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ABSTRACT 

Noor, Md Imran, Effects of Roundup Exposure on Redox Status, Cellular Apoptosis, and 

Antioxidant and Osmoregulatory Enzyme Expressions in Goldfish (Carassius auratus). Master 

of Science (MS), December, 2022, 83 pp., 18 figures, references, 212 titles. 

Intense anthropogenic activities of industrialized nations dramatically increase 

environmental pollution. This study focused on the effects of Roundup, a glyphosate-based 

herbicide, exposure (low- and high-dose:  0.5 and 5 mg/L for 2 weeks) on dinitrophenyl protein 

(DNP), nitrotyrosine protein (NTP), superoxidase dismutase (SOD), catalase (CAT), Na+/K+-

ATPase (NKA), and renin expressions, and cellular apoptosis in the gills and kidneys of 

goldfish. Histopathological analysis showed widespread tissue damage in both gills and kidneys. 

Immunohistochemical analysis provided insights into the expression of molecular biomarkers in 

tissues. Fish exposed to Roundup exhibited a significant (P<0.05) upregulation in DNP, NTP, 

SOD, and CAT expressions, and apoptotic nuclei in both tissues. Additionally, exposure to 

Roundup significantly increased renin expression in kidneys and decreased NKA expression in 

gills. Overall, our results suggest that exposure to Roundup induces oxidative/nitrative stress and 

cellular apoptosis and alters osmoregulatory and antioxidant systems which may lead to 

impaired physiological functions in goldfish. 
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CHAPTER I 

 

INTRODUCTION 

 

Environmental Pollution 

Humankind gained the upper hand in civilization through the industrial revolution 

(Förstner & Wittmann, 2012). This milestone completed the position of homo sapiens as the 

apex species in the world and gave humans the capacity to use and exploit natural resources to 

their advantage (Hawken et al., 2013; Schwab & Davis, 2018; Stearns, 2020). Over the decades, 

growing population, urbanization, and heavy anthropogenic activities have increased interaction 

with our environment leading to the exponential exploitation of natural resources, which often 

results in environmental pollution (Meena et al., 2018; Manisalidis et al., 2020). Different 

industrial and agricultural activities frequently bombard terrestrial and aquatic environments with 

toxic chemicals deposited into the sediment by anthropogenic activities and natural runoffs 

(Hossain, 2020). One of the significant sources of noxious chemical effluent in the aquatic 

environment is the ever-growing classification of different pesticides used in agriculture 

(Edwards, 1977). Pesticides are chemically engineered toxic substances used to eliminate 

“Pests”. Pesticides, in the broad sense, can be classified into herbicides (for weeds/unwanted 

plant eradicator), insecticides (targeting insects), fungicides (attacks fungi), and rodenticide (for 

protection of crops from mice and rats) and even includes lampricide (targeting lamprey in the 



 

2 
 

aquatic environment) (Page & Thomson, 1994; Garry et al., 1996; Liu et al., 2010). Pesticide 

leftovers infiltrate into different parts of our environment by direct use, spray drift, aerial 

spraying, washing from the atmosphere by rainfall, erosion, and effluent from farming land will 

release runoffs from industries and sewage. Many researchers confirmed from scientifically 

proven studies that runoff from farmlands is the biggest source of gradual aquatic pollution, 

which represents the chronic/sub-chronic sources of pesticide toxicity, whereas directly 

implementing water and expulsion of effluent into the marine environment causes more acute but 

localized pollution (Edwards, 1977; Anju et al., 2010; Tsaboula et al., 2019). However, 

pesticides are, without question, essential elements for the agricultural industry to fight against 

hunger, and ecologists and toxicologists must work together to find a balanced way of using 

pesticides without destroying the environment.  

 

History of Pesticide Use in the Environment 

Before the commercial production of synthetic pesticides, simple instruments and natural 

compounds had a sluggish, never-ending war against the relentless attack of pests on the 

farmland. (Costa, 1987). Although the botanically derived pesticides were environmentally 

friendly, many of these products' major drawbacks were their high application rates, slow action 

time, lack of selectivity, and phytotoxicity (Kislev et al., 2004). The popularity of synthetic 

pesticides started winning the market in the 1940s, discovering the efficacy of 

dichlorodiphenyltrichloroethane (DDT), 2,4-dichlorophenoxyacetic (2,4-D), chlordane, captan, 

dieldrin, endrin, parathion, and Roundup, and so on (Delaplane, 1996). Because of the high 

efficiency of the modern chemical formulations, there were low pest infestation, crops, 

vegetables, and fruits were fresher, and there were no known reports of people injury during 
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application because of their "environmentally safe" use (Ansar et al., 2020). General users, 

producers, and environmental agencies remained unconcerned about synthetic pesticides' 

potential health hazards for most of the 1950s. Using biotechnological tools, genetically changed 

crops bred were developed for specific pesticide tolerance to create their pesticides, adding a 

comprehensive spectrum of pesticide products to the pest control toolbox. Herbicide-tolerant 

plants like soybeans, rice, canola, corn, and cotton varieties resistant to corn borer and bollworm 

are among them (Vats, 2015). Integrated Pest Management (IPM) systems do not support pest 

populations' development. These developments have changed how pest control is done and can 

minimize or change the agrochemicals used (Morton & Staub, 2008; Unsworth, 2020). 

The history of pesticide usage is incomplete without mentioning the devastating role of 

DDT in the world, including in the United States. It was first synthesized chemically by Othmar 

Zeidler, an Austrian chemist, in 1874, supervised by Adolf von Baeyer, a Bavarian scientist 

(Perkins, 1978). It was first depicted in a paper by W. Bausch in 1929 and then in two 

subsequent distributions in 1930. In 1934, a renowned German scientist and inventor, Wolfgang 

von Leuthold, showed in his patent the bug-spraying properties of DDT (Brand, 1921). However, 

it was not until 1939 that Swiss scientist Paul Hermann Müller discovered DDT's insecticidal 

properties, for which he was awarded the 1948 Nobel Prize in Physiology and Medicine 

(Lindsten & Ringertz, 2001).  

During World War II, the success of DDT as an insect repellent on the battlefield and its 

success as a mosquito killer on islands of the south pacific earned DDT its popularity. 

Consequently, DDT got approval as a free pesticide for the farming industry in 1945 (Beard & 

Collaboration, 2006). With the help of DDT, European and North American countries got rid of 

malaria temporarily (de Zulueta, 1998). However, the extensive use of DDT as a common 
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insecticide developed a strong resistance in insects against DDT, leading to these parasites’ and 

pests' resurgence. Even in some places, the number of problems increased than it was before 

(Babers & Pratt, 1954; McCart & Buckling, 2005).  

The notable works by DeWitt (1956), Barnes (1946), and Dahm and Jacobson (1956) 

inspired many scientists, environmentalists, and even renowned news media to protest against 

DDT. Although their protests were unsuccessful in banning DDT from public use, the news of 

protesting was heard by -then-president John. F. Kennedy. Kennedy ordered his science advisory 

committee to investigate the claims. The movement against DDT led to the formation of the 

Environmental Protection Agency (EPA) in the United States. Ten years after the campaign 

against DDT started in 1972, DDT was finally banned in the United States. Although DDT's 

popularity was short-lived, its damage to the ecosystem still prevails in our environment 

(Matsushima, 2018). 

While DDT is long gone, the road it introduced to the public, the usage of chemicals for 

short terms benefit on farmlands, ignoring the long-term effects, is running in full swing. Many 

more chemical compounds replaced DDT, so many in numbers it is more complex than ever to 

regulate and control. The movement surfaced to support environmental toxicity; thanks to all the 

works in the '60s and '70s by environmentalists, scientists, and news media, environmental 

agencies have a clear idea than before about the devastating effects of such toxic chemicals. 

Though it is good news, science is now way more developed, and the rules and regulations are 

much more complex than in the 60s and 70s. However, agrochemical industries frequently 

introduce new chemicals to the market, ignoring the toxicity of non-target species in most 

products. A public report published by the United States Geological Survey (USGS) narrated that 

farmers use 459 chemical compounds as pesticides (Zhang et al., 2018). The original number is 
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higher than the report mentioned (Stone et al., 2014; Van Metre et al., 2017). Amongst the 

plethora of these common pesticides, several reports from EPA and USDA and scientific articles 

denoted glyphosate as the most used herbicide (trade name Roundup) for years to come (Cox, 

1998; Grube et al., 2011; Fernandez-Cornejo et al., 2014; Benbrook, 2016; Duke, 2018). 

 

History of Roundup 

 EPA sales and usage division reported in 2007 indicating a substantial increase in 

glyphosate usage from 1987 to 2007 compared to any other pesticide glyphosate-based herbicide 

(GBH) usage was 81.6–83.9 million kg in 2007, which was more than double the compared with 

the second most used pesticide, atrazine (approximately 34 million kg) (Myers et al., 2016). 

Since then, GBH has become one of the most, if not the most, used pesticides in the United 

States (Myers et al., 2016). National Agricultural Statistics Service (NASS) reports in 2014 said 

that since the producers introduced genetically changed crops in the late 90s, the application rate 

of glyphosate inclined 9-fold in the U.S., and statistics on worldwide usage report a 15-fold 

increase in GBH by 2014 (Benbrook, 2016). Usage data reported by the USDA, USGS, and EPA 

in a combined consensus narrated that approximately 2/3rd of the total GBH sprayed since 1974 

has been applied last 10 years (Benbrook, 2016). 

 

Adverse Impacts of Glyphosate-Based Herbicide 

The cancer research division of the World Health Organization's (WHO), the 

international agency for research on cancer (IARC) classified glyphosate in group 2A, which 

refers to a probable human carcinogen in WHO's monogram for evaluating health hazards 
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associated with organophosphate pesticides (Pearce et al., 2015). In a public experiment by the 

University of California San Francisco (UCSF) in 2016, a trace amount of glyphosate was found 

in 93% of all urine samples collected across the United States. Even scientists have found 

glyphosate in a wide range of everyday groceries in the United States (Gillezeau et al., 2019). A 

long-term research project led by Dr. Michael Antoniou at King's College London demonstrated 

in their experiment that when a very low level of chronic exposure (2 years) glyphosate was 

administered to female rats, they developed Non-alcoholic fatty liver disease (NAFLD (Myers et 

al., 2016). The results from Myers et al. (2016) have significant impacts on environmental 

toxicology as their findings are directly related to the Roundup-associated severe health risk 

factors. Bayer A.G., a German multinational company, currently owns Roundup, the most 

popular glyphosate-based herbicide. However, its previous owner, Monsanto, popularized 

Roundup as an herbicide worldwide (Qaim and Traxler, 2005). Reports and claims were coming 

from around the world against Roundup and its toxicity. 

Nevertheless, Monsanto kept fighting for its most profitable product (Broughton, 2017). 

However, Monsanto lost their battle in a crucial cancer trial in California and had to pay $78 

million as compensation to a Californian former school groundkeeper, Dewayne Jonshon, who 

suffered from cancer after years of working with Roundup on his farmland. Although similar to 

the trial of Dewayne Jonshon, thousands of other cases are hanging and unresolved (Shiva, 

2019). The relentless effort of environmental scientists on Roundup toxicity profiling revealed its 

devastating side effects to the public, highlighting the importance of studying the effects of 

glyphosate in the aquatic environment because the aquatic environment takes the direct heat 

from herbicide usage as they all wash up to the shores of different water bodies by the rainfall, 

erosion, and groundwater leaching.  
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Effects of Glyphosate on Aquatic Organisms 

The tremendous success of glyphosate-resistant crops is causing toxicity in countless 

non-target species in aquatic and terrestrial environments (King & Wagner, 2010). Some 

chemical properties of commercially produced glyphosate-based herbicides have increased 

toxicity by many folds. There is a difference in the raw form of glyphosate compared with the 

commercially produced glyphosate-based herbicide (such as Roundup) toxicity because the 

added surfactants in the commercial formula make the chemical formula more potent than its 

active ingredient (Folmar et al., 1979). To increase glyphosate adhesion's efficacy to the leaf 

surface and aid movement across the waxy cuticle membrane and into the plant, different 

surfactants (e.g., polyethoxylated tallow amine, POEA) are added to the commercial formula of 

Roundup (Janssens and Stoks, 2017). Although GBHs are prohibited from using in the aquatic 

environment, an identifiable amount of the active surfactants with active ingredients are found in 

surface water (Vera et al., 2010; Jones, et al., 2011; Rissoli et al., 2016), so long as the chemical 

compounds are inbuilt in the herbicide to deteriorate the water quality. Acute toxicity 

significantly depends across the taxa, with toxicity relying on the timing, scale, and route of 

exposure (Annett et al., 2014). 

Most herbicides comprising glyphosate are barred from any direct application in the 

aquatic environment. However, with the prevalent use at present, there are many routes through 

which progressions of toxic effects of GBH reach aquatic organisms (Alavanja et al., 2013). 

Substantial amounts of glyphosate quantities entering the water bodies resulting from direct 

runoff, direct overspray, aerial spray runoff of surface, or drift during herbicide application can 

cause (Solomon & Thompson, 2003). Although most common herbicides are used for only 
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agricultural purposes, the easy application method of Roundup received popularity for domestic 

use on gardens and lawns by inexperienced individuals with no safety measures for proper 

herbicide applications (Hanke et al., 2010). There are multiple studies on the effects of GBHs in 

a wide variety of aquatic organisms, amongst which fish and amphibians are the prominent phyla 

that are facing the hardest challenge due to commercially used glyphosate.   

Taxa including fish (Folmar et al., 1979; modetso & martinez, 2010; de Menezes et al., 

2011; Glusczak et al., 2011; Hued et al., 2012), amphibians (Moore et al., 2012), microorganisms 

(Folmar et al., 1979; Bonnet et al., 2007), and invertebrates (Pérez et al., 2007), and birds 

(Oliveira et al., 2007) have been investigated in previous research and literary works. It is found 

with scientific experiments that there are several physiological and behavioral effects on these 

organisms, which depend on the dosage and formulation of commercially produced GBH. 

Previous review papers have highlighted the ecological risk assessment for Roundup herbicide in 

aquatic and terrestrial ecosystems and exposure to aquatic organisms because of overwater use of 

glyphosate (Folmar et al., 1979; Solomon & Thompson, 2003; Glusczak et al., 2011; Mertens et 

al., 2018). Previous research articles also focused on Roundup herbicide's ecological effects on 

terrestrial and aquatic ecosystems (Giesy et al., 2000), and the occurrence of glyphosate-based 

compounds deposited in water (Solomon & Thompson, 2003).  

 

Exposure to Roundup and Oxidative/Nitrative Stress 

Oxidative stress is a specific intercellular event that happens when an imbalance between 

the creation and buildup of reactive oxygen species (ROS) inside cells and the cells' ability to 

detoxify developed reactive ions (Betteridge, 2000). Excess reactive ion production can 

deteriorate several physiological functions, including interruption of cell signaling pathways 
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(Zorov et al., 2014). ROS are produced as a by-product of oxygen metabolism, a natural 

biochemical process in an organism. Dalle-Donne et al. (2003), Dorts et al. (2009), Wang et al. 

(2016), and many research experiments have used 2,4-dinitrophenyl protein (DNP) as the 

oxidative stress biomarker. DNP is the protein expressed in cells and tissues when cells or tissues 

go through oxidative stress due to ROS modifying protein. In addition to oxidative stress, 

nitrosative stress is a vital oxygen metabolism condition responsible for many vertebrates' 

cardiovascular disorders (Panth et al., 2016). When oxygen metabolism disorder occurs in cells, 

nitric oxide and superoxide react jointly, which causes stress which is referred to as nitrosative 

stress (Koskenkorva-Frank et al., 2013). In addition to these damages, nitrotyrosine protein 

(NTP) production is a biomarker for cell death (Wang et al., 2021).  

Importantly, oxidative and nitrative stress are closely related. Different ROS which is 

involved in oxidative damage overlap with the foraging pathway of reactive nitrogen species. 

Several research studies, including Saenen et al. (2017), Rahman and Rahman (2021), and Lacy 

et al. (2022) have used NTP as the nitrosative stress biomarker in organisms exposed to different 

pollutants. The free radicals become a problem when environmental stressors (i.e., pesticides, 

chemical fertilizers, ionizing radiations, ultraviolet rays, heavy metals, and pollutants) and 

xenobiotics (i.e., anticlastic drugs) contribute to increased free radical production higher than the 

normal level (Coutellec & Lagadic, 2006). This imbalance leads to cell and tissue damage, 

known as oxidative stress (Sies, 2000). For their natural or purportedly beneficial effect against 

oxidative several antioxidant medications or supplements have been proposed in recent years, 

including vitamin E, flavonoids, and polyphenols (Pizzino et al., 2017). Many scientific studies 

have been conducted on GBH toxicity and have concluded that oxidative stress-related damage 

is one of many outcomes of glyphosate toxicity (El-Shenawy, 2009). Although the pathway for 
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toxicity of Roundup in photosynthetic aquatic organisms such as algae is well comprehended, as 

they possess physiological similarities with terrestrial plants, its effect on the aquatic animal is 

poorly understood. The components of Roundup target the 5-enolpyruvylshikimate-3-phosphate 

(ESPS) enzyme, which is absent in aquatic animals (Steinrücken & Amrhein, 1984); however, 

the toxicity from Roundup has been observed in a wide range of aquatic organisms across phyla 

(Folmar et al., 1979). Oxidative biomarkers have been used as a very efficient biomarker in 

toxicological research.  

Several detrimental effects on cells can result from the production of ROS/RNS, which is 

linked to a mechanism of toxicity for many GBH-associated toxicants (Bagchi et al., 1995). The 

ROS can start oxidative damage to proteins, lipids, and nucleic acids, as well as nitrosative 

reaction production of reactive nitrogen species (RNS), leading to organelle damage and, 

ultimately, cell death (i.e., apoptosis). As a result of ROS generation, antioxidant production—

activating enzymes and releasing non-enzymatic metabolites—counteracts the free radical and 

reduces oxidative damage (Sies, 1997). When antioxidant production can no longer compensate 

and neutralizes the oxidative properties of free radicals due to excess amount of ROS production, 

stress-related damage takes place (Page & Thomson, 1994; Lushchak et al., 2009; (de Menezes 

et al., 2011; Fan et al., 2013; Lushchak et al., 2009; Ma et al., 2015; Marques et al., 2014; 

Modesto & Martinez, 2010; Cattaneo et al., 2011; de Menezes et al., 2011; Glusczak et al., 

2011).  

