling pathway, which is critical for mediating cellular responses to growth 

stimuli. The activation of ERK1/2 suggests that fluoxetine facilitates cell proliferation and 

survival, enabling keratinocytes to respond more robustly to the demands of wound repair. 
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Figure 7.1 illustrates this pathway’s role, highlighting the ERK/MAPK pathway’s activation as 

part of the effects of fluoxetine on keratinocyte proliferation and tissue growth, which are 

essential for wound healing. Additionally, the use of protein microarrays and western blotting 

analysis revealed phosphorylation changes in other kinases, including MSK1 and GSK3. The 

phosphorylation of MSK1, involved in cell survival and proliferation, indicates that fluoxetine 

may enhance the survival of keratinocytes under stress conditions, while GSK3 modulation 

suggests a role in energy metabolism and regulation of cellular functions necessary for wound 

healing. The HIPPO pathway, also activated by fluoxetine, further supports cell proliferation 

and survival by promoting growth and inhibiting apoptosis, phosphorylation of key 

components within this pathway, such as MST1/2 and LATS1/2, underscores  the influence of 

fluoxetine in maintaining cellular viability during early repair stages, an effect illustrated in 

Figure 7.1. This activation of the HIPPO pathway, together with ERK/MAPK, suggests that 

fluoxetine coordinates multiple signalling mechanisms to support wound healing effectively. 

 

The inclusion of serotonin signalling pathways is particularly noteworthy, as fluoxetine, an 

SSRI, enhances wound healing partly through serotonin receptor activation, which plays a 

crucial role in keratinocyte migration and immune modulation. This integration of serotonin 

signalling is confirmed by the use of serotonin antagonists like ketanserin in this study, which 

mitigated the effects of fluoxetine, highlighting the pivotal function of serotonin in 

coordinating cellular activities during wound repair. In Figure 7.1, the serotonin pathway is 

illustrated as central in the multi-pathway action of fluoxetine, positioning it as an initiator of 

downstream molecular effects that support wound healing. Although serotonin may be present 

in culture via endogenous production by keratinocytes or from components in FBS it was not 

directly measured in this study. As such, an alternative but not mutually exclusive explanation 

is that fluoxetine directly binds to serotonin receptors to trigger intracellular signalling 

cascades. Studies have shown that fluoxetine can act as an agonist or antagonist at specific 5-

HT receptor subtypes, including 5-HT2A, 5-HT2B, 5-HT2C, and 5-HT3, even in the absence 

of serotonin (Breitinger et al., 2001; Eisensamer et al., 2003; Ni and Miledi, 1997; Peng et al., 

2014). This direct receptor engagement could activate the same downstream pathways (e.g., 

PI3K/Akt, MAPK/ERK) typically stimulated by serotonin. Therefore, whether fluoxetine 

exerts its effects by increasing serotonin availability or by acting directly on serotonin 

receptors, these outcomes can still be understood within the framework of serotonin receptor-

mediated signalling. Additionally, the modulation of metabolic pathways by fluoxetine is 

crucial in facilitating the energy demands of wound healing. RNAseq data revealed 
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upregulation of mitochondrial and ATP production pathways, suggesting that fluoxetine 

supports the energetic demands of rapidly proliferating keratinocytes. By facilitating increased 

energy availability, fluoxetine enables keratinocytes to maintain the metabolic flexibility 

required for wound repair, especially in resource-constrained environments typical of healing 

tissue. Additionally, the modulation of the ubiquitin-proteasome system by fluoxetine provides 

a potential mechanism for maintaining protein quality during cellular proliferation. By 

promoting the degradation of damaged proteins, fluoxetine helps sustain keratinocyte 

functionality, preventing the buildup of cellular stress that can arise during rapid cell growth.   

The role of fluoxetine in enhancing cellular resilience aligns with its broader impact on cellular 

health, aiding keratinocyte activity through multiple phases of the wound healing process. 

