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Lay Abstract

Pharmaceuticals have been detected at the ng to pg L-1 range in aqueous
environments for decades. These compounds are designed to be biologically active at low
concentrations and can cause elicit adverse effects in non-target species. Among the more
recently detected compounds are the antihyperglycemic drug metformin and its
biotransformation product (guanylurea), which have been the focus of few studies in fish.
This thesis addresses multiple knowledge gaps by examining the potential impacts of
metformin and guanylurea during the embryonic and early larval zebrafish period (3-120
hours post-fertilization). Exposure to metformin resulted in increased mortality and
abnormalities. Guanylurea exposure increased mortality at one dose. We suggest that

metformin and guanylurea cause modest effects in developing larval zebrafish.



Abstract

Metformin is the most common first-line oral therapeutic agent used in the
treatment of type-2 diabetes. Because of its widespread use, metformin has been
increasingly detected in wastewater effluent. It is partially bio-transformed into guanylurea
is subsequently released into aquatic environments. Since the literature concerning the
effect of metformin and guanyl urea on early life stage of fish is scant, the aim of this
research was to understand the potential influence of metformin and guanylurea on
developmental, cardiometabolic and behavioral responses in zebrafish embryos, from the 4
cell stage (3 hours post fertilization, hpf) to first feed (120 hpf). To this end, embryos
were exposed to environmentally relevant (0.4, 4, 40 pg-L—1) and supra-environmental
(400 and 4000 pg-L-1) concentrations of the two chemicals. Metformin caused an increased
mortality and spinal abnormalities in all concentrations compared to controls. and
increased pericardial and yolk sac edema at the highest tested concentration. Metformin
did not cause alterations in hatch or heart rate over the examined developmental stages. In
addition, metformin did not cause alterations in general swimming, light-dark movement,
startle response or thigmotaxis, irrespective of exposure concentration. Exposure to
guanylurea over the same developmental stages caused a significant difference in mortality
at 40 pg-L~1 only. Guanylurea did not cause alterations to any of the other tested endpoints.
Our data suggests that metformin and guanylurea caused modest impacts to embryonic

development of zebrafish at these concentrations.
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Chapter One: General Introduction



1.1  Medicating the Environment

Pharmaceuticals are a diverse class of therapeutic compounds designed to mitigate or
prevent illness in humans and or domestic animals. The use of pharmaceuticals has become
a staple in many aspects of modern life which is evidenced by global pharma revenues
exceeding 1 trillion United States dollars in 2014 (Dossier, 2018). Since then, the market
has been steadily increasing by 5.8% annually and is estimated to reach 1.462 trillion in
2021 (Dossier, 2018). Higher socioeconomic countries comprise the largest percentage of
these sales with North America, the European Union and Japan representing 45, 13 and
10% of sales, respectively (IMS Health, 2016). In more recent years, countries such Brazil,
Russia, Indian and China, have shown considerable growth in their respective
pharmaceutical markets which has been attributed to their growing population, and

increased availability of biosimilars and generic drugs (Tannoury and Atteih 2017).

Unsurprisingly, pharmaceutical consumption rates vary highly from region to region.
Attaining accurate estimate of global pharmaceuticals consumption patterns is hampered
by differences in legislature, regional health, and other socioeconomic factors. Data
concerning pharmaceutical use are not readily available in all countries, making prediction
of pharmaceutical use by region difficult. However, the available data suggests that there
are between 3500 (Caldwell et al. 2019) and 4000 (Boxall et al., 2012) pharmaceuticals on
the market for use. These numbers are projected to increase in tandem with the 5-7 %

annual incline in pharmaceutical sales (IMS Health 2016) because of the developments in



medicine and increased access by low and middle-income countries (Tannoury and Atteih

2017).

The near ubiquitous growth of the pharmaceutical industry is driven predominantly by
the increased consumption worldwide. This positive trend has been attributed to the
growing prevalence of age-related and chronic illnesses chiefly in higher socioeconomic
countries (Garcia-pefia et al., 2021). Of the available drugs on the market for medical use,
patented therapeutics for the treatment of cancer (lenalidomide), glucose-intolerance
(metformin), anxiety (diazepam), and antidepressants (fluoxetine; Corcoran et al., 2010)
rank among the mostly commonly used. Pharmaceuticals are used in domesticated animals
for preventive medicine, genetic selection, and improved nutrition and management and
consists of (1) vaccines and prophylactic medication to prevent or minimize infection; (2)
antimicrobials (oxytetracycline, erythromycin) and parasiticides (metronidazole,
tinidazole) to treat active infection or prevent disease onset in situations that induce high
susceptibility; and (3) hormones used in growth promotion (somatotrophin ; Otto and
Short, 1998). Most of these compounds (~90%) are administered to patients orally due to
factors including sustained and controllable delivery, ease of administration, patient
compliance and access to a large surface area for absorption (Daughton et al,, 2016).
Ingested compounds are brought to the liver, as a parent compound, through hepato-portal
circulation where they may be enzymatically inactivated or converted into an active
metabolite. Whether parent compound or metabolite, the excreted compounds may be
biologically active and become dispersed into the wastewater system through urine and

feces (Daughton et al., 2016).