 

Exposure to Roundup and Antioxidants 

An interconnected network of antioxidant enzymes shields cells and tissues against 

oxidative damage (Sies, 1997). Pro-oxidant agents, such as oxygen and nitrogen free radicals, are 
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the elements that trigger a cascade of oxidative damage reactions, causing DNA damage (e.g., 

DNA double-strand breaks) and protein unfolding. At the same time, antioxidants at low 

molecular concentrations convert the active free radicals into relatively inert molecules in 

oxyreductive reactions (Ammendola & d’Abusco, 2020). Cell offsets the oxidative/nitrative 

stress (pro-oxidants) by producing more antioxidants, such as superoxide dismutase (SOD), 

catalase (CAT), glutathione, and N-acetyl-cysteine, to neutralize the series of oxidative reactions 

(Rahal et al., 2014). SOD and CAT are the two most critical antioxidant enzymes (Olsvik et al., 

2005). SOD first catalyzes the superoxide dismutation anion, converts the anion to hydrogen 

peroxide, then the peroxidase enzymes, such as catalase, remove the hydrogen peroxide. (Ho et 

al., 1998). In the experimental setup, how any GBH alters antioxidant enzyme production 

depends on experimental protocol and species. For example, silver catfish exposed to moderate 

concentrations of Roundup show no change in SOD or CAT activity, whereas the GST in the 

liver declined (de Menezes et al., 2011). In the same experiment, the SOD and CAT activity 

decreased during the recovery period, denoted by the researcher as a compensatory response due 

to toxic expos that led to incomplete recovery. Similar results were also found in the silver 

catfish experiment (de Freitas et al., 2018). Lushchak et al. (2009) demonstrated that short-term 

Roundup toxicity on goldfish showed SOD inhibition in tissues of multiple organs at low to high 

concentrations, whereas CAT production increased significantly at relatively lower 

concentrations. Paiva (Leporinus obtusidens) exposed to a high dose of Roundup exposure (4 

days) showed increased activity of CAT (Glusczak et al., 2011). It is to be noted that a high level 

of antioxidant production indicates increased amounts of free radicals present in the cell; hence 

to fight the free radicals, the antioxidant is produced. Meanwhile, low levels of antioxidants or 

deficiencies in antioxidants may result in synthesizing enzymes (i.e., SOD and CAT) or 
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increased antioxidant utilization. In all ecotoxicological studies, antioxidants are used as a robust 

biomarker for cellular stress. The level of antioxidant production is statistically analyzed to 

determine different oxidative/nitrative stress levels.  

 

Exposure to Roundup and Osmoregulatory Stress Biomarker 

Adenosine triphosphatases (ATPases) are enzymes that import many metabolites required 

for cellular metabolism while pumping out toxins, waste, and solutes that can obstruct 

biochemical functions (Gregus, 2008). The Na+/K+-ATPase or sodium pump (cellular ion pump) 

is the protein enzyme that carries out the joined extrusion and uptake of potassium (K) and 

sodium (Na) ions across the plasma membranes of cells of most multicellular organisms (Morth 

et al., 2011).  Na+/K+-ATPases control cation transport across the cell membrane, maintaining 

the cellular membrane potential (Dietz, 1985; Pałecz et al., 2005; Vijayavel et al., 2007; Almeida 

& Vasconcelos, 2015). The Na+/K+-ATPase enzyme is essential for osmoregulation and is 

commonly utilized as a biomarker of cellular oxidative stress in stressed settings such as toxic 

chemical exposure. The chief uptake route for waterborne contaminants is through the gills of 

fish or aquatic invertebrates like oysters and bivalves. Gills are expected to be affected by 

waterborne glyphosate (Ajima et al., 2021). Furthermore, researchers looked into and confirmed 

the potential effects of glyphosate-based herbicides on the function of the Na+/K+-ATPase to see 

if this molecule has any negative impacts on ionic/osmotic balance or cholinergic status (Oruç & 

Usta, 2007). 

The renin-angiotensin-aldosterone system (RAAS) is a physiological mechanism for 

regulating blood pressure and body water-electrolyte balance, with the liver, lungs, and kidneys 

all contributing to its activation (Gelen et al., 2021). RAAS is a peptidergic endocrine system 
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that relies on hormonal activity to maintain blood pressure and regulates fluid-electrolyte balance 

(Peach, 1977). In addition to that, the renin enzyme has autocrine and paracrine functions 

(Johnston, 1990). In species exposed to a toxic chemical, the expression of renin is used as a 

biomarker for stress-related fluid imbalance in the kidney and altered blood pressure of 

Elasmobranch fishes (Peach, 1977; Leung & Chappell, 2003, Lacy & Rahman, 2022).   

 

Exposure to Roundup and Cellular Apoptosis 

The process of eliminating damaged cells using different biochemical pathways in a 

programmed manner is known as cellular apoptosis. It is a natural process of cells eliminating 

injured cells due to DNA damage (Elmore, 2007). Apoptosis is an essential molecular 

mechanism for removing stressed cells beyond repair (Manjo & Joris, 1995; Agnello & 

Roccheri, 2010). Apoptosis plays a crucial role in all organisms during their embryonic 

developmental stage into organ development (Agnello et al., 2015). Additionally, apoptosis is 

critical to preventing damaged cells from turning into cancerous cells (Watson, 2006). However, 

necrosis, another form of cell death which refers to as unnatural cell death, is mechanistically 

different from apoptosis (Brown et al., 1999). Although apoptotic and necrotic pathways differ, 

they may happen simultaneously in stressed cells. During necrosis, bigger cell groups are 

associated, and cellular materials get thrown throughout the membrane to extracellular space, 

leading to a vigorous inflammatory response (Arnoczky et al., 2007). In contrast, during 

apoptosis, the cells separate into apoptotic bodies, which allows other cells to digest the damaged 

cells in phagocytosis, which does not cause any inflammation (da Silva et al., 1996; Ameisen, 

2002; Kanduc et al., 2002).  
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A wide range of model organisms of different taxa has been studied on environmental 

stressors accelerating programmed cells. The invertebrate sponge has shown an increase in 

apoptotic bodies under toxic exposure (Wagner et al., 1998). Recently, Nash et al. (2019) and 

Nash & Rahman (2019) demonstrated high cellular apoptotic activity in American oysters caused 

by heat stress. In addition, multiple stressors such as cold shock treatment, toxic stress, and heat 

stress also induced apoptosis in spermatogenic/sperm cells of sea urchins (Pan et al., 2006; 

Johnstone et al., 2019). Moreover, hypertonic stress has been confirmed to induce both necrosis 

and apoptosis in marine teleost fish (Hashimoto et al., 1998). Also, heavy metal poisoning 

enhanced apoptotic activity in marine teleost cell lines (Morcillo et al., 2016). There are also a 

number of studies on glyphosate and glyphosate-based herbicide toxicity causing apoptosis in 

aquatic organisms. Recently, Uren & Santos (2015) have demonstrated transcriptome profiling 

results on brown trout exposed to glyphosate-based herbicides exert oxidative stress, which leads 

to induce apoptosis as well as gives rise to the expression of tumor suppressor gene p53 to deal 

with damaged DNA. A recent study carried out by Liu et al. (2022) has shown in their study of 

glyphosate toxicity in zebrafish embryonic development. They have shown that different 

concentration of glyphosate exposure causes abnormal expression of the p53 gene and different 

types of caspase protein which are the primary indicator of apoptosis induction. Although, all 

these studies mentioned above depicted a defined relationship between different environmental 

stressors and cellular apoptosis. There is a lack of study on the relationship of how apoptosis 

responses correlate with other stress biomarkers, such as oxidative/nitrative stress and 

antioxidant production. In my study, I would like to build a picture of how all these stress 

biomarkers correspond to Roundup exposure in freshwater teleost species.  
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Hypothesis 

This study aims to scrutinize the null hypothesis that sub-chronic (2 weeks) exposure to 

Roundup will cause morphological changes, induce oxidative/nitrative stress by increasing 

RNS/ROS production, accelerate antioxidant production, alter renin and Na+/K+-ATPase in gill 

and kidney of common goldfish, Carassius auratus, a model freshwater teleost species (Ota & 

Abe, 2016; Blanco et al., 2018).  

 

Study Objectives 

The main objectives of my research were five-fold: 

(i) To identify the effects of Roundup exposure on the morphology of gill and kidney in 

goldfish,  

(ii) To determine the effects of Roundup exposure on oxidative and nitrative stress 

biomarkers, DNP and NTP expressions in the gill and kidney tissues; 

(iii) To determine the effects of Roundup exposure on antioxidant enzymes, SOD and CAT 

expressions in the gill and kidney tissues; 

(iv)  To determine the effects of Roundup exposure on osmoregulatory enzymes, renin and 

Na+/K+-ATPase expressions in the gill and kidney tissues; and 

(v) To identify the effects of Roundup exposure on cellular apoptosis. 
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CHAPTER II 

MATERIALS AND METHODS 

Experimental Fish and Bioethics 

For the Roundup exposure experiment, goldfish (Carassius auratus) were purchased (150 

fish; average body weight: 1.94 ± 0.50 g; length: 5.21 ± 0.48 cm) from a local pet shop 

(PetSmart, Brownsville, TX) and transferred to a wet laboratory at the University of Texas Rio 

Grande Valley (UTRGV) in Brownsville campus. Fish were stocked in 6 glass aquariums (25 

fish/aquarium, 80-liter capacity each) with ~60 liters reverse osmosis (RO) freshwater with filter 

and aeration systems (Tetra Spectrum Brands Pet, LLC, Blacksburg, VA, USA). The room 

temperature was maintained at 22 °C throughout acclimatization and experimental periods. 

Dissolved oxygen, water temperature, and pH were measured 3 times daily using a YSI 

professional plus probe (Multiprobe System, Yellow Springs, OH, USA). Physiochemical 

parameters such as nitrite, nitrate, and ammonia were also measured weekly using an API 

Freshwater Masterkit colorimetric testing kit (MARS, McLean, VA, USA). One-fourth of the 

water in each tank was changed every 48 hours with refreshed RO water to minimize the nitrite, 

nitrate, and ammonia levels (>= 0.1 ppm). Fish were fed (Omega One Goldfish Pellets, a 

commercially produced goldfish feed, crude fat 8.0%, crude protein 33.0%, and crude fiber 
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3.0%, Omega Sea LLC, Painesville, OH, USA) once every day at a rate of ~4-5% body weight. 

Following the acclimation period (4 weeks), fish were gradually introduced into the experimental 

condition. Two aquariums were assigned to each treatment group (control, no Roundup; low 

dose (LD: 0.5 mg/L) and high dose (HD: 5 mg/L) of Roundup, 6 tanks in total). Glyphosate-

based herbicide Roundup (Land and Grass killer, Bayer Corporation, Whippany, NJ, USA) was 

used for the chemical exposure experiment. The carbon filter cartridge from on top hang-back 

filter (Top Fin® Aquarium Carbon Cartridge, Top Fin, Pet SMART, Phoenix, AZ) was removed 

before applying the first dose of Roundup. The concentration of Roundup dosage in this study 

was selected according to the previous studies on Roundup exposure to other aquatic organisms 

(Smith et al., 2019). The selected LD (0.5 ml/L) represented the environmentally realistic dose, 

and the HD (5.0 ml/L) represented the Roundup concentration in accidental spills in the aquatic 

environment. The concentration of Roundup was maintained constant throughout the 

experimental period by refilling chemicals according to the water change since Roundup is 

homogenously soluble in water and does not precipitate (Jiang et. al., 2012). Following 2-week 

of Roundup exposure, the fish were sacrificed by euthanizing via immersion in a solution of 

tricaine mesylate (MS222, concentration >= 250 mg/L, diluted to aquarium water). Fish were 

placed in MS222 solution of euthanasia and kept until the gill opercular movement ceased. Then 

spinal cord was severed, ensuring the death under anesthesia, and tissues from the targeted 

organs were collected carefully to avoid contamination. All standard laboratory work procedures 

and animal husbandry practices for working with live animals, approved by the UTRGV Institute 

of Animal Care and Use Committee (IACUC protocol# AUP-21-02), were strictly followed.  
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Tissue Collection and Preservation 

 The fish’s final body weight (4.08 ± 1.2 g) and length (6.14 ± 0.9 cm) were measured 

using a gram (g) scale (Carolina Biological Supply Company, Burlington, NC, USA) and a 

standard meter scale at a deep anesthetic state before dissection. After sacrifice, gill and kidney 

tissue samples were collected using sterilized dissection kits and cleaned trays (cleaned with 

75% alcohol solution) to avoid contamination between the samples. Gill and kidney tissue 

samples were collected from 10 representative fish for each treatment group and immersed in 4% 

paraformaldehyde solution (Acros Organics, Morris, NJ, USA) for one week at 4 °C for fixation. 

The remaining fish (15 fish in each treatment group) tissue samples were collected in 1.5 ml 

DNase/RNase-free micro-centrifuge tubes quickly preserved on dry ice and finally stored at -80 

°C for later molecular analysis.  

 

Tissue Section and Slide Preparation 

 Tissue samples fixed in the paraformaldehyde were immersed in a serially ascending 

concentration (50%, 75%, 95%, and 2X 100%) of ethanol for dehydrating the tissue samples in 

glass vials for 30-45 min at each concentration. Tissue samples were then treated with xylene 

(Fisher Scientific, Hampton, New Hampshire) twice (15-30 min each) to render them 

translucent. The samples were then immersed in melted paraffin (Paraplast Plus, melting point 

60–65 0C, Fisher Scientific) three times (1 hr each) and embedded in paraffin with histo-cassettes 

and molds. Paraffin-embedded tissue samples were sectioned at 5-7 μm thickness on a rotary 

microtome and affixed to glass slides (SuperfrostTM Plus, Thermo Fisher, Waltham, MA, USA) 

using a hot water bath of 40 °C. Glass slide affixed tissues were kept at -20 °C in a freezer and 

ready to use for histology, immunohistochemical, and in situ TUNEL analyses.  
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Histological Analysis of Tissue Samples 

 Affixed slides were deparaffinized with xylene wash 3 times (5-7 min each) followed by 

rehydration using serially diluted ethanol solution (100% 2X, 95%, 75%, and 50%). Slides were 

given adequate water baths prior to H&E staining (Hematoxylin and Eosin, Millipore Sigma, St. 

Louis, MI, USA) according to standard histology techniques (Rahman et al., 2000). After 

staining, slides were washed in a water bath, dehydrated in a series of ethanol solutions (50%, 

75%, 95%, and 100% 2X), and cleared in xylene. Finally, coverslips (Fisherbrand Cover 

Glasses, Fisher Scientific, Pittsburg, PA) were mounted on the top of staining slides with 

Cytoseal XYL, a xylene-based glue (Richard Allen Scientific, San Diego, CA, USA).  

Fontana-Mason Silver (FMS) stain was used to detect the argentaffin granules and 

melanin formation in goldfish kidneys according to Bishop et al. (2012). Briefly, tissue sections 

were deparaffinized with xylene and rehydrated with a series of ethanol dilutions. After 

rehydration, 10% silver nitrate solution (Fisher Chemical, Hampton, New Hampshire) was added 

on slides and heated at 60 °C in a conventional oven for 1 hour. After warming, the silver nitrate 

solution was replaced with 0.1% gold chloride (Sigma-Aldrich, Inc., St. Louis, MO, USA) 

solution and 5% hypo (sodium thiosulfate) consecutively. After washing, a nuclear-fast red 

solution (Sigma-Aldrich, St. Louis, MO, USA) was applied to the slide for 5 min. Slides were 

then rewashed in a water bath, dehydrated in ethanol dilutions (50%, 75%, 95%, and 100% 2X), 

and cleared in xylene 3 times for 5 min each. In the final step, coverslips were affixed to the 

slides using Cytoseal XYL. Slides were examined using a light trinocular compound microscope 

(AMscope, Irvine, CA, USA) and photographs were taken directly from the microscope-mounted 

5-megapixel digital camera using ISCapture software (ISCapture 3.9.0.601, AMscope, Irvine, 

CA, USA). 
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Biological Data Collection from Stained Tissue Sections 

The collected photographs were then used to identify the histopathological lesions in gills 

and kidney tissues. In gills (5 fish per treatment group), protruding lamella length (PLL: 30 

measurements per individual, 300 per treatment group), the distance between lamella and 

interlamellar cell mass (ILCM: 12 measurements per individual, 120 per treatment group) 

dynamics were identified to estimate the gill remodeling (22 measurements per individual, 220 

per treatment groups) as described previously by Shuang et al. (2022). To identify changes in the 

bowman's capsule area, around 16 measurements were taken from individual samples and 160 

measurements from each treatment group according to Bernet et al. (1999). Melanin counts 

(intensity of melanin pigment in FMS-stained tissue sections) were taken to identify the number 

of melanin pigment formations in tissue from the FMS-stained slide.  

 

Immunohistochemical Analysis 

Immunohistochemical analysis was performed using different stress biomarker antibodies 

according to the protocol described previously by Nash and Rahman (2019). Briefly, slides were 

deparaffinized using xylene (3 times, 5 min each), rehydrated using serially diluted ethanol 

solutions, and washed in phosphate-buffered saline (PBS, Fisher Scientific, Waltham, MA, USA) 

3 times (15 min each). Bovine serum albumin (BSA, Fisher chemicals, Hampton, New 

Hampshire) was added (1% dilution ) to the slides and incubated for 1 h to block non-specific 

binding with the primary antibody. After incubation, rabbit anti-DNP (Thermo Fisher, Waltham, 

MA, USA), mouse anti-Renin (Novus Biologicals, Littleton, CO, USA), rabbit anti-SOD (Novus 

Biologicals, Littleton, CO, USA), rabbit anti-CAT (Novus Biologicals, Centennial, CO, USA), 

mouse anti-NTP (Santa Cruz Biotechnology, Dallas, TX, USA), or rabbit anti-Na+/K+-ATPase 
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(Millipore-Sigma, St. Louis, MI, USA) primary antibodies were added to the slides and 

incubated for 48 h at 4 °C. To assess the negative controls, PBS was used instead of the primary 

antibody. After primary antibody incubation, slides were then rewashed with PBS 3 times (15 

min each time) prior to applying the secondary antibody; anti-rabbit (Southern Biotech, 

Birmingham, AL, USA) or anti-mouse (Cell Signaling Technology, Danvers, MA, USA). The 

secondary antibody incubation period was 2 h at room temperature, after which slides were 

washed with PBS 3 times (15 min each time). The expression of protein/enzyme was detected by 

applying 3,3 diaminobenzidine peroxidase (Impact DAB, Vector Laboratories, Burlingame, CA, 

USA) substrate on the slide in dark conditions. The slides were then washed with water and 

dehydrated with an increasing concentration of ethanol dilutions, followed by cleaning with 

xylene. Finally, the coverslips were mounted to the DAB-stained slides using Cytoseal. The 

immunoreactive (IR) signals of NTP, DNP, CAT, SOD, renin, and Na+/K+-ATPase were 

examined using a light microscope and photographed using a digital camera (AMscope). The IR 

signals were measured using ImageJ software (ImageJ, Version: 998K, National Institutes of 

Health, Bethesda, MD, USA). 