Notably, the observed effects of fluoxetine appear to be time-dependent: early impacts 

primarily engage cell growth pathways, while extended exposure broadens its influence to 

include metabolic and protein regulatory systems. This temporal modulation suggests a 

coordinated response, where fluoxetine adapts its cellular engagement over time to meet the 

specific needs of each stage in wound repair. 

In the ex-vivo human skin model, the improvements in wound closure corroborated the 

molecular findings, indicating that the effects of fluoxetine observed in simpler cell systems 

translate effectively to more complex tissue environments. The ex-vivo model provided 

valuable insights into how fluoxetine operates within the layered architecture of skin, where it 

can interact with multiple cell types and extracellular matrix components. The ability of 

fluoxetine to enhance keratinocyte function and support wound closure in this context 

highlights its translational relevance for clinical applications. The integration of findings from 

the phosphoproteomic analysis with the functional outcomes in the ex-vivo model suggests that 

fluoxetine operates through a multifactorial approach, engaging multiple pathways that 

collectively contribute to wound healing. 

Together, the pathways illustrated in Figure 7.1 reflect the synergy between increased kinase 

activity, serotonin-receptor signalling, and metabolic support. This multi-pathway action of 

fluoxetine positions it as a promising candidate for low-dose, localised therapies that could 

effectively target chronic wounds. Such a therapeutic approach, by minimising systemic 

exposure, addresses a critical need in wound management while providing a targeted solution 

for cell proliferation, survival, and energy metabolism. Coordinated engagement of signalling 

by fluoxetine, metabolic, and regulatory pathways, as depicted in Figure 7.1, suggests it could 

overcome key obstacles in chronic wound healing, enhancing tissue repair through a robust 

network of cellular responses. 
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Figure 7.1: Effects of fluoxetine on wound healing at phenotypical and molecular levels. 

Overview of the role of fluoxetine in promoting keratinocyte proliferation, wound closure, and 

activation of key signalling pathways (ERK/MAPK, HIPPO, ATM) involved in cell growth, 

metabolism, and protein regulation. 
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7.2.2 Comparison with key literature 

Nguyen et al. (2018): Topical fluoxetine as a novel therapeutic that improves wound healing in 

diabetic mice 

Nguyen et al. investigated the impact of fluoxetine on wound healing, focusing on its ability to 

enhance keratinocyte migration and alter the local inflammatory environment (Nguyen et al., 

2019). Using both in vitro and in vivo models, their study demonstrated that fluoxetine 

facilitates wound closure by promoting keratinocyte migration and reducing inflammation. In 

their in vitro scratch assay, Nguyen et al. showed that fluoxetine significantly increased 

neonatal human keratinocytes migration, enabling more extensive wound coverage by 

migrating cells. This migration-promoting effect was observed at the tested fluoxetine 

concentration (3000 to 300,000 ng/l) and was attributed to serotonin signalling pathways, as 

fluoxetine functions as a selective serotonin reuptake inhibitor. 

In vivo, fluoxetine similarly improved wound closure in a diabetic mouse model, not only by 

enhancing keratinocyte migration but also by shifting the immune profile within the wound 

site toward a less inflammatory state. Lower levels of pro-inflammatory cytokines were 

observed in fluoxetine-treated wounds, suggesting that fluoxetine supports a balanced immune 

response conducive to faster tissue repair. Nguyen et al. proposed that the dual action of 

fluoxetine, promoting keratinocyte migration and moderating inflammation, creates an optimal 

environment for wound healing, which is particularly advantageous in cases of chronic wounds 

where excessive inflammation impedes effective repair. 