As an inevitable consequence of both the increased pharmaceutical consumption and
associated market expansion, there has been an increase in the number of pharmaceuticals
and their transformation products that enter the environment. The contamination of
aquatic systems by pharmaceuticals has garnered increased attention as these compounds
and their transformation products have been increasingly detected in various surface

water, groundwater, and occasionally in drinking water (Beek et al., 2016).

The presence of pharmaceuticals in the environment is of particular concern because of
their inherent characteristics. Pharmaceuticals are designed to target specific components
of molecular pathways at low concentrations, with the aim of altering their function to
elicit a precise desired pharmacological response in biological organisms. The nature of
their physical structure (stereochemistry) determines the type of targets they will interact
with; the most common pharmacological targets include receptors, kinases, ion channels,
structural and membrane proteins. Many of these targets are evolutionally well-conserved
across both vertebrate and invertebrate taxa. A study conducted by Gunnarsson et al
(2008) used an OrthoMCL algorithm to predict whether 1318 human drug targets were
present in 16 species relevant to ecotoxicity testing. Amongst the aquatic vertebrates,
western clawed frog (X. tropicalis), zebrafish (D. rerio), and three-spined stickleback (G.
aculeatus), had 1137, 1136, and 1160 orthologs, respectively, which were predicted with a
similarity above 60%. As a result of these conserved molecular targets, non- target aquatic
organisms are likely to suffer from pharmacologically induced impacts associated with

drug exposure. For example, non-steroidal anti-inflammatory drugs (NSAIDs) such as



ibuprofen and naproxen are compounds used to alleviate symptoms of inflammation (i.e.,
swelling and redness). Their effects have been attributed to the inhibition of the enzyme
cyclooxygenase (COX) which converts arachidonic acids to pro-inflammatory compounds
(thromboxanes, prostaglandins, prostacyclins; Hawkey and Langman, 2003). COX genes
have been identified in various fish lineages including lamprey and hagfish (Havird et al.,

2008), sculpin (Lau et al., 2018), and zebrafish (Ishikawa, et al., 2007).

Largely, the potential adverse outcomes associated with the presence of
pharmaceuticals in the environment is unknown (Daughton, 2016). Currently, only 1% of
the ~4000 human-derived compounds in aqueous systems have been studied (Boxall et al,,
2012). Due to his scant amount of ecotoxicological data, extrapolations to the remaining
compounds cannot be made, encouraging further investigation. Well validated research
into the fate and impact of pharmaceuticals in the environment is essential for prioritizing
compounds in terms environmental monitoring and risk assessment practices. This thesis
focused on the impacts of metformin and guanylurea in embryo and larval zebrafish (3-120

hours post fertilization, hpf).

1.2  Metformin and Guanylurea

Metformin is a potent antihyperglycemic insulin-sensitizing agent, primarily prescribed
to patients with non-insulin-dependent diabetes mellitus. Metformin can be taken as a
mono-therapeutic drug but is often prescribed in combination with sitagliptin or
sulfonylurea as hyperglycemic symptoms seemed to be more improved when combination
therapy is used (Haupt et al,, 2009). Metformin has quickly become one of the most widely

consumed pharmaceuticals worldwide and was added to the World Health Organizations



list of essential medicines in 2013 (Oosterius et al., 2013; Scheurer et al., 2009). From
2000-2015, over 550 million metformin prescriptions were dispensed in the US alone, with
prescription rates increasing from 2.27 per 1000 persons in 2000 to 235 per 1000 people

(Lee, 2019).

Metformin and other guanidine derivatives (i.e., phenformin and buformin compounds
containing a biguanide core, composed of the coupling of two guanidine units: HNC(NH2)2.
For metformin, one of the two guanidine subunits has two attached methyl groups which
confer polar basic properties and high stability. Metformin has a low logKow (octanal-water
coefficient, which indicates the solubility of the compound in fat or water compartments; -
2.63) and in tandem with its high polarity, is freely soluble in polar solvents such as water.
Thus, it is unsurprising that metformin is among the most abundant pharmaceuticals
detected in waters receiving wastewater effluent. Surface water concentrations range

between 0.1-40 pg - L-1 (Niemuth et al., 2015; Oosterhuis et al., 2013).

Under aerobic wastewater treatment conditions, metformin can become bacterially
degraded into the transformation product guanylurea (Blair et al., 2015). The process is
purportedly the result of the removal of methyl groups from the terminal nitrogen
(Markiewics et al.2017a) at a varied rates of 48-98% (Blair et al,, 2015). Guanylurea is
resistant to common wastewater treatment practices, like UV light radiation and ozonation
and is the major end-product (Trautwein and Kummerer, 2011) in metformin
biodegradation. Guanylurea has been detected in surface waters, at higher concentrations
than its parent compound (Scheurer et al.,, 2012). Both compounds are polar compounds

and are expected to be highly mobile in aquatic environments (Scheurer et al, 2012). The



structure and physicochemical properties of metformin and its transformation product

guanylurea are summarized in Table 1.1

Tablel. 1. Molecular structure of metformin and guanylurea. Adapted from (Scheurer et al.,
2012).