 

In Situ TUNEL Analysis 

For identifying apoptotic cells in tissues, the deadEnd™ colorimetric terminal 

deoxynucleotidyl transferase dUTP nick labeling (TUNEL) system kit (Promega, Madison, WI, 

USA) was used in combination with DAB solution as a staining medium, and methyl green for 

counterstaining according to Lacy et al. (2022). Briefly, paraffin blocks sectioned at 7 µm, 

affixed on the glass side, deparaffinized by xylene immersion, and rehydration by serially diluted 

ethanol solution. Slides were then immersed in 0.85% NaCl solution followed by repeated PBS 
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wash, incubated with 20 µl/mL proteinase K (Invitrogen, Carlsbad, CA, USA) for 30 min to 

increase the permeabilization, and washed subsequently with PBS for 30 min. Slides were then 

equilibrated with equilibrium buffer (Promega, Madison, WI, USA) prior to re-incubating with a 

solution of equilibration buffer containing rTdT (recombinant terminal deoxynucleotidyl 

transferase) enzyme and biotinylated nucleotide mix (98:1:1 ratio) cocktail for 1 hour. Slides 

were washed with 1X sodium citrate buffer (SSC buffer, Promega) followed by a PBS wash 

before adding streptavidin horseradish peroxidase (HRP, Promega ) incubation for 30 min. 

Sections were then washed with PBS and stained in dark conditions for 5–10 min with DAB, 

followed by counterstaining with 1% methyl green-blue solution for 15 min. Afterward, slides 

were dehydrated by ethanol dilutions, rinsed in DI water, cleaned with xylene, and mounted with 

Cytoseal. Photographs of apoptotic cell formation were taken using a light microscope 

(AMscope) and ISCapture software. ImageJ software was used to calculate the optical density 

(OD) of TUNEL-positive staining. 

 

Statistical Analysis 

The experimental data were analyzed through one-way analysis of variance (ANOVA) 

followed by Tukey's test for multiple comparisons. A P<0.05 value was used for statistical 

significance. GraphPad Prism software (GraphPad, San Diego, CA, USA) was used to conduct 

statistical analysis. All data were expressed using the means ± standard error of the means 

(SEM).
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CHAPTER III 

 

RESULTS 

 

Effects of Roundup Exposure on Morphological Changes in Gills and Kidneys of Goldfish  

Fish exhibited several morphological changes in gills at different dosages of Roundup 

exposure. Fish exposed (2 weeks) to low- (0.5 ml/L) and high-dose (5 ml/L) of Roundup groups 

showed loss of gill architecture, increased mucus in the gill filaments, and secondary lamellae 

fusion compared with control groups (no Roundup) (Fig. 1A-C). Fish exposed to Roundup 

significantly (P<0.05, Tukey’s test) increased protruding lamellae length (PLL) in the gills 

around 1.13-fold in low dose (PLL: 172.9 ± 2.205 μm) and ~1.42-fold in high dose (PLL 246.3 ± 

2.605 μm) compared with control (PLL 153.3 ± 2.205 μm) (Fig. 2A). In the gills, the 

interlamellar cell mass (ILCM) area was reduced significantly (P<0.05) around 1.75-fold in low 

dose (ILCM: 3490 ± 78.19 μm2) and ~2.08-fold in high dose (ILCM: 2916 ± 89.64 μm2) 

Roundup treatment groups compared with controls (ILCM: 6103 ± 174.1 μm2) (Fig. 2B). 

Distance between the lamellas (DL) increased significantly (P<0.05) ~1.52-fold at a low dose 

(DL: 143.6 ± 1.6 μm) and ~2.00-fold at high dose (DL: 188.4±2.5 μm) of Roundup treatment 

groups compared with controls (DL: 94.28 ± 1.084 μm) (Fig. 2C). 

 Similar to gills, fish exposed to Roundup displayed several morphological changes in 

kidney tissues (Fig. 3A-C). Kidney tissue in the control groups (no Roundup) showed 
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the uniform structure of glomeruli as well as low numbers of melanocyte formation (Fig. 3A). 

Fish exposed to low- and high-dose groups showed an uneven distribution of bowman's space 

and higher accumulation of melanocytes (Fig. 3B-C). In kidneys, measuring the circumference 

of bowman's capsule (i.e., bowman's capsule area, [BCA]) showed a significant (P<0.05, 

Tukey’s test) size reduction of around 1.82-fold in low dose (BCA: 125.7 ± 2.94 μm2) and 

~1.97-fold in high dose (BCA: 247.5 ± 3.705 μm2) compared with controls (BCA: 247.5 ± 3.705 

μm2) (Fig 4A). Fish exposed to Roundup showed a high level of melanin formation in kidneys 

(Fig. 3A-C). Melanin accumulation (MA) significantly (P<0.05) elevated around 1.74- and 

~4.94-fold in the low-dose (MA: 0.22 ± 0.003) and high-dose (MA: 0.67 ±0.01738) treatment 

groups compared with control groups (MA: 0.1266 ± 0.002645), respectively (Fig.  4B). 

 

Effects of Roundup Exposure on Oxidative/Nitrative Stress Biomarker in Goldfish Tissues  

2,4-dinitrophenyl protein (DNP) is an important oxidative stress biomarker (i.e., a key 

indicator of reactive oxygen species, ROS) in tissue and/or cells during environmental stress 

(Zhang et al., 2013; Nash et al., 2019; Lacy et al., 2022). To determine if Roundup exposure 

increases oxidative stress-related damage by ROS, DNP expression was estimated in goldfish 

tissues. The immunohistochemical (IHC) assay revealed a significant increase in DNP 

expression in gill and kidney tissues when fish were exposed to Roundup (Fig. 5A-F). In the gill 

tissues, DNP significantly (P<0.05) increased around 1.23-fold in low dose (optical density, OD: 

0.15 ± 0.004), and ~1.66-fold in high dose (OD: 0.20 ± 006) Roundup treatment groups 

compared with control (OD: 0.12 ± 0.003) groups (Fig. 6A). Similarly, in the kidney tissues, 

immunoreactive (IR) intensity of DNP expression increased ~1.15-fold in the low dose group 

(P<0.05, OD: 0.20±0.003), and ~1.20-fold in the high dose group (P<0.05, OD: 0.21 ± 0.004) 
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compared with controls (OD: 0.17 ± 0.003) (Fig. 6B). No IR signal of DNP was detected in the 

negative control tissues (Fig. 6C, D). 

Reactive nitrogen species (RNS) induce nitrative stress, which is directly correlated with 

the production of 3-nitrotyrosine protein (NTP) in cells and tissues of organisms (Torreilles and 

Romestand, 2001; Curtis et al., 2011). Therefore, we performed an IHC assay to estimate the 

expression of NTP goldfish tissues. Fish exposed to Roundup (both low- and high-dose treatment 

groups) upregulated NTP expression in gill and kidney tissues (Fig. 7A-F). NTP expression 

significantly (P<0.05) increased ~1.25-fold in the low dose (OD: 0.22 ± 0.009) group and ~1.4-

fold in the high dose group (OD: 0.24 ± 0.009) compared with controls (OD: 0.17 ± 0.005) group 

in gill tissues of Roundup exposed goldfish (Fig. 8A). Similar to the gill tissue, kidney tissues 

showed significant (P<0.05) upregulation (~1.3-fold) of NTP expression in both low dose (OD: 

0.16 ± 0.004) and ~1.33-fold in the high dose (OD: 0.16 ± 0.004) groups compared with controls 

(OD: 0.12 ± 0.003) (Fig. 8B). However, no IR signal of NTP was detected in the negative control 

tissues (Fig. 8C, D). 

 

Effects of Roundup Exposure on Cellular Apoptosis in Goldfish Tissues 

In situ TUNEL results exhibited the presence of apoptotic cells in the gill and kidney 

tissues. The TUNEL IR intensity significantly (P<0.05) increased around 1.5-fold at a low dose 

(OD 0.66 ± 0.010) and ~2.13-fold at a high dose (OD 0.94±0.10) compared to the gills at the 

control (OD 0.44 ± 0.005) groups (Fig. 10A). 

 A similar pattern of increased apoptosis cell formation in kidney tissues was observed in 

a dose-dependent manner (Fig. 9D-F). The IR intensity of apoptotic cells in kidney tissues was 



 

26 
 

significantly (P<0.05) increased by around 1.72-fold in low dose (0.56 ± 0.10) and ~1.48-fold in 

high dose (OD 0.49 ± 0.013) compared with control (OD 0.33 ± 0.006) groups (Fig. 10B).  

 

Effects of Roundup Exposure on Antioxidant Enzyme Expression in Goldfish Tissues 

SOD is an antioxidant enzyme that plays a vital role in protecting tissues and cells from 

free radicals generated from oxidative and nitrative stress (Brezniceanu et al., 2007); therefore, 

SOD expression was assayed in goldfish tissues using IHC analysis. In gill and kidney tissues, 

the high expression of SOD was detected in low- and high-dose Roundup exposure groups 

compared with controls (Fig. 11A-F). In gills, the SOD expression significantly (P<0.05) 

increased ~1.75-fold in low dose (OD: 0.22±0.003), whereas in high dose of Roundup exposure 

groups (OD: 0.23 ± 0.004), SOD expression increased ~1.83-fold compared with control (OD: 

0.13 ± 0.004) (Fig. 12A). In kidney tissue, the estimated IR intensity showed a significant 

increase in SOD expression in both low- (~1.96-fold, OD: 0.19 ± 0.003) and high-dose (~2.10-

fold, OD 0.20 ± 0.004) treatment of groups compared with controls (OD: 0.10 ± 0.003) group 

(Fig. 12B). No IR signal of SOD was detected in the negative control gill and kidney tissues 

(Fig. 12C, D). 

Similar to SOD, CAT is also an antioxidant enzyme considered an essential biomarker 

for identifying cellular stress levels caused by free ROS and RNS (Pedrajas et al., 1995); 

therefore, CAT expression was assayed in goldfish tissues. Fish exposed to Roundup showed 

increased CAT expression in the gill and kidney tissues (Fig. 13A-F). IR intensity of CAT 

expression in gill tissues exhibited a significant (P<0.05) increase of ~1.23-fold CAT expression 

in low dose (OD 0.13±0.002) group and ~1.40-fold CAT expression in high dose (OD: 0.15 ± 

0.002) groups compared to control (OD: 0.15 ± 0.002) group (Fig. 14A). Similar to gills, CAT 
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expression in the kidney tissues increased around 1.14-fold in low dose (P<0.05, OD 0.16 ± 

0.002), ~1.24-fold in high dose (P<0.05, OD 0.18 ± 0.003) Roundup treatment groups compared 

to controls (OD 0.14 ± 0.002) (Fig. 14B). No IR signal of CAT was detected in the negative 

control tissues (Fig. 14C, D). 

 

Effects of Roundup Exposure on Renin Expression in Goldfish Tissues 

Renin is a central hormone enzyme produced by the kidneys and is very important in 

regulating blood pressure and maintaining electrolyte balance in vertebrates (Persson, 2003; 

Wong, 2016). Any alteration in renin enzyme balance would hamper the renin-angiotensin-

aldosterone system (RAAS), which would eventually impair the kidney's glomerular filtration 

rate and fluid imbalance in the body (Wong, 2016); hence we estimated the renin expression in 

the kidney tissues of Roundup exposed fish. The renin expression in kidneys showed 

considerable upregulation with Roundup exposure groups (Fig. 15D-F). The IR intensity of renin 

significantly increased around1.73-fold in low dose (P<0.05, OD: 0.12 ± 0.003) and ~2.13-fold 

in high dose (P<0.05, OD: 0.14 ± 0.004) Roundup treatment groups compared with controls (OD 

0.06±0.003) (Fig. 16B). No IR signal of renin was detected in the negative control of gill and 

kidney tissues (Fig. 16C, D). 

 

Effects of Roundup Exposure on Na+/K+-ATPase Expression in Goldfish Tissues 

 The Na+/K+-ATPase, also known as ion pump/sodium ion pump, is an essential enzyme 

for maintaining ionic balance inside cells in vertebrates (Kaplan, 2002). The sodium ion pump 

maintains the sodium ion concentration, helps to regulate membrane potentials inside cells, and 

controls osmotic equilibrium (Mulkidjanian et al., 2012; Clausen et al., 2017); therefore, we 
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estimated Na+/K+-ATPase expression in the gill and kidney tissues of Roundup-exposed fish. 

Our IHC results exhibited a low expression of Na+/K+-ATPase in both gill and kidney tissues in 

a dose-dependent manner (Fig. 17A-C). The estimated IR intensity of Na+/K+-ATPase enzyme 

shows a significant decline of ~1.15-fold in low dose (P<0.005, OD 0.19 ± 0.005) and ~1.33-

fold in high dose (P<0.005, OD 0.17 ± 0.005) of Roundup treatment groups compared to 

controls (OD: 0.22 ± 0.005) (Fig. 18A-C). However, negative control tissues demonstrated no IR 

signals (Fig. 18C, D).  
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CHAPTER IV 

 

DISCUSSION  

 

Scientists and experts in the ecotoxicology field have been expressing grave concern 

about the consequences of pesticides on the environment. One of the most used pesticides is 

Roundup, a glyphosate-based organophosphate herbicide (GBH), which is considered a major 

source of environmental pollution in the United States. Notably, the sheer amount of GBH used 

in the farmlands is outnumbering not only the targeted unwanted weeds but also it is having a 

tremendously deteriorating impact on other non-targeted species in both terrestrial and aquatic 

environments (Benachour et al., 2007; Cavalcante et al., 2008; Harayashiki et al., 2013; Mesnage 

et al., 2015; Strilbyska et al., 2022; Yadav et al., 2013). There are various studies conducted on 

the short-term exposure or acute toxicity of Roundup in teleost species (de Menezes et al., 2011; 

Fan et al., 2013; Lushchak et al., 2009; Ma et al., 2015; Marques et al., 2014; Modesto & 

Martinez, 2010). However, only a few studies concern long-term exposure to Roundup, leaving a 

colossal study gap in this field (Smith et al., 2019). Nonetheless, we attempted to reduce some of 

the study gaps in this study by elucidating the underlying mechanism of Roundup exposure (low 

dose: 0.5 µg/L and high dose: 5.00 µg/L for 2 weeks) on morphological alternation, 

oxidative/nitrative stress, antioxidant and osmoregulatory enzyme expressions, and cellular 

apoptosis in the gills and kidneys of goldfish. Our results demonstrated a detrimental cellular 
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alteration of morphological characteristics, increased oxidative and nitrative stress biomarkers 

(i.e., DNA and NTP), cellular apoptosis, antioxidant enzymes (i.e., SOD and CAT) in both gills 

and kidneys, and increased renin expression in the kidneys, and decreased Na+/K+-ATPase 

(NKA) expression in the gills of fish exposed to Roundup. Taken together, our results suggest 

that Roundup exposure initiates morphological changes and induces oxidative/nitrative stress in 

cells and tissues of goldfish, which can be detrimental to the fitness of fish to a great extent.  

 

Effects of Roundup Exposure on Morphological Changes in Goldfish Tissues 

The fish gill is arguably the most anatomically and physiologically diversified organ 

because it is directly contacted with water and any toxicants (i.e., pollutants) have to go through 

it to come into the blood circulation (Banaee, 2012; Badroo et al., 2020). Histological analysis 

revealed visible lesions in the morphology of gills in fish exposed to environmental pollutants 

(Bernet et al., 1999; Couillard et al., 1988). The most commonly cataloged histopathological 

lesions are gill lamellae fusion, loss of interlamellar cell mass, and changes in the epithelium 

layer such as hyperplasia, lifting, necrosis, desquamation, etc. (Mallatt, 1985). An important 

finding of the present study is that fish exposed to Roundup increased the fusion of secondary 

lamellae, mucous, epithelium uplifting, and loss of gill thickness. In addition, analysis of 

biological values indicated that the protruding lamellae length (PLL) was significantly increased 

in both low- and high-dose of Roundup treatment groups. Interestingly, a strong negative 

correlation between interlamellar cell mass (ILCM) and Roundup exposure was estimated in 

low- and high-dose treatment groups, meaning gills have potentially lost their cellular mass in 

areas between lamellas. Moreover, we evaluated the distance between lamellae (DLL) between 

two adjacent lamellas in the different treatment groups and found increased DLL value in both 
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low- and high-dose treatment groups, indicating that the gills have become thinner to Roundup 

exposure. Our experimental findings aligned with Lacy et al. (2022) study as they have 

confirmed that long-term exposure to high temperature and pesticide mixtures (22-32 °C, 8 

pesticide mixture: metolachlor, linuron, isoproturon, tebuconazole, aclonifen, atrazine, 

pendimethalin, and azinphos‐methyl for 4 weeks) cause similar morphological changes such as 

decreases in ILCM, secondary lamellae curling, fusion, clubbing, and epithelial layer 

modification in the gills of goldfish. Another relevant study by Jacquin et al. (2019) showed that 

short-term exposure to high temperature and pesticide mixture (22-32 °C, 7 pesticide mixture: S-

metolachlor, isoproturon, linuron, atrazine-desethyl, aclonifen, pendimethalin, and tebuconazole, 

for 96 h) alter the morphology of gills (e.g., reduced ILCM, reduced epithelium surface area, 

lamellar fusion) in goldfish. Additionally, a similar study by Mishra and Mohanty (2008) found 

that chromium exposure (20-40 mg/L for 96 h) causes modifications in the gills (e.g., lamellar 

fusion, curling, modification of gill epithelium: necrosis, hyperplasia, lifting, and desquamation) 

of snakehead (Channa punctatus). Similar to the aforementioned studies, Badroo et al. (2020) 

also demonstrated almost identical damage on snakehead gills when fish were exposed to 

paraquat dichloride (PQ, one of the most widely used herbicides in the United States; 32.93 

mg/L for 24-96 h). Information gathered from these studies and together our results suggest that 

fish exposed to environmental pollutants (i.e., pesticides) may cause alteration in the morphology 

of gills as a sign of stress response in teleost fishes. 

In addition to gills, the fish kidney is also one of the most important organs for 

toxicological study, which exhibits moderate to extreme and irreversible changes in its 

morphology at pesticide/chemical exposure (Shiogiri et al., 2012). Also, as the kidney is one of 

the major biological filtration systems in vertebrates and receives the highest amount of post-



 

32 
 

branchial blood flows, and therefore, kidney lesions are expected in exposure to pesticides, 

making it a suitable bioindicator of noxious toxic stress response studies (Ortiz et al., 2003). 

Moreover, many studies have been conducted on the effects of various environmental stressors in 

the kidney as it is one of the important organs to study toxic responses and found induction of 

specific alteration in numerous components in the kidney of teleost species (Karlsson‐Norrgren 

et al., 1986; Olojo et al., 2005; Randi et al., 1996). In the present study, we observed widespread 

morphological damages across the kidneys, including shrinkage in the bowman’s capsule area, 

melanocyte formation, tubular epithelium degeneration, uneven distribution of organelles, 

hemorrhaging, and glomerular shrinkage in both low- and high-dose Roundup treatment groups. 