 

Yoon et al. (2021): Topical fluoxetine as a potential nonantibiotic adjunctive therapy for 

infected wounds 

Yoon et al. (2021) investigated the therapeutic potential of fluoxetine in wound healing, 

particularly focusing on its effects in infected wound models (Yoon et al., 2021). The study 

used in vitro, in vivo, and ex-vivo models, including cultured human keratinocytes, ex-vivo 

human skin, and a murine wound infection model, to evaluate the effects of fluoxetine on re-

epithelialisation, biofilm reduction, and immune modulation. In addition to its known 

antimicrobial activity, the study explored how fluoxetine affects keratinocyte migration and 

shifts the wound environment from pro-inflammatory to anti-inflammatory, making it a 

promising non-antibiotic adjunctive therapy for chronic wounds. 

In their ex-vivo human skin model, Yoon et al. observed that daily topical application of 0.2% 

fluoxetine significantly improved wound re-epithelialisation and reduced biofilm formation of 
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Staphylococcus aureus, a common pathogen in chronic wounds. The treatment decreased pro-

inflammatory cytokines, such as IL-6 and TNF-α, and upregulated keratinocyte markers 

associated with migration, including keratin 17 (K17). These molecular changes contributed to 

a more pro-reparative wound environment that supported wound closure. Additionally, 

fluoxetine diminished the expression of key virulence factors in S. aureus, lowering biofilm 

mass and pathogen viability, which are major barriers to effective wound healing. 

In their in vivo murine wound model, fluoxetine further demonstrated its efficacy by enhancing 

re-epithelialisation and reducing bacterial translocation to systemic sites, like the spleen, 

indicating its potential to contain infection locally. The study’s findings highlighted the 

capacity of fluoxetine to improve wound healing outcomes by promoting keratinocyte 

migration, reducing inflammatory markers, and mitigating infection-related barriers to wound 

closure. 

 

Sadiq et al. (2018): The role of serotonin during skin healing in post-thermal injury 

The study by Sadiq et al. examined the role of serotonin in wound healing, using both in vitro 

and in vivo models to explore how fluoxetine impacts key cellular processes such as 

proliferation, migration, and differentiation in keratinocytes and fibroblasts (Sadiq et al., 2018). 

The study specifically addressed how serotonin signalling influences wound repair and the 

effects of inhibiting this pathway with fluoxetine adding valuable insights into the dual roles 

of serotonin in wound closure. 

In the in vitro component of their study, Sadiq et al. used cultured human fibroblasts and 

neonatal keratinocytes to assess the influence of serotonin, fluoxetine, and ketanserin migration 

and proliferation. Serotonin, when applied at a concentration of 10−8M, significantly promoted 

cell survival, reduced apoptosis, and stimulated keratinocyte migration and proliferation. In 

scratch assays, serotonin-treated cells demonstrated faster scratch closure compared to 

controls, highlighting the role of serotonin in accelerating wound closure. Conversely, exposure 

to fluoxetine at the same concentration markedly inhibited these serotonin-mediated effects. 

Fluoxetine exposure reduced keratinocyte migration, resulting in slower scratch closure, 

suggesting that the inhibition of serotonin reuptake by fluoxetine impedes the natural healing-

promoting effects of serotonin on these cells. Additionally, ketanserin was found to have similar 

effects as fluoxetine, further indicating that the wound healing process is driven primarily 

through 5-HT2A receptors. These findings imply that serotonin plays an essential role in 

maintaining wound repair mechanisms, while SSRIs, by inhibiting serotonin availability, may 

disrupt these processes. 
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In the in vivo component, Sadiq et al. used a mouse model to assess the effects of fluoxetine on 

wound healing following scald injuries. Mice with burn wounds were systemically 

administered fluoxetine and ketanserin at a dose of 10 mg/kg. The untreated control group, 

which retained natural serotonin signalling, exhibited notably smaller wounds and faster re-

epithelialisation, as well as a well-organised granulation tissue structure, indicating efficient 

wound repair. In contrast, fluoxetine-treated mice showed a significant delay in wound closure, 

evidenced by larger wound areas, slower epithelial migration, and reduced cellular density 

within granulation tissues. The presence of fluoxetine correlated with premature keratinocyte 

differentiation, indicating that while serotonin promotes early-stage keratinocyte migration and 

proliferation, fluoxetine disrupts these pathways, potentially by causing keratinocytes to enter 

differentiation prematurely. Additionally, the study underscored the importance of serotonin 

receptor activity, particularly the 5-HT2A receptor, in modulating these effects. Sadiq et al. 