Compound Name Metformin Guanylurea
NH  NH
Structure A )\\ NH O
~CFs )’L J’L
NN H,NT N7 NH,
CHa H
Molecular formula C4H11Ns C2HeN40O
Molecular weight 129.2 102.1
(g/mol)

Metformin cannot passively diffuse across the lipid bilayer due largely to its dimethyl-
substituted terminal amino groups and as such, requires the aid of membrane transport
proteins. A plethora of studies have implicated several cation transporters in the
absorption of metformin including, OCT1 (SLC22A1), OCT2 (SLC22A2), OCT3 (SLC22A3),
MATE1 (SLC47A1), MATE2 (SLC47A2), PMAT (SLC29A4), OCTN1 (SLC22A4) and SERT
(SLC6A4) (Lietal. 2011; Choi et al.2007; Chen et al. 2015; Chen et al 2009; Masuda et al.

2006; Zhou et al. 2007; Nakamichi et al. 2013; Han et al. 2015).Interestingly metformin is



not well metabolized by the liver and is largely excreted unaltered (Hardie, 2007)in urine

and feces in mammals.

Metformin is a pleiotropic drug having multiple targets and is thought to induce
numerous molecular mechanisms. In diabetic patients, it regulates glucose metabolism
principally by reducing hepatic gluconeogenesis and glycogenolysis, thereby suppressing
both basal and postprandial plasma glucose levels (Scarpello and Howlett, 2008; Viollet et
al,, 2012). Metformin has also been implicated in related antihyperglycemic mechanisms
including increased peripheral glucose uptake, insulin signaling, and increased fatty acid (3-

oxidation (Gong et al,, 2012).

Despite its use in the treatment of diabetic symptoms for nearly a century, the
underlying mechanisms of action for metformin have yet to be fully elucidated. The
available evidence suggests that metformin can affect both AMP-activated protein kinase
(AMPK)-dependent and AMPK-independent mechanisms primarily in hepatic
mitochondria (Herzig et al,, 2018). In the AMPK-dependent mechanism metformin causes a
decrease in ATP production through the transient inhibition of complex I in the
mitochondrial electron transport chain (EI-Mir et al., 2000). This action causes a reduction
in NADH oxidation, decreasing the proton gradient across the inner mitochondrial
membrane and a subsequent decrease in the proton driven synthesis of ATP. A decrease in
ATP production results in a shift in ATP:ADP: AMP equilibrium towards increased AMP
synthesis. This change in energy homeostasis drives the inhibition of glucagon-induced
cAMP synthesis and the activation of 5'-AMPK. AMPK is a potent energy sensing enzyme

involved in regulatory signaling cascades that aim to restore the balance between ATP



supply and demand. The activation of AMPK promotes catabolic pathways (i.e., fatty acid
oxidation) to meet the ATP needs of the organism, while subsequently decreasing anabolic
pathways (cholesterol and triglycerides biosynthesis and gluconeogenesis; Li Gong et al.,
2012). The AMPK independent mechanisms are less explored but may involve metformin-
induced inhibition of gluconeogenic enzymes such as fructose-1,6-bisphosphatase
phosphoenolpyruvate carboxykinase and glucose-6-phosphatas by lowering hepatic

intracellular cAMP concentration (Johanns et al.,, 2016).

1.3. Ecological Effects of Metformin in Fish

The effects of metformin in mammalian systems are well documented (Dowling et
al,, 2007; Yimmer et al., 2019) while its impacts in aquatic organisms, specifically fish, are
largely unknown. However, there are six principal studies that have examined the effects of
metformin and have shown adverse effects at environmentally relevant concentrations.
Since each of these studies use distinct life stages and endpoints, it is not yet possible to

assess whether metformin has similar effects across fish species.

1.3.1. Pimephales promelas

The potential endocrine disrupting effects of metformin were assessed in adult male
fathead minnow (Pimphales promelas) after chronic exposure to 40 pg - L-1 (Niemuth et al,,
2015). They showed that the expression of egg yolk precursor protein vitellogenin (VTG)
was significantly induced in male fathead minnow liver after 4 weeks exposure to
metformin, indicating endocrine disruption. In a follow-up study, Niemuth and Klaper
(2015) assessed male fathead minnow testicular tissue following a chronic exposure to

metformin. Their results showed that exposed males had a high presence of oocytes in



testes or spermatogonium in ovaries) suggesting that metformin increases the intersex
condition in males and may also reduce fertility by decreasing sperm and milt volume. In
2018, Niemuth and Klaper examined the expression of genes related to steroid hormone
(3b-HSD, 17b-HSD, CYP19A1) and xenobiotic metabolism (SULT2A1) and found that all

genes examined were upregulated in the testis of exposed males.

1.3.2. Oryzias latipes

Lee (2019) used acute and chronic toxicity tests to document the endocrine
disrupting impacts of metformin in fish models. They corroborated the findings of
Niemuth et al., 2015: and Niemuth and Klaper 2015 by showing that male Oryzias showed
an upregulation in VTG gene transcription. In one of the few early life stage studies (ELS-
study) centered around the impact of metformin in fish, Ussery et al,, (2018) documented
decreased growth parameters (length and weight) in juvenile fish and showed increases
levels of fatty acids, steric acid, palmitic acid and arachidonic acid in larvae. Ussery et al,,
also showed decreases in several metabolites such as L-lysine and L-proline and DL-3-
aminoisobutyric acid. These results suggest that metformin has adverse impacts to larval

fitness which may reduce survival in wild fish populations.