Recently, Lacy and Rahman (2022) demonstrated compelling evidence on goldfish co-exposed 

to high temperature and pesticide mixtures exhibit widespread damage in different organelles of 

the kidney (e.g., bowman’s space shrinkage, melanin accumulation, and tubular epithelium 

degeneration) in goldfish. A similar study by Ma et al. (2015) indicated a detrimental alteration 

of kidney architecture (e.g., renal tubule damage and renal parenchyma vacuolization) in 

common carp (Cyprinus carpio) exposed to sublethal glyphosate dosage (52.08-104.15 mg/L for 

168 h). The work of Mishra and Mohanty (2008) on spotted snakehead noted a similar 

observation (e.g., reduction of the renal lumen, shrinkage of the glomerulus, and expansion in 

bowman’s area in the kidney, hypertrophied epithelial cells of renal tubules) on hexavalent 

chromium, a heavy metal, exposure (20-40 mg/L for 96 h). Furthermore, Samanta et al. (2016) 

demonstrated that glyphosate-based herbicide (17.2 mg/L for 30 days) causes similar damages in 

kidney morphology (e.g., glomeruli degenerative changes, hematopoietic tissue loss, and 

vacuolation in the renal tubules) in catfish (Heteropneustes fossilis). Recently, Badroo et al. 

(2020) demonstrated herbicide PQ exposure (32.93 mg/L for 24- 96 h ) causes morphological 
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alterations (e.g., necrosis, bowman’s space area increase, glomeruli shrinkage, and renal tubules 

degeneration) of different parts of kidney in spotted snakeheads. Therefore, based on our 

findings and together with previous studies, it can be interpreted that exposure to environmental 

contaminants leads to extensive damage of kidney architecture in teleost fishes.  

 

Effects of Roundup Exposure on Oxidative/Nitrative Stress Biomarker in Goldfish Tissues  

One of the main objectives of this study is to determine whether pesticide (i.e., Roundup) 

exposure causes oxidative and/or nitrative damage in the gill and kidney tissues of goldfish. ROS 

and RNS are naturally occurring free radicals that are essential for the cell transduction process; 

however, excessive production of free radicals contributes to oxidative and nitrative stress in 

cells and tissues (Durairajanayagam, 2019; Snezhkina et al., 2019). An elevated level of 

oxidative stress damages cellular organelles, disrupts homeostasis, induces activation of 

apoptotic pathways, and reduces tumor suppressor gene expression (Galadari et al., 2017; 

Martins et al., 2021). Both terrestrial and aquatic organisms exposed to environmental pollutants 

(i.e., pesticides, heavy metals, drugs, chemical waste, etc.) showed an elevated level of ROS 

production, which causes homeostatic imbalances (Lushchak et al., 2009). The interruption of 

homeostasis in the cell can be quantified using biomarker expiration, which may elucidate 

specific cellular stress responses mechanism at toxic exposure in aquatic environments 

(Valavanidis et al., 2006). In this study, we used DNP as a biomarker to quantify the oxidative 

stress in fish under Roundup exposure. Immunohistochemistry (IHC) results in exhibited 

upregulation (approximately 1.5-fold) of DNP expression in the gills suggesting a potential toxic 

effect of Roundup in goldfish. We observed a similar trend in the kidney where the DNP level 

elevated around 1.14-fold when fish were exposed to Roundup. However, in kidneys, between 
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LD and HD, the difference was not found. One possible explanation is during the stress period of 

2 weeks, the peak of DNP expression in kidney HD was missed. These amplified expressions of 

DNP can be correlated with oxidative stress-related damage and overproduction of free radicals 

in fish tissues/organs. Recently, Lacy et al. (2022) and Lacy and Rahman (2022) reported almost 

identical trends in DNP expression in the gills and kidneys when goldfish were exposed to high 

temperature and pesticide mixtures (22-32 °C, 8 pesticide mixture for 4 weeks). A similar study 

by de Menezes et al. (2011) showed that a mild dosage of Roundup (0.45 -0.95 mg/L for 8 days) 

induces oxidative stress as various antioxidant enzyme production spiked in the liver and brain of 

South American catfish (Rhamdia quelen). In addition, Maksymiv et al. (2015) demonstrated 

that goldfish exposed to high concentrations of herbicide Sencor (7.14-71.4 mg/L for 96 h) 

induces oxidative stress and cause hepatotoxicity in the liver of goldfish. Another study on 

Roundup Transorb (RDT) toxicity by Martins et al. (2021) found that silverside fish exposed to 

environmentally relevant dosages of RDT (2.07-3.68 mg/L for 24 h) exhibit upregulation of ROS 

production in erythrocytes indicating oxidative damage. With the support of other studies, the 

interpretation of our results suggests that pesticide induces oxidative stress in fish which have 

defined harmful effects on overall fitness and accelerates the progression of other physiological 

impairments and/or complications.  

Notably, RNS are various nitric oxide-derived compounds, including nitroxyl anion, 

nitrosonium cation, etc. that have comparable adverse effects on cells and tissues similar to ROS, 

induced by environmental pollutants in both terrestrial and aquatic organisms (Johnstone et al., 

2019; Koskenkorva-Frank et al., 2013; Manisalidis et al., 2020; Nash et al., 2019). Importantly, 

NTP is widely used as an effective biomarker to estimate the nitrative stress induced by RNS 

(Ahsan, 2013). In this study, we observed an upregulation of NTP expression in the gills 
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approximately 1.3-fold and kidneys around 1.3-fold in a dose-dependent manner suggesting that 

the overproduction of nitric oxide-derived compounds due to Roundup exposure may cause 

nitrative stress-related tissue damage. Compelling evidence supporting our data was provided by 

Lacy et al. (2022) and Lacy & Rahman (2022), as they have also noted a similar upregulation in 

NTP expression in their heat stress and pesticide exposure study in goldfish. Moreover, our 

findings also correspond to a relevant study by Padmini et al. (2009), where they found higher 

NTP levels in liver tissues of grey mullets (Mugil cephalus) collected from highly polluted river 

sites compared to fish of other less polluted areas. Similarly, Ekambaram et al. (2014) found 

higher NTP expression in grey mullets collected from highly polluted estuaries compared with 

less polluted estuaries. Recently, Taysi et al. (2021) demonstrated the induction of nitrative stress 

by observing several-fold increases in peroxynitrite (ONOO-, an RNS) in different dosages of 

mercury chloride (37.75-275 µg/L for 2-7 days) in the gills of rainbow trout (Oncorhynchus 

mykiss). Considering all these studies on the effect of environmental pollutants on higher NTP 

expression suggests that environmental pollutants/contaminants increase nitrative stress in cells 

and/or tissues which may lead to increased cellular apoptosis in fish. 

 

Effects of Roundup Exposure on Cellular Apoptosis in Goldfish  

The interaction of a heterogeneous array of signaling pathways regulates the cellular 

stress response mechanism, and the intensity of the stress responses is widely variable depending 

upon different stress conditions and biological factors (Lavie, 2015; Murray-Zmijewski et al., 

2008)). For instance, whereas mild oxidative stress initiates a self-repairing mechanism inside 

cells, a high amount of free radical production produces programmed cell death (also called 

apoptosis) as a last resort to eradicate damaged cells/tissues (Huang et al., 2000; Kanthasamy et 
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al., 2003). Much evidence has been concluded that environmental pollutants (i.e., pesticides, 

heavy metals, industrial chemical wastes, etc.) induce cellular apoptosis (Gazsi et al., 2021; Guo 

et al., 2017; Parlak, 2018 ; Panetto et al., 2019l pesticide’s toxicological profiling must be 

evaluated to ensure the safety of non-targeted species in the ecosystem (Xu et al., 2018). One of 

the interesting findings in our study is that exposure to Roundup increased cellular apoptosis (in 

situ TUNEL assay estimation) in both gills (approximately 1.8-fold) and kidneys (approximately 

1.6-fold) of goldfish in a dose-dependent manner hinting at a solid correlation between toxic 

exposure and cell death. Our findings also coincide with the results of Lacy and Rahman (2022) 

and Lacy et al. (2022), as their papers reported comparable outcomes when they exposed 

goldfish to high temperature and pesticide mixture (22-32 °C, 8 pesticide mixture, for 4 weeks); 

the cellular apoptosis increased several-fold in the gills and kidneys of goldfish. Recently, 

Lanzarin et al. (2021) demonstrated wild-type and transgenic zebrafish larvae (72 hpf) exposed 

(5-250 µg/L) to Roundup Flex (RF) and confirmed the increase in the apoptotic cell formations 

in zebrafish tissues. Another study by Ramírez-Duarte et al. (2008) identified that Roundup 

exposure (50-97.5 mg/L for 96 h) triggers an acceleration of apoptosis and necrosis in 

eosinophilic granule cells/mast cells in the pirapitinga (Piaractus brachypomus) as the stress 

response. Uren & Santos (2015) revealed in their work indications of up-regulation of several 

key regulatory pathways, including calcium signaling, tumor necrosis factor (TNF), and 

mitogen-activated protein kinase (MAPK), following exposure (0.01-10 mg/L for 14 days) to 

both glyphosate and Roundup in brown trout (Salmo trutta). These incidents of increased cellular 

apoptosis are strongly correlated with the overproduction of oxygenic and nitrogenic free 

radicals which induce oxidative stress in the liver of brown trout. All the scientific studies 

coinciding with our results suggest that fish exposed to pesticides upregulated cellular apoptosis 
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in different organs. Moreover, the overproduction of ROS/RNS initiates oxidative damage which 

ultimately imitates the programmed cell death mechanism. In addition, (Lei et al., 2016; Pham-

Huy et al., 2008) but nevertheless, in stressful environmental conditions, increased production of 

these compounds is required to counteract oxidative damage, making this yet another sign of 

oxidative stress and a sign that the body is assertively trying to prevent cell death and damage. 

 

      Effects of Roundup Exposure on Antioxidant Enzyme Expression in Goldfish Tissues 

 Cells have developed an innate defense mechanism to offset the activated ROS/RNS, 

known as an antioxidant defense system (Wang et al., 2009). Enzymes including SOD, CAT, 

glutathione peroxidase (GPx), glutathione S-transferase (GST), and glutathione reductase (GR) 

are the crucial components of antioxidant defense systems which play an essential role in 

reducing oxidative stress damages (Bokov et al., 2004; Kryston et al., 2011). These enzymes also 

serve as environmental stress status indicators (Lortz et al., 2000; Monteiro et al., 2010). Each of 

the antioxidant enzymes has its distinct biochemical functions. For example, enzymes SOD and 

CAT are protective protein molecules that attach themselves with free radicals and aid in 

preventing cellular injuries, neutralizing the harmful effects of oxidative stress, including cell 

and DNA damage, and increasing apoptosis cell deaths (Salvi et al., 2007; Small et al., 2012; 

Ishaq et al., 2014). Importantly, SOD catalyzes the dismutation of the superoxide anion radical 

into water and hydrogen peroxide, and CAT detoxifies the hydrogen peroxide by metabolizing it 

into oxygen and water (de Menezes et al., 2011). One of the key findings in this study was that 

exposure (2 weeks) to Roundup proportionally upregulated the expression of SOD and CAT in 

both gills and kidneys of goldfish. Recently, Lacy et al. (2022) and Lacy and Rahman (2022) 

reported a considerable increase in the immunoreactive intensity of SOD enzyme in the gills and 
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kidneys of goldfish exposed to long-term (30 days) high temperature (22-32 °C) and pesticide 

mixtures (8 different pesticides). According to Ozcan et al. (2004), a combination of pesticides, 

2,4-dichlorophenoxyacetic acid and azinphosmethyl exposure (0.23 and 87 ppm for 96 h) results 

in a considerable dose-dependent increase in SOD in the gill, kidney, liver, and brain of Nile 

tilapia (Oreochromis niloticus) and common carp (Cyrinus carpio). Similarly, we also observed 

an elevated SOD expression (around 1.75 to 1.83-fold) in the gill and kidney tissues under 

realistic environmental concentrations of Roundup. Such an increase in SOD enzyme has likely 

neutralized the activated ROS/RNS to prevent oxidative/nitrative stress in fish tissues during 

exposure to environmental contaminants. 

In addition to SOD, we also observed CAT expression increased around 1.23-1.40-fold in 

the gill and kidney tissues of fish exposed to Roundup. These results are consistent with the 

research findings stated above and show a high risk of inducing oxidative stress in fish exposed 

to the pollutant. Our results seamlessly correspond to findings by Lacy and Rahman (2022) and 

Lacy et al. (2022) who demonstrated that CAT expression increases in goldfish gills and kidneys 

in a dose-dependent manner at heat stress and pesticide mixtures. A recent experiment by Khare 

et al. (2019) found synergistic intoxication from pesticide exposure (methyl parathion: 16-20 

mg/L and carbaryl: 4-8 mg/L for 96 h) to Indian carp (Catla catla) showed around 700-, 300- 

and a 7-fold increase in CAT expression in the muscle, livers, and gills tissues, respectively. 

Additionally, Lushchak et al. (2009) showed Roundup exposure (2.5-20 mg/L for 96 h) increases 

CAT activity around 1.5-fold in the livers and ~1.3-fold in the kidney; however, they found SOD 

activity decreased in the brain, liver, and kidney tissues of goldfish. The amalgamation of these 

results from previously conducted studies, in concert with our findings, strongly suggests that 

there is a strong correlation between pro-oxidant and antioxidant homeostasis alteration to 
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pesticide exposure. This alteration in the antioxidant system is associated with health risks and 

the fitness of teleost fishes. 

 

Effects of Roundup Exposure on Renin Expression in Goldfish Tissues 

 Renin is an important enzyme in the renin-angiotensin-aldosterone system (RAAS, a 

classic endocrine system) in vertebrates (Capelli et al., 1970; Henderson et al., 1993). It plays a 

crucial role in fluid-ion balance, filtration, blood pressure, hypertension, and regulation of 

aldosterone secretion in the kidneys of vertebrates (Nishimura & Ogawa, 1973). Only a few 

studies covered how pesticides alter renin expression in freshwater fish kidneys (Lacy & 

Rahman, 2022); however, there is no information on Roundup toxicity and renin activity in 

teleost species. The synergistic effect of pollution-induced oxidative stress disrupted prooxidant-

antioxidant imbalance, and cell death may alter the activity/expression of renin in vertebrates 

(Husain et al., 2015; Kabel et al., 2020; Lacy & Rahman, 2022; Mahmood et al., 2014). 

However, previous studies have found pollutants induced various responses in RAAS (Aztatzi-

Aguilar et al., 2015; Bourdrel et al., 2021), which further complicates our understanding as some 

types of environmental stressors suppress the renin expression, whereas other types of stressors 

may elevate the renin activity. The results of the present study tried to pin down the specific 

effects of a single exposure to Roundup on renin expression in fish kidneys. We estimated a 

significant rise in renin expression with a higher dosage of Roundup, where the renin expression 

was elevated ~1.73-2.13-fold in goldfish kidneys, suggesting a correlation between renin 

expression and pesticide exposure. We also observed a similar trend of increased renin 

expression in fish gills under Roundup exposure. However, in the gills HD group, renin 

expression was not significantly different than LD. It can be suggested that the peak of renin 
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expression was missed in 2 weeks exposure period. Our results are consistent with Arillo et al. 

(1981) as they confirmed a positive correlation between pollutant exposure (unionized ammonia 

20-500 µg/L for 24-48 h) and increased renin activity in rainbow trout. Contrary to our results, 

Lacy and Rahman (2022) showed that exposure to heat stress and pesticides exposure (22-32 °C, 

8 pesticides for 4 weeks) suppressed the renin expression in the kidney of goldfish. Similar to the 

findings of Lacy and Rahman (2022), Bolterman et al. (2005) found renin activity declined in 

captopril drug (100 mg/kg/day for 15 days) exposure to hypertensive in rat kidneys. Some early 

studies also showed how environmental stressor (e.g., heat) increases renin activity, as presented 

by Eisman and Rowell (1977) & Kosunen et al. (1976). Our findings, supported by previously 

published works, can interpret that toxic exposure alters the renin activity/expression and 

damages the kidney’s basic structure. We can also suggest that alteration of renin expression 

hampers renal activity and deviations in prooxidant-antioxidant homeostasis in teleost kidneys.  

 

Effects of Roundup Exposure on NKA Expression in Goldfish Tissues 

 NKA is a key enzyme in cellular and biochemical homeostasis as it helps maintain 

osmotic pressure, resting membrane potential, secondary active transport, cell volume neural 

activity, and signal transduction (Kaplan, 2002). NKA is a driving force in the transepithelial 

movement of ions in the gills of aquatic organisms (Lucu & Towle, 2003). The way the NKA 

enzyme alters the expression in the cells/tissues under different ionic concentrations across the 

cellular membrane makes it a worthy candidate for toxicology research (Mulkidjanian et al., 

2012; (Oruc, 2010). Therefore, we examined the NKA expression under Roundup exposure in 

the present study, especially in fish gills. Our IHC analysis showed a significant reduction of 

NKA expression in the gills when fish were exposed to low- and high-dose of Roundup, 
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suggesting that pesticide exposure alters the osmoregulatory balance by disrupting the ion pump 

function. We also observed a steep drop in NKA expression in the goldfish kidney. Our results 

coincide with Lacy et al. (2022) findings as they found an attenuation (~3.4-15-fold) in NKA 

expression in goldfish gills exposed to heat stress and pesticide mixtures. A similar observation 

was also reported by Staurnes et al. (1984) when they exposed salmon (Salmo salar) to 

aluminum (200 µg/L for 4-7 days); the NKA activity showed a significant drop in the gills, 

which is associated with reduced plasma concentration of sodium and chloride. Furthermore, Ay 

et al. (1999) showed exposure to both copper and lead (20-160 g/L for 14 days) drastically 

reduces the activity of NKA in the gills of tilapia. Additionally, many studies have confirmed 

environmental pollutants (e.g., pesticides) inhibit NKA activities/expression in fish (rainbow 

trout, zebrafish, goldfish), leaving them immunocompromised to diseases and damages (Morris 

et al., 2016). Combination of the information from previous studies and our results, we suggest 

that fish exposed to environmental contaminants may inhibit NKA expression, which 

additionally may exert cellular stress (e.g., oxidative damage, apoptosis, etc.) in aquatic 

organisms.  
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CHAPTER V 

 

CONCLUSION 

 

To the best of our knowledge, this study established the first attempt to elucidate the 

underlying mechanism of how Roundup induces redox status and cell death, imbalances 

prooxidant-antioxidant homeostasis, and alters osmoregulatory enzyme expression in the gills 

and kidneys of goldfish. Notably, this study also provides compelling evidence that Roundup 

drastically changed/damaged the morphological, biochemical, and cellular features in tissues. 

Our findings clearly demonstrated that exposure to Roundup drastically alters stress biomarkers 

by increasing the overproduction of DNP and NTP, leading to increased apoptosis and altered 

SOD, CAT, renin, and NKA expressions in both gills and kidneys glands of goldfish. Taken 

together, this study strongly suggests that the herbicide Roundup wields extensive detrimental 

effects on the health and fitness of goldfish. Finally, we hope that this study will advance our 

knowledge of the histopathological alterations and biochemical and cellular damage caused by 

pesticide intoxication in the tissues of teleost species. Future studies will be required to identify 

how much glyphosate gets absorbed in the tissues/organs of fish exposed to Roundup as well as 

how much epigenetic signal is transformed by Roundup exposure in the next generation (i.e., 

transgenerational effects).