concluded that the influence of serotonin on wound healing occurs through 5-HT receptor-

mediated pathways, with the 5-HT2A receptor playing a central role in maintaining cell 

migration, adhesion, and proliferation essential for wound closure. The similarity in the 

inhibitory effects observed with both fluoxetine and ketanserin underscores the critical role of 

serotonin and suggests that therapeutic strategies involving SSRIs could unintentionally 

interfere with wound repair by inhibiting this pathway. 

 

Sadiq et al. thus provides a comprehensive analysis of the beneficial effects of serotonin on 

wound healing and the inhibitory impact of SSRIs like fluoxetine. While serotonin itself 

promotes wound closure through receptor-driven mechanisms, the reuptake inhibition by 

fluoxetine impairs these cellular responses, suggesting that SSRIs may negatively affect wound 

healing in clinical settings. 

 

Comparative Synthesis and Implications: 

The findings of this thesis, together with those of Sadiq et al. (2018), Yoon et al. (2021), and 

Nguyen et al. (2018), deepen the understanding of the mechanisms of fluoxetine in wound 

healing, revealing both similarities and context-specific effects. Across studies, fluoxetine has 

shown promise in enhancing cellular activities crucial for wound repair. For example, both this 

thesis and Yoon et al. observed enhanced keratinocyte function; however, my project 

demonstrated increased cell proliferation, while Yoon et al. focused on migration and re-

epithelialisation in infected wound models. Similarly, Nguyen et al. highlighted the anti-
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inflammatory benefits of fluoxetine, which support wound closure in a diabetic context, 

aligning with the immunomodulatory aspects seen in my study. 

 

Differences between these studies primarily arise from the concentrations of fluoxetine used, 

the model environments, and methodological approaches. While Yoon et al. and Nguyen et al. 

employed higher concentrations of fluoxetine, relevant to pharmacological applications, this 

thesis uniquely focused on environmentally relevant, low-dose concentrations, demonstrating 

that fluoxetine can support wound healing without the potential side effects associated with 

higher doses. Although some of the higher concentrations used in this thesis (5400 ng/l in ex-

vivo models) exceed average environmental levels, mid-range doses such as 540 ng/l, used in 

the transcriptomic analyses, closely reflect concentrations observed in contaminated 

wastewater effluents or surface water hotspots (Salgado et al., 2011; Shraim et al., 2017). Given 

that these concentrations elicited measurable biological effects, the findings remain highly 

relevant to environmental exposure scenarios. Importantly, while many of these studies 

attribute the effects of fluoxetine to increased serotonin signalling, recent evidence, including 

data discussed in this thesis, suggests that fluoxetine can directly modulate serotonin receptor 

activity. It may act as a functional agonist or antagonist at 5-HT2A, 5-HT2B, 5-HT2C and 5-

HT3 receptors, even in the absence of measurable serotonin in the culture system (Breitinger 

et al., 2001; Eisensamer et al., 2003; Ni and Miledi, 1997; Peng et al., 2014). This receptor-

specific engagement could account for the observed wound-healing effects and helps reconcile 

discrepancies between in vitro and in vivo findings. 

 

Together, these studies suggest that the role of fluoxetine in wound healing likely operates 

through a multifaceted mechanism that includes serotonin receptor activation, MAPK/ERK 

signalling, and inflammatory modulation. The unique focus of this thesis on low-dose 

fluoxetine provides critical insights relevant to both therapeutic and environmental contexts. 

