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resumo 
 

 

O aumento de incidência da SARS-CoV-2 à escala global decretou no início de 
2020 uma situação de pandemia. Dentro das várias medidas de mitigação 
propostas por todos os governos e entidades responsáveis da área da Saúde 
Humana, o uso de desinfetantes foi uma das mais consensuais. Os 
desinfetantes passaram a ser aplicados nas residências, no exterior, em 
contexto hospitalar e para uso pessoal. Dado o aumento da procura, é 
expectado que os mesmos possam chegar em maiores quantidades aos 
ambientes aquáticos. Avaliar os possíveis efeitos destes compostos torna-se 
ainda mais imperativo, uma vez que se prevê um crescimento de 10% do uso 
de agentes desinfetantes até 2027. Entre as classes de desinfetantes mais 
usadas e mais frequentemente encontradas no ambiente, identificamos os 
tensioativos catiónicos e aniónicos, e aqueles cujas substâncias ativas são 
compostos naturais. Para o âmbito deste trabalho, foram assim selecionados o 
cloreto de benzalcónio (BAC), um agente tensioativo catiónico pertencente à 
família dos compostos de amónio quaternário, o sal do ácido dodecilbenzeno 
sulfónico de sódio (SDBS), agente tensioativo aniónico, e o timol (THY), um 
composto derivado de plantas com múltiplas aplicações. Apesar de haver alguns 
estudos sobre as propriedades e efeitos destes ingredientes ativos em 
organismos aquáticos, os seus efeitos adversos em espécies aquáticas 
continuam em grande parte desconhecidos. Nesse sentido, este estudo teve 
como objetivo avaliar, em larvas com cinco dias, da espécie Danio rerio, através 
de exposições agudas, biomarcadores embrionários, comportamentais 
(atividade total, comportamento tigmotático e movimentos erráticos) e 
metabólicos, como a atividade das enzimas de fase I (CYP 1A1 e CYP 1A2), 
enzimas da defesa antioxidante (catalase, CAT; glutationa peroxidase, GPx) e, 
por fim, as isoenzimas de metabolismo de fase II, glutationa-S-transferases 
(GSTs). As concentrações dos 3 agentes às quais os animais foram expostos 
partiram de níveis destes compostos já reportados em diversas matrizes 
aquáticas (efluentes, águas municipais e rios), para obter uma maior relevância 
dos dados. 

 

  



 
 
 
 
 
 
 
 

A exposição de animais a BAC resultou num aumento da mortalidade às 48h 
após uma exposição a uma concentração de 2,5 mg/L, sendo igualmente 
responsável pelo aumento do número de malformações, como edemas 
pericárdicos e malformações na cauda. Em termos comportamentais, a 
atividade total, o comportamento tigmotático e o número de movimentos 
erráticos (classe I) foram também aumentados em animais expostos a uma 
concentração de 2,5 mg/L. Este aumento geral de atividade pode relacionar-se 
com alterações no balanço iónico e com alterações no equilíbrio das vias 
colinérgicas. Os biomarcadores metabólicos mostraram um aumento da sua 
atividade, no caso da CYP 1A1 e CAT (em animais expostos a 0.5 mg/L), e uma 
inibição da CYP 1A2, GPx e GSTs em animais expostos às restantes 
concentrações (0,1; 0,5 e 2,5 mg/L). Estes resultados sugerem que, numa 
primeira fase, o BAC é metabolizado pelo CYP 1A1, levando à produção de 
espécies reativas de oxigénio (ROS), aumentando a atividade da CAT. A 
possível continua produção de ROS levou à inibição da GPx e das GSTs. A 
exposição ao SDBS foi responsável por um aumento da mortalidade às 96h 
(animais expostos a 5 mg/L) mas nenhuma malformação predominante foi 
observada. Em termos comportamentais, verificou-se um aumento da atividade 
total e do número de movimentos erráticos (classe I) que presumivelmente se 
deverá às alterações nos níveis de acetilcolinesterase (AChE) verificadas em 
estudos posteriores. Nos biomarcadores enzimáticos observou-se um aumento 
da atividade da CAT o que traduz uma possível ativação da defesa antioxidante. 
Em contraste, foi observada uma inibição geral das enzimas GPx e GSTs, o que 
poderá advir do aumento de ROS. O aumento geral dos níveis de ROS, de uma 
forma direta ou indireta, podem promover a desnaturação enzimática, dado a 
sua interação com proteínas, lípidos, ácidos nucleicos, levando ao dano 
oxidativo. A inibição da CYP 1A1 e da CYP 1A2 reportada no nosso estudo deve-
se possivelmente à especificidade do composto poder ser metabolizado por 
outras isoenzimas. Finalmente, a exposição a THY levou também a um aumento 
da mortalidade às 96h, e a uma elevada incidência de edemas pericárdicos. No 
que toca à atividade natatória e comportamento tigmotático (parâmetro da 
distância percorrida na zona periférica) verificou-se uma diminuição. Quanto aos 
movimentos erráticos, observou-se um aumento significativo para animais 
expostos a todas as concentrações. Alterações no balanço das correntes iónicas 
dos iões potássio (K+) e sódio (Na+) e nos níveis de AChE verificadas em 
estudos anteriores, podem traduzir os mecanismos subjacentes a estas 
alterações. Foram também verificadas inibições da atividade enzimática da CYP 
1A1, CYP 1A2, CAT e GSTs. O THY é um composto antioxidante, que promove 
a sua ação ou pela destruição do peróxido de hidrogénio (através das enzimas 
antioxidantes), ou pela neutralização de radicais peróxidos (transferindo o H 
para o ROO*). Porém, o THY, em grandes quantidades pode também agir como 
pro-oxidante. Dadas estas propriedades os dados reportados no presente 
estudo sugerem que esta diminuição da atividade enzimática geral se deva as 
propriedades antioxidantes deste princípio ativo.  
Concluímos assim que os desinfetantes testados em concentrações 
ambientalmente relevantes causam efeitos adversos no organismo modelo aqui 
estudado. Os efeitos observados levantam ainda mais preocupações dado que 
a produção e consumo destes compostos irão continuar a aumentar. 
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abstract 
 

 

Due to the increasing incidence of SARS-CoV-2 on a global scale a pandemic 
was declared at the beginning of 2020. Among the various mitigation measures 
proposed by all governments and entities responsible for human health, the use 
of disinfectants was one of the most consensual. Disinfectants are now applied 
in homes, outdoors, in hospitals, and for personal use. Given the increased 
demand, it is expected that they may reach aquatic environments in greater 
quantities. Assessing the possible effects of these compounds becomes even 
more imperative, as the use of disinfecting agents is expected to grow by 10% 
by 2027. Among the most commonly used and most frequently encountered 
classes of disinfectants in the environment, we identify cationic and anionic 
surfactants, and those whose active substances are natural compounds. For the 
scope of this work, benzalkonium chloride (BAC), a cationic surfactant belonging 
to the family of quaternary ammonium compounds, the salt of sodium 
dodecylbenzene sulfonic acid (SDBS), an anionic surfactant, and thymol (THY), 
a plant-derived compound with multiple applications, were thus selected. 
Although there are some studies on the properties and effects of these active 
ingredients on aquatic organisms, their adverse effects on aquatic species 
remain largely unknown. In this sense, this study aimed to evaluate, in five-day-
old larvae of the species Danio rerio, through acute exposures, embryonic, 
behavioral (total activity, thigmotactic behavior and erratic movements) and 
metabolic biomarkers, such as the activity of phase I enzymes (CYP 1A1 and 
CYP 1A2), the phase II metabolism isoenzymes, glutathione-S-transferases 
(GSTs) and, finally, antioxidant defense enzymes (catalase, CAT; glutathione 
peroxidase, GPx). The concentrations of the 3 agents to which the animals were 
exposed were taken from levels of these compounds already reported in various 
aquatic matrices (effluents, municipal waters, and rivers) to obtain greater 
relevance of the data. 
 

  



 

 
 
 
 
 
 
 
 

Exposure of animals to BAC resulted in increased mortality at 48h after exposure 
to a concentration of 2.5 mg/L, and was also responsible for an increased 
number of malformations, such as pericardial edema and tail malformations. 
Behaviorally, total activity, thigmotactic behavior and the number of erratic 
movements (class I) were also increased in animals exposed to a concentration 
of 2.5 mg/L. This overall increase in activity may be related to changes in the 
ionic balance and alterations in the balance of cholinergic pathways. Metabolic 
biomarkers reported an increase in their activity, in the case of CYP 1A1 and 
CAT (in animals exposed to 0.5 mg/L), and an inhibition of CYP 1A2, GPx and 
GSTs in animals exposed to the remaining concentrations (0.1; 0.5 and 2.5 
mg/L). These results suggest that, in a first step, BAC is metabolized by CYP 
1A1, leading to the production of reactive oxygen species (ROS), increasing CAT 
activity. The possible continued production of ROS led to the inhibition of GPx 
and GSTs. SDBS exposure was responsible for increased mortality at 96h 
(animals exposed to 5 mg/L) but no predominant malformation was observed. In 
behavioral terms, there was an increase in total activity and in the number of 
erratic movements (class I) which is presumably due to the changes in 
acetylcholinesterase (AChE) levels observed in other studies. In the enzymatic 
biomarkers an increase in CAT activity was observed which translates to a 
possible activation of antioxidant defense. In contrast, a general inhibition of the 
enzymes GPx and GSTs was observed, which may stem from increased ROS. 
The general increase in ROS levels, in a direct or indirect way, may promote 
enzyme denaturation, given their interaction with proteins, lipids, nucleic acids, 
leading to oxidative damage. The inhibition of CYP 1A1 and CYP 1A2 reported 
in our study is possibly due to the specificity of the compound being metabolized 
by other isoenzymes. Finally, THY exposure also led to increased mortality at 
96h, and a high incidence of pericardial edema. Regarding swimming activity and 
thigmotactic behavior (parameter of distance traveled in the peripheral zone) a 
decrease was observed. As for erratic movements, a significant increase was 
observed for animals exposed to all concentrations. Changes in the balance of 
ionic currents of potassium (K+) and sodium (Na+) ions and in AChE levels 
reported in previous studies, may translate the mechanisms underlying these 
changes. Inhibition of the enzymatic activity of CYP 1A1, CYP 1A2, CAT and 
GSTs were also verified. THY is an antioxidant compound, which promotes its 
action either by destroying hydrogen peroxide (via antioxidant enzymes), or by 
neutralizing peroxide radicals (by transferring H to ROO*). However, THY, in 
large amounts can also act as a pro-oxidant. Given these properties the data 
reported in the present study suggest that this decrease in overall enzymatic 
activity is due to the antioxidant properties of this active ingredient.  
We thus conclude that the disinfectants tested at environmentally relevant 
concentrations cause adverse effects in the model organism studied here. The 
observed effects raise further concerns given that the production and 
consumption of these compounds will continue to increase. 
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1. Footprint of SARS-CoV-2 in the Environment 

 

The outbreak of severe acute respiratory syndrome coronavirus (SARS-CoV-2) led 

to a global crisis (World Health Organization [WHO], 2020). This virus has a high 

transmission rate, and is transmitted directly from suspended particles in the air, or from 

indirect contact via surfaces (Beninde et al., 2015). The health crisis, initiated in 2019, is 

responsible at the moment, for the death of millions of people (Aronson et al., 2017; Barghi 

et al., 2018). Although the toll of this pandemic in our daily life is already known, no 

footprint of SARS-CoV-2 in the environment was taken into consideration up to now. 

However, some very recent studies have been conducted reflecting the adverse effects of 

some actions adopted to tackle this outbreak. Measures decreed to prevent the spread of the 

virus, such as the use of personal protective equipment (PPE), hand sanitizers, and 

disinfection products, was of extreme importance at the time. Since all PPE must, and 

should, be disposable to cause no more harm, an increasing spread of PPE, such as personal 

masks, became a frequent environmental scenario (Panseri et al., 2019; Nabi et al., 2020).  

Disinfection methods and subsequent products, which that could put a stop to 

transmission vectors, were one of the most important measures to control the pandemic, and 

to face future viral outbreaks (McDonnell and Burke, 2011; Roy et al., 2020). Despite the 

consensual importance of vaccination protocols, disinfection methods will continue to play 

a crucial role. Only in China, the disinfection market rose 14% from 2019 to 2020. The 

massive growth on disinfectant products was encompassed by regulatory agencies, and in 

the United States of America the Environmental Protection Agency (US EPA) released the 

List N Tool: COVID-19 Disinfectants, which in only two years grew by 43% (Hora et al., 

2020; US EPA, 2022). The N-List Tool: COVID-19 Disinfectants, described these products 

according to their active ingredient, application in institutional, healthcare or in residential 

sites, surface type (hard nonporous and food contact), and contact time required to produce 

effect (US EPA, 2022). Furthermore, the boom in the spread of disinfectants in urban 

environments (e.g., streets) and closed spaces (e.g., offices) led to an increasing amount of 

these compounds to enter different environmental compartments (BBC, 2020). Considering 

the deleterious effects already known for some disinfectants, it is of extreme importance to 

identify the potential hazardous to animals. One study conducted in the region of Chongqing, 

China, established that 17 different species, such as birds, weasels and wild boars, died from 
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exposure to disinfectants spread in the streets (You, 2020). Food and water resources were 

also found to be contaminated by different disinfectant products (Sepp et al., 2019; Zhang et 

al., 2020). Since there is no indication that the production of these compounds will decelerate 

in a near future, scientific evidence is of extreme importance, so that society, politics, and 

decision makers can used such products without affecting or creating hazards to other forms 

of life (WHO, 2020).  

 

1.1 Disinfectants 

 

This work focused on active ingredients, selected from the N-List Tool, based on 

criteria such as frequent use, and ‘ecological friend’ indication (US EPA, 2022). A 

disinfectant is defined as a chemical agent that is able to destroy, inactive or reduce the 

number of pathogens, such as bacteria, viruses, and fungi (Merriam-Webster Dictionary, 

2022). These compounds are especially applied on hard surfaces or in water. The most 

common chemical disinfectants used worldwide are chlorine, calcium, various forms of 

hypochlorite, phenol, ethanol, and quaternary ammonium compounds (US EPA, 2022). 

Quaternary ammonium compounds (QACs) are one of the classes whose market 

value grew more for the past years. Since 2015, this class grew to a market value of 1104.6 

million US dollars in 2022, and the tendency is not to reduce its production (Hora et al., 

2020; Precision reports, 2022). Benzalkonium chloride (BAC) is the second most frequently 

found quaternary ammonium in the environment (Clara et al., 2007; Martínez-Carballo et 

al., 2007; Pati and Arnold, 2020). The high concentrations found in different water matrices 

(216 ng/L to 1386 ng/L), when compared to other QACs, is due to its wide application in 

household products, medical drugs, industrial and agriculture products (Tezel and 

Pavlostathis, 2011; European Medicines Agency, 2017; Choi et al., 2018). Most QACs are 

effectively removed from the environment (~90%), however only ~75% of the total volume 

of QACs reach wastewater treatment plants (WWTPs) (Tezel and Pavlostathis, 2011; Hora 

et al., 2020). So, it is possible that large amounts of BAC could be found in the environment, 

as reported in Taiwanese rivers, with concentrations between 2.5 to 65 µg/L, and in effluents 

from WWTPs in a range of 0.5 to 4.1 µg/L, which could threaten the organisms 

environmentally exposed to these chemicals (Zhang et al., 2015; Huang et al., 2017;). The 

toxicity of BACs occurs at the level of the cell membrane, as reported in different organism 
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(Waller et al., 1996; Rosen et al., 2001; Eleftheriadis et al., 2002; Okahara and Kawazu, 

2013). Also, this compound is associated with the induction of oxidative stress, through the 

overproducton of superoxide anion and hydroperoxide.  

The second compound analyzed in this work belongs to the class of anionic 

surfactants, which is the most commonly used among surfactants. The market value of 

surfactants, due to their vast qualities as disinfectants and detergents, is predicted to reach to 

a 58.5 billion dollars gross value by 2027 (Research, 2020). Sodium Dodecylbenzene 

Sulfonic Acid salt (SDBS) is the most abundant anionic surfactant from this class in the 

environment (Steber, 2007; Niraula et al., 2012). As a consequence, concentrations up to 

416 µg/L have been found in surface waters (Fox et al., 2000). SDBS penetrates the 

phospholipidic membrane leading to the disruption of the cellular membrane (Zhang et al., 

2005). This could led to the disruption of the normal function of the cell, and ultimately to 

the death of the zebrafish embryo (Zhang et al., 2005). Behavioral changes were also 

reported in previous studies connected to alterations in the cholinergic pathways (Feng et al., 

2008; Wang et al., 2014; Zhang et al., 2015). In addition, SDBS promotes the generation of 

reactive oxygen species (ROS), so possible oxidative damage in different organisms may be 

promoted (Wibbertmann et al., 2011). The toxicity of SDBS can thus be observed at the 

embryonic, behavioral, and metabolic level. 

Finally, the last compound explored in this thesis is Thymol (THY), which is 

considered to be less toxic, being a more ‘ecofriendly’ disinfectant (Corbett, 2020). 

Similarly, to the compounds presented above, THY has been widely applied in different 

contexts. The first use of this natural monoterpene phenol was documented in the Greek, 

Roman, and Egyptian cultures, as a food preservative, in medicine, and in mumification 

processes (Didry et al., 1994; Mahmoud, 1994; Yanishlieva et al., 1999). More recently, due 

to its antimicrobial, antifungal, antioxidant, antiseptic and antiviral properties, this 

compound has been applied in personal care products, treatment solutions for aquaculture 

purposes, pesticides, and disinfectants (Shapiro et al., 1994; Yilmaz et al., 2011; Carayon et 

al., 2014). Thymol has been detected in the Tamagawa river in concentrations between 0.5 

to 3.0 ng/L, and in fish fillets in 1989 (Heil and Lindsay, 1989; Nakada et al., 2008). 

Although THY can protect against the action of free radicals, this compound has also been 

shown to increase the level of ROS (Bullangpoti et al., 2018). In addition to these effects, 
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exposure to THY can lead to alterations in the ionic balance of calcium and potassium ions 

(Ebashi, 1965; Szentandrássy et al., 2003). 

These three disinfectants raise environmental concerns, due to their wide application, 

vast commercialization, rising market, and due to the high environmental concentrations 

already found in the aquatic compartments before SARS-CoV-2.  

 

2. Test organism – Danio rerio 

 

Zebrafish (Danio rerio) is a small freshwater fish considered as an emerging model 

organism (Dooley and Zon, 2000; Shin and Fishman, 2002). This native fish from India and 

South Asia rivers belongs to the Cyprinid family (Scholz et al., 2008). With at least one 

ortholog for ~70% of human genes, this animal opened new paths for understanding human 

diseases (Postlethwait et al., 1998; Howe et al., 2013). In addition to its genetic similarities, 

zebrafish ha important advantages over rodent models. The high number of offspring, 

transparency of the embryos, short-life span, small body frame, and easy maintained under 

laboratory conditions are some of the extensive list of desirable traits (Kimmel et al., 1995; 

Nagoor-Meeran et al., 2017). Given the vast advantages of this model organism, this fish has 

become an important model for ecotoxicological studies (Nagoor-Meeran et al., 2017). 

Embryos hatch in a short period of time (48h to 72h), and zebrafish larvae reach 

maturity after three months (Nagel, 2002). When they reach adulthood, they can measure 3 

to 4 cm in length. Their body is latterly flattened, with 5-7 dark blue stripes and easy to 

distinguish when they reach sexual maturity (Spence et al., 2008). Females have 

characteristically swollen bellies, and males have a slenderer body with an anal fin (Kimmel 

et al., 1995; Spence et al., 2008). During the external fertilization, each female can produce 

hundreds of eggs which are then fertilized by resealed male sperm. However, the number of 

eggs produced can vary according to water temperature, fish age and other abiotic factors 

(Kimmel et al., 1995). As soon as the fertilization occurs, cytoplasm accumulates protecting 

the nucleus of the zygote, and after a short period of time, cleavage stage begins (Kimmel et 

al., 1995). Only after 24h the entire body is formed. Before the hatching stages, the embryo 

feeds on their reserves and from some nutrients found in the medium (Kimmel et al., 1995). 

According to the European Union Legislation, embryos of D. rerio can be used in laboratory 

tests due to the inexistence of regulations (Scholz et al., 2008). 
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Alongside with the optimal conditions in the early life stages, the small size of larvae 

and number of embryos that reach this stage brings new pathways to behavioral trials 

(Kimmel et al., 1995). Also, the maintenance of this species is less expensive when 

compared to rodent models. Therefore, zebrafish gathers important features for genetic, 

behavioral, and ecotoxicology research. 

 

3. General biomarkers 

 

The use of biomarkers allows us to assess the contamination of xenobiotics and their 

possible effects on a variety of organisms. A biologic biomarker is a measurable and 

evaluated substance, structure or process, used as an indicator of normal biological function 

or to predict the outcome of the exposure to a determined xenobiotic (WHO, 2001). WHO 

has stated that any measurement that can reflect an interaction between a biological system 

and a potential hazard, of physical, chemical or biological origin, can be considered as a 

biomarker (WHO, 2001). Biomarkers can be of enzymatic, non-enzymatic, reproductive, 

development, and behavioral nature, among others. In every study, a careful selection of 

biomarkers must be made. Every chosen biomarker should translate the possible effects of 

the specific contaminant, so the possible impairments could be entirely understood, which 

would then allow us to estimate the possible environmental effects (Forbes et al., 2006). 