43 

REFERENCES 

Agnello, M., & Roccheri, M. C. (2010). Apoptosis: Focus on sea urchin 
development. Apoptosis, 15(3), 322–330. https://doi.org/10.1007/s10495-009-0420-0 

Agnello, M., Bosco, L., Chiarelli, R., Martino, C., & Roccheri, M. C. (2015). The role of 
autophagy and apoptosis during embryo development. Cell Death-Autophagy, Apoptosis 
and Necrosis, 83-112. https://doi:10.5772/61765 

Ahsan H. (2013). 3-Nitrotyrosine: A biomarker of nitrogen free radical species modified proteins 
in systemic autoimmunogenic conditions. Human Immunology, 74(10), 1392–1399. 
https://doi.org/10.1016/j.humimm.2013.06.009  

Ajima, M. N. O., Kumar, K., Poojary, N., & Pandey, P. K. (2021). Oxidative stress biomarkers, 
biochemical responses and Na+-K+-ATPase activities in Nile tilapia, Oreochromis 
niloticus exposed to diclofenac. Comparative Biochemistry and Physiology Part C. 
Toxicology & Pharmacology, 2(40), 108934. https://doi.org/10.1016/j.cbpc.2020.108934 

Alavanja, M. C., Ross, M. K., & Bonner, M. R. (2013). Increased cancer burden among pesticide 
applicators and others due to pesticide exposure. CA: A Cancer Journal for Clinicians, 
63(2), 120-142. https://doi.org/10.3322/caac.21170 

Alles, A., Alley, K., Barrett, J. C., Buttyan, R., Columbano, A., Cope, F. O., Copelan, E. A., 
Duke, R. C., Farel, P. B., & Gershenson, L. E. (1991). Apoptosis: a general 
comment. FASEB Journal: Official Publication of the Federation of American Societies 
for Experimental Biology, 5(8), 2127–2128. https://doi.org/10.1096/fasebj.5.8.2022310 

Almeida, J. R., & Vasconcelos, V. (2015). Natural antifouling compounds: Effectiveness in 
preventing invertebrate settlement and adhesion. Biotechnology Advances, 33(3-4), 343-
357. https://doi.org/10.1016/j.biotechadv.2015.01.013

Ameisen, J. C. (2002). On the origin, evolution, and nature of programmed cell death: a timeline 
of four billion years. Cell Death & Differentiation, 9(4), 367-393. 
https://doi.org/10.1038/sj.cdd.4400950 

Ammendola, S., & d’Abusco, A. S. (2020). Oxidative stress, senescence and Mediterranean diet 
effects on osteoarthritis. Aging (pp. 73-81). Academic Press. 
https://doi.org/10.1016/B978-0-12-818698-5.00007-9  

https://doi.org/10.1016/B978-0-12-818698-5.00007-9


 

44 
 

 
Anju, A., Ravi S, P., & Bechan, S. (2010). Water pollution with special reference to pesticide 

contamination in India. Journal of Water Resource and Protection, 2010. 
http://www.scirp.org/journal/PaperInformation.aspx?PaperID=1793 

 
Annett, R., Habibi, H. R., & Hontela, A. (2014). Impact of glyphosate and glyphosate‐based 

herbicides on the freshwater environment. Journal of Applied Toxicology, 34(5), 458-
479. https://doi.org/10.1002/jat.2997 

 
Ansar, M., Srinivasaraghavan, A., Karn, M., & Agnihotri, A. K. (2020). Emerging Viral 

Diseases of Vegetable Crops: An Outline and Sustainable Management. Sustainable 
Agriculture: Advances in Technological Interventions, 31. 
http://dx.doi.org/10.1201/9780429325830-24 

 
Arillo, A., Uva, B., & Vallarino, M. (1981). Renin activity in rainbow trout (Salmo gairdneri 

rich.) and effects of environmental ammonia. Comparative Biochemistry and Physiology 
Part A: Physiology, 68(3), 307-311. https://doi.org/10.1016/0300-9629(81)90056-6  

 
Arnoczky, S. P., Lavagnino, M., & Egerbacher, M. (2007). The mechanobiological 

aetiopathogenesis of tendinopathy: is it the over‐stimulation or the under‐stimulation of 
tendon cells? International Journal of Experimental Pathology, 88(4), 217-226. 
https://doi.org/10.1111/j.1365-2613.2007.00548.x 

 
Aztatzi-Aguilar, O. G., Uribe-Ramírez, M., Arias-Montaño, J. A., Barbier, O., & Vizcaya-Ruiz, 

D. (2015). Acute and subchronic exposure to air particulate matter induces expression of 
angiotensin and bradykinin-related genes in the lungs and heart: Angiotensin-II type-I 
receptor as a molecular target of particulate matter exposure. Particle and Fibre 
Toxicology, 12(1), 1-18. https://doi.org/10.1186/s12989-015-0094-4 

 
Babers, F. H., & Pratt Jr, J. J. (1954). Resistance of insects to insecticides: The metabolism of 

injected DDT. Journal of Economic Entomology, 46(6). 
https://doi.org/10.1093/jee/46.6.977 

 
Badroo, I. A., Nandurkar, H. P., & Khanday, A. H. (2020). Toxicological impacts of herbicide 

paraquat dichloride on histological profile (gills, liver, and kidney) of freshwater fish 
Channa punctatus (Bloch). Environmental Science and Pollution Research, 27(31), 
39054-39067. https://doi.org/10.1007/s11356-020-09931-6 

 
Bagchi, D., Bagchi, M., Hassoun, E., & Stohs, S. (1995). In vitro and in vivo generation of 

reactive oxygen species, DNA damage and lactate dehydrogenase leakage by selected 
pesticides. Toxicology, 104(1-3), 129-140. https://doi.org/10.1016/0300-483x(95)03156-a 

 
Barnes, S. (1946). The residual toxicity of DDT to bed-bugs (Cimex lectularius, L.). Bulletin of 

Entomological Research, 36(3), 273-282. https://doi.org/10.1017/S0007485300033174 
 

https://doi.org/10.1016/0300-9629(81)90056-6
http://dx.doi.org/10.1093/jee/46.6.977


 

45 
 

Beard, J., & Collaboration, A. R. H. R. (2006). DDT and human health. Science of the Total 
Environment, 355(1-3), 78-89. https://doi.org/10.1016/j.scitotenv.2005.02.022 

 
Benachour, N., Sipahutar, H., Moslemi, S., Gasnier, C., Travert, C., & Seralini, G. (2007). Time-

and dose-dependent effects of roundup on human embryonic and placental cells. Archives 
of Environmental Contamination and Toxicology, 53(1), 126-133. 
https://doi.org/10.1007/s00244-006-0154-8 

 
Benbrook, C. M. (2016). Trends in glyphosate herbicide use in the United States and globally. 

Environmental Sciences Europe 28(1): 1-15. https://doi.org/10.1186/s12302-016-0070-0 
 
Bernet, D., Schmidt, H., Meier, W., Burkhardt‐Holm, P., & Wahli, T. (1999). Histopathology in 

fish: proposal for a protocol to assess aquatic pollution. Journal of Fish Diseases, 22(1), 
25-34. https://doi.org/10.1046/j.1365-2761.1999.00134.x 

 
Betteridge, D. J. (2000). What is oxidative stress? Metabolism, 49(2 Suppl 1), 3-8. 

https://doi:10.1016/s0026-0495(00)80077-3 
 
Bishop, J. A., Nelson, A. M., Merz, W. G., Askin, F. B., & Riedel, S. (2012). Evaluation of the 

detection of melanin by the Fontana-Masson silver stain in tissue with a wide range of 
organisms including Cryptococcus. Human Pathology, 43(6), 898-903. 
https://doi.org/10.1016/j.humpath.2011.07.021 

 
Blanco, A. M., Sundarrajan, L., Bertucci, J. I., & Unniappan, S. (2018). Why goldfish? Merits 

and challenges in employing goldfish as a model organism in comparative endocrinology 
research. General and Comparative Endocrinology, 257, 13–28. 
https://doi.org/10.1016/j.ygcen.2017.02.001 

 
Bokov, A., Chaudhuri, A., & Richardson, A. (2004). The role of oxidative damage and stress in 

aging. Mechanisms of Ageing and Development, 125(10-11), 811-826. 
https://doi.org/10.1016/j.mad.2004.07.009 

 
Bolterman, R. J., Manriquez, M. C., Ruiz, M. C. O., Juncos, L. A., & Romero, J. C. (2005). 

Effects of captopril on the renin angiotensin system, oxidative stress, and endothelin in 
normal and hypertensive rats. Hypertension, 46(4), 943-947. 
https://doi.org/10.1161/01.hyp.0000174602.59935.d5 

 
Bonnet, J. L., Bonnemoy, F., Dusser, M., & Bohatier, J. (2007). Assessment of the potential 

toxicity of herbicides and their degradation products to nontarget cells using two 
microorganisms, the bacteria Vibrio fischeri and the ciliate Tetrahymena pyriformis. 
Environmental Toxicology: An International Journal, 22(1), 78-91. 
https://doi.org/10.1002/tox.20237 

 
Bourdrel, T., Annesi-Maesano, I., Alahmad, B., Maesano, C. N., & Bind, M.-A. (2021). The 

impact of outdoor air pollution on COVID-19: a review of evidence from in vitro, animal, 



 

46 
 

and human studies. European Respiratory Review, 30(159). 
https://doi.org/10.1183/16000617.0242-2020 

 
Brand, K. (1921). Über Untersuchungen in der Tetraarylbutan‐Reihe und über das 1.1 4.4‐

Tetraphenyl‐butatrien (4. Mitteilung über die Reduktion organischer Halogen‐
verbindungen.). Berichte der Deutschen Chemischen Gesellschaft (A and B Series), 
54(8), 1987-2006. https://doi.org/10.1002/cber.19210540828 

 
Brezniceanu,. Liu, F., Wei, Tran, S., Sachetelli, S., Zhang, Guo, Filep, J. G., Ingelfinger, J. R., & 

Chan, J. S. D. (2007). Catalase overexpression attenuates angiotensinogen expression and 
apoptosis in diabetic mice. Kidney International, 71(9), 912–923. 
https://doi.org/10.1038/sj.ki.5002188 

 
Broughton, A. (2017). Monsanto: A corporate monster. Green Left Weekly, (1129). 

https:///doi/10.3316/informit.730150055483761 
 
Nicotera, P., Leist, M., & Ferrando-May, E. (1999). Apoptosis and necrosis: different execution 

of the same death. Biochemical Society Symposium, 66, 69–73. 
https://doi.org/10.1042/bss0660069  

 
Capelli, J. P., Wesson, L. G., Jr, & Aponte, G. E. (1970). A phylogenetic study of the renin-

angiotensin system. The American Journal of Physiology, 218(4), 1171–1178. 
https://doi.org/10.1152/ajplegacy.1970.218.4.1171 

 
Cattaneo, R., Clasen, B., Loro, V. L., de Menezes, C. C., Pretto, A., Baldisserotto, B., Santi, A., 

& de Avila, L. A. (2011). Toxicological responses of Cyprinus carpio exposed to a 
commercial formulation containing glyphosate. Bulletin of Environmental Contamination 
and Toxicology, 87(6), 597–602. https://doi.org/10.1007/s00128-011-0396-7 

 
Cavalcante, D., Martinez, C., & Sofia, S. (2008). Genotoxic effects of Roundup® on the fish 

Prochilodus lineatus. Mutation Research/Genetic Toxicology and Environmental 
Mutagenesis, 655(1-2), 41-46. https://doi.org/10.1016/j.mrgentox.2008.06.010 

 
Clausen, M. V., Hilbers, F., & Poulsen, H. (2017). The structure and function of the Na, K-

ATPase isoforms in health and disease. Frontiers in Physiology, 8, 371. 
https://doi.org/10.3389/fphys.2017.00371 

 
Costa, L. G. (1987). Toxicology of pesticides: a brief history. Toxicology of Pesticides, Springer: 

1-10. https://doi.org/10.1007/978-3-642-70898-5_1 
 
Couillard, C., Berman, R., & Panisset, J. (1988). Histopathology of rainbow trout exposed to a 

bleached kraft pulp mill effluent. Archives of Environmental Contamination and 
Toxicology, 17(3), 319-323. https://doi.org/10.1007/bf01055169 

 

https://doi.org/10.1038/sj.ki.5002188
https://doi.org/10.1152/ajplegacy.1970.218.4.1171
https://doi.org/10.1007/s00128-011-0396-7


 

47 
 

Coutellec, M.-A. and L. Lagadic (2006). Effects of self-fertilization, environmental stress and 
exposure to xenobiotics on fitness-related traits of the freshwater snail Lymnaea 
stagnalis. Ecotoxicology 15(2), 199-213. https://doi.org/10.1007/s10646-005-0049-x 

 
Cox, C. (1998). Glyphosate (RoundUp). Journal of pesticide reform, 18(3), 3-17.  
 
Curtis, L.R., Garzon, C. B., Arkoosh, M., Collier, T., Myers, M. S., Buzitis, J., Hahn, M.E., 

2011. Reduced cytochrome P4501A activity and recovery from oxidative stress during 
subchronic benzo[a]pyrene and benzo[e]pyrene treatment of rainbow trout. Toxicology 
and Applied Pharmacology. 254(1), 1-7. https://doi.org/10.1016/j.taap.2011.04.015 

 
da Silva, C. P., de Oliveira, C. R., & Maria da Conceição, P. (1996). Apoptosis as a mechanism 

of cell death induced by different chemotherapeutic drugs in human leukemic T-
lymphocytes. Biochemical Pharmacology, 51(10), 1331-1340. 
https://doi.org/10.1016/0006-2952(96)00041-x 

 
Dahm, P., & Jacobson, N. (1956). Pesticides on forage, effects of feeding systox-treated alfalfa 

hay to dairy cows. Journal of Agricultural and Food Chemistry, 4(2), 150-155. 
https://doi.org/10.1021/jf60060a006 

 
Dalle-Donne, I., Rossi, R., Giustarini, D., Milzani, A., & Colombo, R. (2003). Protein carbonyl 

groups as biomarkers of oxidative stress. Clinica Chimica Acta, 329(1), 23-38. 
https://doi.org/10.1016/S0009-8981(03)00003-2 

 
de Freitas Souza, C., M. D. Baldissera, A. E. Bianchini, E. G. da Silva, R. H. V. Mourão, L. V. 

F. da Silva, D. Schmidt, B. M. Heinzmann & B. Baldisserotto (2018). Citral and linalool 
chemotypes of Lippia alba essential oil as anesthetics for fish: a detailed physiological 
analysis of side effects during anesthetic recovery in silver catfish (Rhamdia quelen). 
Fish Physiology and Biochemistry 44(1), 21-34. https://doi:10.1007/s10695-017-0410-z 

 
de Menezes, C. C., Da Fonseca, M. B., Loro, V. L., Santi, A., Cattaneo, R., Clasen, B., Pretto, 

A., & Morsch, V. M. (2011). Roundup effects on oxidative stress parameters and 
recovery pattern of Rhamdia quelen. Archives of Environmental Contamination and 
Toxicology, 60(4), 665-671. https://doi.org/10.1007/s00244-010-9574-6 

 
de Zulueta, J. (1998). The end of malaria in Europe: an eradication of the disease by control 

measures. Parassitologia, 40(1-2), 245-246.  
 
Delaplane, K. S. (1996). Pesticide usage in the United States: History, benefits, risks, and trends. 
 
DeWitt, J. B. (1956). Pesticide toxicity, chronic toxicity to quail and pheasants of some 

chlorinated insecticides. Journal of Agricultural and Food Chemistry, 4(10), 863-866. 
https://doi.org/10.1021/jf60068a004 

 
Dietz, T. (1985). Ionic regulation in freshwater mussels: A brief review. American 

Malacological Bulletin, 3(2), 233-242.  



 

48 
 

 
Dorts, J., F. Silvestre, H. T. Tu, A.-E. Tyberghein, N. T. Phuong & P. Kestemont (2009). 

Oxidative stress, protein carbonylation and heat shock proteins in the black tiger shrimp, 
Penaeus monodon, following exposure to endosulfan and deltamethrin. Environmental 
Toxicology and Pharmacology 28(2), 302-310. https://doi.org/10.1016/j.etap.2009.05.006 

 
Duke, S. O. (2018). The history and current status of glyphosate. Pest Management Science, 

74(5), 1027-1034. https://doi.org/10.1002/ps.4652 
 
Durairajanayagam, D. (2019). Physiological role of reactive oxygen species in male 

reproduction. In Oxidants, Antioxidants and Impact of The Oxidative Status in Male 
Reproduction (pp. 65-78). Academic Press. https://doi.org/10.1016/B978-0-12-812501-
4.00008-0  

 
Edwards, C. A. (1977). Nature and origins of pollution of aquatic systems by pesticides. In 

Pesticides in Aquatic Environments (pp. 11-38): Springer. https://doi.org/10.1007/978-1-
4684-2868-1_2 

 
Eisman, M. M., & Rowell, L. B. (1977). Renal vascular response to heat stress in baboons--role 

of renin-angiotensin. Journal of Applied Physiology, 43(4), 739-746. 
https://doi.org/10.1152/jappl.1977.43.4.739  

 
Ekambaram, P., Narayanan, M., & Jayachandran, T. (2014). Changes in oxidative stress and 

antioxidant status in stressed fish brain. International Journal of Science and Research, 
3(5), 164-170.  

 
Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicologic Pathology, 35(4), 

495-516. https://doi:10.1080/01926230701320337 
 
El-Shenawy, N. S. (2009). Oxidative stress responses of rats exposed to RoundUp and its active 

ingredient glyphosate. Environmental Toxicology and Pharmacology, 28(3), 379-385. 
https://doi.org/10.1016/j.etap.2009.06.001 

 
Fan, J. Y., Geng, J. J., Ren, H. Q., Wang, X. R., & Han, C. (2013). Herbicide Roundup® and its 

main constituents cause oxidative stress and inhibit acetylcholinesterase in liver of 
Carassius auratus. Journal of Environmental Science and Health, Part B, 48(10), 844-
850. https://doi.org/10.1080/03601234.2013.795841  

 
Fernandez-Cornejo, J., Nehring, R. F., Osteen, C., Wechsler, S., Martin, A., & Vialou, A. (2014). 

Pesticide use in US agriculture: 21 selected crops, 1960-2008. USDA-ERS Economic 
Information Bulletin, (124). https://dx.doi.org/10.2139/ssrn.2502986 

 
Folmar, L. C., Sanders, H., & Julin, A. (1979). Toxicity of the herbicide glyphosate and several 

of its formulations to fish and aquatic invertebrates. Archives of Environmental 
Contamination and Toxicology, 8(3), 269-278. https://doi.org/10.1007/BF01056243 

 

https://doi.org/10.1016/B978-0-12-812501-4.00008-0
https://doi.org/10.1016/B978-0-12-812501-4.00008-0
https://doi.org/10
https://doi.org/10.1080/03601234.2013.795841


 

49 
 

Förstner, U., & Wittmann, G. T. (2012). Metal pollution in the aquatic environment: Springer 
Science & Business Media. https://doi.org/10.1007/978-3-642-69385-4 

 
Galadari, S., Rahman, A., Pallichankandy, S., & Thayyullathil, F. (2017). Reactive oxygen 

species and cancer paradox: to promote or to suppress? Free Radical Biology and 
Medicine, 104, 144-164. https://doi.org/10.1016/j.freeradbiomed.2017.01.004 

 
Garry, V. F., Schreinemachers, D., Harkins, M. E., & Griffith, J. (1996). Pesticide appliers, 

biocides, and birth defects in rural Minnesota. Environmental Health Perspectives, 
104(4), 394-399. https://doi.org/10.1289/ehp.96104394 

 
Gazsi, G., Czimmerer, Z., Ivánovics, B., Berta, I. R., Urbányi, B., Csenki-Bakos, Z., & Ács, A. 