The effectiveness of fluoxetine at these lower doses supports its potential for safe, localised 

wound therapy, with minimal systemic impact, making it suitable for prolonged treatment 

scenarios. Additionally, by demonstrating bioactivity at environmentally relevant 

concentrations, this study underscores the importance of monitoring fluoxetine in aquatic 

systems to mitigate potential ecological impacts on non-target organisms.  
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7.3 Potential therapeutic and environmental implications of low-dose fluoxetine exposure 

7.3.1 Fluoxetine as a potential treatment for chronic wounds 

Chronic wounds present a significant challenge in clinical management due to prolonged 

healing times and the complexities involved in restoring tissue integrity. Current wound healing 

therapies face numerous limitations, especially in the context of chronic wounds, which can 

persist for months or even years without adequate closure, the treatment landscape includes a 

variety of approaches, ranging from traditional dressings to advanced bioengineered solutions, 

but each therapy presents significant challenges in terms of cost, effectiveness, and 

accessibility. 

Table 7.1, adapted from Gardikiotis et al., summarises current wound healing therapies, 

detailing their mechanisms, advantages, and limitations. This table highlights gaps in existing 

treatments, such as high costs, limited efficacy, and accessibility issues, especially for chronic 

wound care. Conventional therapies, including biopolymer dressings, PRP derivatives, growth 

factors, and topical antibiotics, often target singular aspects of wound healing (e.g., creating a 

moist environment, modulating inflammation, or controlling infection).  

 

Table 7.1: Current therapeutic approaches for wound healing. Summary of wound healing 

therapies, highlighting mechanisms of action, advantages, and limitations, with a focus on 

areas where fluoxetine could address treatment gaps. Adapted from Gardikiotis et al (2022). 

 

Treatment type Mechanism of Action Benefits Limitations

Commercial dressings 

(e.g., Aquacel, Kaltostat, 

Carboflex)

Provide a moist environment, 

promote autolytic debridement, 

prevent bacterial contamination

Readily available and easy to use; 

waterproof and impermeable; highly 

absorbent; may be used on infected 

wounds

May adhere to wound bed; not effective 

for moist wound healing; frequent 

changes needed, increasing costs; 

potential residue can cause infection

Biopolymer dressings

Bioactive materials interact with 

wound tissue, supporting healing 

processes

Unique biochemical properties; 

biocompatible with human tissue; 

biodegradable

Poor mechanical strength; rapid 

degradation in vivo, requiring frequent 

replacement

PRP derivatives

Release growth factors and 

cytokines to stimulate cell 

proliferation and wound repair

Cost-effective; low immunological risk; 

promotes regenerative effects in wound 

healing

Lack of standardization; risk of 

contamination; requires optimization in 

preparation; limited large-scale studies

Growth factors

Stimulate cell proliferation, 

migration, and differentiation for 

tissue regeneration

Enhance wound healing and skin 

regeneration; regulate cellular 

responses

Low stability in vivo; high cost; 

potential side effects, including allergic 

reactions

Topical antibiotics

Reduce bacterial load to prevent 

infection and promote wound 

healing

Effective for managing infected 

wounds; can reduce risk of wound 

infection

Potential for antibiotic resistance; 

limited effectiveness in non-infected 

wounds

Hyperbaric Oxygen 

Therapy

Increases oxygen supply to enhance 

healing
Useful in diabetic ulcers

Costly; limited availability; not suitable 

for all patients
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 Standard wound dressings, such as commercial dressings (e.g., Aquacel, Kaltostat) and 

biopolymer-based materials, are widely used for wound care but often lack bioactive properties 

that promote tissue repair. While some of these dressings create a moist environment favourable 

for healing and protect against infection, they do not actively engage in cell signalling or 

proliferation necessary for chronic wound repair, this limitation is particularly problematic in 

cases of impaired healing, as seen in chronic wounds where cell function is already 

compromised. Furthermore, these dressings often require frequent replacement, adding to 

patient burden and increasing healthcare costs (Gardikiotis et al., 2022). 