1.3.3. Danio rerio

In a study conducted by Godoy et al. (2018), that looked at increasing
concentrations of metformin (0; 100; 180; 330; 600; 1100; 1500 and 2000 mg L) on 120h
post fertilization zebrafish showed increased incidence of scoliosis and abnormal
pigmentation in larva exposed to metformin, at concentrations of 1100 mg L-1. In the same

study, Godoy et al., (2018) looked at locomotor activity in 120h post fertilization zebrafish

10



and showed no impairment oflarval zebrafish behavior. One of the newest published
studies on metformin exposure in fish was conducted by Elizalde-Velazquez et al., (2021),
which looked at mortality, malformation rate, hatch rate and oxidative stress (upregulated
catalase, superoxide dismutase, and glutathione peroxidase) in 4 dpf zebrafish exposed to
1,10, 20, 30, 40, 50, 75 and 100 pg L- of metformin. They found that metformin induced
increased incidences of scoliosis, pericardial edema, and yolk deformation. With respect to
oxidative stress, metformin caused a significant induction of the activity of antioxidant

enzymes and the levels of oxidative damage biomarkers.

1.3.4. Betta splendens

MacLaren et al., (2018) examined aggressive behavior in adult male Siamese
fighting fish Betta splendens. Individuals in the exposure group were subjected to 40 or 80
pg-L-1 metformin for just over 4.5 months. Researchers used a faux male stimulus to test
aggressive behavior in male B. sp/endens and found that subjects in both treatment groups
displayed less aggressive behavior to the faux male stimulus, such as decreased gill flaring
and fin spreading, which are used to intimidate rival conspecific males and would-be
predators (MacLaren et al,, 2018). These results may have long-term implications
pertaining to survival of fish species, since aggressive behavior is linked to the ability of a

fish to mate, defend its offspring, and maintain its nesting territory.

1.4. Ecological Effects of Guanylurea Exposure in Fish

Guanylurea exposure in fish has received comparatively less attention than that of
metformin with two studies representing the bulk of our current knowledge on its effects

in aquatic species. Oryziaslarvae exposed to increasing concentrations of guanylurea (1.0,

11



3.2,10, 32 and 100 pg - L1) for 28 days had decreased lengths and weights compared to
control fish (Ussery et al 2018). Decreased body size is a notable detriment to larval
survival as smaller fish are more readily prey upon by larger fish thereby decreasing the
likelihood of surviving to sexual maturity (Crowder etal. 1992). A related study increased the
duration of the exposure from 28 days to 165 days post-fertilization but did not show an
effect on adult (165 dph) medaka body size (length, wet weight, or condition factor; Ussery et al,,
2018). Yet, additional life cycle studies are needed to confirm these findings as the sample size used

in each sampling time point (n=3/treatment on days 55, 110 and 155) was small.

In two experiments conducted by Jacob et al., (2019), embryos and nine-month-old
juvenile brown trout (Sa/mo trutta) were exposed to increasing concentrations of
guanylurea (0, 100 and 1,000 pg - L1 for three weeks. Guanylurea exposure did not alter
endpoints in larvae (heart rate and hatch time) or juveniles (body weight, length, stress
proteins and lipid peroxidases). The conflicting results with regards to larval health after
guanylurea exposure may be the result of differences between species responses. Yet, the
available data are very limited, particularly for guanylurea, and there is need for additional
research because studies illustrate a potential impact of either metformin or guanylurea in

several fish species.

1.5 The Use of Zebrafish in Ecotoxicological Studies

The genus Daniois comprised of small (~ 3 cm long) schooling freshwater minnows
(family Cyprinidae) native to regions throughout Southeastern Asia (Timor to Luzon) and
Japan. At sexual maturity, males tend to be slender, with black straight longitudinal lines

and a more gold coloration on the ventral and dorsal sides in addition their fins, while

12



females tend to be larger in size with a protruding underside and a bluish-white cast.
Alongside fathead minnow ( Pimephales promelas) and Japanese medaka ( Oryzias latipes),
zebrafish are convenient model in developmental biology due to numerous desirable traits:

ease of maintenance, continuous spawning, and short developmental time.

For this thesis specifically, zebrafish were useful due to their clear chorion which
allowed for direct observation of endpoints such as heart rate and spontaneous movement.
Their small size allows them to be placed in petri dishes or well-plates where experimental
endpoints can be easily manipulated through the administration of chemical compounds
directly into the test medium which subsequently freely diffuse through the chorion.
Moreover, zebrafish also display a plethora of complex behaviors (i.e., thigmotaxis, visual
motor, and startle response) they exhibit early on in development (4 dpf). These behaviors
represent well studied (Schnorr et al.,, 2012; Huang et al., 2019; Beppi et al,, 2021)
developmental targets that can be easily quantified through specialized equipment (ie.,

Danio vision).

1.6. Study Rationale and Objectives

The detection of metformin in receiving waters of WWTP effluent is relatively novel,
and as such there is relatively little data concerning its impact on aquatic organisms. The
available literature suggests that acute and chronic exposure to metformin can induce the
intersex condition in adult male fish (Niemuth 2015; Niemuth and Klaper, 2015),
upregulation in genes involved with steroid hormone production (Niemuth and Klaper,
2018), growth metrics (Ussery et al,, 2018) and behavior (Maclaren et al., 2018). These

studies however have focused almost exclusively on juvenile and adult life stages.