(2021). Physiological, developmental, and biomarker responses of zebrafish embryos to 
sub-lethal exposure of bendiocarb. Water, 13(2), 204. https://doi.org/10.3390/w13020204 

 
Gelen, V., Kükürt, A., & Şengül, E. (2021). Role of the renin-angiotensin-aldosterone system in 

various disease processes: An overview. Renin-Angiotensin Aldosterone System, 55.  
 
Giesy, J. P., Dobson, S., & Solomon, K. R. (2000). Ecotoxicological risk assessment for 

RoundUp® herbicide. Reviews of Environmental Contamination and Toxicology, 35-120. 
https://doi.org/10.1007/978-1-4612-1156-3_2 

 
Gillezeau, C., van Gerwen, M., Shaffer, R. M., Rana, I., Zhang, L., Sheppard, L., & Taioli, E. 

(2019). The evidence of human exposure to glyphosate: a review. Environmental Health, 
18(1), 1-14. https://doi.org/10.1186/s12940-018-0435-5 

 
Glusczak, L., dos Santos Miron, D., Crestani, M., da Fonseca, M. B., de Araújo Pedron, F., 

Duarte, M. F., & Vieira, V. L. P. (2006). Effect of glyphosate herbicide on 
acetylcholinesterase activity and metabolic and hematological parameters in piava 
(Leporinus obtusidens). Ecotoxicology and Environmental Safety, 65(2), 237-241. 
https://doi.org/10.1016/j.ecoenv.2005.07.017 

 
Glusczak, L., dos Santos Miron, D., Moraes, B. S., Simões, R. R., Schetinger, M. R. C., Morsch, 

V. M., & Loro, V. L. (2007). Acute effects of glyphosate herbicide on metabolic and 
enzymatic parameters of silver catfish (Rhamdia quelen). Comparative Biochemistry and 
Physiology Part C: Toxicology & Pharmacology, 146(4), 519-524. 
https://doi.org/10.1016/j.cbpc.2007.06.004 

 
Glusczak, L., Loro, V. L., Pretto, A., Moraes, B. S., Raabe, A., Duarte, M. F., Da Fonseca, M. 

B., de Menezes, C. C., & de Sousa Valladão, D. M. (2011). Acute exposure to glyphosate 
herbicide affects oxidative parameters in piava (Leporinus obtusidens). Archives of 
Environmental Contamination and Toxicology, 61(4), 624-630. 
https://doi.org/10.1007/s00244-011-9652-4 

 
Gregus, Z. (2008). Mechanisms of toxicity. Klaassen CD, comp. Casarett & Doulls Toxicology. 

The Basicience of Poisons. 7th edition. New York: Mc-Graw Hill Professional. 



 

50 
 

https://www. amazon. com. mx/Casarett-DoullS-Toxicology-Klaassen/dp/0071769234: 
45-106. 

 
Grube, Arthur, David Donaldson, Timothy Kiely, and La Wu. (2011). Pesticides industry sales 

and usage. US EPA, Washington, DC. 
 
Guo, H., Li, K., Wang, W., Wang, C., & Shen, Y. (2017). Effects of copper on hemocyte 

apoptosis, ROS production, and gene expression in white shrimp Litopenaeus vannamei. 
Biological Trace Element Research, 179(2), 318-326. https://doi.org/10.1007/s12011-
017-0974-6 

 
Hanke, I., Wittmer, I., Bischofberger, S., Stamm, C., & Singer, H. (2010). Relevance of urban 

glyphosate use for surface water quality. Chemosphere, 81(3), 422-429. 
https://doi.org/10.1016/j.chemosphere.2010.06.067 

 
Harayashiki, C. A. Y., Junior, A. S. V., de Souza Machado, A. A., da Costa Cabrera, L., Primel, 

E. G., Bianchini, A., & Corcini, C. D. (2013). Toxic effects of the herbicide Roundup in 
the guppy Poecilia vivipara acclimated to fresh water. Aquatic Toxicology, 142, 176-184. 
https://doi.org/10.1016/j.aquatox.2013.08.006 

 
Hashimoto, S., Ochs, R. L., Komiya, S., & Lotz, M. (1998). Linkage of chondrocyte apoptosis 

and cartilage degradation in human osteoarthritis. Arthritis & Rheumatism: Official 
Journal of the American College of Rheumatology, 41(9), 1632-1638. 
https://doi.org/10.1002/1529-0131(199809)41:9%3C1632::aid-art14%3E3.0.co;2-a 

 
Hawken, P., Lovins, A. B., & Lovins, L. H. (2013). Natural capitalism: The next industrial 

revolution: Routledge. https://doi.org/10.4324/9781315065755 
 
Henderson, I., Brown, J., & Balment, R. (1993). The renin–angiotensin system. New Insights in 

Vertebrate Kidney Function, 52, 311.  
 
Ho, Y.-S., J.-L. Magnenat, M. Gargano and J. Cao (1998). The nature of antioxidant defense 

mechanisms: a lesson from transgenic studies. Environmental Health Perspectives 106, 
1219-1228. https://doi.org/10.1289/ehp.98106s51219 

 
Hossain, F. (2020). Contaminated aquatic sediments. Water Environment Research, 92(10), 

1794-1804. https://doi.org/10.1002/wer.1443 
 
Huang, T., Cheng, A. G., Stupak, H., Liu, W., Kim, A., Staecker, H., Lefebvre, P. P., Malgrange, 

B., Kopke, R., & Moonen, G. (2000). Oxidative stress-induced apoptosis of cochlear 
sensory cells: otoprotective strategies. International Journal of Developmental 
Neuroscience, 18(2-3), 259-270. https://doi.org/10.1016/s0736-5748(99)00094-5 

 
Hued, A. C., Oberhofer, S., & de los Ángeles Bistoni, M. (2012). Exposure to a commercial 

glyphosate formulation (RoundUp®) alters normal gill and liver histology and affects 
male sexual activity of Jenynsia multidentata (Anablepidae, Cyprinodontiformes). 



 

51 
 

Archives of Environmental Contamination and Toxicology, 62(1), 107-117. 
https://doi.org/10.1007/s00244-011-9686-7 

 
Husain, K., Hernandez, W., Ansari, R. A., & Ferder, L. (2015). Inflammation, oxidative stress 

and renin angiotensin system in atherosclerosis. World Journal of Biological Chemistry, 
6(3), 209. https://doi.org/10.4331/wjbc.v6.i3.209 

 
Ishaq, M., Evans, M. D., & Ostrikov, K. K. (2014). Atmospheric pressure gas plasma-induced 

colorectal cancer cell death is mediated by Nox2–ASK1 apoptosis pathways and 
oxidative stress is mitigated by Srx–Nrf2 anti-oxidant system. Biochimica et Biophysica 
Acta (BBA)-Molecular Cell Research, 1843(12), 2827-2837. 
https://doi.org/10.1016/j.bbamcr.2014.08.011 

 
Jacquin, L., Gandar, A., Aguirre-Smith, M., Perrault, A., Hénaff, M. L., Jong, L. D., Paris-

Palacios, S., Laffaille, P., & Jean, S. (2019). High temperature aggravates the effects of 
pesticides in goldfish. Ecotoxicology and Environmental Safety, 172, 255-264. 
https://doi.org/10.1016/j.ecoenv.2019.01.085 

 
Janssens, L., & Stoks, R. (2017). Stronger effects of Roundup than its active ingredient 

glyphosate in damselfly larvae. Aquatic Toxicology, 193, 210-216. 
https://doi.org/10.1016/j.aquatox.2017.10.028 

 
Jiang, L. C., Basri, M., Omar, D., Rahman, M. B. A., Salleh, A. B., Rahman, R. N. Z. R. A., & 

Selamat, A. (2012). Green nano-emulsion intervention for water-soluble glyphosate 
isopropylamine (IPA) formulations in controlling Eleusine indica (E. indica). Pesticide 
Biochemistry and Physiology, 102(1), 19-29. 
https://doi.org/10.1016/j.pestbp.2011.10.004 

 
Johnston, C. I. (1990). Biochemistry and pharmacology of the renin-angiotensin system. Drugs 

39(1), 21-31. https://doi.org/10.2165/00003495-199000391-00005 
 
Johnstone, J., Nash, S., Hernandez, E., & Rahman, M. S. (2019). Effects of elevated temperature 

on gonadal functions, cellular apoptosis, and oxidative stress in Atlantic sea urchin 
Arbacia punculata. Marine Environmental Research, 149, 40-49. 
https://doi.org/10.1016/j.marenvres.2019.05.017 

 
Jones, D. K., Hammond, J. I., & Relyea, R. A. (2011). Competitive stress can make the herbicide 

Roundup® more deadly to larval amphibians. Environmental Toxicology and Chemistry, 
30(2), 446-454. https://doi.org/10.1002/etc.384 

 
Kabel, A. M., Ashour, A. M., Omar, M. S., & Estfanous, R. S. (2020). Effect of fish oil and 

telmisartan on dehydroepiandrosterone‐induced polycystic ovarian syndrome in rats: The 
role of oxidative stress, transforming growth factor beta‐1, and nuclear factor kappa B. 
Food Science & Nutrition, 8(9), 5149-5159. https://doi.org/10.1002/fsn3.1819 

 



 

52 
 

Kanduc, D., Mittelman, A., Serpico, R., Sinigaglia, E., Sinha, A. A., Natale, C., Santacroce, R., 
Di Corcia, M. G., Lucchese, A., & Dini, L. (2002). Cell death: apoptosis versus necrosis. 
International Journal of Oncology, 21(1), 165-170. PMID: 12063564. 

 
Kanthasamy, A. G., Kitazawa, M., Kanthasamy, A., & Anantharam, V. (2003). Role of 

proteolytic activation of protein kinase Cδ in oxidative stress-induced apoptosis. 
Antioxidants and Redox Signaling, 5(5), 609-620. 
https://doi.org/10.1089/152308603770310275 

 
Kaplan, J. H. (2002). Biochemistry of na, K-ATPase. Annual Review of Biochemistry, 71, 511. 

https://doi.org/10.1146/annurev.biochem.71.102201.141218 
 
Karlsson‐Norrgren, L., Dickson, W., Ljungberg, O., & Runn, P. (1986). Acid water and 

aluminium exposure: gill lesions and aluminium accumulation in farmed brown trout, 
Salmo trutta L. Journal of Fish Diseases, 9(1), 1-9. https://doi.org/10.1111/j.1365-
2761.1986.tb00974.x 

 
Khare, A., Chhawani, N., & Kumari, K. (2019). Glutathione reductase and catalase as potential 

biomarkers for synergistic intoxication of pesticides in fish. Biomarkers, 24(7), 666-676. 
https://doi.org/10.1080/1354750X.2019.1651902  

 
King, J. J., & Wagner, R. S. (2010). Toxic effects of the herbicide Roundup® Regular on Pacific 

Northwestern amphibians. Northwestern Naturalist, 91(3), 318-324. 
https://doi.org/10.1898/NWN09-25.1 

 
Kislev, M. E., Weiss, E., & Hartmann, A. (2004). Impetus for sowing and the beginning of 

agriculture: ground collecting of wild cereals. Proceedings of the National Academy of 
Sciences USA, 101(9), 2692-2695. https://doi.org/10.1073/pnas.0308739101 

 
Koskenkorva-Frank, T. S., G. Weiss, W. H. Koppenol and S. Burckhardt (2013). The complex 

interplay of iron metabolism, reactive oxygen species, and reactive nitrogen species: 
insights into the potential of various iron therapies to induce oxidative and nitrosative 
stress. Free Radical Biology and Medicine 65, 1174-1194. 
https://doi.org/10.1016/j.freeradbiomed.2013.09.001 

 
Kosunen, K. J., Pakarinen, A. J., Kuoppasalmi, K., & Adlercreutz, H. (1976). Plasma renin 

activity, angiotensin II, and aldosterone during intense heat stress. Journal of Applied 
Physiology, 41(3), 323-327. https://doi.org/10.1152/jappl.1976.41.3.323  

 
Kryston, T. B., Georgiev, A. B., Pissis, P., & Georgakilas, A. G. (2011). Role of oxidative stress 

and DNA damage in human carcinogenesis. Mutation Research/Fundamental and 
Molecular Mechanisms of Mutagenesis, 711(1-2), 193-201. 
https://doi.org/10.1016/j.mrfmmm.2010.12.016 

 
Lacy, B., & Rahman, M. S. (2022). Interactive effects of high temperature and pesticide 

exposure on oxidative status, apoptosis, and renin expression in kidney of goldfish: 

https://doi.org/10.1080/1354750X.2019.1651902


 

53 
 

Molecular and cellular mechanisms of widespread kidney damage and renin attenuation. 
Journal of Applied Toxicology, 42(11), 1787-1806. https://doi.org/10.1002/jat.4357 

 
Lacy, B., Rahman, M. S., & Rahman, M. S. (2022). Potential mechanisms of Na+/K+-ATPase 

attenuation by heat and pesticides co-exposure in goldfish: role of cellular apoptosis, 
oxidative/nitrative stress, and antioxidants in gills. Environmental Science and Pollution 
Research, 29(38), 57376-57394. https://doi.org/10.1007/s11356-022-19779-7 

 
Lanzarin, G., Venâncio, C., Félix, L. M., & Monteiro, S. (2021). Inflammatory, oxidative stress, 

and apoptosis effects in zebrafish larvae after rapid exposure to a commercial glyphosate 
formulation. Biomedicines, 9(12), 1784. https://doi.org/10.3390/biomedicines9121784  

 
Lavie L. (2015). Oxidative stress in obstructive sleep apnea and intermittent hypoxia--revisited--

the bad ugly and good: implications to the heart and brain. Sleep medicine reviews, 20, 
27–45. https://doi.org/10.1016/j.smrv.2014.07.003 

   
Lei, X. G., Zhu, J.-H., Cheng, W.-H., Bao, Y., Ho, Y.-S., Reddi, A. R., Holmgren, A., & Arnér, 

E. S. (2016). Paradoxical roles of antioxidant enzymes: basic mechanisms and health 
implications. Physiological Reviews, 96(1), 307-364. 
https://doi.org/10.1152/physrev.00010.2014 

 
Leung, P. S., & Chappell, M. C. (2003). A local pancreatic renin-angiotensin system: endocrine 

and exocrine roles. The International Journal of Biochemistry & Cell Biology, 35(6), 
838-846. https://doi.org/10.1016/s1357-2725(02)00179-6 

 
Lindsten, J., & Ringertz, N. (2001). The Nobel Prize in physiology or medicine, 1901-2000. The 

Nobel Prize: The First, 100, 111-137.  
 
Liu, B., Zhu, F., Huang, Y., Wang, Y., Yu, F., Fan, B., & Yao, J. (2010). Screening rules for 

leads of fungicides, herbicides, and insecticides. Journal of Agricultural and Food 
Chemistry, 58(5), 2673-2684. https://doi.org/10.1021/jf902639x 

 
Liu, Z., Shangguan, Y., Zhu, P., Sultan, Y., Feng, Y., Li, X., & Ma, J. (2022). Developmental 

toxicity of glyphosate on embryo-larval zebrafish (Danio rerio). Ecotoxicology and 
Environmental Safety, 2(36), 113-493. https://doi.org/10.1016/j.ecoenv.2022.113493 

 
Lortz, S., Tiedge, M., Nachtwey, T., Karlsen, A. E., Nerup, J., & Lenzen, S. (2000). Protection 

of insulin-producing RINm5F cells against cytokine-mediated toxicity through 
overexpression of antioxidant enzymes. Diabetes, 49(7), 1123-1130. 
https://doi.org/10.2337/diabetes.49.7.1123 

 
Lucu, Č., & Towle, D. W. (2003). Na++ K+-ATPase in gills of aquatic crustacea. Comparative 

Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 135(2), 195-
214. https://doi.org/10.1016/s1095-6433(03)00064-3 

 

https://doi.org/10.1007/s11356-022-19779-7
https://doi.org/10.3390/biomedicines9121784


 

54 
 

Lushchak, O. V., Kubrak, O. I., Storey, J. M., Storey, K. B., & Lushchak, V. I. (2009). Low toxic 
herbicide Roundup induces mild oxidative stress in goldfish tissues. Chemosphere, 76(7), 
932-937. https://doi.org/10.1016/j.chemosphere.2009.04.045  

 
Ma, J., Bu, Y., & Li, X. (2015). Immunological and histopathological responses of the kidney of 

common carp (Cyprinus carpio L.) sublethally exposed to glyphosate. Environmental 
Toxicology and Pharmacology, 39(1), 1-8. https://doi.org/10.1016/j.etap.2014.11.004 

 
Mahmood, J., Jelveh, S., Zaidi, A., Doctrow, S. R., Medhora, M., & Hill, R. P. (2014). Targeting 

the renin–angiotensin system combined with an antioxidant is highly effective in 
mitigating radiation-induced lung damage. International Journal of Radiation Oncology- 
Biology-Physics, 89(4), 722-728. https://doi.org/10.1016/j.ijrobp.2014.03.048 

 
Maksymiv, I. V., Husak, V. V., Mosiichuk, N. M., Matviishyn, T. M., Sluchyk, I. Y., Storey, J. 

M., Storey, K. B., & Lushchak, V. I. (2015). Hepatotoxicity of herbicide Sencor in 
goldfish may result from induction of mild oxidative stress. Pesticide Biochemistry and 
Physiology, 122, 67-75. /https://doi.org/10.1016/j.pestbp.2014.12.020  

 
Mallatt, J. (1985). Fish gill structural changes induced by toxicants and other irritants: a 

statistical review. Canadian Journal of Fisheries and Aquatic Sciences, 42(4), 630-648. 
https://doi.org/10.1139/f85-083 

 
Manisalidis, I., Stavropoulou, E., Stavropoulos, A., & Bezirtzoglou, E. (2020). Environmental 

and Health Impacts of Air Pollution: A Review. Frontiers in Public Health, 8, 14. 
https://doi.org/10.3389/fpubh.2020.00014 

 
Majno, G., & Joris, I. (1995). Apoptosis, oncosis, and necrosis. An overview of cell death. The 

American Journal of Pathology, 146(1):3-15. PMID: 7856735; PMCID: PMC1870771. 
 