Despite the value of the information given by biomarkers, the selection process and their 

transmission to more relevant organization levels should be kept in mind. Biomarkers that 

give us insights of enzymatic and non-enzymatic alterations must be complemented by other 

biomarkers so that possible impairments can be translated into higher levels of organization 

(Forbes et al., 2006). 

 

3.1 Embryonic biomarker 

 

The fish embryo acute toxicity test (FET) was proposed to assess the possible 

impairments, through a variety of embryonic biomarkers, on the early life stages of zebrafish 

caused by exposure to a determined xenobiotic (OCDE, 2013). The FET test requires a small 

amount of individuals, and small amounts of the test substance. The transparency of 

zebrafish embryos provides optimal conditions to assess a variety of parameters. During the 
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short period of the test (96h), tail detachment, coagulation, existence of cardiac rhythm, 

pigmentation, presence of somite’s and edema, and finally, hatching delay are registered 

every 24 hours (OCDE, 2013). According to the OCDE 236 guideline, any organism with a 

positive outcome in any of these parameters during the exposure time, is considered dead 

(OCDE, 2013). Although these criteria are defined in the OCDE 236 guideline, more criteria 

can be added according to our necessities. The FET test is an optimal assay to understand 

scenarios of chronic responses, at the onset of early life stages.  

In addition, and according to the framework of the European Regulation REACH 

(Registration, Evaluation, Authorization and Restriction of Chemicals), the use of animals 

in research should respect the 3 Rs policy (reduction, replacement, and refinement). FET 

uses animals in their early stages as replacement of adult fish. In these stages, the organism 

is still developing a sensory nervous apparatus, so the use of these embryos is a way to 

minimize suffering inherent to our research (refinement). Finally, the small number of 

embryos used per evaluation, makes FET assays compatible with European chemicals policy 

(Russell and Burch, 1959). 

  

3.2 Behavioral biomarkers 

 

Behavioral research with fish is also a key biomarker to assess contamination of 

xenobiotics. Fish display a variety of complex behavior, which are somewhat similar to other 

model organisms, such as socially mediated learning, ritualized aggression, mating behavior, 

communication, spatial navigation, thigmotaxis behavior, avoidance, and Pavlovian 

conditioning (Behrend and Bitterman, 1963; Suboski, 1988; Reebs, 1996; Miklósi et al., 

1997; Payne, 1998; Miklósi and Andrew, 1999; Talton et al., 1999; Colwill et al., 2005; 

Drew et al., 2005; Schnörr et al., 2012). Several tests, such as T-maze, novel diving tank test, 

thigmotaxis evaluation, and others, have been developed to assess the different behaviors 

mentioned before (Levin et al., 2007; Levin and Cerutti, 2009; Schnörr et al., 2012). 

Alterations in behavioral performance after the organism has been exposed to 

pharmaceuticals, insecticides, disinfectants or other xenobiotics, have been reported in the 

literature (Phillips et al., 2002; Correia et al., 2017; Almeida et al., 2019; Dionísio et al., 

2020; Nogueira and Nunes, 2020; Sousa and Nunes, 2020; Vieira et al., 2021; Santos et al., 

2021). 
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It is then of extreme importance to determine alterations in the motor behavior in 

young zebrafish to visualize the adverse effects of early toxicant exposure. Since swimming 

behavior is of critical importance for survival (feeding, reproduction, and avoidance), even 

subtle behavioral alterations can be a sign of potential hazard to the animal (Little and 

Brewer, 2001). Behavioral biomarkers such total distance, standardized thigmotaxis 

behavior and assessment of erratic movements are some of the indicators are some of the 

indicators to measure changes in behavior explored in our work. Thigmotaxis is a standard 

assay to evaluate anxiety-like behavior (Schnörr et al., 2012). In novel environments this 

organism tends to stay closer to the walls, thus remaining longer in the defined peripheral 

zone. For this purpose, two areas were defined; an inner area with 12.25 mm ray, and an 

outer area with 4 mm from the first area. 

Finally, abrupt changes in direction (erratic 

movements) could also be a good indicator of 

alterations in behavior (Zhang et al., 2017). 

The different classes of angles were defined 

according to the study of Zhang et al. (2017). 

Angles with higher amplitude (90° to 180°) 

constitutes class 1. Class 2 and 3 consists in 

angles between 30° to 90°, and 10° to 30°, 

respectively. Finally, class 4 comprises angles 

with amplitudes between 0° to 10° (Figure 1). 

Organisms with a higher number of class 1 

angles indicate the presence of erratic 

movements by the exposed organism (Zhang et 

al., 2017). 

 

3.3 Metabolic biomarkers 

 

Finally, metabolic pathways are of extreme importance to the homeostasis of several 

organisms. The interaction of xenobiotics with biological systems usually involves the 

activation of metabolic pathways, that in some cases, can led to distinct outcomes, including 

oxidative stress, inhibition or induction of detoxification enzymes, and adverse changes in 

Figure 1 - Schematic representation of angles 

performed by larvae of D. rerio, grouped in classes 

(Cl.1, Cl.2, Cl.3, and Cl.4), obtain in behavior 

assay. The schematic is not at scale. 
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neuro-muscular junctions. Xenobiotics are first metabolized in animals through phase I, and 

II systems. The enzymes involved in this metabolic processes are of extreme importance to 

increase the hydrophilicity, through phase I reactions, such as hydrolysis, reduction and 

oxidation, and phase II conjugations (Holth et al., 2008). The regulation or abnormal 

behavior of these enzymes are key points to assess the effects in aquatic species (Holth et 

al., 2008). BAC, SDBS, and THY have the ability to alter normal metabolic pathways of the 

cell (Thalhamer et al., 2011; Wibbertmann et al., 2011; Yu et al., 2021). More specifically, 

the metabolism of BAC, SDBS, and THY have been associated to an increase of ROS; THY 

itself is a powerful antioxidant agent (Wojdyło et al., 2007; Wibbertmann et al., 2011; 

Meeran and Prince, 2012; Seguin et al., 2019) . So, metabolism by enzymes such as those 

from the cytochrome P450 (CYP 450) complex, and enzymes of the antioxidant defense 

system, such as catalase (CAT), and glutathione peroxidase (GPx), can be used as 

biomarkers to assess the generation of ROS. Also, assessing the activity of glutathione S-

transferases (GSTs) can be useful to investigate if this enzyme can be involved in the 

detoxification mechanism of the compounds selected. For example, in humans reported in a 

previous study, THY can be detoxified by uridine 5'-diphospho-glucuronosyltransferase 

(UDP) and sulfotransferases (SULTs) (Thalhamer et al., 2011). An activation of GSTs can 

be in place, as reported in the study of Vieira et al., (2021), in animals exposed to 1 mg/L of 

THY or inhibited if the primary pathways by which the compound is detoxified are other.  

 

4. Previous studies 

 

Although there is a considerable amount of work already produced to evaluate the 

possible effects of disinfectants, there is a consensus that more information concerning the 

possible metabolic pathways, and impairments of disinfectants is needed. As mentioned 

before BAC, SDBS, and THY are some of the most used disinfectants worldwide. However, 

their action and metabolic pathways are not fully understood, especially in aquatic 

organisms. 

BAC and SDBS (a cationic, and an anionic surfactant, respectively) are known to be 

ROS generators. Antunes et al. (2016), after an exposure to BAC, in concentrations up to 

1.050 mg/L, reported an enzymatic inhibition of CAT,  and an increase in the activity of 

acetylcholinesterase (AChE), which are key endpoints of oxidative damage and 
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neurotoxicity, suggesting possible behavior, and enzymatic impairments. CYP 450 could 

also be involved in the metabolism of BAC, although the only study mentioning this possible 

relationship was conducted in humans (Seguin et al., 2019). BAC also promoted embryos 

delayed hatching, mortality, and morphological malformations in zebrafish (Sreevidya et al., 

2018). SDBS induced an increment in the enzymatic activity of CAT, GPx, and GSTs, in 

Lateolabrax japonicus fish exposed to 1 mg/L (Jifa et al., 2005). Also, no significant 

differences were observed in the development of zebrafish embryos exposed to SDBS in the 

µg/L range (Wang et al., 2015). These two compounds increased the amount of ROS in 

Oncorhynchus mykiss and in L. japonicus (Jifa et al., 2005; Antunes et al., 2016). The 

antioxidant defense of the fish species mentioned above, can lead to the increase of the 

enzymatic activity of CAT, GPx, GSTs, or inhibit these same enzymes when the rate of 

production of ROS is higher than the amount of ROS that the organism can tackle (Cserháti 

et al., 2002; Jifa et al., 2005; Wu et al, 2010).  

THY, being a powerful antioxidant, due to the phenolic hydroxyl group, is known to 

protect against the possible adverse effects of free radicals (Nagoor-Meeran and Prince, 

2012). This protection is conferred by increasing antioxidant enzymes such as superoxide 

dismutase (SOD), CAT, GPx, and GSTs, as reported in previous studies, in rats and fish 

models (Wojdyło et al., 2007; Nagoor-Meeran and Prince, 2012; Vieira et al., 2021). 

Although there is a general consensus on the antioxidant properties of thymol, phenolic 

compounds can also act as prooxidants, promoting the generation of ROS (Shalaby and 

Horwitz, 2015; Bayliak et al., 2016; Krishnan et al., 2019). Krishnan et al. (2019), have 

shown the potential of this phenol to increase the levels of ROS, and to diminish CAT 

activity in the µM range. 

 

5. Objectives 

 

The aim of this our was to assess the possible adverse effects of disinfectants, proven 

to be effective against SARS-CoV-2, on zebrafish embryos, and larvae. For that purpose, 3 

different disinfectants were selected, and we exposed zebrafish embryos and larvae to a 

range of concentrations. To evaluate the possible deleterious effects of these compounds, a 

battery of assays was used to assess alterations at the embryonic level (FET), behavioral 

alterations (activity, thigmotaxis, and erratic movements), and biochemical markers 
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(activities of phase I isoenzymes CYP 1A1, CYP 1A2; activity of the phase II detoxification 

pathway, GSTs); and activities of enzymes from the antioxidant defense system, CAT, GPx. 

 

6. Thesis structure 

 

Chapter I is a literature review describing the potential issue of environmental 

contamination due to the increase in the use of disinfectants, favored by the SARS-CoV-2 

outbreak. In this general introduction, common points of the three disinfectants selected are 

described (test organism and biomarkers). At the end, results from previous works are 

presented to establish a baseline of knowledge.  

The following three chapters constitute three distinct works for further publication, 

one per each tested chemical. More specifically, Chapter 2 focuses on the effects of 

environmental concentrations of BAC. In Chapter 3, we discuss the possible toxic effects of 

SDBS, and in Chapter 4, we evaluate the possible impairments resulting from the exposure 

of fish to THY.  

Finally, Chapter 5 presents the final discussion integrating all data resulting from 

exposure to the selected compounds, and some final perspectives.  
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Chapter II | Effects of SARS-CoV-2 through the eyes of the freshwater 

fish Danio rerio: an embryonic, behavioral, and metabolic perspective 

after acute exposure to benzalkonium chloride 
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1. Abstract 

 

The outbreak, in 2019, of the severe acute respiratory syndrome coronavirus (SARS-

CoV-2) lead to a tremendous pressure on the disinfectant market. Although the pandemic is 

now on a downward state, the perspective for the disinfectant market is to increase. A higher 

demand for disinfectants creates a potential environmental problem since residues of these 

substances are likely to end up in the aquatic medium. Benzalkonium chloride (BAC), a 

popular disinfectant product, was already found at concentrations between 2.5 to 65 µg/L, 

and between 0.5 to 5 mg/L in Taiwanese rivers, and effluents from European hospitals, 

respectively, before the pandemic stroke. So now it is presumable that these levels could 

increase (Zhang et al., 2015). Although some information is available about the possible 

impairments of BAC exposure to aquatic organism, the studies available are still limited. So, 

our aim was to provide more evidence to elucidate possible impairments, and metabolic 

pathways involved after an acute exposure of individuals of the freshwater fish species 

Danio rerio, to different concentrations 0.1, 0.5, and 2.5 mg/L. After the Fish Embryo 

Toxicity (FET) assay, we reported a higher mortality at 48h in animals exposed to a 

concentration of 2.5 mg/L. Also, a higher number of malformations such as pericardial 

edema and tail malformations, were observed. An increase in the overall swimming activity, 

thigmotaxis behavior, and on erratic movements were observed in animals exposed to the 

highest concentration (2.5 mg/L). This increment in activity is probably due to the disruption 

in the ionic balance of the membrane, and a possible inhibition of AChE, that led to a 

hyperstimulation of the postsynaptic nerve. At the enzymatic level, an increase in the 

detoxification enzyme CYP 1A1, and in the antioxidant defense (increased catalase activity) 

was observed at 1 mg/L exposure. These changes in the enzymatic activities reported in our 

study suggest which BAC is metabolized by CYP 1A1 producing hydrogen peroxide (H2O2), 

that in turn is used by catalase (CAT). Finally, our results reported an inhibition of the phase 

I enzyme CYP 1A2, the phase II enzyme GSTs, and the antioxidant enzyme GPx. Given the 

activation of CYP 1A1, and CAT, we propose that the inhibition of GPx and GSTs reported 

in our study could be due to the increase in reactive oxygen species (ROS), resulting from 

the metabolism of BAC. Since the concentrations tested in this study were based on levels 

already reported in effluents before the pandemic, the adverse embryonic, behavioral, and 
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metabolic effects here reported may be even greater, given the tendency for this compound 

to thrive in the market. 

 

2. Keywords 

 

BAC; Covid-19; FET; Thigmotaxis; Antioxidant defense. 

 

3. Introduction 

 

The pandemic of the severe acute respiratory syndrome coronavirus (SARS-CoV-2) 

led to a great pressure on the market to create and increase the production of already existing 

and new disinfectants. There are two major classes of disinfectants, oxidizing and non-

oxidizing. Oxidizing disinfectants, such as hypochlorites and hydrogen peroxide, destroy all 

cellular matter, while non-oxidizing disinfectants, including alcohols (ethanol, and 

propanol), and quaternary ammonia compounds (benzalkonium chloride, and 

tetrabutylammonium chloride, among others ), disrupt the natural metabolic pathways of the 

cell (Gomes, 2019). In low concentrations, although with some exceptions, disinfectants can 

pose risks to aquatic organisms. Fatty alcohol polyoxyethylene ether-7 (AEO-7), for 

example, a non-oxidizing disinfectant, has been considered as ‘super toxic’ (LC50 of 

15.35 μg/L for zebrafish) by the U.S. Fish and Wildlife Service (USFWS) (Al-Asmakh et 

al., 2020). Also, the oxidant disinfectant sodium hypochlorite, with an LC50 of 48 mg/L 

calculated for zebrafish, is considered by the United States Environmental Protection 

Agency (US EPA) to be ‘highly toxic’ to aquatic organisms (United Sates Environmental 

Protection Agency [US EPA], 1991; Magalhães et al., 2007).  

Among the various types of disinfectants described in List N Tool: COVID-19 

Disinfectants by EPA, discriminated according to the active ingredient, application site 

(institutional, healthcare, residential), surface type, and contact time (the amount of time 

required for the product be effective), the most recommended products were surface 

disinfectants (586 products) (US EPA, 2022; Nowak et al. 2021). As active ingredients, the 

US EPA list provides 35 different products. Among the most applied products, we may find 

ethanol, isopropanol, hydrogen peroxide, various forms of hypochlorites, and quaternary 

ammonium compounds (QACs) (US EPA, 2022).  
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The production of quaternary ammonium compounds constituted 22,68 million kg in 

2015 (Hora et al., 2020). Since the outbreak of the pandemic of SARS-CoV-2, the QACs 

market has reached 1104.6 million US dollars, in 2022 (Precision reports, 2022). In 2020, 

there were 216 products described in List N Tool, and nowadays this number has increased 

to 277 chemicals that may be used as disinfectants (US EPA, 2022). However, this growing 

trend is not expected to decrease, but rather to increase up to 10% by 2027, which translates 

into a market of 1.63 billion US dollars (Hora et al., 2020; Precision reports, 2022).  

As a result of the increased growth in production, QACs reach the environment faster 

than before the SARS-CoV-2 outbreak. It is predicted that most of the QACs partially reach 

sewers and wastewater treatment plants (WWTPs) (~75%) (Hora et al., 2020; Tezel and 

Pavlostathis, 2011). WWTPs remove almost 90% of the total volume of QACs that reaches 

these facilities, through their absorption to biosolids and their degradation. Despite the high 

percentage of removal from WWTPs, they only partially remove such substances, due to the 

high production volume of these chemicals (Tezel and Pavlostathis, 2011). So, a 

considerable amount of QACs is still found in the aquatic environments in concentrations of 

1 to 60 ug/L (Hora et al., 2020). 

Quantitative and ionic liquid analysis from 13 different water samples have indicated 

benzalkonium chloride as a substance occurring in high concentrations, ranging from 216 

ng/L to 1386 ng/L, compared to other quaternary ammonium compounds (Tezel and 

Pavlostathis, 2011). This is probably due to the widespread use of BAC as anti-microbial 

household cleaners and soaps (Hora et al., 2020). The first use and commercialization of 

these BACs dates back to 1947 (Pereira and Tagkopoulos, 2019). Since then, their 

application has been vast, starting with household products (fabric softeners, cosmetics, 

hygiene products) to medical (e.g., nasally administered drugs), agricultural, and industrial 

products (Tezel and Pavlostathis, 2011; European Medicines Agency, 2017; Choi et al., 

2018).  

 BACs reach the aquatic environment via WWTPs, where BACs present in treated 

effluents are discharged in aquatic environments (Zhang et al. 2015); via the increased usage 

in outdoors spaces, where rainwater carries this compound to sewage waters to WWTPs, or 

directly to aquatic compartments (Van De Voorde et al. 2012); industrial discharges have 

been also involved in this problematic, as already reported to occur in a pharmaceutical 

manufacturing complex, in South Korea (Kim et al., 2020). Consequently, BACs are found 
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in riverine systems, and Zhang et al. (2015) reported concentrations between 2.5 and 65 µg/L 

in Taiwanese rivers. Also, effluents from Australian WWTPs had concentrations of BAC 

between 0.5 and 4.1 µg/L. Additionally, Kummerer et al. (1997) reported 0.5 to 5 mg/L of 

BAC in the effluents of European hospitals. All these records were published before the 

SARS-CoV-2 outbreak, so higher concentrations are to be expected now, due to the increase 

in the production and use of such chemicals (Hora et al., 2020). 

Because of its chemical and physical characteristics, especially the length of their 

alkaline chain (C-12), BAC activity is exerted directly on the cell membrane, as reported in 

the membranes of zebra mussels, green algae (Selenastrum capricornutum), and fish 

(Pimephales promelas, and Ictalurus punctatus) (Waller et al., 1996; Rosen et al., 2001; 

Eleftheriadis et al., 2002; Okahara and Kawazu, 2013). Biotransformation, and 

biodegradation of BAC, by Aeromonas hydrophila, takes place by first splitting the alkyl 

chain from its quaternary nitrogen (Zhang et al., 2011). Then, produced 

benzyldimethylamine is converted to ammonia through demethylation, debenzylation, and 

demethylation processes. BAC can also be degraded in water through the Fenton reaction 

(H2O2/Fe2+) process (Zhang et al., 2016). In this process, Fe2+ reduces hydrogen peroxide 

(H2O2), producing hydroxyl radicals (HO*). This reaction induces a considerable increase 

in HO* radicals. In turn, these free radicals can enhance oxidative stress (Lu et al., 2020).  

As a consequence of the biodegradation processes, an induction of oxidative stress 

accompanied by the overproduction of hydroperoxide and superoxide anion, demonstrated 

on epithelial human cells, leads to an increase in mitochondrial mass, degradation of 

deoxyribonucleic acid (DNA), and lipid membranes. Finally, the factors mentioned above 

may trigger apoptosis (Karbowski et al., 1999; Matsuhashi et al., 1997; Pauloin et al., 2008; 

Yi et al., 2022). Given the properties of this chemical, it is expected that organisms exposed 

to this compound will exhibit alterations in biomarkers of oxidative stress (Pauloin et al., 

2008; Clouzeau et al., 2012). Some studies have already demonstrated an increase in 

oxidative stress resulting from an exposure to sodium dodecylbenzene sulfonic acid salt 

(SDBS) and alkylbenzene sulfonate, to Lateolabax japonicus and Oncorhynchus mykiss, 

respectively (Hofer et al., 1995; Jifa et al., 2005). Given the general consensus of an 

increment in oxidative stress, Antunes et al. (2016) reported an enzymatic inhibition of 

catalase (CAT). Glutathione S-transferases (GSTs) enzyme detoxifies xenobiotics by 

increasing their hydrophilicity, raising its excretion rate. However, this enzyme can also act 
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as an antioxidant enzyme to protect from oxidative damage, when the generation of reactive 

oxygen species (ROS) through the metabolism of the compound occurs (Liu et al., 2010). 