Growth factors and platelet-rich plasma (PRP) derivatives are among the more advanced 

biological therapies used to stimulate wound healing at a molecular level. Growth factors, such 

as fibroblast growth factor and epidermal growth factor, aim to accelerate tissue regeneration 

by activating cell proliferation pathways, however, they suffer from low stability in vivo and 

are typically expensive, limiting their accessibility and use on a large scale. PRP therapies, 

while relatively cost-effective, lack standardisation and consistency in preparation, which 

affects their reliability and therapeutic outcomes. Additionally, the application of growth 

factors and PRP alone may not address all facets of wound healing, particularly in complex 

cases where metabolic and immune support are also needed. 

Antibiotic treatments are frequently employed to manage wound infections, but they do not 

directly contribute to tissue repair, repeated use of topical antibiotics can contribute to antibiotic 

resistance, which presents a long-term risk for patients and the broader healthcare system. 

Antimicrobial resistance is especially concerning in chronic wound care, where bacterial 

biofilms can impede healing and further complicate treatment strategies. 

 

Given these limitations, there is a need for a therapeutic solution that not only promotes cell 

proliferation but also provides metabolic and immune support to facilitate comprehensive 

wound healing. The findings of my study highlight the potential of fluoxetine as a therapeutic 

agent for chronic wound treatment, particularly at low, environmentally relevant 

concentrations. In vitro scratch assays demonstrated that fluoxetine exposure enhanced 

keratinocyte proliferative activity, resulting in faster wound closure. However, chronic wounds 

are often characterised by a hyperproliferative yet dysfunctional epidermis, where excessive 

cell proliferation does not necessarily translate into effective re-epithelialisation (Eming et al., 

2014). This underscores the importance of targeting multiple pathways, beyond proliferation 

alone, to support proper wound resolution.  In this context, the ability of fluoxetine to modulate 

not only cell growth but also cellular metabolism and inflammatory signalling becomes 
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particularly relevant. Chronic wounds often stuffer from impaired cellular metabolism, which 

can hinder the healing process by limiting the energy resources available for cell growth and 

repair. This study found that fluoxetine upregulates pathways involved in energy metabolism, 

particularly mitochondrial function and ATP production, suggesting that fluoxetine provides 

keratinocytes with the metabolic support needed to sustain proliferative activity. By enhancing 

cellular energy resources, fluoxetine not only bolsters the capacity of keratinocytes to 

proliferate but also reinforces their resilience in energy-demanding wound healing scenarios. 

These findings align with the observed benefits of fluoxetine in promoting wound closure, 

offering a promising perspective on its role in addressing metabolic limitations that contribute 

to chronic wound challenges. 

 

The multi-pathway activation by fluoxetine, which includes the ERK/MAPK, HIPPO, and 

serotonin signalling pathways, aligns with established pharmaceutical targets in other medical 

contexts, such as cancer and regenerative medicine. The ERK/MAPK pathway, known for 

regulating cell proliferation and survival in oncology, plays a central role in controlled cell 

growth, as seen in studies on gastric and colorectal cancer (Pandian et al., 2020; Tian et al., 

2017). Targeting this pathway has shown effects on cell cycle progression and apoptosis 

regulation (Meigui et al., 2022), suggesting that its activation by fluoxetine could similarly 

support regenerative processes in wound healing. The HIPPO signalling pathway, a key 

regulator of tissue growth and regeneration, supports cell proliferation and survival through the 

activity of YAP and TAZ transcriptional co-activators (Chen et al., 2019; Juan and Hong, 2016). 

When the pathway is inactive, YAP/TAZ translocate to the nucleus, promoting gene expression 

associated with regenerative processes (Lu et al., 2018). The activation of this pathway by 

fluoxetine suggests potential benefits for keratinocyte survival and function in chronic wound 

settings. Additionally, serotonin signalling, a primary pathway in the mechanism of action of 

fluoxetine as an SSRI, provides an immune-modulating effect, supporting keratinocyte 

migration and inflammation control essential to wound repair, importantly, these effects may 

occur either through serotonin directly binding to its receptors or by fluoxetine itself interacting 

with and modulating receptor activity. 