13



Additionally, the impact of guanylurea on aquatic organisms has received even less
attention (Jacob et al., 2019; Ussery et al.,, 2018). As metformin and guanylurea are
contaminants of concern due to their frequent detection in surface waters (Elizalde-
Velazquez, 2021) and high mobility in water (Scheurer et al., 2009), more exploration into

the effect of these compounds on aquatic organisms is warranted.

The use of embryo-toxicity tests on early-life stage fish models in ecotoxicological
research is a standard practice used to understand the effects of contaminants on various
parameters of fish health (Fent et al,, 2006, Vestel et al., 2016). Embryonic and larval fish
stages represent critical developmental time points as these stages are particularly
sensitive to chemical stressors (Catalan et al., 2020). Studying the impacts of fish through
early life stage studies provides information on both individual and population level
dynamics, which can be applied to aquaculture and fisheries management. The selected
compounds (metformin and guanylurea) and the test concentrations used are based our
limited understanding of the potential adverse outcomes these compounds have on aquatic

species. and their growing presence in surface waters (Scheurer et al., 2009).

Moreover, we chose to investigate the potential cardio-metabolic effects (heart rate
and oxygen consumption) of direct contaminant exposure due to the published mechanistic
literature of metformin in mammalian systems. In several studies (El-Mir et al., 2000),
metformin has been shown to inhibit complex 1 of the respiratory chain resulting in
decreased NADH oxidation, associated decreases in the inter mitochondrial membrane
proton gradient, and ultimately decreased oxygen consumption rate. Its effects on

behavioral endpoints (thigmotaxis, general swim performance, and startle response) were
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analyzed in view of the inhibitory effects of metformin on adult betta splendens (Maclaren
etal, 2019. My objectives were to expose TL zebrafish embryos (from 3-120 hpf) to
environmentally relevant and supra-environmental concentrations of metformin or
guanylurea. Embryos were observed every 24 hours for mortality and hatching; heart rate
was determined at 24, 48, and 72 hours post-fertilization (hpf). Samples were collected at
72 hpf for morphological measures of larval structures and to determine the rate of
developmental abnormalities. Behavioral assays (general swim parameters, thigmotaxis,
visual motor response and startle response) and respiration rates were assessed after 120

hours of exposure.

1.7. Hypotheses

In this thesis, [ hypothesized that single contaminant exposures of metformin or
guanylurea would result in impairments to larval zebrafish survival, hatch, cardio-
metabolic and behavioral responses. Specific hypotheses, with respect to unexposed

control fish, are as follows:

Ho1: Embryonic and larval zebrafish exposed to metformin will not show significant
differences in survival to 120hpf, time to hatch, morphology and developmental

abnormalities at 72 hpf.

Ho2: Embryonic and larval zebrafish exposed to metformin will not have significant

differences in thigmotaxis, general swim performance, and startle response at 120 hpf.
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Ho3: Embryonic and larval zebrafish exposed to metformin will not have significant

differences in cardio-metabolic end points (heart rate and respirometry) at 72 and 120hpf.

Ho4: Embryonic and larval zebrafish exposed to guanylurea will not show significant
differences in survival to 120hpf, time to hatch, morphology and developmental

abnormalities at 72 hpf.

Hos: Embryonic and larval zebrafish exposed to guanylurea will not have significant

differences in thigmotaxis, general swim performance, and startle response at 120 hpf.

Hos: Embryonic and larval zebrafish exposed to guanylurea will not have significant

differences in cardio-metabolic end points (heart rate and respirometry) at 72 and 120hpf.
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2.1. Abstract

Metformin is the most common first-line oral therapeutic agent used in the
treatment of type-2 diabetes. It is excreted by humans predominantly through urine and is
transformed into guanylurea (> 98 %) in wastewater treatment plants. Both compounds
have been frequently detected in surface waters globally. Studies on the effect of metformin
and guanylurea on early-life stage fish are scant. The aim of this study was to examine the
potential impact of metformin and guanylurea on zebrafish development (mortality,
hatching, abnormalities, and growth), and cardiometabolic (heart rate and oxygen
consumption) and behavioral responses. Embryos were exposed from 3 hours post-
fertilization to 5 days post-fertilization at environmentally relevant (0.4, 4, 40 pg-L-1) and
supra-environmental (400, 4000 pg-L-1) concentrations. Metformin (>0.4 pg-L-1) and
guanylurea (40 pg-L-1) exposure increased mortality. Metformin increased spinal
abnormalities at all concentrations and increased edema (yolk and pericardial edema) at
the highest concentration; certain morphometric parameters (head diameter, eye diameter,
snout-vent length) were decreased in the highest concentration tested. Exposure to
guanylurea over the same developmental stages caused a significant increase in mortality
at 40 pg-L—1 only. Neither metformin and guanylurea exposure altered hatchability, time to
hatch, thigmotaxis, startle response, general swim metrics, visual motor response, heart
rate or oxygen consumption, suggesting that effects on zebrafish development are modest,

even at supra-environmental concentrations.