Mediated by GSTs enzyme, reduced glutathione actively scavenges ROS, preventing 

oxidative toxicity (Liu et al., 2010; Das and Roychoudhury, 2014). A downward trend was 

reported, when individuals of the fish species O. mykiss were chronically exposed to 

concentrations up to 1.050 mg/L of BAC (Antunes et al., 2016). An increase in GSTs activity 

translates into an activation of this detoxification pathways. However, when an inhibition is 

verified, we can assume, for example, that the ROS produced due to the exposure to the 

toxicant can decrease the GSTs activity. Inhibition of this phase II, by xenobiotics, in fish 

species (Brycon amazonicus and O. mykiss) and in rats, due to the excessive ROS, has 

already been described (Letelier et al., 2006; Monteiro et al., 2010; Antunes et al., 2016). 

Despite not being demonstrated in fish, BAC is metabolized in humans, by the cytochrome 

P450 (CYP 450), namely by the CYP4 family of isoforms, and by CYP 2D6 (Seguin et al., 

2019).  

Toxicity of this cationic surfactant was also detected in the embryonic development 

of zebrafish, with delayed hatching, increased embryonic mortality, and morphological 

malformations (Sreevidya et al., 2018). Since membrane disruption, oxidative stress, and 

cholinergic neurotoxicity can occur, the process required for neurotransmission can also be 

impaired (Shephard and Whiting, 1992; Guilhermino et al., 2000; Nunes et al., 2005). 

Cholinergic toxicity occurs when acetylcholine (ACh) is not degraded, and accumulates in 

the synaptic cleft (Lott and Jone, 2022). Some controversy on the cholinesterase inhibition 

has been debated over the years. On one hand, some studies report that detergents could be 

toxic to several organisms in vivo, and in vitro, such us Daphnia magna, Moina macropa, 

Mytilus galloprovincialis, and Tilapia nilotica, (Martínez-Tabche et al., 1997; Guilhermino 

et al. 1998; Guilhermino et al., 2000; Feng et al., 2008; Wang et al., 2014). On the other 

hand, the neurotoxicity through cholinesterase inhibition by detergent agents, is unlikely to 

occur. Nunes et al. (2011) proposed that acetylcholinesterase (AChE) inhibition reported in 

other studies may be an experimental artifact. In this study, the author observed that after 

homogenizing the tissue, the SDS detergent used tended to form micelles. These in turn can 

dissolve portions of the cell membrane forming micelles containing AChE, inhibiting AChE 

activity. However, Shephard and Whiting (1992) showed BACs ability to precipitate, which 

could reduce the total amount of protein and increase the relative amount of AChE in 
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samples, considering that the activity of AChEs is expressed as a function of total soluble 

protein of samples. Given this evidence, it is vital to understand the potential toxic effects 

on fish by measuring the motor function (hyper- or hypoactivity) of aquatic organisms. 

Swimming activities are key point for survival of aquatic organisms, so impairments in 

locomotor system should be assessed to ascertain about the toxicity of detergents.  

Zebrafish (Danio rerio) have been increasingly used as a standard model for 

ecotoxicological studies (Scholz et al., 2008; Hollert and Keiter, 2015; Bambino and Chu, 

2017), considering their possible direct contact with polluted water, position in the trophic 

web, wide distribution, and ecological role. In addition, their easy maintenance in laboratory 

conditions, high reproduction rates, rapid development, and transparency of the embryos, 

favors the use of zebrafish as an optimal species to perform ecotoxicological studies (Marple 

et al., 2004; Selderslaghs et al., 2012; Bambino and Chu, 2017). 

Since BAC is a non-oxidant disinfectant capable of altering the normal metabolic 

pathways of the cell, and given the evidence already presented above, the aim of this study 

was to assess the toxicological changes in D. rerio, after being acutely exposed to BAC (Yu 

et al., 2021). We propose a multi- faceted approach, which includes (1) alterations in 

embryonic development, through a FET assay; (2) behavior analysis, through an evaluation 

of the swimming activity, thigmotaxis behavior, and erratic movements and (3) a multi-

biomarker approach by measuring the activity of phase I, and II enzymes and antioxidant 

defense mechanisms. Phase I reactions were evaluated by measuring the activities of 

cytochromes P450, CYP 1A1 and CYP 1A2 were analyzed. Finally, phase II reactions were 

also assessed by the quantification of GSTs activity. This enzyme can also, participate in the 

defense against oxidative stress (Van der Oost et al., 2003). Since BACs have been 

demonstrated to be a potential generator of ROS, the activities of enzymes that are capable 

of degrading these products were assessed, such as CAT and Glutathione peroxidase (GPx). 

Endogenous enzymatic and non-enzymatic antioxidants are important to convert ROS to 

nontoxic metabolites (Bebe and Panemangalore, 2003). The key enzymes for that process 

are CAT and GPx.  
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4. Materials and methods 

 

4.1 Chemicals 

 

Benzalkonium Chloride (CAS 63449-41-2, purity ≥ 95%) was purchased from Sigma 

Aldrich®. Bradford reagent was obtained from Biorad®, UK. All other chemicals used for 

media or buffers to enzymatic determinations were obtained from Sigma-Aldrich® or 

Merck-Millipore®. 

 

4.2 Test Organisms 

 

For this study D. rerio, provided by the Biology Department of the University of 

Aveiro (Portugal), were used. The organisms were maintained under a photoperiod cycle of 

12h:12h light/dark, at 27 ± 1°C. The water in the circulation system was held at 800 ± 50 µs, 

with Spectrum Brands salt, oxygen saturation above 95%, and pH at 7.5 ± 0.5. Zebrafish 

embryos were harvested after 1h30 of natural spawning and maintained in system water, at 

27 ± 1°C, for 5 days. Larvae with 5 days post-hatching (dph) were exposed to the selected 

compound, and behavioral and enzymatic assays were performed. However, to perform the 

FET, embryos were collected and exposed immediately for 96h (OCDE, 2013). 

In all trials, the organisms were exposed to 3 environmental concentrations: 0.1, 0.5, 

and 2.5 mg/L of BAC. These concentrations were established by multiplying the minimal 

concentration for which effects were already reported by a factor of 5 (0.1 mg/L) (Antunes 

et al., 2016). 

  All assays were performed according to the optimal conditions mentioned previously 

(photoperiod, temperature, dissolved oxygen, and pH). 

 

4.3 FET 

 

To perform a FET, the embryos were thoroughly cleaned with system water, and 

checked under a stereomicroscope (Stereoscopic Zoom Microscope-SMZ 1500, Nikon). The 

FET was initiated as soon as possible after the selection of eggs, and 20 eggs per treatment 

were randomly distributed in 24-well plates. Every 24h, the medium was renewed (2 ml of 

medium per well), and the following parameters were analyzed: coagulation, hatching, 
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presence of cardiac rhythm, presence of somites, tail detachment, hatching delay, edema, 

and pigmentation. The organisms were considered dead whenever there was coagulation, 

absence of cardiac rhythm, somite, or no detachment of the tail, according to the OCDE 236 

guideline (OCDE, 2013).  

 

4.4 Behavioral Tests 

 

Organisms with 5-dph, one per each well, were placed in 24-well microplates. Larvae 

presenting deformities or exhibiting physical abnormalities that could impair locomotor 

behavior were excluded. For each concentration, 96 larvae were randomly selected, and 

distributed. Each larvae was placed in 2 ml solution per well (Oliveira et al., 2021). After 

24h of exposure, the movement was tracked using the Zebrabox (Viewpoint, Lyon, France), 

using a 25 frame per second infrared camera. First overall activity was assessed through the 

total distance traveled. The readings included a habituation period of 6 minutes. Lights were 

kept on during this period, thereafter the lights were turned off abruptly, for 4 min and the 

swimming behavior was registered by an infrared camera (Schnörr et al., 2012; Andrade et 

al., 2016). Parameters such as total distance, total time in movement, were recorder every 

minute. Thigmotaxis was studied by discriminating movement performed by larvae in an 

inner area of the well (12.25 mm ray), and an outer area (4 mm from the outline of the first 

area) to assess preference for the edges of the well. Abrupt changes of direction (erratic 

swimming) were measured defining 4 classes of angles according to Zhang et al. (2017). 

Class 1 includes angles with higher amplitude (90°- 180°), class 2, and 3 contain angles 

between 30°- 90°, and 10°-30°, respectively. Class 4 comprises angles between 0° to 10°. 

The data collected were pre-treated to obtain the percentage of distance moved (%TDM) in 

the peripheral zone. Thus, the thigmotaxis was calculated as the ratio between the distanced 

traveled in the outer zone, and the total distance traveled. The percentage of this parameter 

was obtained by multiplying by a factor of 100, to minimize individual differences 

(Bouwknecht and Paylor, 2008). Also, the percentage of time spent in the outer area 

(%TTM) was obtained as the ratio between the time spent in the peripheral zone and the 

total duration of the test. Also, to minimize the individual differences, the value was 

multiplied by a factor of 100 (Bouwknecht and Paylor, 2008).  
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4.5 Enzymatic determinations  

 

For the determination of the enzymatic activity of catalase, glutathione-S-

transferases, glutathione peroxidase, CYP 1A1, and CYP 1A2, 96 larvae with 5-dpf per 

treatment were exposed, for a period of 24h, to a range of concentrations of BAC. The 96 

animals per-treated, were grouped in 12 samples with 8 larvae per sample. However, in the 

case of GPx, 10 larvae per set was used. These assays were carried out under the conditions 

mentioned above. After a 24h exposure, the samples were frozen in microtubules with 1mL 

of phosphate buffer 50mM, pH= 7.0, with Triton X-100 0,1%, to determine the enzymatic 

activity of GPx, CAT and GSTs. To assess CYP 1A1, and CYP 1A2 activities, a solution of 

Tris HCL 50 nM, pH=8.0, 0.15M KCL, 1mM dithiothreitol was added instead. Samples 

were then stored at -80°C. Enzymatic activity was determined for GPx, GST, and CAT by 

homogenizing and centrifuging (Megafuge 8R, Thermo Scientific) samples at 15000 g, or 

10000 g for CYP 1A1, and CYP 1A2 for 10 min, at 4°C.  

In order to determine the enzymatic activity of CYP 1A1 and CYP 1A2, the method 

proposed by Cheah et al. (1995) was followed. The supernatant resulting from the first 

centrifugation was removed to a new set of Eppendorfs microtubes and a solution of 12.5 

mM sucrose with 8mM CaC12, at pH=7.4, was added to obtain microsomes from aggregation 

with calcium. After centrifuging samples at 1696 g for 10 min, at 4°C, the supernatant was 

discarded and the pellet resuspended with 0.1M of phosphate buffer pH=7.4, with 1mM 

EDTA, 20% (v/v) glycerol, 0.5% (w/v) sodium cholate and 0.4% (w/v), and Triton X-100. 

Subsequently on a microplate reader, the respective reaction solution (7-ethoxyresorufin for 

CYP 1A1, and methoxyresorufin for CYP 1A2), and NADPH were added to the samples. 

The activity was measured spectrofluorometrically (Hitachi, F-7000, with the FL Solutions 

2.1 for F-7000 software), between λex=540nm, and λem=590nm, and expressed as 

pmol/min/mg of protein (Ferreira et al. 2010). 

To access GSTs activity, a phase II biomarker, the conjugation of the substrate 1-

chloro-2,4-dinitrobenzene (CDNB) with glutathione was catalyzed by glutathione S-

transferases, according to the method described by Habig et al. (1974). The generation of a 

thioether from this conjugation leads to an increase in absorbance at 340nm. Glutathione-S-

transferases activity was expressed as unit of nanomoles of thioether produced per min/mg 

of protein. 
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CAT activity was measured as described by Aebi (1984), following a decrease of 

absorbance at a wavelength of 240 nm, in the microplate reader (Multiskan Spetrum, Thermo 

Scientific) with SkanIt TM software, due to the decomposition of H2O2. Enzymatic activities 

were expressed considering one unit of activity equals the number of consumed H2O2 moles 

per minute, per milligram of protein.  

GPx activity was measured indirectly from the oxidation of nicotinamide adenine 

dinucleotide phosphate (NADPH), at 340 nm, by following the protocol proposed by (Flohé 

and Gunzler, 1984). Oxidation of NADPH occurs when oxidized glutathione (GGS) is 

reduced to glutathione in its reduced form (GSH). In turn, the enzyme GPx oxidizes GSH 

and H2O2. The total GPx, determined with cumene hydroperoxide, was expressed in units of 

nmol of oxidized NADPH per minute and per milligram of protein.  

For all determinations, total protein concentration was assessed following the 

methodology described by Bradford (1976). To express all enzymatic activities per mg of 

protein, a standard of 1mg/ml of y-globulin was used.  

 

4.6 Statistical analysis 

 

A one-way analysis of variance (ANOVA) was used to assess the differences effects 

obtain among treatments. Results that passed the requirements of the Kolmogorov-Smirnov 

normality test, or when they failed to meet these criteria, a Kruskal-Wallis test, was 

performed. A Dunnett test was applied to infer significant differences among the 

concentrations, and the control. To infer statistically significant results the GraphPad 

software was used, and a significance level of 0.05 was used. 

 

5. Results 

 

5.1 FET 

 

The FET showed that BAC did not induce significant mortality in zebrafish embryos. 

Figure 2 presents the cumulative lethality, where higher mortality was observed for animals 

exposed to higher concentrations, starting after 48h.  
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Figure 2 - Cumulative lethality rate (%), after a 96h exposure to BAC. N=96. 

 

 

In addition, we were also able to observe other alterations, such as delayed hatching 

in 7% of the embryos exposed to 0.1 mg/L, and by 2.3% of the embryos in concentration of 

0.5 mg/L (Figure 3 B1,2, and 4, C2, and 3). Pericardial edema was also registered in 2.3 %, 

and by 10% of the embryos after an exposure to 0.1 mg/L, and 0.5 mg/L, respectively (Figure 

3 B3, C4, and 5, and D1). Finally, tail malformations were also registered in 5% of the 

embryos in 0.1 and 0.5 mg/L, and by 10% in 2.5 mg/L (Figure 3 D2, and 3), after an acute 

exposure of D. rerio to BAC. 

 

 

Figure 3 - Observed effects along the 96h exposure to BAC. A), B5), C6), and D4) Normal 

development; B1,2, and 4), and C2), and 3) Hatching delay; C1) Dead embryo; D2), and D3) Tail 

malformation; B3), C4), and 5), and D1) Pericardial edema. 
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5.2 Behavioral Tests 

 

The first behavioral test measured the total distance moved during the assay. A 

significant increase was observed in animals exposed to 2.5 mg/L, when compared to the 

control (F[3, 356] = 9.146, p < 0.0001) (Figure 4). 

 

 

Benzalkonium chloride significantly increased the %TDM (F [3,452] = 8.700, 

p<0.0001) in animals exposed to the highest concentration tested (Figure 5A). Also, a 

significant increase was reported in the %TTM (F [3,447] = 11.66, p<0.0001) in animals 

exposed to the highest concentration, when compared to the control group (Figure 5B).  

 

 

 

 

 

 

 

 

 

 

A 
 

B 
 

Figure 5 - (A) Effects on distanced travel in the outer zone, and (B) time spent in the outer zone, made after 

an acute exposure of D. rerio to BAC. Data are represented as mean ± standard error. n= 96. Significant 

differences from the control, p<0.05. 

Figure 4 - Total distance moved (mm) after an acute exposure 

of D. rerio to different concentrations of BAC. Results are 

represented as mean standard error. n= 96. Significant 

differences from the control, p< 0.05. 
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The frequency of the angles performed was also measured, and a significant increase 

was observed in organisms exposed to 2.5 mg/L, class 1, when compared to the control group 

(F [9,48] = 1.508, p<0.05) (Figure 6). 

 

 

 

 

 

5.3 Enzymatic determinations 

 

5.3.1 Phase I metabolic biomarkers 

 

Significant differences were found in the animals exposed to 0.5 mg/L with an 

increment in CYP 1A1 activity (F [3,36] = 11.52, p<0.0001), when compared to the control 

(Figure 7A). Also, a significant decrease in CYP 1A2 was observed in animals exposed to 

the concentrations of 0.5, and 2.5 mg/L, (F [3,32] = 4.342, p=0.0112) (Figure 7B). 

 

 

 

 

 

 

 

Figure 6 - Results of the angle frequency determined in D. rerio, after 

an acute exposure to BAC. Data are represented as mean ± standard 

error. n=96. Significant differences form control, p< 0.05. 
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5.3.2 Phase II metabolic biomarkers 

 

GSTs activity was significantly decreased, in all concentrations, when compared to 

the control (F [3,44] = 18.77, p<0.0001), after an acute exposure (Figure 8). 

 

 

 

 

 

 

 

 

 

A 
 

B 
 

Figure 7 - Results of CYP 450 enzymes determined in D. rerio, after an acute exposure to BAC. A) CYP 1A1 activity; 

B) CYP 1A2 activity; Data are represented as mean ± standard error. n=12 Significant differences from the control, 

p< 0.05. 

Figure 8 - GSTs activity determined in 

individuals of D. rerio, after an acute exposure 

to BAC; Data are represented as mean ± 

standard error. n=12. Significant differences 

from the control, p<0.05. 
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5.3.3 Oxidative stress biomarkers 

 

In terms of CAT activity, significant differences were only observed in animals 

exposed to the concentration of 0.5 mg/L, with an increment in this endpoint (F [3,37] = 2.968, 

p= 0.0443) (Figure 9A). In terms of GPx activity, there was a significant decrease of this 

parameter in animals exposed to the highest concentrations (F [3,35] = 9.093, p= 0.0001) 

(Figure 9B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Discussion  

 

 BAC has already been implicated in the development of genotoxicity, cholinergic 

toxicity mediated by membrane disruption, and oxidative stress (Lei et al., 2015; Antunes et 

al., 2016). Metabolically, BAC can be decomposed into carbon dioxide, water, ammonia, 

and chlorines ions, through demethylation, debenzylation, and demethylation pathways, via 

intermediates such as 4-hydroxybenzoic acid, decanoyl acid, benzyl dimethyl amine, and 

dodecanal. It can also be decomposed through the Fenton reaction, producing hydroxyl 

radicals, as reported in bacteria in aqueous medium (Raymond, 2009; Zhang et al., 2016; 

Seguin et al., 2019). BAC has the particularity of being able to bind to acetylcholine 

muscarinic receptors, which in turn are linked to G-Couple proteins.  

Figure 9 - Results of oxidative stress after an acute exposure of D. rerio to BAC. (A) CAT activity; (B) 

GPx activity; Data are represented as mean ± standard error. n=12. Significant differences from the 

control, p<0.05. 

A 
 

B 
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The large positively charged molecules of BAC are poorly absorbed by 

gastrointestinal tract (Arugonda, 1999). Despite the different possible routes of entry of 

BAC, Xue et al. (2004) have provided evidence that the major route of exposure is by 

inhalation, and is discharged mostly by feces in rats. Thus, we can expect that changes in 

zebrafish are most prone to be observed at the gill level, as reported to occur in O. mykiss by 

Kierkegaard et al. (2020). Activation of metabolic pathways, such as CYP 450, have been 

also reported occur in the human liver (Seguin et al., 2019).  

 

6.1 FET 

 

Previous studies conducted about the toxicity of BAC demonstrated the deleterious 

effects at the embryonic level, with increasing mortality and malformations (Cao et al., 2009; 

Sreevidya et al., 2018). Although our results did not showed significant mortality or 

malformations, our mortality spiked after the first 48h in embryos exposed to the highest 

concentration (2.5 mg/L), as well as some malformations (tail malformations and pericardial 

edema), similar to what was reported in other studies (Cao et al., 2009; Sreevidya et al., 

2018). Sreevidya et al. (2018) reported a higher mortality rate in all concentrations tested 

(0.1, 0.25, and 0.5 mg/L), from 48h onward, when compared to the embryos exposed for 

24h.  

Also, in the study of Sreevidya et al. (2018), malformations in terms of the spine 

curvature and edema were observed in embryos exposed to the highest concentration, as in 

our study. Body curvature and pericardial edema suggest kidney problems and cyst 

formation (Cao et al., 2009). The development of pericardial edema in larvae is linked to a 

decline in renal function due to the organisms inability to maintain the water balance 

(Cosentino et al., 2010; Swanhart et al., 2011). Although no studies reflect the potential 

nephrotoxicity in zebrafish, microinjections of BAC in rats resulted in higher concentrations 

of this substance in kidney tissue (Xue et al., 2004). Also, in the study of Kierkegaard et al. 

(2020), small amounts of BAC were found in O. mykiss kidney. Since BAC can often be 

directly discarded in human urine, we suggest that this compound may, in an active way, 

have interfered with the normal function of the kidney (Antunes et al., 2016).  

The main effect observed on the embryos, on previous studies, was delayed hatching, 

which usually occurs within the first 48h (Sreevidya et al., 2018). However, in our study the 
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majority of the larvae hatched in the first 48h, and no significant delay in hatching was 

observed. Nonetheless, we observed an increased delay in hatching (7%) in larvae exposed 

to a concentration of 0.1 mg/L, when compared to the 2.3% delay in hatching in animals 

exposed to a concentration of 0.5 mg/L. Major delays in hatching were also observed in 

animals exposed to the lowest concentration (0.1 mg/L) in the study by Sreevidya et al. 

(2018). The number of embryos presenting delay in hatching decreased in a dose-depended 

manner. As the number of delayed embryos per hatch diminished, the mortalities increased. 

This dose dependent response reported in our study is corroborated by Sreevidya et al. 