 

The multifaceted nature of the action of fluoxetine suggests a synergistic effect that could 

significantly benefit patients with chronic wounds. Unlike conventional therapies that may 

focus on singular aspects of healing, the dual mechanism of action of fluoxetine, promoting 

proliferation while simultaneously regulating inflammation, positions it as a promising 



175 

 

candidate for adjunctive therapies in wound management. This holistic approach may enhance 

the overall effectiveness of treatment strategies, ultimately leading to better patient outcomes. 

Moreover, the established safety profile of fluoxetine, coupled with its widespread clinical use 

as an antidepressant, makes it an attractive option for repurposing in wound care. The prospect 

of low-dose fluoxetine formulations, perhaps delivered topically to minimise systemic 

exposure, offers a practical avenue for enhancing chronic wound treatment. Such an approach 

could provide a cost-effective solution that leverages the therapeutic properties of fluoxetine 

directly at the site of injury, maximising its benefits while reducing the risks typically 

associated with higher doses. The multi-pathway action of fluoxetine positions it as a promising 

adjunctive therapy, potentially addressing gaps in chronic wound care. 

 

7.3.2 Ecological impact and monitoring needs for fluoxetine 

Fluoxetine, widely recognised for its therapeutic benefits in treating various psychiatric 

conditions, is increasingly detected as an environmental contaminant in aquatic ecosystems. 

The findings of this study, which underscore the efficacy of fluoxetine in promoting 

keratinocyte proliferation and wound healing, necessitate a comprehensive understanding of 

its ecological implications. As fluoxetine persists in the environment, it raises important 

questions regarding its potential impact on non-target organisms and overall ecosystem health. 

Environmental monitoring studies have consistently reported the presence of fluoxetine in 

rivers, lakes, and wastewater effluents, often at concentrations that exceed those considered 

safe for aquatic life. These concentrations can lead to bioaccumulation in various organisms, 

such as fish and invertebrates, which are crucial components of aquatic ecosystems. The 

introduction of fluoxetine into these environments can disrupt normal biological processes, 

leading to unintended consequences on population dynamics and biodiversity. 

 

One significant concern is the potential of fluoxetine to interfere with endocrine systems in 

aquatic organisms. Research has shown that exposure to SSRIs, including fluoxetine, can alter 

hormone levels and disrupt reproductive processes in fish, leading to changes in spawning 

success, growth rates, and overall fitness. Such disruptions can have far-reaching effects, not 

only on individual species but also on entire food webs and community structures. For instance, 

reductions in fish populations due to reproductive impairment can lead to imbalances in 

predator-prey relationships, affecting species diversity and ecosystem stability. 
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In addition to endocrine disruption, fluoxetine can influence behaviour in aquatic organisms. 

Studies have indicated that exposure to fluoxetine can alter locomotion, feeding patterns, and 

predator avoidance, thereby impacting survival rates. These behavioural changes could 

compromise the ability of affected species to thrive in their natural habitats, ultimately leading 

to shifts in community composition and ecosystem function. 

 

Given these potential ecological risks, it is imperative to establish comprehensive monitoring 

programs that track the presence and concentrations of fluoxetine in aquatic environments. 

Such programs should employ advanced analytical techniques to accurately assess fluoxetine 

levels in various water sources, including surface water and effluents from wastewater 

treatment facilities. Understanding the spatial and temporal distribution of fluoxetine is crucial 

for identifying hotspots of contamination and evaluating the effectiveness of current water 

treatment processes in removing pharmaceutical residues. Furthermore, regulatory frameworks 

should be developed to limit the release of fluoxetine into the environment, promoting 

responsible pharmaceutical production and disposal practices. This includes incentivising the 

adoption of environmentally sustainable practices in the manufacturing of pharmaceuticals and 

improving waste management strategies to prevent the introduction of contaminants into 

natural water bodies. 