24



2.2. Introduction

An ever-expanding number of pharmaceuticals have been detected in freshwater
systems worldwide (Daughton, 2016). Pharmaceuticals mainly enter aquatic systems
through patient excretion and subsequent discharge via municipal wastewater treatment
plants. These compounds have become a concern due to their propensity to cause
physiological alterations in non-target organisms at low concentrations (Daughton, 2016)
particularly during early-life stages. Among the most common pharmaceuticals found in
surface waters is metformin due to its broad medical application in treating conditions
such as, type 2 diabetes mellitus (Rojas and Gomes, 2013), and polycyclic ovarian

syndrome (Johnson, 2014).

Metformin (MW 129.16, CAS #657-24-9, Table 1.1) is an orally administered
dimethyl biguanide that reduced basal and post prandial glucose levels through the
inhibition of excessive hepatic gluconeogenesis and glycogenolysis (Hundal et al., 2000;
Gong et al,, 2012). Metformin is not readily metabolized and is largely excreted as the
parent compound through urine (70-90%; Li Gonga et al., 2012). Once excreted, it is
transported to wastewater treatment plants where it is transformed into guanylurea (MW
102.10, CAS # G844495) via aerobic bacteria (~98%; Cadwell et al., 2019). Metformin has
been detected in effluent and surface waters at1to 47 pg-Land 0.06to 3 pg - L,
respectively (Trautwein et al,, 2014). Guanylurea has been detected in surface waters at
concentrations that range 0.1-28 pg - L1 (Scheurer et al.,2009; Scheurer et al.,2012). The
potential impacts of metformin exposure on aquatic organisms are largely unknown as the

available literature is scant. To date, six studies have examined the effects of metformin on
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adult fish. Male fathead minnow displayed increased levels of VTG mRNA following 4
weeks of exposure to 40 pg - L (Niemuth et al., 2015). Another study documented
decreased weights, presence of oocytes in the testes and reduced fecundity (Niemuth and
Klaper, 2015) following a 305d exposure to 40 pg - L. MacLaren et al. (2018) examined
aggressive behavior in adult male Siamese fighting fish Betta splendens with ~4.5 months
of exposure to 40 or 80 pg-L-1 metformin. Aggressive behaviors towards a faux male
stimulus, such as decreased gill flaring and fin spreading, was less with both doses; these
behaviors are used to intimidate rival conspecific males and would-be predators.
Decreased aggressive behaviors are linked to the inability of a fish to mate, defend its

offspring, and maintain its nesting territory (Bronstein, 1982).

The impacts of metformin on early life stages have been examined in a few studies.
Growth (length and weight) was decreased in juvenile medaka exposed to increasing
concentrations of metformin (1.0, 3.2, 10, 32, and 100 pg-L-1; Ussery et al,, 2018) for 165
days. However, other chronic exposures have shown no impacts of metformin on growth in
fathead minnow (Parrot et al.,, 2021:2022) and Japanese medaka (Lee et al.,, 2019).
Metformin exposed juveniles had increased levels of the fatty acids, steric acid, palmitic
acid and arachidonic acid and decreased L-lysine, L-proline, and DL-3-aminoisobutyric acid
(Ussery et al., 2018). In zebrafish, embryos exposed to 1, 10, 20, 30, 40, 50, 75 and 100 pgL-
1 of metformin, had increased mortality, hatch rate and incidences of scoliosis, pericardial
edema, and yolk deformation at 4 days post fertilization (dpf) for all tested concentrations

(Philips et al,, 2021; Elizalde-Velazquez et al., 2021).
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Exposure to guanylurea induced antioxidant enzyme activity (catalase, superoxide
dismutase, and glutathione peroxidase) and levels of oxidative damage biomarkers
(Elizalde-Velazquez et al., 2022). Similarly, metformin caused moderate metabolic effects
in brown trout ($a/mo trutta). Larval exposed to metformin (1 pg - L) had an increase in
hepatic glycogen content (Jacob et al.,, 2018). Conversely, in two chronic exposures of
fathead minnow embryos to metformin (0.020 - 269 pg - L-1) there were no alterations in
survival, hatch, or growth metrics in larval fish (Parrot et al., 2021, 2022). Given the
current research, fish at early and adult life stages seem to be sensitive to metformin at

environmentally relevant concentrations.

Only five studies have examined the effects of guanylurea on early-life stages of fish.
Ussery et al. (2018) exposed larval Japanese medaka ( Oryzias latipes) to increasing
concentrations of guanylurea (1.0, 3.2, 10, 32 and 100 pg - L'1) for 28 days. While growth
metrics such as length and weight did not differ between control and treatment groups
after 7-and 14 -days. Decreased length and weight were observed by day 28, suggesting
impairment with prolonged exposure (Ussery et al., 2019). Jacob et al. (2019) exposed
larval brown trout (Sa/mo trutta) to increasing concentrations of guanylurea (0, 100 and
1,000 pg - L) for three weeks. Guanylurea exposure did not alter endpoints in larvae
(percent mortality, time to hatch, heart rate, body length, or lipid peroxide levels; Jacob et
al,, 2019). It is not clear why medaka, but not brown trout, early life stages appear to be
sensitive to guanylurea, but the dose and exposure length were similar across studies,
suggesting species sensitivity were likely different. Guanylurea exposure can cause
oxidative stress in larval stage fish like metformin. Exposure to environmentally relevant

concentrations of guanylurea (25 pg - L'1) for 96 hours post fertilization (hpf) elevated
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levels of superoxide dismutase, catalase, and glutathione peroxidase in zebrafish embryos
(Elizalde-Velazquez et al. 2021). Exposed larva also had increased lipid peroxidation,
protein carbonyl and hydroperoxide content suggesting that guanylurea may induce
alterations in cell signaling, DNA damage and cytotoxicity after prolonged exposure

(Elizalde-Velazquez et al. 2021).