(2018), where an increase in mortality was followed by a decrease in hatching delay, due to 

increasing concentrations. Surfactants penetrate the phospholipidic membrane, leading to 

the weakening of its integrity, and structures of the cellular membrane. This disruption leads 

to extravasation of the cell contents, thereby disrupting the normal function of the cell, that 

in turn can lead to the death of the zebrafish embryo, since the embryonic membrane 

protecting the embryo has a similar constitution and structure as that of a cell membrane 

(Kimmel et al., 1995; Mustapha and Bawa-Allah, 2020). 

Due to the previously mentioned interaction with the cellular membrane, sorption, 

and destabilization, we can assume that the observed delay in embryo hatching is due to the 

membrane destabilization carried out by the presence of the benzyl group, and the affinity 

of BAC for phospholipids (Timmer and Droge, 2017; Sreevidya et al., 2018; Kierkegaard et 

al., 2020). BAC belongs to the surfactant category and is likely to penetrate the 

phospholipidic membrane that constitutes the yolk sac, leading to a destabilization of the 

cellular membrane. The embryonic membrane of the zebrafish embryo has several functions, 

including protecting the embryo from chemical and physical damage, and maintaining 

exchanges with the external environment (Hwang and Chou, 2013; Gordon et al., 2019). 

These exchanges are carried out in a similar manner as to other cell membranes, controlled 

by ionic exchanges (Chang and Hwang, 2011; Hwang and Chou, 2013). BAC, due to its 

chemical characteristics, inserts itself in the cell membrane, promoting its disruption, and 

changing the ionic balance. It is likely that these alterations could lead to an increase in the 

concentration of the compound reaching the organism, disrupting its osmotic balance, 

therefore causing stress to the organism (Hwang et al., 2011; Hwang and Chou, 2013; Guh 

et al, 2015). Thus, we suggest that this delay in hatching may be due to the changes in ion 
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channels promoted by the insertion of the xenobiotic molecule in the membrane (Xia and 

Onyuksel, 2000; Timmer and Droge, 2017).  

 

6.2 Behavioral Tests 

 

The main mode of action of QACs, including BAC, is through the disruption of all 

lipid bilayers by interactions with the alkyl chain of the compound, and by changing the 

electric charge on the membrane surface, through nitrogen ions (Wessels and Ingmer, 2013). 

In studies conducted in bacteria, changes in porins and in efflux pumps were found (Wessels 

and Ingmer, 2013). So, it is expected that BAC could promote alterations in the ionic balance 

of the cellular membrane and disrupting the normal transport between the extracellular space 

and the intracellular space. Alterations on the ionic potential of the membrane can lead to a 

disruption of the membrane, which can ultimately lead to impairments in locomotor activity 

(Lei et al., 2015). In addition, alterations in the spontaneous tail movements towards the yolk 

sack, due to impairments in fish motor system, carried out by unbalance of ion content in the 

membrane, can be a possible reason for the delayed hatch (Ogungbemi et al., 2019).  

Our results showed a significant increment in the total swimming activity in animals 

exposed to the last concentration of 2.5 mg/L. Also, in the thigmotaxis behaviour significant 

differences in animals exposed to the higher concentration (2.5 mg/L), in both parameters of 

the total distance and time spent, were observed. Thigmotaxis is a valid tool to evaluate 

anxiety-like behaviour in 5-dph larvae (Schnörr et al., 2012). Typically, during light periods, 

zebrafish display a low level of activity. For that reason, we focused our results only in the 

dark period. There was a gradual, though slight, increase in the distance moved and time 

spent in the outer zone. This increase indicates that the organism exposed to 2.5 mg/L of 

BAC displayed a more anxious behaviour. Larvae exposed to 2.5 mg/L of BAC also 

presented a higher number of class 1 angles, suggesting erratic swimming behaviour 

(Almeida et al., 2019).  

Although no significant changes were observed in animals exposed to the lowest 

concentrations (0.5, and 1 mg/L), a general tendency towards an increment in all the 

behavioral parameters was observed, which we can suggest may be related to impairments 

in the cholinergic pathways. According to the literature, alteration at the membrane level 

produced by BAC could indeed cause impairments in locomotor activity, through an 
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unbalance of ions. However, we suggest that the main effects reported in our study could be 

a result of impairments at the cholinergic pathways. In the work by Antunes et al. (2016), an 

increase in the AChE activity was observed. It has been reported that a variety of compounds 

could lead to impairments in the cholinesterase pathway. Pesticides, such as 

organophosphorus, carbamates, pharmaceuticals and disinfectants, can inhibit or activate 

AChE (Ostergaard et al., 1989; Saglio et al., 1996; Phillips et al., 2002; Antunes et al., 2016). 

During the neurotransmission event in cholinergic neurons, ACh is released, and binds to 

nicotinic and muscarinic ACh receptors on the post-synaptic membrane. AChE terminates 

the signal by hydrolyzing ACh (Colovic et al., 2013). An inhibition of the AChE activity 

creates an overload of ACh in the synaptic clef, leading to a hyper-stimulation of the post-

synaptic membrane, and can ultimately lead to paralysis and dead. Therefore, a relationship 

between the activity of AChE and swimming behavior can be established (Tilton et al., 2012; 

Bonansea et al., 2016; Pullaguri et al., 2020). However, this inhibition and increase in the 

AChE activity is not straightforward since an increase in activity in acetylcholinesterase can 

also lead to an increased swimming activity (Bonansea et al., 2016). Notwithstanding the 

above mentioned, we believe that the increased activity of the organisms reported in our 

study was due to the observed inhibitions reported in the literature, for many different 

organisms (Martinez-Tabche et al., 1997; Guilhermino et al. 1998; Guilhermino et al., 2000; 

Feng et al., 2008; Wang et al., 2014). When an inhibition of AChE occurs, the ACh released 

into the synaptic cleft is not hydrolyzed, and in turn occurs a hyperstimulation of the 

postsynaptic nerve due to the increased amount of ACh (Colovic et al., 2013; Lott and Jone, 

2022;). This hyperstimulation can lead to an increase in activity as reported by other studies 

(Nunes et al., 2011; Tilton et al., 2012; Bonansea et al., 2016; Pullaguri et al., 2020; Lott and 

Jone, 2022). 

 

6.3 Enzymatic determinations 

 

6.3.1. Phase I metabolism 

 

Previous studies have shown that quaternary ammonium salts are metabolized by 

cytochrome P450 in humans (Seguin et al., 2019). Their chemical structure permits the direct 

conjugation or oxidation of the nitrogen heteroatom but could also be susceptible to N-
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dealkylation and C-H oxidations, catalyzed by the CYP enzymes (Seguin et al., 2019). 

Nevertheless, our results showed an increase in the enzymatic activity of CYP 1A1 in 

organisms exposed to 0.5 mg/L, while an inhibition of CYP 1A2 was observed in organisms 

exposed to the highest concentrations. To our knowledge, the increase in the enzymatic 

activity of CYP 1A1 reported in our study is the first reporting that CYP 450 may be involved 

in the metabolism of BAC in fish. Metabolism via CYP 450 may lead to an increase in free 

radicals (Winston and Giulio, 1991; Turrens, 2003). However, a marked inhibition of CYP 

1A2 was also reported in our study, which was also observed in CYP4 enzymes and 

CYP2D6 in humans, after being exposed to this chemical (Seguin et al., 2019). We propose 

that the differences reported in our work result from the different affinities of the xenobiotic 

towards the isoenzymes, and the possible rise of ROS. On one side, the different locations 

of these two enzymes in the membrane, their affinities, and their three-dimensional 

structures can explain the increase observed in CYP 1A1, and an inhibition of CYP 1A2 

(Park et al., 2015; Kapelyukh et al., 2019). CYP 1A2 is located in ordered sites of the 

reticulum endoplasmic (RE) membrane and is expressed in a higher amount in fish (Park et 

al., 2015). On the other hand, CYP 1A1 is expressed in less quantity, and is located in more 

disordered sites of the membrane (Park et al, 2015). Ordain domains are considered 

detergent-resistant, whereas less organized domains are more soluble (Park et al., 2015). 

Another possible reason for the differences in enzyme activity reported in our study results 

from the ability of the enzyme complex itself to produce ROS (Ekstrom and Ingelman-

Sundberg, 1989; Winston and Giulio, 1991; Turrens, 2003). The increase in superoxide and 

hydroxyl radicals, produced by CYP 450 or other metabolic pathway of this compound, 

could inhibit its activity. The possible increment in ROS reported by several studies in 

different model organisms (O. mykiss, L. japonicus, Carassius gibelio, and B. amazonicus) 

exposed to quaternary ammonium salts may lead to an increase in O2
-, and H2O2. The rising 

amount of ROS could lead to a denaturation and inhibition of CYP 1A2 (Ekstrom and 

Ingelman-Sundberg, 1989; Hofer et al., 1995; Debbasch et al., 2001; Jifa et al., 2005; 

Monteiro et al., 2010).  
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6.3.2. Phase II metabolism biomarkers 

 

Concerning the activity of GSTs, a key group of enzymes involved in phase II 

detoxification, it was possible to observe a significant inhibition, in fish exposed to all tested 

concentrations (0.1, 0.5, and 2.5 mg/L). This phase II metabolic enzyme detoxifies 

endogenous and exogenous chemicals, such as peroxides, lipids, and xenobiotics (Van der 

Oost and Vermeulen, 2003; Čolak and Žorić, 2019). Since their main function is to detoxify, 

this enzyme plays a key function by increasing the excretion rate of a vast number of 

xenobiotics (Atli and Canli, 2010). Gheorge et al. (2020) demonstrated a 45% inhibition of 

GSTs activity, on C. carpio after an exposure to 1 mg/L of benzalthonium chloride. In this 

study, the low levels of GSH in liver samples led to the possible decrease in GSTs activity 

accompanied by the inhibition through ROS (Gheorghe et al., 2020). So, other mechanisms 

may be in place to promote GSTs inactivation. Antunes et al. (2016) also demonstrated a 

downward trend in GSTs activity, suggesting that this pathway was not induced following 

exposure to BAC. However, in rats exposed to BAC, an increase in the activity of this 

biomarker was observed (Swiercz et al., 2008). However, we must bear in mind that the 

study conducted by Swiercz et al. (2008) used other animal models, an in in vitro conditions. 

Also, it has been demonstrated by some studies that enzymes such as CAT and GSTs can be 

inactivated by superoxide anion and hydrogen peroxide (Atli and Canli, 2010). Since BAC 

is known to produce superoxide anions and hydrogen peroxide, we can assume that the 

inhibition of the enzymatic activity of GSTs reported in our work can be due to the possible 

increase in hydrogen peroxide (Hofer et al., 1995; Debbasch et al., 2001; Jifa et al., 2005; 

Raymond, 2009; Monteiro et al., 2010; Zhang et al., 2016). 

 

6.3.3. Antioxidant defence biomarkers 

 

Although there is no evidence regarding the metabolic pathways of BAC, exposures 

to this compound, and its subsequent metabolism, can lead to a possible increase of ROS as 

suggested by other studies, and our results (Hofer et al., 1995; Debbasch et al., 2001; Jifa et 

al., 2005; Monteiro et al., 2010). After exposure to quaternary ammonium compounds, 

organisms such as O. mykiss, L. japonicus, C. gibelio, and B. amazonicus, showed a 

significant increase in O2
-, and H2O2 (Hofer et al., 1995; Debbasch et al., 2001; Jifa et al., 

2005; Monteiro et al., 2010). We assume that given the information present in the literature 
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concerning the alteration of activity of several antioxidant enzymes, and the presence of 

ROS, that oxidative damaged may occur (Ekstrom and Ingelman-Sundberg, 1989; Hofer et 

al., 1995; Jifa et al., 2005; Monteiro et al., 2010; Antunes et al., 2016; Gheorghe et al., 2020;). 

Also, there is evidence that BAC, when dissolved in water, can be degraded by the Fenton 

process (Raymond, 2009; Zhang et al., 2016). The Fenton pathway converts H2O2 into HO*. 

Knowing that this pathway is active in the metabolism of BAC, we suggest that there will 

be implications on the normal enzyme activity, due to the increment in free radicals 

(Raymond, 2009; Seguin et al., 2019). Our results showed an increase in CAT activity in 

animals exposed to 0.5 mg/L of BAC, suggesting an activation of the antioxidant defense, 

derived from the production of hydroperoxide and superoxide anions, possibly due to the 

metabolism of BAC by CYP 1A1 or by the activation of the Fenton process. In previous 

studies, fish of the species O. mykiss exposed to concentrations of 0.5 mg/L and 1.05 mg/L, 

reported an increase in CAT enzymatic activity (Antunes et al., 2016). Although not 

established in our work, it is known that, metabolism of BAC, in human conjunctival cells, 

leads to increase in O2
- and H2O2 (Debbasch et al., 2001). H2O2, when in the presence of free 

iron bivalent ions, through the Fenton reaction generates hydroxyl radical (Poljsak et al., 

2011; Nandi et al, 2019). HO* is responsible for protein damage, membrane disruption and 

lipid peroxidation. The increase in HO* promotes oxidation of proteins, leading to loss of 

protein function and loss of enzyme activity (Butterfield et al., 1998; Goyal and Basak, 

2012). Due to the lack of an antioxidant defense for hydroxyl radicals, this ROS can lead to 

cellular damage and death. (Bhattacharjee, 2019; García-Caparrós et al., 2021). 

Given the combination of inhibition and increment in catalase activity observed in 

the study of Antunes et al. (2016), the decreased activity of this parameter observed in fish 

exposed to 2.5 mg/L of BAC is probably a biphasic response due to the increment of ROS 

(Goyal and Basak, 2012). In plants exposed to BAC, a u-shaped pattern of increased and 

decreased activity of CAT, in a concentration dependent manner, was observed (Li et al., 

2019). It is licit to suggest that the biological response to BAC exposure is dual and for 

higher doses other antioxidant defenses must be activated. 

The enzymatic activity of GPx, an antioxidant enzyme, was inhibited in our study. 

Although significant changes were recorded only in fish exposed to the last two 

concentrations, the inhibitory trend of GPx is clear. It should be noted that both enzymes of 

the glutathione pathway, GSTs, and GPx, were inhibited. GPx reduces lipid hydroperoxides 
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and GSTs, through various reactions, detoxify oxidized lipids (Čolak and Žorić, 2019). Thus, 

the obtained response suggests an inability of the organism to decrease the level of free 

radicals produced by the metabolism of BAC. Also, despite not established in our work, the 

decrease in the activity of these enzymes may be due to the lower level of GSH, registered 

by Gheorghe et al. (2020), after exposing Cyprinus carpio to benzalthonium chloride. 

 

7. Conclusion 

 

BAC has a wide range of applications, due to its chemical and physical properties. 

Since previsions suggest a possible growth on the production of disinfectants as a 

consequence of the SARS-CoV2 pandemic, an assessment of the possible adverse effects in 

aquatic species is of extreme importance. In our work, we reported a significant increase in 

swimming activity of D. rerio, in all the performed assays, but especially evident in fish 

exposed to 2.5 mg/L of BAC. This increase in activity could be due to a possible inhibition 

of AChE, as reported in the literature. Detoxification pathways, with the involvement of 

CYP 450, had different outcomes. CYP 1A1 showed an increment in its activity following 

an exposure of zebrafish to 0.5 mg/L and CYP 1A2 showed a clear inhibition, with 

significant results after an exposure of D. rerio to 0.5 mg/L, and 2.5 mg/L of BAC. Also, an 

increment in the antioxidant defense, through the enzymatic activity of CAT, was observed. 

However, GPx and GSTs enzymatic activities were inhibited. Our study may reflect a 

metabolism of the compound by the CYP 1A1 isoenzyme, with consequent production of 

ROS that triggers the antioxidant defense by increasing the activity of CAT. However, this 

possible increase in ROS could lead to inhibition of GPx and GSTs.  

The adverse effects reported in this study in animals exposed to 0.1, 0.5, and 2.5 

mg/L are relevant since BAC, before the pandemic, was reported to range from 0.5 to 5 mg/L 

in the aquatic matrix. Given the increased use of this compound in recent years, and the 

predicted increase in the upcoming years, it is expected that this compound will reach the 

aquatic compartment in higher quantities, leading to even more potential deleterious effects 

than those observed here. 
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Chapter III | Biological responses in Danio rerio caused by 

the anionic disinfectant (SDBS) in a scenario of SARS-

CoV-2 pandemic 

 

Figure 33 - Schematic representation of angles preformed by larvae of D. rerio, 

grouped in classes (Cl.1, Cl.2, Cl.3, and Cl.4), obtain in behavior assay. The 

schematic is not at scale.Chapter III | Biological responses in 

Danio rerio caused by the anionic disinfectant (SDBS) in a 

scenario of SARS-CoV-2 pandemic 

 

Chapter III | Biological responses in Danio rerio caused by 
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Figure 34 - Schematic representation of angles preformed by larvae of D. rerio, 

grouped in classes (Cl.1, Cl.2, Cl.3, and Cl.4), obtain in behavior assay. The 

schematic is not at scale.Chapter III | Biological responses in 

Danio rerio caused by the anionic disinfectant (SDBS) in a 

scenario of SARS-CoV-2 pandemic 
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1. Abstract 

 

The use of disinfectants has been continuously growing since the severe acute respiratory 

syndrome coronavirus (SARS-CoV-2) pandemic swept the world. Although the pandemic 

scenario is now apparently controlled, the increase in production, and use of disinfectants is 

expected to rise. The disinfectant sodium dodecylbenzene sulfonic acid salt (SDBS) is one 

of the most common and produced disinfectants. Since SDS, a similar compound of SDBS, 

has already been reported in levels between 0.2 mg/L to 10 mg/L in municipal wastewater, 

the expected increase in production could lead to an increase in the presence of this 

compound in the environment. So, it becomes imperative to establish and understand the 

possible effects of SDBS in aquatic organisms. Our data reported that, after an exposure of 

zebrafish embryos to SDBS (0.2, 1, and 5 mg/L), there was an increase in mortality in 

animals exposed to 5 mg/L of SDBS after 96h. This increase in mortality rate is probably 

due to the disruption of the phospholipidic membrane of the embryo. In addition, an increase, 

and a decrease were observed in the total activity of larvae, after the organisms have been 

exposed to 1 and 5 mg/L of SDBS, respectively. Also, a significant increment of erratic 

movements was reported in our study in animals exposed to concentrations of 1 and 5 mg/L. 

Adverse changes in the cholinergic pathways may be the mechanism underlying our results. 

Previous studies show a decrease in acetylcholinesterase (AChE) in animals exposed to 

SDBS. No significant alterations were observed in animals exposed to 0.2, 1, and 5 mg/L of 

SDBS, in terms of the thigmotaxic behavior, so we could not infer if SDBS can lead to 

anxious behavior. Finally, our assessment of enzymatic biomarkers, showed inhibition in the 

activities of CYP 1A1, and CYP 1A2. Given the evidence reported in previous studies, of 

the metabolism of SDBS by CYP 450 isoenzymes, we suggest that the here observed 

inhibition of both CYP1A forms could be due to isoenzyme specificities or by the formation 

of toxic metabolites that could lead to an inhibition of the enzyme. The xenobiotic in question 

can be metabolized by other CYP 450 isoenzymes, resulting in an increase of reactive 

oxygen species, promoting oxidation of proteins, leading to a loss of protein function and 

loss of enzyme activity. Thus, the inhibition observed in the here tested isoenzymes may 

result from the metabolism by other enzymes. In addition, we also reported a significant 

increase in CAT activity. The H2O2 generated through the metabolism of the compound is 

used by CAT, reflecting its antioxidant nature by reducing the amount of ROS, such as H2O2, 
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in the organism Concerning GPx and GSTs activities, we observed an inhibitory trend, which 

could be due to the increment in ROS, due to the metabolism of SDBS. However, this 

compound can also be metabolized through conjugation with GSH. Therefore, the 

metabolism of the compound must take place via other alternative pathways that were not 

evaluated in this study. Nevertheless, this metabolism resulted in an excess of ROS, since 

the antioxidant defense, namely CAT, was activated. Finally, the inhibition observed for 

both GPx and GSTs might be due to a possible increase in ROS. In summary, we conclude 

with our study that animals exposed to environmental concentrations of SDBS, similar to 

those already reported before the pandemic, exhibited adverse embryonic, behavioral and 

metabolic effects. Given the increased use of this compound, it is anticipated that 

environmental concentrations will rise, leading to additional negative effects in animals 

exposed to it. 

 

2. Keywords 

 

Zebrafish; Behavior; FET; Oxidative stress; Antioxidant defense; CYP 450. 

 

3. Introduction 
 

Production and marketing of a certain chemical product is ruled by the market 

demands. When, in 2019, the world faced the severe acute respiratory syndrome coronavirus 

(SARS-CoV-2) pandemic, the growing need for disinfectants, as a measure for the 

prevention of the infection, led to a sudden increase in their demand and production. 

Although some new compounds have been developed to mitigate COVID-19, the increase 

in the production of existing products was the greatest measure implemented. Surfactants 

are a large class of products destined to clean and disinfect, given their properties in reducing 

the surface tension (liquid-liquid, solid-liquid, and liquid-air), and detergency (Mao and 

Wang, 2000; Rebello et al., 2014; Steber, 2007). Due to the conditions imposed by the 

pandemic, a market that was of 41.3 billion dollars in 2019 is projected to reach 58.5 billion 

dollars by 2027 (Research, 2020). 