Public awareness campaigns can also play a vital role in mitigating the ecological impact of 

fluoxetine, educating healthcare professionals, patients, and the public about the proper 

disposal of unused medications can reduce the likelihood of these substances entering the 

environment. Encouraging the use of drug take-back programs and promoting the proper 

disposal of pharmaceuticals can significantly decrease the accumulation of fluoxetine in 

aquatic systems. 

 

In summary, while this study highlights the therapeutic potential of fluoxetine in wound 

healing, it also brings to light the pressing need for environmental stewardship. The dual role 

of fluoxetine, as a beneficial therapeutic agent and an ecological concern, underscores the 

necessity for a balanced approach that prioritises human health while safeguarding aquatic 

ecosystems. By implementing robust monitoring strategies and regulatory measures, it is 

possible to harness the benefits of fluoxetine for wound care while minimising its ecological 

footprint and protecting the integrity of our natural environments. 
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7.4 Future directions and concluding remarks 

This study lays the groundwork for understanding the multifaceted role of fluoxetine in 

promoting wound healing, highlighting its potential therapeutic applications at low, 

environmentally relevant concentrations. However, several avenues for future research remain 

to be explored, which could enhance our understanding of the effects of fluoxetine and inform 

clinical practices in wound management. Future studies should focus on elucidating the precise 

molecular mechanisms through which fluoxetine exerts its effects on keratinocytes. While this 

research identified key pathways, including the ERK/MAPK signalling cascade and energy 

metabolism, further investigations are warranted to explore additional signalling networks that 

may be involved. Techniques such as advanced proteomics and transcriptomics could provide 

deeper insights into the temporal dynamics of gene and protein expression following fluoxetine 

treatment, allowing for a more comprehensive understanding of its action over different time 

frames and concentrations. 

 

Additionally, exploring the effects of fluoxetine effects in other wound models is essential for 

assessing its therapeutic potential across different contexts. Future research could include 

studies on diabetic skin biopsies and other chronic wound types to determine how the efficacy 

of fluoxetine may vary based on the specific wound environment. This would not only 

contribute to a broader understanding of its application in clinical settings but also identify the 

optimal dosing regimens and delivery methods, such as topical formulations, that could 

maximise its benefits while minimising systemic exposure. 

 

Investigating the interactions between fluoxetine and other therapeutic agents could also yield 

valuable insights. Combination therapies that incorporate fluoxetine with other growth factors 

or anti-inflammatory agents may enhance wound healing outcomes by targeting multiple 

pathways simultaneously. Research into the synergistic effects of such combinations could 

open new avenues for more effective chronic wound treatments, providing a holistic approach 

to wound care. 

 

Furthermore, as fluoxetine is increasingly recognised for its environmental implications, future 

research should focus on its long-term ecological impact and the risks associated with its 

presence in aquatic environments. Understanding the concentration thresholds that affect non-

target organisms, coupled with investigations into the mechanisms of action in these species, 
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will be crucial for developing effective monitoring strategies and regulatory frameworks. 

Studies that assess the bioaccumulation potential of fluoxetine in aquatic food webs will 

provide critical data to inform ecological risk assessments and conservation efforts. 

 

In conclusion, this study underscores the potential of fluoxetine as a versatile agent in wound 

healing, particularly at low doses that promote keratinocyte proliferation and support cellular 

metabolism. The integration of findings from in vitro and ex-vivo models establish a compelling 

case for the therapeutic applications of fluoxetine in chronic wound care. As we advance our 

understanding of the mechanisms and effects of fluoxetine, it is imperative to balance its 

clinical benefits with ecological considerations. Through continued research and monitoring 

efforts, fluoxetine can be positioned not only as a valuable therapeutic tool but also as a 

compound that can be managed responsibly within our environment. 
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