The objective of this study was to investigate the effects of environmental and
supra-environmental concentrations of metformin and guanylurea during embryogenesis
in zebrafish (Danio rerio). Static renewal exposures over 5 days were used to assess the
effects of metformin and guanylurea on cumulative mortality, hatching (48 hours post
fertilization, hpf), morphology and percent abnormality (metformin only,72 hpf), heart
rate (24, 48 and 72 hpf), oxygen consumption (5 dpf) and behavior (4-5dpf). Behavioral
assessments included general swimming, visual motor response, thigmotaxis and startle
response. The results of this study provide important data for understanding the effects of
metformin and guanylurea on developing fish and may be useful for risk assessment of

pharmaceuticals in aquatic environments.

2.3. Materials and Methods
2.3.1. Test Chemicals

Metformin hydrochloride (1,1-dimethylbiguanideine hydrochloride; CAS# 1115-
70-4) was purchased from Toronto Research Chemicals (Toronto, Ontario, Canada).
Guanylurea (CAS# G844495) was purchased from Sigma-Aldrich (Oakville, Ontario,

Canada).

28



2.3.2. Fish Care and Breeding

Breeding stocks of mature wild-type zebrafish, age 4-12 months, were maintained in
a semi-recirculation rack housing systems with 15% daily distilled water replacement and
automated sodium bicarbonate and salt dosing (Instant Ocean, SpectrumBrands, USA). The
system was maintained at 28.5°C, pH of 7-8, and conductivity of 450 -470 pS with a light-
dark cycle of 14:10 hours. The fish were fed three times a day (weekdays, two times on
weekends) with Tetramin Topical Flakes (Tetra, USA) and live artemia (GSL Brine Shrimp,
US). All fish care was provided in accordance with McMaster University’s animal ethics

research board using approved protocols under Animal Use Protocol #20-06-23.

2.3.3. Embryo Collection and Rearing

Embryo traps were inserted into a tank the night prior to embryo collection. Traps
with embryos were removed 1.5 hours after first light, carefully rinsed to remove all debris,
and placed in petri dishes (100 individuals per dish) with E3 embryo media (5mM Nac(l,
0.17mM KCl, 0.33 mM MgS0s4, and 0.33mM Caclz; pH 7.0-7.5). Embryos were observed
under light microscopy to ensure only 12-32 cell stage embryos were selected for the
exposures. All exposures started by 3hpf. Embryos were kept at 28.5 °C and monitored
daily under light microscopy for survival and developmental milestones for the duration of
the experiment with periodic removal for endpoint collection. Chorions (post-hatching)

and dead embryos were removed daily; water change outs were 50% daily.

2.3.4. Exposures, Mortality and Hatching

Fish embryo acute toxicity tests with D. rerio were based off the OECD guideline 236

(OECD, 2013). 100 newly fertilized embryos (3 hpf) were transferred to petri dishes (100
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x100 mm) filled with 100 ml of metformin or guanylurea dissolved in E3 medium.
Metformin and guanylurea solutions were diluted from one of two stock solutions (40 mg
L-1 for the 0.4, 4 ug L1 treatment groups and 4 g L-1 for the 400, 4000 ug L-1 treatment
groups). Control plates containing E3 medium were used for negative controls. A total of
three independent exposure experiments were carried out and each experiment had 3
replicate petri dishes for each concentration. Control and test solutions were renewed
daily after observation of embryos under stereomicroscopy (Zeiss, model Axio Zoom. V16);
at least 50% of the volume of each well was replaced with freshly prepared test solutions.
Mortality and number hatched were observed every 24 hours. The general hardness (GH),
carbonate hardness (KH), pH, nitrite (NO2") Nitrate (NO3) were evaluated at the end of

each test at 120 hpf (Table 2).
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Table 2.1. Water quality parameters of test mediums during experiments (n=3).

Compound Treatment GH ppm KH pH NO2 ppm NO3 ppm
Metformin  Control 160 £ 0.0 40+ 0.0 710.0 0+0.0 0+£0.0
0.4 160 + 0.0 20+12.0 710.0 0+0.0 0+0.2
4 160+ 23.0 20+ 23.0 7.5+t4.2 0x0.0 0.5+0.2
40 200+ 0.0 40 £ 2.3 7135 0x0.0 0.5+ 0.0
400 180 £ 0.0 40+ 0.0 750 0+0.0 0.5+0.
4000 160+ 23.0 20+ 23.0 7.5+t4.2 + 0.5+0.2
Guanylurea Control 110+ 4.3 40+ 0 + + 0+0.0
0.4 180 + 0.0 40+ 0 20+ 0.0 0+0.0
140 £+ 346 4516 0.0 0+0.0 0+0.2
40 110 + 4.3 40+ 0 7+0 0x£0.0 0x£0.0
400 120+ 346 40%+0 +0 0x£0.0 0x£0.0
400 180 + 4.3 40+ 0 7+0 0+0.0 0+0.0