Surfactants cover a wide variety of compounds, and can be divided into anionic, 

cationic, nonionic, and amphoteric surfactants (Huang et al., 2014). The class of anionic 
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surfactants is the most commonly used on a daily basis (Parhizgar et al., 2017). Also due to 

their cheap cost, and foaming properties, anionic surfactants are the disinfectant agents with 

the highest predicted growth (Research, 2020). Among the vast diversity of anionic 

surfactants, Sodium Dodecylbenzene Sulfonic acid (SDBS), a linear alkylbenzene sulfonate 

(LAS), stands out for its abundance and versatility of application (Steber, 2007). SDBS is 

used in formulations for laundry, car and floor detergents, engine degreasers, personal care 

items (such as toothpaste, shaving cream, shampoos, and bath salts), and is also a 

disinfection product used in multiple contexts (healthcare, institutional, and residential), and 

in medical settings (Niraula et al., 2012). Due to the widespread of SDBS or LAS, 

concentrations up to 30 mg/kg dry weight, and of 416 µg/L, have been found in treated 

sludge and surface waters, respectively (Berna et al., 1989; Fox et al., 2000). Over the years, 

environmental concentrations of SDS, a similar compound to SDBS, have been reported 

between 0.2 mg/L and 10 mg/L in municipal wastewater (Dizer, 1990). The different 

concentrations mentioned previously are far above the concentrations reported to be toxic 

(5.2 to 36 mg/L), which again prompts the need to explore the toxicity of this 

compound(Safety data sheet [SDS], 2008).The toxicity of this xenobiotic is mediated by the 

generation of reactive oxygen species (ROS) by phase I enzymes such cytochrome P450 

(CYP 450) (Stegeman, 1981; Jifa et al., 2005; Nunes et al., 2008; Wibbertmann et al., 2011). 

SDBS, when absorbed by gills (in fish and bivalves), is metabolized and bio-transformed in 

the liver by phase I enzymes. The metabolism of the xenobiotic by CYP 450 can result in 

ROS leading to enzymatic activation of antioxidant enzymes, such as catalase (CAT), and 

glutathione peroxidase (GPx). Glutathione S-transferases (GSTs) can also promote 

detoxification of SDBS (Nunes, 2005; Álvarez-Muñoz et al., 2006; Shukla and Trivedi, 

2018; Sobrino-Figueroa, 2013). When compared to other anionic detergents, SDBS is likely 

to be more toxic, given the presence of the benzene ring, for the same environmental 

concentrations (Rebello et al., 2014). 

The biotransformation of this compound into a more hydrophilic one increases its 

excretion rate (Zhang et al., 2005; Monferran et al., 2007; Shukla and Trivedi, 2018). Despite 

the absence of reports, to date, of the involvement of CYP 450 in metabolizing SDBS in fish, 

some reports have presented evidence of the involvement of CYP 450 after exposure to 

surfactants (Mountfield et al., 2000; Ren et al., 2008; Christiansen et al., 2011). Since CYP 

450 is responsible for the oxidation of several surfactants (anionic, cationic, and nonionic) 
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it is possible that these enzymes are involved in the metabolism of SDBS (Mountfield et al., 

2000; Ren et al., 2008; Christiansen et al., 2011; Vliegenthart et al., 2014). Phase II enzymes 

such as GSTs conjugates GSH with xenobiotics to further increase their hydrophilicity. Jifa 

et al. (2005) reported an increment in GSTs activity after exposing individuals of 

Lateolabrax japonicus to 1 mg/L of SDS and SDBS. SDBS is known to promote the 

generation of ROS, which may be scavenged by GSTs (Hayes et al., 2005). The possible 

rising amount of ROS content is balanced by antioxidant enzymes such as CAT, and GPx 

(Cserháti et al., 2002; Jifa et al., 2005; Wu et al., 2010). In the study by Jifa (2005), CAT, 

and GPx, activity measured in L. japonicus after being exposed to 1 mg/L of SDBS, 

increased along the exposure. Also, an increment in CAT was reported by Shukla and 

Trivedi (2018). However, some studies report an increase in CAT activity in animals of the 

species Hydrocharis dubis when exposed to concentrations up to 10 mg/L, in a chronic trial, 

followed by a decrease in the activity of this biomarker (Wu et al., 2010).  

Behavior is also a key point to assess toxicity, since it plays a critical function on the 

fight or flight response, mating, and food seeking behavior (Little and Brewer, 2001). Given 

the chemical properties of anionic surfactants and their ability to disrupt normal membrane 

function, behavior can give us indications of other metabolic impairments, such as 

neurotoxicity (Zhang et al., 2005; Schnörr et al., 2012). Thigmotaxis is a stereotypic 

behavior where, fish stay in close proximity to the outer boundaries of a novel environment. 

Alterations in this behavior are implicated in stress and anxiety of the organism (Schnörr et 

al., 2012). Multiple xenobiotics are known to enhance or inhibit this behavior. Exposure to 

a variety of compounds at the early stages of development, could also lead to impairments 

and increased mortality. A Fish Embryo Toxicity Test (FET), performed by Wang et al. 

(2015), showed no significant alterations after an exposure to an anionic surfactant. Despite 

this and compared to the concentrations found in the rivers, the concentrations tested for the 

behavior and FET trials were only in the ug/L range (Wang et al., 2015).  

Danio rerio (Zebrafish) is an important model organism used in the research areas of 

genetics, neurophysiology, and developmental biology (Vascotto et al., 1997; Grunwald and 

Eisen, 2002; Rubistein, 2003). Among the many key features of this animal, its small body 

frame, large number of offspring, easy maintenance in laboratory conditions, and short life 

span, are some of the most important ones (Kimmel et al., 1995). Also, their transparent 

embryos allow us to identify any impairments at their first development stages. Zebrafish 
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gained strength as a model organism due to their similarity to other vertebrates, which allows 

a more comprehensive perspective of human drug metabolism, in comparison to invertebrate 

models (Dooley and Zon, 2000; Shin and Fishman, 2002).  

This study aimed to elucidate the metabolic pathways involved in the metabolism 

and detoxification of SDBS in D. rerio, especially focusing on the analysis of phase I 

enzymes (CYP 450: CYP 1A1, and CYP 1A2), GSTs, a phase II enzyme, and enzymes of 

the antioxidant defense, such as CAT, and GPx. Also, it is our intention to explore the 

potential effects of SDBS in locomotor behavior and the embryonic development in 

zebrafish larvae. 

 

4. Materials and methods 

 

4.1 Chemicals 

 

Dodecylbenzene sulfonic acid sodium salt (CAS: 25155-30-0, purity 80 - 85%) was 

purchased from Thermo Fisher Scientific®. All chemicals used for enzymatic buffers were 

obtained from Sigma-Aldrich®, apart from Bradford reagent, which was obtain from 

Biorad®, UK.  

 

4.2 Test Organisms 

 

D. rerio eggs and larvae with 5 days post-hatching (dpf) were obtained from a culture 

established at the Department of Biology, in the University of Aveiro. Zebrafish adults were 

kept in a recirculating system with adjusted pH and conductivity through application of 

instant ocean synthetic salt, Spectrum Brands. The animals were kept under optimal 

conditions of temperature 27 ± 1ºC, with a 12:12h light/dark photoperiod cycle, a 

conductivity of 750 ± 50 µS/cm, and dissolved oxygen at 95%. All fish were fed daily with 

Gemma Micro 500 (Skretting®, Spain). 

In the day before of the collection of the eggs, reproductive groups were placed in 

breeding tanks with a divider, separating the males from the females. The next day, at the 

onset of illumination, the divider was removed. After 1h30 eggs were removed and raised in 

system water. Zebrafish eggs with normal development were selected using a Stereoscopic 
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Zoom Microscope – SMZ 1500 Nikon, for all tests. Unfertilized eggs, or eggs with 

irregularities, were discarded.  

In all trials, larvae with 5-dpf or embryos were exposed to 3 concentrations: 0.2 mg/L, 

1 mg/L and, 5 mg/L of SDBS. These concentrations were selected based on levels already 

found in the environment (0.2 – 10 mg/L), and also on concentrations involved in 

documented effects (1 mg/L), below the LC50, at 96h (5.6 mg/L in Oncorhynchus mykiss) 

(Jifa, 2005; Lenga, 2021). 

 

4.3 FET 

 

Embryo acute toxicity test was performed according the OCDE guideline 236 

(OCDE, 2013). Embryos collected in the cleavage phase were randomly assigned and 

distributed (20 eggs per concentration) in 24 well plates. Each plate had an internal control. 

FET was initiated immediately after the selection. The medium was renewed every 24h, and 

coagulation, cardiac rhythm, tail detachment, hatching delay, presence of somites, edema, 

and pigmentation were assessed. Test organisms were considered dead according to the 

guideline (coagulation, no detachment of the tails, absence of cardiac rhythm, or somites). 

During the 96h, the tests were kept under optimal conditions described previously. 

 

4.4 Behavioral Tests 

 

Larvae with 5-dph, with no deformities or abnormalities, were placed, one per each 

well, in 24-well microplates. Randomly, 96 larvae were distributed along the 3 

concentrations. After 24h of exposure to SDBS, the movement of the organisms were tracked 

using the Zebrabox video-tracking system equipped with a 25 frame per second infrared 

camera (Viewpoint, Lyon, France). The endpoints that were analyzed were the total distance 

traveled, thigmotaxis, and turn angles, to measure total activity, thigmotaxis behavior, and 

erratic swimming, respectively. The movement of larvae was recorded during a 6 min 

habituation period, in the light, and a 4 min period in the dark, after abruptly turning off the 

lights (Schnörr et al., 2012). To record the movements in both areas, as stated by the standard 

thigmotaxis test, an inner and an outer area were created with a 12.25 mm radius, and 4 mm 

radius after establishing the inner area, respectively. The angles produced by larvae, when 
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changing direction were measured, and grouped into 4 distinct classes as described in Zhang 

et al. (2017). Angles with a range of 0° to ± 10° were classified in class 4. Turns with ranges 

between ± 10°, and ± 30° were grouped in class 3. Class 2 comprises the angles produced 

between ± 30°, and ± 90°. Finally, class 1 included angles in the range of ± 90° to ± 180°. 

To analyze thigmotaxis, the protocol proposed by Schnörr et al. (2012) was followed. In 

order to reduce individual variability, distance traveled, time spent swimming in the 

peripheral zone, and turn angles, were converted to percentage values according to the 

equations proposed by Bouwknecht and Paylor (2008). Therefore, the values for these 

parameters are presented from now on as the percentage of total distance traveled (%TDM), 

and as the percentage of total time traveled (%TTM). After the movement was recorded, the 

data were saved, and the larvae were frozen for later biochemical analysis.  

 

4.5 Enzymatic determinations  

 

The enzymatic activity of phase I enzymes CYP 450 (CYP 1A1, and CYP 1A2), the 

phase II enzyme GSTs, and antioxidant defense enzymes, such as CAT, and GPx, , were 

analyzed with 12 replicates per concentration, each one with 8 larvae with 5-dpf, obtained 

after an acute exposure to SDBS. Meanwhile, for GPx, 10 larvae with 5-dpf, were used per 

sample. After a 24h acute exposure to SDBS, the samples were frozen with 1 mL of 50 mM 

phosphate buffer, pH=7.0, with X-100 0.1%, to determine CAT, GPx, and GSTs. On the 

other hand, for the preparation of samples destined to evaluate CYP 1A1, and CYP 1A2, 1 

mL of 50 nM Tris HCL, pH=8.0, 0.15M KCL, 1mM dithiothreitol solution was added. The 

samples were then frozen and stored at -80ºC. After homogenization, the samples were 

centrifuged at 1500 g, or 1000 g (Megafuge 8R, Thermo Scientific) for CYP 1A1, and CYP 

1A2, for 10 min, at 4ºC. 

The activities of both CYP 1A1 and CYP 1A2 were determined using the method 

proposed by Cheah et al. (1995). After the first centrifugation step (1000 g, for 10 min, at 

4ºC), the supernatant was removed and placed in new Eppendorfs microtubes with a solution 

of 12.5 mM of sucrose, with 8 mM CaC12, at pH= 7.4. Following a 1696 g centrifugation 

for 10 min, at 4º C, the supernatant was discarded and the microsomes formed, were 

resuspended with 0.1 M of phosphate buffer, pH=7.4, with 1 mM EDTA, 20% (v/v) glycerol, 

0.5% (w/v) sodium cholate and 0.4% (w/v), and Triton X-100. Once the samples were 



 

68 

 

prepared, they were placed in 96-well plates with 7-ethoxyresorufin solution, for the 

determination of CYP 1A1, and methoxyresorufin for CYP 1A2. Finally, nicotinamide 

adenine dinucleotide phosphate (NADPH) was added to start the reaction. According to 

Ferreira et al. (2010), the activity measured using the fluorometer (λex=540nm and 

λem=590nm) was expressed in pmol per min per milligram of protein. 

To assess the phase II metabolic biomarker GSTs was selected. According to the method 

described by Habig et al., (1974), the conjugation of the substrate 1-chloro-2,4-

dinitrobenzene (CDNB) with glutathione, is catalyzed by glutathione S-transferases. This 

reaction gives rise to the formation of a thioether, which can be measured at 340 nm. After 

the collection of the data, enzymatic activity was expressed as nanomoles of thioether 

produced per min per milligram of protein. 

As described by Aebi (1984), the enzymatic activity of CAT was measured by the 

decomposition of hydrogen peroxide (H2O2). The activity was then registered at a 

wavelength of 240 nm, using a microplate reader (Multiskan Spetrum, Thermo Scientific) 

with SkanIt TM software, and was expressed as a unit of activity being equal to the number 

of moles of H2O2 consumed per minute per milligram of protein.  

The activity of GPx was measured at 340 nm, by following the oxidation of NADPH, 

which occurs when oxidized glutathione (GSSG) is reduced to GSGH. Glutathione 

peroxidase can be classified as GPx selenium dependent or total GPx. For our purposes only 

the total activity was measured. As described by Flohé and Gumzler (1984) the enzymatic 

activity was expressed as a unit of millimoles of oxidized NADPH per minute per milligram 

of protein.  

The total protein concentration, for all the enzymatic determinations, was assessed 

through the methodology proposed by Bradford (1976). A standard of 1 mg/ml of y-globulin 

was used as standard.  

 

4.6 Statistical analysis 

 

For all determinations performed, Kolmogorov-Smirnov tests were applied to verify 

the normality of the data. A one-way ANOVA (or a Kruskal Wallis test when the normality 

test failed) was performed to verify the existence of differences between treatments. To infer 

statistically significant differences between treatments and the control, a Dunnett test was 

performed. The level of significance was set as 0.05, GraphPad was used for all statistics.  
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5. Results 

 

5.1 FET 

 

The acute exposure showed an increase in mortality between the 72h until 96h, in 

animals exposed to 5 mg/L of SDBS. At concentration of 0.2 mg/L, 10% of the embryos 

exposed were considered dead, according to the OCDE guideline, at 96h. At the highest 

concentrations of 1 mg/L, and 5 mg/L, the percentage of dead embryos was 12%, and 80%, 

respectively (Figure 10). No abnormalities were observed in exposed embryos.  

 

 

 

 

5.2 Behavioral Tests 

 

A significant increase, and a decrease in the total distance travelled (mm) were 

reported in organisms exposed to the last two concentrations (1 mg/L and 5 mg/L), 

respectively (F[3, 377] = 12.20, p < 0.0001) (Figure 11).  

 

 

 

 

 

 

Figure 10 - Cumulative lethality rate (%), after a 96h exposure to SDBS. 

N=96. 
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Concerning the %TDM, no significant results were observed in all concentrations 

(F[3, 380] = 0.9969, p = 0.3943) (Figure 12A), and at the %TTM (F[3, 380] = 1.356, p = 0.2560) 

(Figure 12B).  

 

 

 

In terms of the type of angles recorded during the movement of the larvae, significant 

results were found in the organisms exposed to the last two concentrations of 1 mg/L, and 5 

mg/L (F[3, 48] = 2.025, p < 0.05), where the proportion of class 1 angles increased when 

compared to control (Figure 13). 

Figure 11 - Total distance moved (mm) after an acute 

exposure of D. rerio to different concentrations of 

SDBS. Results are represented as mean standard error. 

n= 96. Significant differences from the control, p< 

0.05. 

Figure 12 - (A) Effects on distanced travel in the outer zone, and (B) time spent in the outer zone, made after 

an acute exposure of D. rerio to SDBS. Data are represented as mean ± standard error. n= 96. Significant 

differences from the control, p<0.05. 

A 
 

B 
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5.3 Enzymatic determinations 

   

5.3.1 Phase I metabolic biomarkers 

 

Regarding the activity of the phase I enzymes, a significant decrease where reported 

for fish exposed to 1 mg/L, and 5 mg/L concentrations, in terms of CYP 1A1 (F[3, 35] = 5.571, 

p = 0.0031) (Figure 14A). A decrease in terms of CYP 1A2 wase also reported in organisms 

exposed to the last two concentrations (F[3, 34] = 11.45, p < 0.0001) (Fig 14B).  

 

 

 

Figure 13 - Results of the angle frequency determined in D. 

rerio, after an acute exposure to SDBS. Data are represented as 

mean ± standard error. n=96. Significant differences form 

control, p< 0.05. 

Figure 14 - Results of CYP 450 enzymes determined in D. rerio, after an acute exposure to SDBS. A) CYP 

1A1 activity; B) CYP 1A2 activity; Data are represented as mean ± standard error. n=12 Significant 

differences from the control, p< 0.05.. 

A B 
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5.3.2 Phase II metabolic biomarker 

 

In our study, GSTs activity was significantly inhibited in fish exposed to all 

concentrations when compared to the control (F[3, 39] = 11.95, p < 0.001) (Figure 15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.3 Oxidative stress biomarkers 

 

CAT activity had a tendency to decrease along the concentrations, with the exception 

of fish exposed to the last concentration, where CAT activity spiked to a level which was 

statistically significant (F[3, 36] = 54.82, p < 0.0001) (Figure 16A). GPx activity was inhibited 

in organisms exposed to all concentrations of SDBS. However, significant results were only 

attained for animals exposed to a concentration of 0.2 mg/L (F[3, 27] = 2,693, p = 0.0660) 

(Figure 16B).  

 

 

 

 

 

 

Figure 15 - GSTs activity determined in 

individuals of D. rerio, after an acute 

exposure to SDBS; Data are represented as 

mean ± standard error. n=12. Significant 

differences from the control, p<0.05. 
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6. Discussion  

 

6.1 FET 

 

The results found in our study do not indicate any morphological changes at the 

embryonic stages. These results are in line with those reported by Wang et al., (2015), in 

zebrafish upon an exposure to SDS at the µg/L level. Although no morphological changes 

were found, mortality rate spiked in the first 24h at the highest concentrations, stabilizing 

for 48h. At 96h another mortality peak occurred, reaching 80% at the 5 mg/L concentration. 

Although no studies have been found with SDBS, we expected a higher mortality since the 

LC50 for SDS, in Gambusia holbrooki, is of 15.1 mg/L, and the LC50, for SDBS, calculated 

in Oncorhynchus mykiss, was of 5.6 mg/L (Nunes et al., 2005; Lenga, 2021). A similar LC50 

was calculated for D. rerio embryos, of 5.77 mg/L (Yi et al., 2022). The values found in our 

study go in agreement with the ones reported in previous studies (Nunes et al., 2005; Lenga, 

2021; Yi et al., 2022). Nevertheless, the high mortality reported in D. rerio exposed to 5.28, 

26.4, and 132 µg/ml of SDS (Funfak et al., 2007), despite the clear differences in the protocol 

(time, concentration, and compound), are somewhat similar to ours. The high number of 

dead embryos, reported in the study of Funfak et al. (2017) was related to the sudden 

coagulation of the zebrafish embryos. Also, regarding the effect of SDS, Ali et al. (2011) 

recorded a 94% mortality after at 96h. We assume that this high mortality rate can be 

Figure 16 - Results of oxidative stress after an acute exposure of D. rerio to SDBS. (A) CAT 

activity; (B) GPx activity; Data are represented as mean ± standard error. n=12. Significant 

differences from the control, p<0.05. 

A B 
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associated to the possible impairments in the embryonic membrane (Zhang et al., 2005). The 

toxicity of anionic surfactants is linked to the hydrophobic groups, the length of the 

hydrocarbon chain, and the charge of the molecule. Surfactants penetrate the phospholipidic 

membrane, leading to the weakening of the integrity and structures of the cellular membrane. 

This disruption leads to extravasation of the cell contents, thereby disrupting the normal 

function of the cell, which in turn can lead to the death of the zebrafish embryo, since the 

embryonic membrane protecting the embryo has a similar constitution and structure as of a 

cell membrane (Kimmel et al., 1995; Mustapha and Bawa-Allah, 2020). 

 

6.2 Behavioral analysis 

 

Alterations in the normal behavioral patterns are considered potential red flags to 

assess toxicity (Little andand Brewer, 2001). In our study we observed significant 

differences in the total distance traveled, in animals exposed to 1 mg/L, and 5 mg/L, although 

in opposite directions. In organisms exposed to 1 mg/L there was an increment, and in 

organisms exposed to 5 mg/L there was a decrease in the total distance traveled. The dual 

response obtained was also reported in previous studies, where at low concentrations an 

increase in the swimming activity was reported, followed by a decrease (Zhang et al., 2015). 