Marques, A., Guilherme, S., Gaivão, I., Santos, M. A., & Pacheco, M. (2014). Progression of 

DNA damage induced by a glyphosate-based herbicide in fish (Anguilla anguilla) upon 
exposure and post-exposure periods—insights into the mechanisms of genotoxicity and 
DNA repair. Comparative Biochemistry and Physiology Part C: Toxicology & 
Pharmacology, 166, 126-133. https://doi.org/10.1016/j.cbpc.2014.07.009 

 
Martins, A. W. S., Silveira, T. L., Remião, M. H., Domingues, W. B., Dellagostin, E. N., Junior, 

A. S. V., Corcini, C. D., Costa, P. G., Bianchini, A., & Somoza, G. M. (2021). Acute 
exposition to Roundup Transorb® induces systemic oxidative stress and alterations in the 
expression of newly sequenced genes in silverside fish (Odontesthes humensis). 
Environmental Science and Pollution Research, 28(46), 65127-65139. 
https://doi.org/10.1007/s11356-021-15239-w 

 
Matsushima, A. (2018). A novel action of endocrine-disrupting chemicals on wildlife; DDT and 

its derivatives have remained in the environment. International Journal of Molecular 
Sciences 19(5): 1377. https://doi.org/10.3390/ijms19051377 

 

https://doi.org/10.1016/j.chemosphere.2009.04.045
https://doi.org/https:/doi.org/10.1016/j.pestbp.2014.12.020


 

55 
 

McCart, C., & Buckling, A. (2005). DDT resistance in flies carries no cost. Current Biology, 
15(15), R587-R589. https://doi.org/10.1016/j.cub.2005.07.054 

 
Meena, R. A. A., Sathishkumar, P., Ameen, F., Yusoff, A. R. M., & Gu, F. L. (2018). Heavy 

metal pollution in immobile and mobile components of lentic ecosystems—a review. 
Environmental Science and Pollution Research, 25(5), 4134-4148. 
https://doi.org/10.1007/s11356-017-0966-2 

 
Mertens, M., Höss, S., Neumann, G., Afzal, J., & Reichenbecher, W. (2018). Glyphosate, a 

chelating agent-relevant for ecological risk assessment? Environmental Science and 
Pollution Research International, 25(6), 5298–5317. https://doi.org/10.1007/s11356-017-
1080-1 

 
Mesnage, R., Defarge, N., De Vendômois, J. S., & Séralini, G. (2015). Potential toxic effects of 

glyphosate and its commercial formulations below regulatory limits. Food and Chemical 
Toxicology, 84, 133-153. https://doi.org/10.1016/j.fct.2015.08.012 

 
Mishra, A. K., & Mohanty, B. (2008). Acute toxicity impacts of hexavalent chromium on 

behavior and histopathology of gill, kidney and liver of the freshwater fish, Channa 
punctatus (Bloch). Environmental Toxicology and Pharmacology, 26(2), 136-141. 
https://doi.org/10.1016/j.etap.2008.02.010 

 
Modesto, K. A., & Martinez, C. B. (2010). Effects of RoundUp Transorb on fish: hematology, 

antioxidant defenses and acetylcholinesterase activity. Chemosphere, 81(6), 781-787. 
https://doi.org/10.1016/j.chemosphere.2010.07.005  

 
Modesto, K. A., & Martinez, C. B. (2010). Roundup® causes oxidative stress in liver and 

inhibits acetylcholinesterase in muscle and brain of the fish Prochilodus lineatus. 
Chemosphere, 78(3), 294-299. https://doi.org/10.1016/j.chemosphere.2009.10.047 

 
Monteiro, D. A., Rantin, F. T., & Kalinin, A. L. (2010). Inorganic mercury exposure: 

toxicological effects, oxidative stress biomarkers and bioaccumulation in the tropical 
freshwater fish matrinxã, Brycon amazonicus (Spix and Agassiz, 1829). Ecotoxicology, 
19(1), 105-123. https://doi.org/10.1007/s10646-009-0395-1 

 
Moore, L. J., Fuentes, L., Rodgers Jr, J. H., Bowerman, W. W., Yarrow, G. K., Chao, W. Y., & 

Bridges Jr, W. C. (2012). Relative toxicity of the components of the original formulation 
of RoundUp® to five North American anurans. Ecotoxicology and Environmental Safety, 
78, 128-133. https://doi.org/10.1016/j.ecoenv.2011.11.025 

 
Morcillo, P., Esteban, M. Á., & Cuesta, A. (2016). Heavy metals produce toxicity, oxidative 

stress and apoptosis in the marine teleost fish SAF-1 cell line. Chemosphere, 144, 225-
233. https://doi.org/10.1016/j.chemosphere.2015.08.020 

 
Morris, G., Berk, M., Galecki, P., Walder, K., & Maes, M. (2016). The neuro-immune 

pathophysiology of central and peripheral fatigue in systemic immune-inflammatory and 

https://doi.org/10.1007/s11356-017-0966-2


 

56 
 

neuro-immune diseases. Molecular Neurobiology, 53(2), 1195-1219. 
https://doi.org/10.1007/s12035-015-9090-9 

 
Morth, J. P., B. P. Pedersen, M. J. Buch-Pedersen, J. P. Andersen, B. Vilsen, M. G. Palmgren 

and P. Nissen (2011). A structural overview of the plasma membrane Na+,K+-ATPase 
and H+-ATPase ion pumps. Nature Reviews Molecular Cell Biology 12(1): 60-70. 
https://doi.org/10.1038/nrm3031 

 
Morton, V., & Staub, T. (2008). A short history of fungicides. APSnet Features, 308. https://doi: 

10.1094/APSnetFeature-2008-0308 
 
Mulkidjanian, A. Y., Bychkov, A. Y., Dibrova, D. V., Galperin, M. Y., & Koonin, E. V. (2012). 

Origin of first cells at terrestrial, anoxic geothermal fields. Proceedings of the National 
Academy of Sciences, 109(14), E821-E830. https://doi.org/10.1073/pnas.1117774109 

 
Murray-Zmijewski, F., Slee, E. A., & Lu, X. (2008). A complex barcode underlies the 

heterogeneous response of p53 to stress. Nature Reviews Molecular Cell Biology, 9(9), 
702-712. https://doi.org/10.1038/nrm2451 

 
Myers, J. P., Antoniou, M. N., Blumberg, B., Carroll, L., Colborn, T., Everett, L. G., Hansen, M., 

Landrigan, P. J., Lanphear, B. P., & Mesnage, R. (2016). Concerns over use of 
glyphosate-based herbicides and risks associated with exposures: a consensus statement. 
Environmental Health, 15(1), 1-13. https://doi.org/10.1186/s12940-016-0117-0 

 
Nash, S., & Rahman, M. S. (2019). Short‐term heat stress impairs testicular functions in the 

American oyster, Crassostrea virginica: Molecular mechanisms and induction of 
oxidative stress and apoptosis in spermatogenic cells. Molecular Reproduction and 
Development, 86(10), 1444-1458. https://doi.org/10.1002/mrd.23268 

 
Nash, S., Johnstone, J., & Rahman, M. S. (2019). Elevated temperature attenuates ovarian 

functions and induces apoptosis and oxidative stress in the American oyster, Crassostrea 
virginica: potential mechanisms and signaling pathways. Cell Stress and Chaperones, 
24(5), 957-967. https://doi.org/10.1007/s12192-019-01023-w  

 
Nishimura, H., & Ogawa, M. (1973). The renin-angiotensin system in fishes. American 

Zoologist, 13(3), 823-838. https://doi.org/10.1093/icb/13.3.823 
 
Oliveira, A. G., Telles, L. F., Hess, R. A., Mahecha, G. A., & Oliveira, C. A. (2007). Effects of 

the herbicide RoundUp on the epididymal region of drakes Anas platyrhynchos. 
Reproductive Toxicology, 23(2), 182-191. https://doi.org/10.1016/j.reprotox.2006.11.004 

 
Olojo, E., Olurin, K., Mbaka, G., & Oluwemimo, A. (2005). Histopathology of the gill and liver 

tissues of the African catfish Clarias gariepinus exposed to lead. African Journal of 
Biotechnology, 4(1), 117-122.  

 



57 

Olsvik, P., T. Kristensen, R. Waagbø, B. Rosseland, K.-E. Tollefsen, G. Baeverfjord and M. 
Berntssen (2005). mRNA expression of antioxidant enzymes (SOD, CAT and GSH-Px) 
and lipid peroxidative stress in liver of Atlantic salmon (Salmo salar) exposed to 
hyperoxic water during smoltification. Comparative Biochemistry and Physiology Part 
C: Toxicology & Pharmacology 141(3), 314-323. 
https://doi.org/10.1016/j.cbpc.2005.07.009 

Ortiz, J. B., de Canales, M. L. G., & Sarasquete, C. (2003). Histopathological changes induced 
by lindane (?-HCH) in various organs of fishes. Scientia Marina, 67(1), 53-61. 
https://doi.org/10.3989/scimar.2003.67n153 

Oruç, E. Ö. and D. Usta (2007). Evaluation of oxidative stress responses and neurotoxicity 
potential of diazinon in different tissues of Cyprinus carpio. Environmental Toxicology 
and Pharmacology 23(1), 48-55. https://doi.org/10.1016/j.etap.2006.06.005 

Ota, K. G., & Abe, G. (2016). Goldfish morphology as a model for evolutionary developmental 
biology. Wiley Interdisciplinary Reviews: Developmental Biology, 5(3), 272-295. 
https://doi.org/10.1002/wdev.224 

Ozcan, E., Sevgiler, Y., & Uner, N. (2004). Tissue-specific oxidative stress responses in fish 
exposed to 2,4-D and azinphosmethyl. Comparative Biochemistry and Physiology Part 
C: Toxicology & Pharmacology, 137(1), 43-51. 
https://doi.org/https://doi.org/10.1016/j.cca.2003.11.006  

Padmini, E., Geetha, B. V., & Rani, M. U. (2009). Pollution induced nitrative stress and heat 
shock protein 70 overexpression in fish liver mitochondria. Science of the Total 
Environment, 407(4), 1307-1317. https://doi.org/10.1016/j.scitotenv.2008.09.038 

Page, B. G., & Thomson, W. T. (1994). The Insecticide, Herbicide, Fungicide Quick Guide: 
Thomson Publications. 

Pałecz, D., Komuński, R., & Gabryelak, T. (2005). Na+ K+-ATPase activity as a biomarker of 
toxaphene toxicity in Unio tumidus. Toxicology in Vitro, 19(5), 707-712. 
https://doi.org/10.1016/j.tiv.2005.03.014 

Pan, Z. J., Davis, K., Maier, S., Bachmann, M. P., Kim‐Howard, X. R., Keech, C., Gordon, T. P., 
McCluskey, J., & Farris, A. D. (2006). Neo‐epitopes are required for immunogenicity of 
the La/SS‐B nuclear antigen in the context of late apoptotic cells. Clinical & 
Experimental Immunology, 143(2), 237-248. https://doi.org/10.1111/j.1365-
2249.2005.03001.x 

Panetto, O. S., Gomes, H. F., Gomes, D. S. F., Campos, E., Romeiro, N. C., Costa, E. P., do 
Carmo, P. R., Feitosa, N. M., & Moraes, J. (2019). The effects of Roundup® in embryo 
development and energy metabolism of the zebrafish (Danio rerio). Comparative 
Biochemistry and Physiology Part C: Toxicology & Pharmacology, 222, 74-81. 
https://doi.org/10.1016/j.cbpc.2019.04.007 

https://doi.org/https:/doi.org/10.1016/j.cca.2003.11.006


 

58 
 

 
Panth, N., K. R. Paudel & K. Parajuli (2016). Reactive oxygen species: a key hallmark of 

cardiovascular disease. Advances in Medicine 2016. 
https://doi.org/10.1155/2016/9152732 

 
Parlak, V. (2018). Evaluation of apoptosis, oxidative stress responses, AChE activity and body 

malformations in zebrafish (Danio rerio) embryos exposed to deltamethrin. 
Chemosphere, 207, 397-403. https://doi.org/10.1016/j.chemosphere.2018.05.112 

 
Peach, M. J. (1977). Renin-angiotensin system: biochemistry and mechanisms of action. 

Physiological Reviews 57(2): 313-370. https://doi.org/10.1152/physrev.1977.57.2.313 
 
Pearce, N., A. Blair, P. Vineis, W. Ahrens, A. Andersen, J. M. Anto, B. K. Armstrong, A. A. 

Baccarelli, F. A. Beland & A. Berrington (2015). IARC monographs: 40 years of 
evaluating carcinogenic hazards to humans. Environmental Health Perspectives 123(6): 
507-514. https://doi.org/10.1289%2Fehp.1409149 

 
Pedrajas, J. R., Peinado, J., & Lopez-Barea, J. (1995). Oxidative stress in fish exposed to model 

xenobiotics. Oxidatively modified forms of Cu, Zn-superoxide dismutase as potential 
biomarkers. Chemico-Biological Interactions, 98(3), 267-282. 
https://doi.org/10.1016/0009-2797(95)03651-2 

 
Perkins J. H. (1978). Reshaping technology in wartime: the effect of military goals on 

entomological research and insect-control practices. Technology and Culture, 19(2), 169–
186. https://doi.org/10.2307/3103719 

 
Pérez, G. L., Torremorell, A., Mugni, H., Rodríguez, P., Solange Vera, M., do Nascimento, M., 

Allende, L., Bustingorry, J., Escaray, R., Ferraro, M., Izaguirre, I., Pizarro, H., Bonetto, 
C., Morris, D. P., & Zagarese, H. (2007). Effects of the herbicide Roundup on freshwater 
microbial communities: a mesocosm study. Ecological Applications: a publication of the 
Ecological Society of America, 17(8), 2310–2322. https://doi.org/10.1890/07-0499.1 

 
Persson, P. B. (2003). Renin: origin, secretion and synthesis. The Journal of Physiology, 552(3), 

667-671. https://doi.org/10.1113/jphysiol.2003.049890 
 
Pham-Huy, L. A., He, H., & Pham-Huy, C. (2008). Free radicals, antioxidants in disease and 

health. International Journal of Biomedical Science: IJBS, 4(2), 89.  
 
Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, F., & Arcoraci, V. (2017). & Bitto, A. 

2017. Oxidative stress: harms and benefits for human health. Oxidative Medicine and 
Cellular Longevity, 1-13. https://doi.org/10.1155/2017/8416763 

 
Qaim, M. & G. Traxler (2005). Roundup Ready soybeans in Argentina: farm level and aggregate 

welfare effects. Agricultural Economics 32(1), 73-86. https://doi.org/10.1111/j.0169-
5150.2005.00006.x 

 

https://doi.org/10.1016/0009-2797(95)03651-2


 

59 
 

Rahal, A., A. Kumar, V. Singh, B. Yadav, R. Tiwari, S. Chakraborty & K. Dhama (2014). 
Oxidative stress, prooxidants, and antioxidants: the interplay. BioMed Research 
International 2014. https://doi.org/10.1155/2014/761264 

 
Rahman, M. S. & M. S. Rahman (2021). Effects of elevated temperature on prooxidant-

antioxidant homeostasis and redox status in the American oyster: Signaling pathways of 
cellular apoptosis during heat stress. Environmental Research 196, 110428. 
https://doi.org/10.1016/j.envres.2020.110428 

 
Rahman, M., Takemura, A., & Takano, K. (2000). Annual changes in ovarian histology, plasma 

steroid hormones and vitellogenin in the female golden rabbitfish, Siganus guttatus 
(Bloch). Bulletin of Marine Science, 67(2), 729-740. 

 
Ramírez-Duarte, W. F., Rondón-Barragán, I. S., & Eslava-Mocha, P. R. (2008). Acute toxicity 

and histopathological alterations of Roundup® herbicide on cachama blanca (Piaractus 
brachypomus). Pesquisa Veterinaria Brasileira, 28, 547-554. 
https://doi.org/10.1590/S0100-736X2008001100002 

 
Randi, A., Monserrat, J., Rodriguez, E., & Romano, L. (1996). Histopathological effects of 

cadmium on the gills of the freshwater fish, Macropsobrycon uruguayanae Eigenmann 
(Pisces, Atherinidae). Journal of Fish Diseases, 19(4), 311-322. 
https://doi.org/10.1046/j.1365-2761.1996.d01-82.x 

 
Rissoli, R. Z., Abdalla, F. C., Costa, M. J., Rantin, F. T., McKenzie, D. J., & Kalinin, A. L. 

(2016). Effects of glyphosate and the glyphosate based herbicides Roundup Original® 
and Roundup Transorb® on respiratory morphophysiology of bullfrog tadpoles. 
Chemosphere, 156, 37-44. https://doi.org/10.1016/j.chemosphere.2016.04.083 

 
Saenen, N. D., K. Vrijens, B. G. Janssen, H. A. Roels, K. Y. Neven, W. Vanden Berghe, W. 

Gyselaers, C. Vanpoucke, W. Lefebvre & P. De Boever (2017). Lower placental leptin 
promoter methylation in association with fine particulate matter air pollution during 
pregnancy and placental nitrosative stress at birth in the ENVIRONAGE cohort. 
Environmental Health Perspectives 125(2), 262-268. https://doi.org/10.1289/ehp38 

 
Salvi, M., Battaglia, V., Brunati, A. M., La Rocca, N., Tibaldi, E., Pietrangeli, P., Marcocci, L., 

Mondovi, B., Rossi, C. A., & Toninello, A. (2007). Catalase takes part in rat liver 
mitochondria oxidative stress defense. Journal of Biological Chemistry, 282(33), 24407-
24415. https://doi.org/10.1074/jbc.m701589200 

 
Samanta, P., Mukherjee, A. K., Pal, S., Kole, D., & Ghosh, A. R. (2016). Toxic effects of 

glyphosate-based herbicide, Excel Mera 71 on gill, liver, and kidney of Heteropneustes 
fossilis under laboratory and field conditions. Journal of Microscopy and Ultrastructure, 
4(3), 147-155. https://doi.org/10.1016/j.jmau.2016.01.002  

 
Schwab, K., & Davis, N. (2018). Shaping the future of the fourth industrial revolution: A guide 

to building a better world. Currency.  

https://doi.org/10.1016/j.jmau.2016.01.002


60 

Shiogiri, N. S., Paulino, M. G., Carraschi, S. P., Baraldi, F. G., da Cruz, C., & Fernandes, M. N. 
(2012). Acute exposure of a glyphosate-based herbicide affects the gills and liver of the 
Neotropical fish, Piaractus mesopotamicus. Environmental Toxicology and 
Pharmacology, 34(2), 388-396. https://doi.org/10.1016/j.etap.2012.05.007 

Shiva, V. (2019). The Fight Against Monsanto's Roundup: The Politics of Pesticides. Simon and 
Schuster. 