As observed in previous studies, there is a direct correlation between the levels of 

acetylcholinesterase (AChE) and the swimming activity (Saglio et al., 1996; Phillips et al., 

2002; Jifa et al., 2005; Antunes et al., 2016). The neurotransmission acetylcholine (ACh) 

pathways can be impaired by anionic surfactants (Feng et al., 2008; Wang et al., 2014). 

When ACh is released to the synaptic cleft, binds to the ACh receptors in the post-synaptic 

membrane, leading to the transmission of the nerve impulse (Colovic et al., 2013). The main 

goal of AChE is to hydrolyze ACh in the synaptic clef to prevent hyperstimulation of the 

post-synaptic nerve (Colovic et al., 2013). When an inhibition or activation of this enzyme 

takes place, impairments in the motor function can occur (Tierney et al., 2008; Bonansea et 

al., 2016; Pullaguri et al., 2020). In the work of Nunes et al. (2016), after an exposure to 

SDS, at a range of concentrations of 0.05 to 0.8 mg/L, no effects of the activity of AChE 

were reported in G. holbrooki, but in the study of Feng et al. (2008), in animals exposed to 

0.5 to 1 g/L, the hydrolytic action of AChE was impaired in Tilapia nilotica. Also, Wang et 

al. (2014) reported a significant inhibition of AChE in Moina macrocopa exposed to 
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concentrations of 0.8 to 4 mg/L of SDS. So, the inhibition of AChE found in previous studies, 

after exposure to SDS, can lead to an increase in the swimming activity, or a decrease, at 

different concentrations. When an inhibition of AChE is in place, the ACh released remains 

in the synaptic cleft (Lott and Jone, 2022). This accumulation generates an hyperstimulation 

of the post-synaptic nerve (Lott and Jone, 2022). The possible hyperstimulation could 

increase the swimming activity, reported in our study. However, the AChE inhibition could 

ultimately lead to paralysis, or a decrease in the swimming activity (Colovic et al., 2013; 

Lott and Jone, 2022). This dual response is not strange to the action of SDS, as reported in 

other studies (Zhang et al., 2015; Nunes et al., 2016). Thigmotaxis behavior refers to the 

tendency of an animal to remain close to the walls when placed in a new environment, which 

can be considered as a measure of anxiety (Champagne et all, 2010; Best et al., 2017). 

However, in our study, we observed no significant differences in the time spent or in the 

distance moved, in the outer area, but significant differences were observed in the total 

distance swam. In the dark period, the fish were found to swim smoothly through the area, 

so we can assume that the fish were not anxious. In other studies from the literature, 

conducted on zebrafish, despite using other tests, no behavioral changes were also recorded, 

in animals exposed to concentrations of 1µg/L, and 10 mg/L of SDBS, and SDS, respectively 

(Wang et al., 2015; Yi et al., 2022). The total distance traveled, reported in our study, 

suggests both hyperactivity and hypoactivity when compared to the control. In addition, our 

results reported significant statistical differences in the frequency of angles measured (%), 

in class 1, at 1 mg/L, and 5 mg/L. As described in the literature, the increase in class 1 angles 

(angles of 90º to 180º) shows a pattern of locomotion with zig-zag movements, suggesting 

an erratic behavior of the organism (Zhang et al., 2017). Roy (1988) also demonstrated the 

prominent erratic behavior upon exposure to SDBS. These erratic movements suggest 

anxiety-like behaviors (Correia et al., 2019). This last parameter is in agreement with our 

results obtained for the total distance swam. Therefore, we suggest that the absence of 

significant changes in the thigmotaxis test can be due to the lack of precision of the 

measuring apparatus. If the organisms produced a more erratic swimming, which could 

translate to a higher number of entries and exits between the two areas, not an increase in 

the time spent and distance traveled in the outer area, that is what the machine reads 

(Figure17).  
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6.3 Biomarkers 

 

Toxicity of SDBS is caused by a) destabilization of cell membranes, namely the 

phosphatidylcholine monolayers, altering the permeability of membranes; and b) increase of 

ROS production through mono-oxygenases, and dehydrogenases (Cserháti et al., 2002; 

Zhang et al., 2005; Monferran et al., 2007). The increase in ROS (O2
-, HO2, OH*, and H2O2) 

creates an unbalance in the metabolism, which can in turn be compensated by the activation 

of antioxidant enzymes (Barata et al., 2005; Lushchak, 2011). Since we obtained a 

comprehensive inhibition of all measured biomarkers, we will perform a combined analysis 

of the results.  

At the time of this study, data for the effects of SDBS on the CYP 450 enzymatic 

activity, in zebrafish, are unknown. However, recent studies show the ability of surfactants 

to interfere with the normal functioning of CYP 450 (Seguin et al., 2019). Our results showed 

a clear inhibition along the gradient of concentrations, in terms of CYP 1A1, and CYP 1A2, 

with a significant decrease in the animals exposed to the last two concentrations (1 mg/L, 

and 5 mg/L). In the study of Christiansen et al. (2011), they reported a surfactant-dependent 

inhibition regarding the evaluated isoenzymes (CYP 3A4, and CYP 2C9). Various types of 

enzymatic inhibition can occur, such as competitive, non-competitive, and mechanism-based 

inhibition (Deodhar et al., 2020). These inhibitions are always dependent on the affinity, and 

concentration of the substrate (Wen et al., 2001; Shitara et al., 2004; Lilja et al., 2005). In a 

Figure 17 - Thigmotaxis behavior, 

traveling path, after an exposure of D. 

rerio to SDBS. 
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mechanism-based inhibition, the substrate forms a reactive intermediate that in turn leads to 

irreversible reduction of the enzyme (Deodhar et al., 2020). When we talk about competitive 

inhibition, irreversible or reversible, we talk about the ability of a single CYP 450 isoform 

to metabolize a series of substrates (Deodhar et al., 2020). A non-competitive inhibition 

operates by changing the structure of its active site so that the substrate loses its affinity 

(Deodhar et al., 2020). We propose two possible factors that might be leading to our 

inhibition. The first is the possible formation of metabolites that inhibit the enzyme itself 

when metabolized. However, to date, no information has been found regarding the possible 

formation of reactive metabolites. Therefore, it is imperative to understand how this 

compound is metabolized. The second factor is the affinity binding. All compounds require 

a higher or lower affinity for isoenzymes, depending on their chemical and physical 

properties (Gustafsson et al., 2004; Axarli et al., 2005). We suggest that SDBS could have a 

lower affinity towards CYP 1A1, and CYP 1A2. In previous studies, this compound has been 

found to be metabolized by CYP10A2 and CYP102A1 in bacteria (Axarli et al., 2010). 

Shukla and Trivedi (2018) also trace the increment in ROS by the metabolism of the 

compound in this complex. In summary, we propose that the inhibition observed in our 

study, given that there is evidence of ROS production by the metabolism of this compound, 

that SDBS has a higher affinity for other isoenzymes of this complex or that its metabolism 

forms reactive metabolites that led to its enzymatic inhibition. 

GSTs catalyses the conjugation of GSH with xenobiotics to increase their 

hydrophilicity and be more easily excreted. However, GSTs can also act as an antioxidant 

enzyme, when GSH is conjugated with intracellular molecules damaged by reactive oxygen 

species, to prevent oxidative stress (Liu et al., 2010). Ultimately, the GSTs action promotes 

cell protection, from xenobiotics, and from ROS (Hayes and Pulford, 1995; Hayes and 

McLellan, 1999; Hayes et al., 2005; Deavall et al., 2012). Our results show a significant 

decrease in animals exposed to all concentrations, expressing an inhibition of the enzymatic 

activity. At the time of our experiments, no data were available of GSTs activity after an 

exposure to SDBS, in zebrafish. However, in the study of Nunes et al. (2008), a decrease in 

GSTs activity were reported after an exposure to SDS, in G. holbrooki. Also, in the study of 

Jifa et al. (2005), L. japonicus exposed to 1 mg/L of SDBS, in a chronic trial, reported no 

significant alterations in GSTs activity, after the 18 days of exposure. The same authors 

found an inhibition of the enzymatic activity after 6 days of exposure to SDS, accompanied 
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by a significant increase after 18 days of exposure (Jifa et al., 2005). Also, an increase in the 

activity was observed after an exposure to SDS, at concentrations of 0.34 and 1.02 mg/L, in 

C. carpio, after 15 days of exposure (Bhattacharya et al., 2022). However, in the same 

experiment, a decrease in GSTs activity was reported after 45 days of exposure 

(Bhattacharya et al., 2022). The different results found may be due to the different 

experimental designs, and different compounds, as reported in the study of Jifa et al. (2005), 

where a comparation between SDS and SDBS was made. Notwithstanding, the inhibition 

reported in our study could be due to an excess of ROS produced by the metabolism of 

SDBS, as observed in previous studies (Jifa et al., 2005; Wibbertmann et al., 2011). The goal 

of antioxidant enzymes, such as GSTs, is to actively scavenge the excess of ROS generated 

by xenobiotics. However, when there is an excess of ROS, the enzyme cannot scavenge the 

entire amount of ROS. This unbalance between the enzymatic activity and ROS, can lead to 

a reduction or even an inhibition of GSTs (Brendler-Schwaab et al., 2005). An inhibition of 

GSTs through the excess of ROS produced during the metabolism of surfactants has been 

already documented, and in other antioxidant enzymes (Jifa et al., 2005; Li, 2008; Atli and 

Canli, 2010; Shukla and Trivedi, 2018; Franco-Belussi et al., 2021). 

The hydrocarbon metabolism of surfactants intensifies the production of ROS, which 

in turn can disrupt enzymatic structures, and ultimately altering the enzyme activity, leading 

to impairments in the defence system implicated in the detoxification metabolism (Cserháti 

et al., 2002; Jee and Kang, 2005; Li, 2008). The majority of the compounds from the class 

of surfactants are known to promote ROS formation (Jifa et al., 2005; Wibbertmann et al., 

2011; Seguin et al., 2019). Hydrogen peroxide produced due to the biotransformation of 

SDBS can be compensated by the activation of enzymes, such as CAT (Jifa et al., 2005; 

Wibbertmann et al., 2011). CAT is a key enzyme that converts H2O2 to molecular oxygen 

and water (Ighodaro and Akinloye, 2018). Shukla et al. (2018), after an exposure of the fish 

Channa Punctatus to SDBS, found a considerable activation in the antioxidant defence, 

starting at a concentration starting of 3.4 mg/L. On the other hand, a decrease was reported 

in animals exposed to 1.2 mg/L, although no statistical differences were found (Shukla et 

al., 2018). The results obtained in our study are in agreement with those reported by Shukla 

et al. (2018), since animals exposed to the lowest concentrations presented no statistical 

differences, when compared to the control, while animals exposed to the highest 

concentration had increased activity of this enzyme. Also in the study of Bhattacharya et al. 
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(2022) an increase in CAT activity was reported in Cyprinus carpio exposed to lower 

concentrations (0.34 and 1.02 mg/L), although the activity was only measured after an 

exposure of 15 days. The increase in CAT enzymatic activity could indicate the possible 

neutralization of H2O2, produced by the metabolism of the surfactant (Kumari et all, 2014; 

Bhattacharya et al., 2022). Since previous studies have demonstrated the ability of anionic 

surfactants, specially SDBS, to induce the generation of H2O2, we suggest that the increment 

reported in CAT activity in our study, could be a response to the high amount of H2O2 in the 

organism (Shukla and Trivedi, 2018; Bhattacharjee, 2019; Seguin et al., 2019; Wibbertmann 

et al., 2011; Bhattacharya et al., 2022). Regarding the other antioxidant enzyme analysed in 

our study, GPx, a clear inhibition was also observed, with significant differences in animals 

exposed to 0.1 mg/L. GPx catalyses the conversion of H2O2, a reactive oxygen species, into 

water and oxygen. These results are in agreement with the ones found after exposing G. 

holbrooki to SDS (Nunes et al., 2008). Also in the study of Bhattacharya et al. (2022), a 

decrease in GPx activity was observed at concentrations of 0.34 and 1.02 mg/l of SDS, in C. 

carpio. This enzyme, along with CAT, is an important antioxidant enzyme, preventing 

oxidative stress (Ighodaro and Akinloye, 2018). When a diminished activity of GPx is in 

place, we may suggest a failure of the antioxidant defence system, due to the increase in 

ROS (Yeldandi et al., 2000; Ozok, 2020). However, in other studies, an increment in the 

GPx activity was reported. Jifa et al. (2005) saw an increment of the activity of this enzyme 

after an exposure of 1 mg/L of SDBS, after 6 days, in L. japonicus. Also, after an exposure 

of 3 mg/L SDBS, in Mytilus galloprovincialis, after a period of 72 days, an increase in GPx 

activity was observed (Liu et al., 2010). So, we propose that the different effects found in 

the literature, are due to the different concentrations, organisms chosen, and time of 

exposure. Notwithstanding, the inhibition observed in our study, after 24h of exposure to 

SDBS, in animals exposed to concentrations between 0.1 to 5 mg/L, can be a consequence 

of H2O2 accumulation, already reported in other studies for this specific compound and other 

related surfactants (Jifa et al., 2005; Shukla and Trivedi, 2018; Wibbertmann et al., 2011; 

Bhattacharjee, 2019; Seguin et al., 2019).  
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7. Conclusion 

 

Anionic surfactants are known to disturb phospholipid membranes, influence enzyme 

activities, and increase ROS production. As the production of these compounds tends to 

increase due to the increasing trend in disinfection products production, specially SDBS, due 

to the affordable price, serious environmental concerns may arise. Although some 

information is now available concerning the effects of anionic surfactants, to our knowledge, 

no study yet provided a wider perspective of the metabolic pathways of SDBS and their 

potential effects at environmental concentrations. Concerning the FET assay preformed, no 

predominant malformations were observed; however, an increased mortality rate was 

reported at 96 h, in animals exposed to the highest concentrations. As demonstrated by our 

study, impairments in behaviour are observed through increased and decreased swimming, 

and erratic movements performed, in animals exposed to 1 mg/L, and 5 mg/L. This 

increment in activity followed by a decrease, and in the presence of erratic movements, 

suggests impairments in the zebrafish larvae, probably due to alterations, such as an 

inhibition of the AChE levels, reported in other studies. Also, possible effects of membrane 

disruption and protein disturbance are in place. Our work also demonstrated a possible 

specificity towards CYP 450 isoenzymes or the formation of reactive metabolites, given the 

reported inhibition of CYP 1A1 and CYP 1A2 in our study. However, an increase in CAT 

activity was observed, which we can assume is the organisms response to the increasing 

amount of H2O2. We also observed an inhibition of GPx and GSTs activity, which we 

propose is due to the possible increased in ROS. In summary, we found no evidence that 

SDBS is metabolized by CYP 1A1 and CYP 1A2, in fish. However, metabolism of this 

compound does occur, forming ROS, as the antioxidant activity of the enzyme CAT was 

increased. Given the presence and increase of ROS, we suggest that the inhibition of GPx 

and GSTs results from this increase, as the body is no longer able to detoxify these ROS. 

The lack of information on this compound, and their increasing amount of production, 

derived from the SARS-CoV-2 pandemic, raises the emergent necessity for additional 

studies on the possible impairments of the metabolic pathways.  
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Chapter IV | Effects of thymol disinfectant related to SARS-

CoV-2 - An assessment of embryonic, behavioral, and enzymatic 

biomarkers in the freshwater model fish Danio rerio 
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1. Abstract 

 

Natural compounds have a high potential in our daily life. Since the beginning of the 

severe acute respiratory syndrome coronavirus (SARS-CoV-2), natural phenols such as 

Thymol (THY), due to their antiviral and antimicrobial properties, have made the list of 

disinfectants approved to contradict the spread of the virus. Despite the wide application of 

THY, little information is available regarding the possible effects of this phenol on aquatic 

organisms. Given the expected increase in consumption of this compound over the next few 

years, it is imperative to know the potential hazards of THY. To this end, embryonic tests 

were performed, such as the Fish Embryo Toxicity Test (FET), behavioral tests, where the 

total distance traveled (mm), thigmotactic behavior and erratic movement were evaluated, 

after an acute exposure of Danio rerio. Finally, the enzymatic activities of the CYP 1A1, 

CYP 1A2, GSTs, CAT, and GPx enzymes were assessed. Our results report an increased 

mortality after 96h of exposure to animals exposed to all concentrations. We suggest that the 

mortality observed in our study could be connected to malformations, such as pericardial 

oedema, prior to the 96h evaluation. Also, a decrease in the total activity was observed in 

animals exposed to the highest concentration. This decrease could result from a possible 

inhibition of acetylcholinesterase (AChE), reported in previous studies. When it comes to 

the thigmotaxis test, we cannot draw any conclusions given the lack of significant results for 

the total time spent in the outer zone parameter. However, we can say that animals exposed 

to all concentrations showed a higher number of erratic movements. Finally, regarding the 

metabolic biomarkers, our study demonstrates a transversal decrease of all measured 

enzymatic activities, with the exception of GPx, in which we did not report any significant 

results. Thus, we observed a decrease in phase I enzymes, CYP 1A1 and CYP 1A2, and in 

phase II, GSTs. We also observed a decrease in the activity of the antioxidant defense CAT. 

These results demonstrate the antioxidant potential of this compound, which has been 

previously described in other works. Given the increasing consumption of this product, we 

can expect that the here documented adverse effects will be increased, leading to a pro-

oxidative action of the compound. 
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2. Keywords 

 

FET; Covid-19; SDBS; THY; Antioxidant defence. 

 

3. Introduction 

 

Since the severe acute respiratory syndrome coronavirus (SARS-CoV-2) pandemic 

outbreak swept the world, plenty of research has been directed towards creating measures to 

prevent the spread of the virus by using disinfectant agents. According to the List N Tool: 

COVID-19 Disinfectants by the United States Environmental Protection Agency (US EPA), 

in 2020, when the pandemic initially broke out, there were 430 products registered that were 

effective against Covid-19. However, after only two years, the number of products available 

increased by 43% (Hora et al., 2020; United States Environmental Protection Agency [US 

EPA], 2022). Although the pandemic is now at the end, the use of disinfectants is not 

expected to decrease, but it is likely to increase in 10% until 2027 (Hora et al., 2020).  

Among the various categories presented in this list (active ingredient, surface type, 

contact time, and use), Thymol (THY) appears as one of the active ingredients to be less 

toxic (US EPA, 2022). The use of THY, chemically known as 2-isopropyl-5-methylphenol, 

has been around since ancient times, since it is present in herbs (Nagoor-Meeran et al., 2017). 

Along the centuries, several cultures, such as the Greeks, Romans and Egyptians, have use 

thyme in food preparations, and as a preservative, in medicine and in mummification 

processes (Zarzuelo and Crespo, 2002). This monoterpene phenol has powerful 

antimicrobial, antifungal, antiseptic, antioxidant, and antiviral properties (Didry et al., 1994; 

Mahmoud, 1994; Yanishlieva et al., 1999). Alongside with these various applications and 

qualities, THY is also present in soaps, toothpastes, mouthwash, shampoos, in treatment 

solutions for aquaculture, and in pesticides (Shapiro et al., 1994; Yilmaz et al, 2011; Carayon 

et al., 2014; Manou et al., 2020). 

The wider application of THY led to a detection of this compound in a range of 0.5 

to 3.0 ng/L in the Tamagawa river, between 2004 and 2005 (Nakada et al., 2008). THY 

seems to be bioaccumulated by exposed biota, since it was detected in fish fillets of Walley 

pike (Stizostedion vitreum) and in the Northern pike (Esox lucius) (Heil and Lindsay, 1989). 

Since several of its uses, such as in aquaculture, protection against plagues, and as 
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disinfectants, came in the past decades, it is expected that higher concentrations can now be 

detected in the environment, and in our food.  

Although THY has received a lot of attention along the years, almost no information 

of its toxicity in aquatic organisms is known. In humans, this phenolic compound undergoes 

hydroxylation of the aromatic ring and the iso-propyl side chain probably through reactions 

carried out by CYP 450, as reported in Candida tropicalis. (Stiborová et al., 2003; 

Thalhamer et al., 2011). This reaction leads to the formation of unstable products such as p-

cymene-3-ol-8-ene, and p-cymene-3,8-diol (Thalhamer et al., 2011). Oxidation processes, 

by the CYP 450 complex, were also identified in human, and rabbit metabolisms (Placha et 

al., 2022). Phase II enzymes such as uridine 5'-diphospho-glucuronosyltransferase (UDP) 

and sulfotransferases (SULTs) detoxifies THY (Thalhamer et al., 2011). Besides the vast 

information concerning the human metabolism, differences have been found in different 

animal models (Austgulen, et al., 1987; Thalhamer et al., 2011). Viran et al. (2003) suggested 

the necessity of monitoring the possible impairments of this compound in fish. Due to its 

lipophilic characteristics, THY is highly absorbed by the fish gills, which could contribute 

to a higher sensitivity of these organisms (Viran et al., 2003). Due to the phenolic hydroxyl 

group, THY is known to protect against the impairments caused by free radicals and increase 

the enzymatic activity of endogenous antioxidants, such as superoxide dismutase (SOD), 

catalase (CAT), glutathione peroxidase (GPx), and glutathione-S-transferase (GSTs), when 

the organism has a high content of reactive oxygen species (ROS) (Wojdyło et al., 2007; 

Nagoor-Meeran and Prince, 2012). Also, although observed in in vitro studies, thymol has a 

biphasic effect on the blockage of the ion exchange of calcium and potassium ions (Ebashi, 

1965; Szentandrássy et al., 2003). After an acute exposure in Poecilia reticulata, to levels 

between 1-20 mg/L, the calculated LC50 was of 12.51 mg/L and 10.99 mg/L for females and 

for males, respectively (Bullangpoti et al., 2018). Also, Vieira et al. (2021) reported a 

calculated LC50 for zebrafish embryos of 2.35 mg/L. So, we could assume that THY toxicity 

varies among species. Studies conducted with zebrafish showed high levels of ROS 

production at concentrations of 42 µM (Krishnan et al., 2019). Also, Krishnan et al. (2019) 

reported a diminished activity of CAT, and an increased expression of the overall activity of 

CYP 450. Phase II enzymes are also involved in the detoxification process of THY in fish. 

Vieira et al. (2021) observed a significant increase in the zebrafish GSTs activity after an 

exposure to 1 mg/L of THY, after a 96h exposure. 
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Alongside metabolic alterations, embryonic alterations and malformations were also 

reported in zebrafish when expose to THY. Reduced yolk sack and development of 

pericardial edemas were found in fish exposed for 96h to 1 mg/L of THY (Vieira et al., 

2021). After 96h, in the previously mentioned study, a significant number of dead organisms 

were documented after an exposure to 1 mg/L (Vieira et al., 2021).  

Thigmotaxis behavior assay is an important experiment to evaluate anxiety-like 

behaviors in organisms. In fish this stereotypic behavior is associated with the fish staying 

in close proximity to the outer boundaries of a novel environment, so alterations in the time 

spent or in the distance traveled in close proximity to the boundaries are indicators or stress 

(Schnörr et al., 2012). No changes in behavior of zebrafish larvae, when presented with an 

adverse stimulus (red bouncing ball), were documented following exposure of 1 mg/L of 

THY, for 96h. Increasing hyperactivity in zebrafish larvae was observed in a thigmotaxis 

test, after an initial exposure in the early stages of development to 1 mg/L of THY (Vieira et 

al., 2021).  

Danio rerio (zebrafish) is an important organism model due to its similarities to other 

vertebrate models (Dooley and Zon, 2000; Shin and Fishman, 2002). Innumerous diseases 

can be studied, at a first stage, with zebrafish, since this organism is easier to handle in 

laboratory studies than others (Nagoor-Meeran et al., 2017). The small body frame, high 

offspring, easy genetic manipulation, short life span, easy maintenance, and low price, are 

some of the characteristics that favor this organism in comparison to others (Kimmel et al., 

1995). 

Our study aimed to elucidate the possible impairments caused by THY in zebrafish, 

after an acute exposure to environmentally relevant concentrations, in terms of phase I 

metabolic enzymes, such as CYP 1A1, and CYP 1A2, phase II metabolic enzyme GSTs, and 

finally the antioxidant enzymes CAT and GPx. Additionally, embryonic and behavioral 

alterations were evaluated to elucidate about the occurrence of early malformations and 

impairments in an important environmental factor such as behavior.  
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4. Materials and methods 

 

4.1 Chemicals 

 

Thymol (CAS: 89-83-8, purity >98.5%) and chemicals used for enzymatic 

determinations were purchased from Sigma Aldrich®. Bradford reagent was obtained from 

Biorad®, UK.  

 

4.2 Test organism 

 

D. rerio eggs were obtained from an established bioterium at the Department of 

Biology, in the University of Aveiro. Organisms were kept under optimal conditions, such 

as 95% of dissolved oxygen, conductivity of 750 ± 50 µS/cm, 12:12 h light/dark period, and 

a temperature of 27 ± 1º C. The system water was reconstituted with the help of instant ocean 

synthetic salt, Spectrum Brands. Zebrafish were fed daily with Gemma Micro 500 

(Skretting®, Spain). 

Reproductive couples were placed the day before the collection in breeding tanks. 

These animals were divided by sex and separated in the breeding tanks by a divider. In the 

following day, the divider was removed, and the fish were allowed to breed for at least 1h30 

the eggs were collected and cleaned in system water. Afterwards, the eggs were checked 

under a Stereoscopic Zoom Microscope – SMZ 1500, Nikon. All eggs with deformations 

were discarded. For the purposes of behavioral trials and enzymatic evaluations, the obtained 

eggs were allowed to grow until 5 days post-fertilization (dpf), and then exposed to 3 

concentrations of thymol (5, 50, and 500 ng/L), for a period of 24h, before being frozen and 

stored. The concentrations were established by multiplying by a factor of 10 the minimal 

environmental concentration reported (0.5 ng/L). The second and third concentrations were 

obtained by also multiplying the concentration established before by a factor of 10 (5, 50, 

and 500 ng/L).  
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4.3 FET 

 

Embryos were selected, as previously mentioned, and the recommendations of the 

OCDE 236 guideline (OCDE, 2013) were followed. Embryos were randomly distributed (20 

eggs per treatment), and immediately transferred into a 24 well plate. The media in which 

the test compound was dissolved, and the media of the internal plate controls, were renewed 

each 24h, and conditions were kept under the normal conditions mentioned above. Every 

24h, coagulation, existence of cardiac rhythm, tail detachment, presence of somites, edema 

and pigmentation, and hatching delay, were monitored for 96h. According to the OCDE 236 

guideline, if a positive outcome in any of the parameters appeared, the embryo was 

considered dead.  

 

4.4 Behavioral Tests  

 

Larvae with 5-dpf were exposed to the 3 different concentrations (5, 50, and 500 

ng/L), in 24 well plates. After the 24h exposure period, the movement of 96 larvae per 

concentration was registered with the help of Zebrabox 25 frame per second infrared camera, 

Viewpoint, Lyon, France. Three different locomotor parameters were assessed during the 

test. Total activity of the fish was the first parameter to be measured, by calculating the total 

distance travelled. The assay contemplated 2 segments, the first with the purpose of 

acclimating the larvae. After this period of 6 min, the lights were abruptly turned off for 4 

min, as described by Schnörr et al. (2012). An inner area was created with a 12.25 mm radius, 

and an outer area was set as 4 mm radius These measures ensured that the size of the larvae 

(4 mm with 5-dph) was totally in the outer zone. The data, concerning the thigmotaxis 

evaluation were pre-treated to obtain, according to Schnörr et al. (2012), the percentage of 

distanced traveled (%TDM), and time spent in the outer zone (%TTM), in the dark period. 

Finally, the last parameter for locomotor behavior was the frequency of turn angles, as a 

measure of erratic movements (Zhang et al., 2017). The angles produced during the dark 

period were also pre-treated to obtain a percentage to reduce individual variability 

(Bouwknecht and Paylor, 2008). Angles were grouped into 4 distinct classes as described in 

Zhang et al. (2017). Turn ranges between 0º to ± 10º constituted class 4. Angles between ± 
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10º and ± 30º, and between ± 30º and ± 90º, were summed up in class 3 and 2, respectively. 

Finally, turn angles in the range of ± 90º to ± 180º, were grouped in class 1.  

 

4.5 Enzymatic determinations 

 

To assess the enzymatic activity of phase I, phase II, and antioxidant defense 

biomarkers, samples were composed by 12 replicates per concentration, each with 8 larvae, 

with 5-dpf. For the quantification of GPx activity, samples were composed of 10 larvae. 

After an acute exposure to 3 different concentrations of THY, 1 mL of 50 mM phosphate 

buffer, pH=7.0, with X-100 0.1% was added to determine CAT, GPx, and GSTs activities. 

Afterwards, the samples were frozen, and stored at -80ºC in Eppendorf microtubes. Before 

the determination of enzymatic activities, samples were centrifuged at 1500 g, for 10 min, 

at 4ºC (Megafuge 8R, Thermo Scientific).  

Cytochrome P450 activity was measured through the evaluation of CYP 1A1, and 

CYP 1A2 activities. For the purposes of these assays, 12 replicates of 8 larvae with 5-dpf 

each were exposed to THY for 24h. Then the samples were frozen, and 1 mL of 50 nM Tris 

HCL, pH=8.0, 0.15M KCL, 1mM dithiothreitol solution was added. Immediately before the 

determinations, samples were homogenized and centrifuged at 1000 g, for 10 min, at 4ºC. 

Afterwards, the supernatants were removed and placed in a new set of Eppendorf 

microtubes, with 8 mM CaC12, at pH=7.4. Subsequent centrifugation at 1696 g for 10 min 

at 4ºC was performed to obtain microsomes, which were in turn resuspended with 0.1 M of 

phosphate buffer, pH=7.4, with 1 mM EDTA, 20% (v/v) glycerol, 0.5% (w/v) sodium 

cholate and 0.4% (w/v), and Triton X-100. To determine CYP 1A1, 7-ethoxyresorufin 

solution was added to the 96-well plates; methoxyresorufin was used to determine CYP 1A2. 

The final step to measure the enzymatic activity was to add nicotinamide adenine 

dinucleotide phosphate (NADPH) to start the reaction. Before assessing the activity through 

the fluorometer (Megafuge 8R, Thermo Scientific) (λex=540nm and λem=590nm), the 

plates destined to CYP 1A1 incubated for 10 min. The method proposed by Cheah et al. 

(1995) was followed and results expressed in pmol per mim/mg of protein.  

To assess GSTs, a phase II metabolic biomarker, the substrate 1-chloro-2,4-

dinitrobenzene (CDNB) was conjugated with glutathione, by the isoenzymes glutathione S-

transferases, to allow the formation of the thioether. The presence of this thioether was then 
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measured at a wavelength of 340 nm. This method was performed according to Habig et al. 

(1974), and expressed as nanomoles of thioether formed per mim/mg of protein. 

CAT activity was measured through the decomposition of hydrogen peroxide (H2O2), 

as described by Aebi (1984). The activity was measured at a wavelength of 240 nm, using a 

microplate reader (Multiskan Spetrum, Thermo Scientific) with SkanIt TM software, and was 

expressed as the number of moles of H2O2 consumed per min/mg of protein.  

GPx activity was measured as described by Flohé and Grumzler (1984), at a 

wavelength of 340 nm. Oxidation of NADPH allowed us to obtain an indirect measure of 

GPx activity, since NADPH is oxidized in the process of reduction glutathione. For the 

purposes of this work, only total GPx was measured by using cumene hydroperoxide as a 

substrate. The GPx activity was expressed as nmol of oxidized NADPH per minute per 

milligram of protein. 

For all enzymatic determinations, the total protein concentration was assessed 

through the method proposed by Bradford (1976). A standard curve of 1 mg/mL of globulin 

was used.  

 

4.6 Statistical analysis  

 

For all obtained data, the normality was verified through a Kolmogorov-Smirnov 

test. Then an ANOVA or a Kruskal Wallis (when the normality test failed) was made. 

Finally, a Dunnett test was used to infer possible significant differences between the 

concentrations and the control treatment. The level of significance was set as p< 0.05, by 

using GraphPad software. 

 

5. Results 

 

5.1 FET 

 

After an acute exposure, an increase in mortality was observed at 96h, in animals 

exposed to all concentrations. At a concentration of 5 ng/L the cumulative lethality was of 

16,67%. In the last two concentrations of 50, and 500 ng/L, we observed a cumulative 

mortality of 14,6%, and a 18,75% respectively (Figure 18). 
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In our study, animals exposed to all concentrations developed tail malformations 

(Figure 19 A2), and pericardial edemas were observed at 72 hours of exposure. The 

incidence of pericardial edema (Figure 19 A1, A3, B1, C1) in the embryos, after 72h of 

exposure, is the most predominantly malformation, with 6,25%, 10.4%, and 8.33%, at the 5, 

50 and 500 ng/L, respectively. 

  

 

 

 

Figure 18 - Cumulative lethality rate (%), after a 96h exposure to 

THY. N=96. 

Figure 19 - Malformations observed after 72h exposure to THY. A1, A3, B1 and, C1) Pericardial edema; 

A2) Tail malformation. 
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5.2 Locomotion assays 

 

5.2.1 Swimming activity  

 

First, the total distanced moved was assessed, and a significant decrease was found 

in fish exposed to the highest concentration (500 ng/L) compared to the control (F[3, 346] = 

10.48, p < 0.0001) (Figure 20). 

 

 

 

 

 

 

 

 

 

 

5.2.2 Thigmotaxis  

 

Thigmotaxis revealed a significant decrease in animals exposed to 5 ng/L, and 500 

ng/L, in the distanced moved parameter (F[3, 524] = 4.665, p = 0.0032) (Figure 21A). 

Regarding the time spent in the outer zone no significant diferences were found (F[3, 524] = 

3.248, p = 0.0216) (Figure 21B).  

 

 

 

 

 

 

 

 

 

Figure 20 - Total distance moved (mm) after an acute 

exposure of D. rerio to different concentrations of 

THY. Results are represented as mean standard error. 

n= 96. Significant differences from the control, p< 

0.05. 
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5.2.3 Assessment of erratic movements 
 

Compared to the control, turn angles showed a significant increase in class 1, for all 

organisms exposed to the three tested concentrations (F[9, 48] = 13.80, p < 0.0001) (Figure 

22). 

 

 

 

 

 

 

 

 

 

 

Figure 21 - (A) Effects on distanced travel in the outer zone, and (B) time spent in the outer 

zone, made after an acute exposure of D. rerio to THY. Data are represented as mean ± 

standard error. n= 96. Significant differences from the control, p<0.05.. 

Figure 22 - Results of the angle frequency determined in D. 

rerio, after an acute exposure to THY. Data are represented as 

mean ± standard error. n=96. Significant differences form 

control, p< 0.05. 

B A 
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5.3 Enzymatic determinations  

 

5.3.1 Phase I metabolic biomarkers 

 

CYP 1A1 showed a significant decrease in activity of animals exposed to 5 ng/L, and 

500 ng/L, when compared to the control (F[3, 34] = 10.19, p <0.0001) (Figure 23A). 

Concerning CYP 1A2 activity, a significant decrease was also observed but only in the two 

highest concentrations (F[3, 37] = 8.282, p = 0.0002) (Figure 23B). 

 

 

 

 

5.3.2 Phase II metabolic biomarker 

 

A similar result was also observed in GSTs activity, where a decrease in enzymatic 

activity in organisms exposed to the last two concentrations was observed. (F[3, 39] = 14.16, 

p <0.0001) (Figure 24). 

 

 

 

 

 

 

 

 

 

 

Figure 23 - Results of CYP 450 enzymes determined in D. rerio, after an acute exposure to THY. A) CYP 

1A1 activity; B) CYP 1A2 activity; Data are represented as mean ± standard error. n=12 Significant 

differences from the control, p< 0.05. 

 

Fi

gu

re 

49 

- 

R

es

ult

s 

of 

C

Y

P 

45

0 

en

zy

m

es 

de

ter

mi

ne

d 

in 

D. 

re

ri

o, 

aft

er 

an 

ac

ut

e 

ex

po

su

re 

to 

T

H

Y. 

A) 

C

Y

P 

1

A

A B 



 

104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.3 Oxidative stress biomarkers 

 

Compared to the control, CAT activity showed a significant inhibition in fish exposed 

to the highest two concentrations (F[3, 35] = 11.55, p <0.0001) (Figure 25A). GPx activity did 

not yield any significant alterations, for all concentrations, when compared to the control, 

after the acute exposure to THY (F[3, 30] = 0.7113, p =0.5529) (Figure 25B).  

 

 

 

 

 

 

 

 

 

 

 

Figure 25 - Results of oxidative stress after an acute exposure of D. rerio to THY. (A) CAT activity; 

(B) GPx activity; Data are represented as mean ± standard error. n=12. Significant differences from 

control, p< 0.05. 

A B 

Figure 24 - GSTs activity determined in individuals of D. 

rerio, after an acute exposure to THY; Data are represented 

as mean ± standard error. n=12. Significant differences from 

the control, p<0.05. 
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6. Discussion 

 

6.1 FET 

 

The results found in our study indicate a predominant malformation of pericardial 

edema in D. rerio, after 72h of exposure to 500 ng/L, which resulted in a higher number of 

dead organisms after 96h of exposure. These results are in agreement with the ones reported 

by Vieira et al. (2021), where zebrafish were submitted to an exposure to 1 mg/L of THY 

for 96h. The incidence of this malformation was also observed, in zebrafish, after an 

exposure for 96h to 42µM of THY (Krishnan et al., 2019). The results in our study showed 

a higher cardiac toxicity. During embryogenesis, multiple mechanisms are in place to ensure 

the normal development of the embryo (Kimmel et al., 1995; Schier, 2001). The teratogenic 

effect on embryogenesis can be related to impairments in the PI3K/Akt and ERK pathways 

(Lv and Chen, 2017). THY is known to promote alterations in these pathways, which are 

involved in cell differentiation, growth, survival, and could cause pericardial edema 

(Finkielsztein and Kelly, 2009; Hikasa and Sokol, 2013; Yu and Cui, 2016; Krishnan et al., 

2019). Also, activation of Nrf2, a regulator of antioxidative response, has been linked to 

developmental malformations on zebrafish embryos (Krishnan et al., 2019; He et al., 2020; 

Vieira et al., 2021). In the study of Krishnan et al. (2019), an increase in the Nrf2, after an 

exposure to zebrafish embryos of 42µM, indicated the possible impairments in the 

antioxidant response in this early life stages, which could lead to malformations along the 

development. Pericardial edema could also be a result of cardiotoxicity resulting from the 

blockage of Ca2+ channels caused by THY (Aftab et al., 1995). The blockage of these 

channels may lead to hypotension and bradycardia (Aftab et al., 1995; Dorta et al., 2003). 

The administration of THY in dogs induced cardiac arrhythmias, due to the inhibition of K+ 

and Ca2+ channels (Magyar et al., 2004). Many studies reported the development of cardiac 

problems, in canine, human, and guinea pigs hearts, and heart cells, due to the adverse effects 

that THY has on Ca2+ channels and pumps (Aftab et al., 1995; Magyar et al., 2002; Magyar 

et al., 2004; Szentandrassy et al., 2004). Deregulation of these ionic currents are linked to 

changes in membrane depolarization in muscular and nervous cells that constitutes cardiac 

tissue, so early alterations, in the embryonic stages, in these ionic channels can promote 

cardiac toxicity leading to the formation of pericardial edema (Ebashi, 1965; Nagoor-Meeran 
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et al., 2015; Yu and Cui, 2016). Thus, the formation of pericardial edema can be one possible 

indicator of teratogenic alterations or from disturbances in the normal functioning of the 

cardiac system, such as disruption of ionic currents. 

 

6.2 Behavioral assays 

 

Our study showed a tendency for a diminished total distance traveled by the exposed 

organisms, although only significant differences were reported in animals exposed to the 

highest concentration (500ng/L). In the thigmotaxis test, the total distance traveled in the 

peripheral zone also showed a significant decrease in fish exposed to concentrations of 5, 

and 500ng/L. The %TTM parameter did not show any significant change or a clear trend, 

when compared to the control. So, no assumptions concerning the anxiety-like behavior of 

the organism can be made. However, our study shows a significant increase in class 1 of turn 

angles in all concentrations. An increase in the number of erratic movements goes in 

agreement with the results found by Bullangpoti et al. (2018).  

THY is known for its capacity to alter the homeostasis of calcium and potassium 

currents (Ebashi, 1965; Szentandrássy et al., 2003). These two ions are responsible for 

altering the action potential, and carrying out the transmission of the nerve impulse to other 

nerve cell. When Na+ enters the cellular membrane, depolarization occurs, which is followed 

by a rush of K+ ions to the external of the cellular membrane to reestablish the membrane 

potential (Sah and Davies, 2000). In the study of Bullangpoti et al. (2018), a decrease in 

body activity in P. reticulata was observed, and a paralytic effect was also registered after 

an exposure to 10 mg/L. However, in Vieira et al. (2021), a concentration of 1.175 mg/L of 

THY lead to hyperactivity in thigmotaxis tests, with zebrafish larvae. Notwithstanding the 

possible impairments due to alterations in ion currents, alterations in the acetylcholinesterase 

(AChE) activity can also lead to alterations in behavior, such as locomotor activity and 

erratic swimming (Tierney et al., 2008; Colovic et al., 2013; Bonansea et al., 2016; Pullaguri 

et al., 2020). AChE is responsible for hydrolyzing the excess of acetylcholine (ACh) from 

the synaptic clef. The inhibition of AChE results in hyperstimulation of the pos-synaptic 

neurons, which first can increase in the nerve impulse, and ultimately cause paralysis and 

dead (Tierney et al., 2008; Colovic et al., 2013; Bonansea et al., 2016; Pullaguri et al., 2020). 

In the study of Jukic et al. (2007) a 50% inhibition of AChE was registered after an exposure 
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to 0.74 mg/L of THY essential oil in in vitro conditions. An inhibition was also reported in 

male P. reticulata, after being exposed to 10.99 mg/L of THY (Bullangpoti et al., 2018). So, 

a combination effect of impairments in these two pathways can be at place, and be dependent 

on the concentration (Ebashi, 1965; Szentandrássy et al., 2003; Jukic et al., 2007).  