Shuang, L., Su, X. L., Zheng, G. D., & Zou, S. M. (2022). Effects of hypoxia and reoxygenation 
on gill remodeling, apoptosis, and oxidative stress in hypoxia-tolerant new variety blunt 
snout bream (Megalobrama amblycephala). Fish Physiology and Biochemistry, 48(1), 
263-274. https://doi.org/10.1007/s10695-022-01047-7

Sies, H. (1997). Oxidative stress: oxidants and antioxidants. Experimental Physiology: 
Translation and Integration, 82(2), 291-295. 
https://doi.org/10.1113/expphysiol.1997.sp004024 

Sies, H. (2000). What is oxidative stress?. In Oxidative stress and vascular disease (pp. 1-8). 
Springer, Boston, MA. https://doi.org/10.1007/978-1-4615-4649-8_1 

Small, D. M., Coombes, J. S., Bennett, N., Johnson, D. W., & Gobe, G. C. (2012). Oxidative 
stress, anti‐oxidant therapies and chronic kidney disease. Nephrology, 17(4), 311-321. 
https://doi.org/10.1111/j.1440-1797.2012.01572.x 

Smith, C. M., Vera, M. K., & Bhandari, R. K. (2019). Developmental and epigenetic effects of 
Roundup and glyphosate exposure on Japanese medaka (Oryzias latipes). Aquatic 
Toxicology, 210, 215-226. https://doi.org/10.1016/j.aquatox.2019.03.005 

Snezhkina, A. V., Kudryavtseva, A. V., Kardymon, O. L., Savvateeva, M. V., Melnikova, N. V., 
Krasnov, G. S., & Dmitriev, A. A. (2019). ROS generation and antioxidant defense 
systems in normal and malignant cells. Oxidative Medicine and Cellular Longevity, 2019. 
https://doi.org/10.1155/2019/6175804 

Solomon, K., & Thompson, D. (2003). Ecological risk assessment for aquatic organisms from 
over-water uses of glyphosate. Journal of Toxicology and Environmental Health, Part B, 
6(3), 289-324. https://doi.org/10.1080/10937400306468 

Staurnes, M., Sigholt, T., & Reite, O. (1984). Reduced carbonic anhydrase and Na− K-ATPase 
activity in gills of salmonids exposed to aluminium-containing acid water. Experientia, 
40(2), 226-227.  

Stearns, P. N. (2020). The industrial revolution in world history: Routledge. 
https://doi.org/10.4324/9781003050186 



 

61 
 

Steinrücken, H. C. & N. Amrhein (1984). 5‐Enolpyruvylshikimate‐3‐phosphate synthase of 
Klebsiella pneumoniae: 2. Inhibition by glyphosate [N‐(phosphononmethyl) glycine]. 
European Journal of Biochemistry 143(2), 351-357. https://doi.org/10.1111/j.1432-
1033.1984.tb08379.x 

 
Stone, W. W., Gilliom, R. J., & Ryberg, K. R. (2014). Pesticides in U.S. streams and rivers: 

occurrence and trends during 1992-2011. Environmental Science & Technology, 48(19), 
11025–11030. https://doi.org/10.1021/es5025367  

 
Strilbyska, O. M., Tsiumpala, S. A., Kozachyshyn, I. I., Strutynska, T., Burdyliuk, N., Lushchak, 

V. I., & Lushchak, O. (2022). The effects of low-toxic herbicide Roundup and glyphosate 
on mitochondria. EXCLI Journal, 21, 183. https://doi.org/10.17179/excli2021-4478 

 
Taysi, M. R., Kirici, M., Kirici, M., Sögüt, B., Bozdayi, M. A., Tarakçioğlu, M., & Taysi, S. 

(2021). The Role of Nitrosative and Oxidative Stress in Rainbow Trout (Oncorhynchus 
Mykiss) Gill Tissue Applying Mercury Chloride. Kahramanmaraş Sütçü İmam 
Üniversitesi Tarım ve Doğa Dergisi, 24(5), 957-962. 
https://doi.org/10.18016/ksutarimdoga.vi.821176 

 
Torreilles, J., & Romestand, B. (2001). In vitro production of peroxynitrite by haemocytes from 

marine bivalves: C-ELISA determination of 3-nitrotyrosine level in plasma proteins from 
Mytilus galloprovincialis and Crassostrea gigas. BMC Immunology, 2(1), 1-5. 
https://doi.org/10.1186/1471-2172-2-1 

 
Tsaboula, A., Menexes, G., Papadakis, E.-N., Vryzas, Z., Kotopoulou, A., Kintzikoglou, K., & 

Papadopoulou-Mourkidou, E. (2019). Assessment and management of pesticide pollution 
at a river basin level part II: Optimization of pesticide monitoring networks on surface 
aquatic ecosystems by data analysis methods. Science of the Total Environment, 653, 
1612-1622.  https://doi.org/10.1016/j.scitotenv.2018.10.270 

 
Unsworth, J. B. (2020). History of Pesticide Use. IUPAC International Union of Pure and 

Applied Chemistry. https://tinyurl.com/2s2r5uhd  
 
Uren Webster, T. M., & Santos, E. M. (2015). Global transcriptomic profiling demonstrates 

induction of oxidative stress and of compensatory cellular stress responses in brown trout 
exposed to glyphosate and Roundup. BMC Genomics, 16(1), 32. 
https://doi.org/10.1186/s12864-015-1254-5 

 
Valavanidis, A., Vlahogianni, T., Dassenakis, M., & Scoullos, M. (2006). Molecular biomarkers 

of oxidative stress in aquatic organisms in relation to toxic environmental pollutants. 
Ecotoxicology and Environmental Safety, 64(2), 178-189. 
https://doi.org/10.1016/j.ecoenv.2005.03.013 

 
Van Metre, P. C., Alvarez, D. A., Mahler, B. J., Nowell, L., Sandstrom, M., & Moran, P. (2017). 

Complex mixtures of Pesticides in Midwest US streams indicated by POCIS time-



 

62 
 

integrating samplers. Environmental Pollution, 220, 431-440. 
https://doi.org/10.1016/j.envpol.2016.09.085 

 
Vats, S. (2015). Herbicides: history, classification and genetic manipulation of plants for 

herbicide resistance. Sustainable Agriculture Reviews: 153-192. 
https://doi.org/10.1007/978-3-319-09132-7_ 

 
Vera, M. S., Lagomarsino, L., Sylvester, M., Pérez, G. L., Rodríguez, P., Mugni, H., . . . Pizarro, 

H. (2010). New evidences of Roundup® (glyphosate formulation) impact on the 
periphyton community and the water quality of freshwater ecosystems. Ecotoxicology, 
19(4), 710-721. doi:10.1007/s10646-009-0446-7 

 
Vijayavel, K., S. Gopalakrishnan & M. Balasubramanian (2007). Sublethal effect of silver and 

chromium in the green mussel Perna viridis with reference to alterations in oxygen 
uptake, filtration rate and membrane bound ATPase system as biomarkers. Chemosphere 
69(6), 979-986. https://doi.org/10.1016/j.chemosphere.2007.05.011 

 
Wagner, C., Steffen, R., Koziol, C., Batel, R., Lacorn, M., Steinhart, H., . . . Müller, W. (1998). 

Apoptosis in marine sponges: a biomarker for environmental stress (cadmium and 
bacteria). Marine Biology, 131(3), 411-421. https://doi.org/10.1007/s002270050334 

 
Wang, F., J. Ma, F. Han, X. Guo, L. Meng, Y. Sun, C. Jin, H. Duan, H. Li & Y. Peng (2016). 

DL-3-n-butylphthalide delays the onset and progression of diabetic cataract by inhibiting 
oxidative stress in rat diabetic model. Scientific Reports 6(1), 19396. 
https://doi.org/10.1038/srep19396 

 
Wang, F., Q. Yuan, F. Chen, J. Pang, C. Pan, F. Xu & Y. Chen (2021). Fundamental 

mechanisms of the cell death caused by nitrosative stress. Frontiers in Cell and 
Developmental Biology 9. https://doi.org/10.3389/fcell.2021.742483 

 
Wang, W. N., Zhou, J., Wang, P., Tian, T. T., Zheng, Y., Liu, Y., ... & Wang, A. L. (2009). 

Oxidative stress, DNA damage and antioxidant enzyme gene expression in the Pacific 
white shrimp, Litopenaeus vannamei when exposed to acute pH stress. Comparative 
Biochemistry and Physiology Part C: Toxicology & Pharmacology, 150(4), 428-435. 
https://doi.org/10.1016/j.cbpc.2009.06.010 

 
Watson A. J. (2006). An overview of apoptosis and the prevention of colorectal cancer. Critical 

Reviews in Oncology/Hematology, 57(2), 107–121. 
https://doi.org/10.1016/j.critrevonc.2005.06.005 

 
Wong, M. K.-S. (2021). Chapter 42 - Renin-angiotensin system. In H. Ando, K. Ukena, & S. 

Nagata (Eds.), Handbook of Hormones (Second Edition) (pp. 489-491). Academic Press. 
https://doi.org/https://doi.org/10.1016/B978-0-12-820649-2.00124-8 

 

https://doi.org/https:/doi.org/10.1016/B978-0-12-820649-2.00124-8


63 

Xu, H., Zhang, X., Li, H., Li, C., Huo, X.-J., Hou, L.-P., & Gong, Z. (2018). Immune response 
induced by major environmental pollutants through altering neutrophils in zebrafish 
larvae. Aquatic Toxicology, 201, 99-108. https://doi.org/10.1016/j.aquatox.2018.06.002 

Yadav, S. S., Giri, S., Singha, U., Boro, F., & Giri, A. (2013). Toxic and genotoxic effects of 
Roundup on tadpoles of the Indian skittering frog (Euflictis cyanophlyctis) in the 
presence and absence of predator stress. Aquatic Toxicology, 132, 1-8. 
https://doi.org/10.1016/j.aquatox.2013.01.016 

Zhang, L., Yan, C., Guo, Q., Zhang, J., & Ruiz-Menjivar, J. (2018). The impact of agricultural 
chemical inputs on environment: global evidence from informetrics analysis and 
visualization. International Journal of Low-Carbon Technologies, 13(4), 338-352. 
https://doi.org/10.1080/10408398.2011.577540 

Zhang, W., Xiao, S., & Ahn, D. U. (2013). Protein oxidation: Basic principles and implications 
for meat quality. Critical Reviews in Food Science and Nutrition, 53(11), 1191–1201. 
https://doi.org/10.1080/10408398.2011.577540 

Zorov, D. B., M. Juhaszova & S. J. Sollott (2014). Mitochondrial reactive oxygen species (ROS) 
and ROS-induced ROS release. Physiological Reviews 94(3), 909-950. 
https://doi.org/10.1152/physrev.00026.2013

https://doi.org/10.1080/10408398.2011.577540
https://doi.org/10.1152/physrev.00026.2013


64 

APPENDIX



65 

Figure 1: Effects of 2-week Roundup exposure on the morphology in gills of goldfish. (A-C) 
Histological appearance of representative photographs of gills in control (no Roundup) (A), low 
dose (B) and high dose (C). Arrow indicates some specific points (e.g., protruding lamellae 
length (PLL), interlamellar cell mass (ILCM) and distance between lamellae (DLL) of gill which 
has gone through gill remodeling in different dosage. Scale bar = 100 µm.
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Figure 2: Effects of 2-week Roundup exposure on biological values in gills of goldfish. (A) 
Protruding lamellae length change value. (B) Gill interlamellar cell mass (ILCM). (C)  Distance 
between each lamellae in gills measured. The whiskers represent maximum and minimum value 
for each datasets. Each value represents the mean ± SEM (N = 112-307). Different letters 
indicate significant differences (One-way ANOVA followed by Tukey’s test, P<0.05). 
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Figure 3: Effects of 2-week Roundup exposure on the morphology in kidneys of goldfish. (A-C) 
Histological appearance of representative photographs of kidneys in control (no Roundup) (A), low 
dose (B) and high dose (C). Arrow indicates some specific points (e.g., melanin pigment (MP) 
formed, bowman capsule (BC) area changed, etc.) in kidneys. Scale bar = 100 µm. 
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Figure 4: Effects of 2-week Roundup exposure on biological values in kidneys of goldfish. (A) 
Area of bowman's capsule. (B) Immunoreactive intensity of melanin formation. The whiskers 
represent maximum and minimum value for each dataset. Each value represents the mean ± SEM 
(N = 102-195). Different letters indicate significant differences (One-way ANOVA followed by 
Tukey’s test, P<0.05). 
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Figure 5: Effects of 2-week Roundup exposure on 2,4-dinitrophenol protein (DNP) expression in 
gills and kidneys of goldfish. Arrows indicate higher protein expression. DNP expression in 
representative photographs of gills (A) in control (no Roundup), (B) low dose (LD), (C) high dose 
(HD). (D-F) DNP expression in representative photographs of kidneys in goldfish collected in CTL 
(A), LD (B), and HD (C) Roundup exposed groups. MP, melanin pigment. Scale bar = 100 µm. 
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Figure 6: Effects of 2-week Roundup exposure on 2,4-dinitrophenol protein (DNP) 
immunoreactive (IR) intensity in (A) gills and (B) kidneys of goldfish. The whiskers represent 
the maximum and minimum values for each dataset. Each value represents the mean ± SEM (N = 
112-307). Different letters indicate significant differences (One-way ANOVA followed by
Tukey’s test, P<0.05). ImageJ software was used to measure the optical density (OD) values of
protein expression. (C-D) Negative controls of DNP in gills (C) and kidneys (D). Scale bar = 100
µm
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Figure 7: Effects of 2-week Roundup exposure on 3-nitrotyrosine protein (NTP) expression in gills 
and kidneys of goldfish. Arrows indicate higher protein expression. NTP expression in representative 
photographs of gills (A) in control (no Roundup), (B) low dose (LD), (C) high dose (HD). (D-F) NTP 
expression in representative photographs of kidneys in goldfish collected in CTL (A), LD (B), and 
HD (C) Roundup exposed groups. Scale bar = 100 µm.  
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Figure 8: Effects of 2-week Roundup exposure on 3-nitrotyrosine protein (NTP) immunoreactive 
(IR) intensity in (A) gills and (B) kidneys of goldfish. The whiskers represent the maximum and 
minimum values for each dataset. Each value represents the mean ± SEM (N = 108-185). Different 
letters indicate significant differences (One-way ANOVA followed by Tukey’s test, P<0.05). ImageJ 
software was used to measure the optical density (OD) values of protein expression. (C-D) Negative 
controls of NTP in gills (C) and kidneys (D). Scale bar = 100 µm 
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Figure 9: Effects of 2-week Roundup exposure on cellular apoptosis in gills and kidneys of 
goldfish. Arrows represent apoptotic nuclei. TUNNEL intensity in representative photographs of 
gills (A) in control (no Roundup), (B) low dose (LD), (C) high dose (HD). (D-F) TUNNEL 
intensity expression in representative photographs of kidneys in goldfish collected in CTL (A), LD 
(B), and HD (C) Roundup exposed groups. Scale bar = 100 µm. 
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Figure 10. Effects of 2-week Roundup exposure on TUNEL immunoreactive (IR) intensity in 
gills and kidneys of goldfish. TUNEL (terminal deoxynucleotidyl transferase (TdT) dUTP nick-
end labeling) intensity in gills (A) and kidneys (B). The whiskers represent maximum and 
minimum value for each datasets. Each value represents the mean ± SEM (N = 182-305). 
Different letters indicate significant differences (One-way ANOVA followed by Tukey’s test, 
P<0.05). 
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Figure 11: Effects of 2-week Roundup exposure on superoxide dismutase (SOD) enzyme expression 
in gills and kidneys of goldfish. Darker brown spots in tissue sections, indicated with arrows 
represent higher enzyme expression. SOD expression in representative photographs of gills (A) in 
control (no Roundup), (B) low dose (LD), (C) high dose (HD). (D-F) SOD expression in 
representative photographs of kidneys in goldfish collected in CTL (A), LD (B), and HD (C) 
Roundup exposed groups. MP, melanin pigment. Scale bar = 100 µm. 



76 

Figure 12: Effects of 2-week Roundup exposure on superoxide dismutase (SOD) enzyme 
immunoreactive (IR) intensity in (A) gills and (B) kidneys of goldfish. The whiskers represent 
the maximum and minimum values for each dataset. Each value represents the mean ± SEM (N 
= 128-156). Different letters indicate significant differences (One-way ANOVA followed by 
Tukey’s test, P<0.05). ImageJ software was used to measure the optical density (OD) values of 
enzyme expression. (C-D) Negative controls of SOD in gills (C) and kidneys (D). Scale bar = 
100 µm 



77 

Figure 13: Effects of 2-week Roundup exposure on catalase (CAT) enzyme expression in gills and: 
kidneys of goldfish. Arrows indicate higher expression of CAT. (A-C) CAT expression in 
representative photographs of gills (A) in control (no Roundup), (B) low dose (LD), (C) high dose 
(HD). (D-F) CAT expression in representative photographs of kidneys collected in CTL (A), LD 
(B), and HD (C) Roundup exposed groups. Scale bar = 100 µm. 
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Figure 14: Effects of 2-week Roundup exposure on catalase (CAT) enzyme immunoreactive (IR) 
intensity in (A) gills and (B) kidneys of goldfish. The whiskers represent the maximum and 
minimum values for each dataset. Each value represents the mean ± SEM (N = 116-199). 
Different letters indicate significant differences (One-way ANOVA followed by Tukey’s test, 
P<0.05). ImageJ software was used to measure the optical density (OD) values of enzyme 
expression. (C-D) Negative controls of CAT in gills (C) and kidneys (D). Scale bar = 100 µm 
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Figure 15: Effects of 2-week Roundup exposure on renin expression in gills and kidneys of 
goldfish. Arrows represent higher expression. Renin expression in representative photographs of 
gills (A) in control (no Roundup), (B) low dose (LD), (C) high dose (HD). (D-F) Renin expression 
in representative photographs of kidneys in goldfish collected in CTL (A), LD (B), and HD (C) 
Roundup exposed groups. Scale bar = 100 µm. 
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Figure 16: Effects of 2-week Roundup exposure on renin enzyme immunoreactive (IR) intensity 
in (A) gills and (B) kidneys of goldfish. The whiskers represent the maximum and minimum 
values for each dataset. Each value represents the mean ± SEM (N = 98-181). Different letters 
indicate significant differences (One-way ANOVA followed by Tukey’s test, P<0.05). ImageJ 
software was used to measure the optical density (OD) values of enzyme expression. (C-D) 
Negative controls of renin in gills (C) and kidneys (D). Scale bar = 100 µm
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Figure 17: Effects of 2-week Roundup exposure on superoxide dismutase Na+/K+-ATPase (NKA) 
expression in gills and kidneys of goldfish. Arrows represent higher expression. NKA expression in 
representative photographs of gills (A) in control (no Roundup), (B) low dose (LD), (C) high dose 
(HD). (D-F) NKA expression in representative photographs of kidneys in goldfish collected in CTL 
(A), LD (B), and HD (C) Roundup exposed gropus. Scale bar = 100 µm. 
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Figure 18: Effects of 2-week Roundup exposure on Na+/K+-ATPase (NKA) enzyme 
immunoreactive (IR) intensity in (A) gills and (B) kidneys of goldfish. The whiskers represent the 
maximum and minimum values for each dataset. Each value represents the mean ± SEM (N = 
77-177). Different letters indicate significant differences (One-way ANOVA followed by Tukey’s 
test, P<0.05). ImageJ software was used to measure the optical density (OD) values of enzyme 
expression. (C-D) Negative controls of NKA in gills (C) and kidneys (D). Scale bar = 100 µm
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