 

6.3 Enzymatic determinations 

 

The breakdown of THY in the human organism occurs via hydroxylation reactions 

of the isopropyl chain, originating p-cyme-3,8-diol, and p-cyme-3-ol-8-ene, and 

hydroxylation of the aromatic ring, giving rise to p-cyme-2,5-diol, which by oxidation 

reactions creates p-cyme-2,5-dione, and p-cyme-2,3-diol (Thalhamer et al., 2011). Although 

no study on fish discriminating the different metabolites from the metabolism of THY was 

found, most of them report the antioxidant activity of the compound (Cai et al., 2006; 

Capatina et al., 2020; El-Nekeety et al., 2011; Thalhamer et al., 2011). In general, phenolic 

rings, also present in THY, display an active role on the scavenging of free radicals 

(Antolovich et al., 2002). THY exerts its antioxidant capacities by preventing the formation 

of free radicals or by scavenging reactive oxygen species (ROS) through endogenous 

antioxidant enzymes (Brewer, 2011). Ahmadifar et al. (2011) suggested that adding THY to 

the food would translate into beneficial effects in the growth of Oncorhynchus mykiss 

juveniles. Positive effects on Alzheimer’s disease in reverting oxidative damage of other 

compounds, were also reported (El-Nekeety et al., 2011; Capatina et al., 2020). Despite the 

common knowledge of the antioxidant properties of phenols, including THY, auto-oxidation 

can also occur, leading to oxidative stress (Shalaby and Horwitz, 2015; Bayliak et al., 2016; 

Krishnan et al., 2019). Oxidative stress can occur when there is an excess of ROS. Normal 

levels of ROS and free radicals such as superoxide and hydrogen peroxide are produced, and 

effectively degraded to prevent an excess of ROS in the cell, although some xenobiotics can 

lead to alterations in this balance, causing oxidative stress (Bhattacharjee, 2019). 

CYP 450 enzymes metabolize a variety of xenobiotics to promote their successful 

elimination (Holth et al., 2008). Krishnan et al. (2019) also reported the involvement of CYP 

450 in the metabolism of THY in zebrafish larvae, suggesting the metabolism of THY 

through this phase I enzyme. However, the overexpression of the CYP 450 complex 

observed in Krishnan et al. (2019) study could also be a sign that the metabolites of THY 
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can promote toxicity to the zebrafish organism (Krishnan et al., 2019). In human studies, the 

involvement of CYP 1A2, CYP 2A6, and CYP 2B6 in metabolizing THY has been shown, 

with preferential use of CYP 2A6 (Dong et al., 2012). In our study, the CYP 450 isoenzymes 

were generally significantly inhibited in animals exposed to the two highest concentrations 

for CYP 1A2 (50, 500ng/L), and also in fish exposed both to the lowest and highest 

concentration of THY (5, 500ng/L) for CYP 1A1. Anitha et al. (2018) showed a marked 

inhibition of CYP 3A4 isoenzyme after a co-exposure to 5-100 µg/L thyme oleoresin, in an 

in vitro study. Misaka et al. (2013), also showed CYP 450 inhibition in rats, after an exposure 

to phenolic compounds in green tea, which has THY in its composition. However, Krishanan 

et al. (2019) reported an increase in the relative protein expression of CYP 450, after an 

exposure to 42µM of THY. To our knowledge, as previously mentioned, phenolic 

compounds can present pro-oxidant or antioxidant activities in a dose dependent manner 

(Poljsak et al., 2013; Zehetner et al., 2019). On one hand, THY presents antioxidant 

properties, which means that it reduces ROS generated by external or internal factors. 

Meaning that antioxidants can remove ROS generated or even beneficial ROS, such as the 

ones involved in signaling molecules for cell proliferation, and apoptosis (Murrell et al., 

1990; Kroemer, 1999; Kim et al., 2002). On the other hand, regarding the well-established 

antioxidant properties of phenols, it is worth noting that phenols can act as prooxidants, by 

increasing oxidative stress (Palozza, 1998; Podmore et al., 1998). The phenol radical can 

react with oxygen, producing quinones and superoxide anion (Shahidi et al., 1992; Cotelle, 

2001). The increase in superoxide and hydroxyl radicals can thus be activated by CYP 450, 

inhibiting its activity (Ekstrom and Ingelman-Sundberg, 1989). Llana-Ruiz-Cabello et al. 

(2015) showed the simultaneous antioxidant and oxidant activities of THY and carvacrol. 

So, an induction or inhibition of CYP 450 can be observed, after an exposure to THY 

(Ferguson, 2001; Llana-Ruiz-Cabello et al., 2015). Another possible reason for the decrease 

observed in our study is the preference of this substrate for other isoenzymes (Powley and 

Carlson, 2001; Anitha et al., 2018; Placha et al., 2022). As reported in other animal models, 

such as rabbit and mouse, the phenolic ring present in THY could also be metabolized by 

other isoenzymes such as CYP 2C9, and CYP 3A4 (Anitha et al., 2018; Placha et al., 2022). 

The preference for other isoenzymes is also reported in the study of Powley and Carlson 

(2001), where an inhibition of CYP 2E1 and CYP 2F2 was observed and was dependent on 

the samples (lung or liver). Also, in the study of Robert et al. (1993), a preference towards 
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the CYP 2E1 isoenzyme compared to CYP 2B1 was reported, adding further evidence for 

the preference of this phenol to be metabolized by other isoenzymes than those addressed in 

our study. Additionally, Dong et al. (2012), also reported a marked preference for CYP 2A6 

in relation to CYP 1A2 and CYP 2B6. 

The phase II enzymes GSTs conjugates GSH with xenobiotics to increase their 

hydrophilicity, thereby increasing their excretion rate. GSTs can also conjugate GSH with 

ROS to prevent oxidative stress, thus acting as an antioxidant enzyme (Hayes and Pulford, 

1995; Hayes and McLellan, 1999; Hayes et al., 2005; Liu et al., 2009; Deavall et al., 2012). 

Our results showed a significant decrease in GSTs activity in animals exposed to 50, 500ng/L 

of THY. A decrease was also reported in Chironomus kiinensis larvae after an acute exposure 

to phenol of 1 to 100 mg/L (Sun et al., 2019). In the study by Vieira et al. (2021), an increase 

in GSTs activity was reported after an exposure to 1 mg/L of THY. However, the observed 

increase was not due to the increase in ROS, since in the study of Vieira et al. (2021) the 

parameters measured (ROS, SOD, and LPO) did not report oxidative stress. We hypothesize 

that the phase II enzyme, GSTs, might not be the primary detoxification pathway but rather 

the UDP, and SULTs pathways (Thalhamer et al., 2011). 

Finally, the antioxidant enzymes such CAT and GPx constitute a line of defense 

against these ROS. CAT transforms H2O2 into water; and GPx reduces H2O2 and 

hydroperoxides with the help of glutathione (GSH) (Willcox et al., 2004). In our study, CAT, 

an oxidative stress biomarker, had its activities significantly decreased, for animals exposed 

to the two highest concentrations (50, 500ng/L). An inhibition of catalase was also observed 

in zebrafish larvae after a 96h exposure to 42µM of thymol (Krishnan et al., 2019). Rana et 

al. (2008) showed a significant decrease in CAT activity after an exposure of thyme extract 

to rats. Also, Krych and Gebicka (2013) saw a significant inhibition in in vitro with 

flavonoids. However, there are also some studies that observed an increment in catalase 

activity measured in Candida albicans after an exposure to a range of concentrations (5 

µg/mL to 20 µg/mL) (Khan et al., 2015). GPx showed no significant alterations in animals 

exposed to all treatments when compared to the control. In other studies, GPx activity was 

impaired after an administration of THY to rats (Youdim and Deans, 1999; Rana and Soni, 

2008; Oliveras-López et al., 2013; Pieszka et al.,, 2013). However, the absence of alterations 

in the enzymatic activity cannot be considered an absence of ROS or an antioxidant effect, 

https://www.sciencedirect.com/topics/immunology-and-microbiology/candida-albicans
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since the activities of CAT and GPx do not depend on one each other (Bukowska, 2004; 

Oliveras-López et al., 2013). 

 Raskovic et al. (2015) demonstrated in albino wistar rats a general decrease in 

several oxidative stress biomarkers, such as CAT, GPx, and GSH, after a co-treatment of 

thymol in liver exposed to carbon tetrachloride. Since contradictory results were found in 

the literature, we propose that the differences observed in our results compared to others can 

be attributed to differences in the organism models (Mondet et al., 2011; Paul and Kang, 

2011; Kim et al., 2017). Differences in radical scavenging are connected to the different 

structures resulting from the first reactions (e.g., hydroxylation). High antioxidative effects 

are connected to the ortho-dihydroxy groups present in phenolic compounds (Cai et al., 

2006). The attack on the ortho position is more energy favorable, and promotes a higher 

antioxidant power than an attack on the para position (Nagoor-Meeran et al., 2017). Another 

possible reason for the differences observed is the compound selected for the exposure. Most 

of the studies uses thyme oil as reference, which for all purposes has a high content of THY 

(~40 %), but not only thymol (Manou et al., 1998). Other compounds, such as carvacrol and 

flavonoids are present in exposures to thyme oil, and can thus produce different outcomes 

(Manou et al., 1998; Capatina et al., 2020). Krych and Gebicka (2013) showed an inhibition 

of catalase activity by the presence of flavonoids, so impairments related to the exposure to 

thyme oils could be linked to secondary products. Additional evidence also indicate that the 

possible differences could be due to the different concentrations used (Nagoor-Meeran et al., 

2017). In low concentrations or with a co-exposure of a substrate known to produce ROS, 

THY promotes an antioxidant defense (Foti, 2007). Antioxidants can act as preventive, 

degrading hydroperoxides and H2O2, through enzymes, or can act by neutralizing peroxide 

radicals, transferring the H ion to the ROO* (Foti, 2007). In higher concentrations, THY 

could inhibit the activity of such enzymes. Thymol is also not entirely metabolized by the 

enzymes present in this study. In humans, thymol is found in blood samples as thymol 

sulfate, so preferential routes of metabolism can also be a possible variable in the outcomes 

(Thalhamer et al., 2011; Nagoor-Meeran et al., 2017). Finally, we propose that, given our 

concentrations, organism model, and the purity of the tested compound, the inhibition of all 

biomarkers explored in this study reflects the antioxidant power at environmental relevant 

concentrations, and not the effect of oxidative damage due to rising levels of ROS. At this 
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range of concentrations, and without co-exposures that can promote oxidative stress, our 

results support the antioxidant properties of this compound. 

 

7. Conclusion 

 

According to the Environmental Protection Agency, THY is a safe compound for 

humans and animals, with negligible toxicity (Nagoor-Meeran et al., 2017). However, over 

the years, several studies have pointed out its benefits but also its possible negative effects. 

Since its application was already widespread, it is expected that environmental 

concentrations of THY will increase due to its application as a disinfection agent against 

SARS-CoV-2. Our study reported a decrease activity in D. rerio exposed to the highest 

concentration. We proposed that the downward trend observed could be related to an 

inhibition of AChE. No assumptions could be made from the thigmotaxis assay, so we could 

not infer anxious-like behavior. Finally, our study demonstrated that animals exposed to all 

concentrations produced more erratic movements. THY is known for its antioxidant 

properties, but also for its pro-oxidant properties. Their capacity to act as an antioxidant or 

as a pro-oxidant is dependent on the organism model chosen, the concentration, co-

exposures, or other factors. In our study we report an inhibition of the enzymatic activity of 

CYP 1A1, CYP 1A2, CAT, and GSTs. This transversal reduction of enzymatic activity is in 

agreement with several studies (Youdim and Deans, 1999; Rana and Soni, 2008; Krych and 

Gebicka, 2013; Oliveras-López et al., 2013; Pieszka et al., 2013; Raskovic et al., 2015; Sun 

et al., 2019). However, others report an increase activity of phase I, and II enzymes, and 

antioxidant enzymes (Khan et al., 2015; Vieira et al., 2021). However, the increase activity 

of these enzymes is reported in higher concentrations of THY, and after a co-exposer to a 

substance known to produce ROS (Khan et al., 2015; Vieira et al., 2021). Since the 

compound is an antioxidant, it actively scavenges ROS, produced by the metabolism of 

THY, probably resulting from phase I enzymes, leading to an increase in the activity of 

antioxidant enzymes such as CAT or GPx. But this increase occurs only when there is an 

excess production of ROS. When there is no ROS production, a decrease in the activity of 

the antioxidant enzymes occurs. Therefore, given that the concentrations here tested are 

higher than those found in the environment (0.5 to 3.0 ng/L), we can conclude that the 

toxicity of this disinfectant is considerably lower, and therefore consistent with the 
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designation given by the US EPA. However, the obtained data, and the perspective of the 

expected increase of these compounds in aquatic environments in the following years, makes 

an assessment based on post-pandemic levels imperative to further clarify the metabolism 

and the adverse environmental effects of thymol. 
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Chapter V | Final remarks 
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The present work was intended to evaluate the possible effects arising from the 

increased use of disinfectants during the pandemic, and in the years to come. Given the 

extensive use of disinfectants as a preventive measure during the pandemic and considering 

that the market for disinfectants will continue to grow, it is imperative that the effects of 

these compounds are understood in the various species that they may affect when in the 

environment. Several news reports over the past two years have highlighted the adverse 

effects on birds, mammals, and aquatic organisms arising from the excessive loads of 

chemical agents used to prevent the dissemination of the SARS-CoV-2 virus. Therefore, we 

intended to evaluate the possible effects of three different disinfectants on three main 

endpoints: embryonic, behavioral, and biochemical. The results from the Fish Embryo Acute 

Toxicity Test (FET) showed possible malformations, delayed hatching, and mortality. 

Regarding the behavioral analysis, in terms of the three parameters measured, we observed 

an increment in the total distance traveled in animals exposed to Benzalkonium Chloride 

(BAC), and sodium dodecylbenzene sulfonic acid (SDBS), and a decrease in animals 

exposed to Thymol (THY). Concerning the thigmotactic behavior, only animals exposed to 

BAC reported a more anxious behavior. Finally, considering the number of angles 

performed, a general increase in class 1 angles was observed in animals exposed to BAC, 

SDBS, and THY. Finally, metabolic biomarkers were also evaluated, and evidenced a 

general decrease of the enzymatic activity of phase I and II enzymes. Our results reported 

an increase in CYP 1A1 activity in animals exposed to BAC. In animals exposed to SDBS 

and THY a decrease in CYP 1A1 activity was observed. Finally, the CYP 1A2 enzyme 

showed an inhibition in every animal exposed to all compounds. Regarding the enzymes of 

antioxidant defense, our study reported an increase in catalase (CAT) activity in animals 

exposed to BAC, and to SDBS. A decrease was also observed in CAT activity in animals 

exposed to THY, and in the activity of glutathione peroxidase (GPx) in organisms exposed 

to the three compounds. The CYP 1A1 and CYP 1A2 isoenzymes of the cytochrome P450 

complex (CYP 450) were evaluated to assess the possible effects on phase I enzymes. We 

conclude that the metabolism of BAC was carried out by CYP 1A1 in the organisms exposed 

to BAC, while for the rest of the exposures no differences in the metabolism of the 

compounds by these phase I enzymes were observed, possibly due to specificity of the 

chosen isoenzymes. Phase II enzymes, namely glutathione-S-transferases (GSTs) reported a 

decreasing enzymatic activity in all organisms exposed to THY.  
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The first disinfectant evaluated was BAC, a cationic surfactant, given its widespread 

production, application, and expected growth. In our study we observed an increase in 

pericardial edema, and tail deformities. Our study also reported a high mortality rate in 

animals exposed to 2.5 mg/L BAC at 96h. Regarding behavioral parameters, we observed 

an increase in total activity in animals exposed to 2.5 mg/L of BAC. Also, an increase in 

animals exposed to the same concentration was observed in the thigmotaxis test, suggesting 

an increase in anxiety. At the same concentration, our study also reported an increase in the 

number of class 1 angles, translating into a higher number of erratic movements. This 

transversal increase might be connected to a disruption of the ionic balance of the membrane, 

and a possible inhibition of acetylcholinesterase (AChE). Finally, regarding the metabolic 

biomarkers evaluated, we observed an increase in CYP 1A1 enzyme activity, suggesting that 

BAC may be metabolized by this enzyme. However, CYP 1A2 showed a decrease in activity, 

suggesting a difference in the metabolism of this compound by zebrafish. This observed 

increase in the CYP 1A1 isoenzyme and decrease in the CYP 1A2 isoenzyme may be due to 

the compounds preference for one isoenzyme over the other, given the structural and activity 

differences of the two enzymes. The metabolism of BAC leads to the possible production of 

hydrogen peroxide (H2O2), since we observed an increase in CAT. However, the activity of 

GPx and GSTs was inhibited, possibly by increased reactive oxygen species (ROS). 

The second compound studied was SDBS, an anionic surfactant. Like BAC, SDBS 

was selected due to its low production cost, wide application, and large-scale production. 

Our study showed a higher mortality in animals exposed to 5 mg/L of SDBS, after 96h. 

Given the mechanisms of action of SDBS on the membranes, possible alterations in the 

phospholipid membrane of the yolk sac might have caused a higher mortality. Regarding 

behavioral parameters, namely total activity, we found an increase in total activity in animals 

exposed to 1 mg/L, and a decrease in animals exposed to 5 mg/L. We propose that this 

increase, and subsequent decrease could be a result from an AChE inhibition (as reported in 

other studies), resulting in a larger amount of acetylcholine (ACh) remaining in the synaptic 

cleft, leading to hyperstimulation of the postsynaptic nerves. This hyperstimulation may 

result in increased swimming activity, and consequently also in paralysis. No changes in 

thigmotactic behavior were observed, so we were unable to conclude whether the compound, 

in the tested concentrations, promoted anxiety-like behaviors in zebrafish. Finally, our study 

showed a decrease in CYP 1A1 and CYP 1A2 enzymatic activities. Despite these results, 
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previous studies have shown that SDBS can be metabolized by CYP 450, and our study 

reported an increase in CAT activity, presumably due to the increment on H2O2 produced 

CYP 450 during the SDBS metabolism. Given this evidence, we suggest that the decrease 

in the activities of these enzymes may be due to preference for other isoenzymes of this 

complex, or by the formation of toxic metabolites that inhibit the enzyme itself. Other studies 

indicate the possible metabolism via CYP 2D6 and the CYP 4 family. Therefore, the lack of 

increased activity of this enzyme in our study, pointing to its metabolism, may indicate that 

SDBS could be metabolized by other isoenzymes, leading to a decrease in the activity of the 

enzymes explored in this work. Although in our study we found no evidence of metabolism 

of SDBS by the selected phase I enzymes, the activity of the enzyme CAT was increased. 

This response reflects an activation of the antioxidant defense, so we can conclude that H2O2 

results from the metabolism of SDBS. Regarding GPx and GSTs activity, an inhibition was 

observed possibly due to increased ROS resulting from the possible metabolism of the 

compound by phase I enzymes. 

The last compound was selected considering its natural occurrence in plants. These 

compounds, being natural, are classified as environmentally friendly disinfectants, but many 

studies have brought to light many of the adverse effects that these compounds can exert. 

Thus, thymol (THY) was the compound selected given its longstanding use, origin, wide 

distribution, and application. In our study, we observed a higher mortality in all organisms 

after 96h of exposure. We suggest that the higher mortality rate could be due to the high 

incidence of malformations, namely pericardial edema, observed at 72h. A decrease in total 

activity was observed in animals exposed at the highest concentrations. This decrease was 

also reported in studies from the literature, being associated with an inhibition of AChE. As 

for the thigmotaxis test, we cannot draw any conclusion from our data, since there were no 

significant differences in the time spent in the peripheral zone parameter. Regarding the 

evaluation of the angles made during the test, we found an increase in class 1 angles, in 

animals exposed to all concentrations, translating into a more erratic behavior. In the 

enzymatic evaluation, all the enzymes evaluated exhibited a decrease, except GPx activity. 

Given the widely known antioxidant properties of this compound, we propose that this 

enzymatic decrease of phase I, phase II and antioxidant defense enzymes, might be explained 

by scavenging of free radicals promoted by THY. Thus, we can infer that THY promotes a 

beneficial effect in animals at the concentrations tested. However, since the increased use of 
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THY, this beneficial antioxidant effect can produce a prooxidant action, leading to negative 

effects. 

In conclusion, our study highlighted a number of potential deleterious effects upon 

exposure of our model organism, zebrafish, to three different disinfectants to relevant 

concentrations in different aquatic matrices (effluent, municipal wastewater and rivers). In 

the case of BAC, alterations were observed mainly in animals exposed to 0.5 mg/L, and 2.5 

mg/L, concentrations already reported in the environment before the pandemic. Also, in the 

case of SDBS, our study shows changes in all animals exposed to 0.2, 1, and 5 mg/L, 

concentrations also already reported before the pandemic. Regarding THY, the 

concentrations tested were slightly above the values found in the environment in 2004/2005, 

but well below the concentrations tested in previous studies, thus increasing the relevance of 

the obtained data. Thus, we conclude that the increased use of disinfectants given the 

pandemic scenario, and the predicted growth of these compounds, may lead to negative 

effects on several parameters (embryonic, behavioral, and metabolic), in several different 

organisms. Therefore, and keeping in mind that the concentrations tested in our study were 

concentrations already reported in the environment before the pandemic, the continuous 

evaluation of the potential effects of disinfectants should be considered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