GH-general hardness; KH-carbonate hardness; NOz- -nitrite; NO3- -nitrate
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2.3.5. Larval fixation and morphological and abnormality assessment

Zebrafish larvae (N=60; 20 per treatment for each triplicate experiment) were
euthanized at 72 hours post fertilization with tricaine (300 mg L-1) for 10 minutes.
Tricaine was replaced with 1mL neutral buffered saline for 1 hour for larval fixation. Post
fixation, larvae were washed with 2 mL phosphate buffered saline (PBS), dehydrated with
1 ml 70% ethanol, and stored at 4°C for storage. An upright digital microscope (Zeiss,
model Axio Zoom. V16) was used to acquire lateral images of the embryos (Fig.2.1). Seven
morphological parameters were measured using the free graphical image analysis software
Image] (National Institutes of Health, Bethesda, MD, USA): Standard length (SL), snout-vent
length (SVL), height at anterior of anal fin (HAA), head depth (HD), and eye diameter (ED),
yolk sac depth and yolk sac length (Figure 2.2). The calculation of yolk sac volume was

done using the following formula according to Subhan et al., 2020:
|4 z LH?
=—x
6

V = Yolk sac volume (mm?3) L = Yolk sac length (mm), H = Yolk sac depth (mm)

Images of larvae were also used to assess deformities of the spine (scoliosis, bends,

or kinks), yolk sac edema, and pericardial edema.
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4000 ug L

Figure 2. 1. Representative images of developmental abnormalities in 72 hours post fertilization (hpf) zebrafish treated with
metformin. A) Control zebrafish, B) Zebrafish from 4000 ug L-1 treatment with deformities. Spinal abnormalities (SA, scoliosis),

yolk-sac edema (YSE), spinal curvature (SC), pericardial edema (PE) are present in this fish. Scale bar is 200 um
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Control

Figure 2. 2. Morphological measurements of larval zebrafish. Representative images of larvae at 72 hpf with labeled morphological
measured from lateral images. Measured traits included in control zebrafish (A) standard length (SL), snout-vent length (SVL),
and in (B) fish exposed to 4000 ug L-I metformin, height at anterior of anal fin (HAA), yolk sac area (YSA) which is calculated by
the yolk sac length and depth (see 2.3.5 for formula), head depth (HD), eye diameter (ED). Scale bar is 500 um.
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2.3.6. Larval Behavior

All behavioral assays were completed using the Danio vision observation chamber
(Noldus B.V., Wageningen, the Netherland) and EthoVision XT version 15 video tracking
software. Analyses were performed in an isolated room and the chamber was maintained
at 28.5 °C. Briefly, larvae were transferred to clear 96-well plates with lids and allowed to
acclimate overnight (96 hpf at time of measurement) before analyses for visual motor and
startle responses (300 pL test medium). Larvae were transferred to a 24 well plate and
were allowed to acclimate overnight (120 hpf at time of measurement) for general

locomotor activity and thigmotaxis (2 ml test medium).

In zebrafish, visual motor response is a method used to measure locomotion
behavior in alternating periods of light (lower activity) and dark (higher activity; Best and
Vijayan, 2017). This assay is used to measure both locomotor activity and behavioral
response to different light conditions. Visual motor response measured the total distance
moved during combined dark or light periods, respectively. The assay ran for 60 minutes
over four alternating periods of light (maximum light intensity) and darkness lasting 7.5
min (450s) each. Data was collected in 3 trials (16 larvae/treatment group/plate) for a

total of 48 larvae per treatment.

Startle response in zebrafish involves an evoked “fast start “behavior consisting of a
rapid turn a swim away from the stimulus (Rice et al.,, 2011). After a 5-minute acclimation
period, Larval zebrafish were subjected to 10 acoustic/vibrational stimuli (DanioVision
intensity setting 6) with a 20s inter-stimulus interval. The variable of interest used as a

proxy for startle response was maximum velocity (mm/s). and this was always after the
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first acoustic tap. The response data were inspected for repeated/consistent responses in
subsequent taps, but this data was excluded from the statistical analyses. General
locomotor activity and thigmotaxis was collected in 3 trials (16 larvae/treatment
group/plate) for a total of 48 larvae per treatment. General locomotor activity was
determined over 30 minutes in 20% reduced light capacity; activity was measured as the
total distance moved (mm) over the whole arena (i.e., each well) and the percent time
spent active. Thigmotaxis determined the time (seconds) spent in the inner and outer areas
of the well; the outer area was defined as within 4mm of the wall. The total area for inner
and outer areas were equivalent. The assay was 30 minutes in duration and was run at
20% reduced light capacity. Thigmotaxis was calculated as the percent time spent in the

outer zone.

2.3.7. Oxygen consumption and heart rate

Oxygen consumption rates (MOz) were determined at 28 £ 0.1°C for larval zebrafish
at 5 dpf. MO2 was measured using REDFLASH technology (PyroScience) composed of an
oxygen probe, temperature probe (TDIP15) and oxygen meter (PyroScience FireSting 02
Optical Oxygen Meter; FSPRO-4). The system was calibrated at time zero (t0) for 0 and
100% DO saturation using vails containing aerated E3 medium and sodium bicarbonate,
respectively. Vials containing 100% air saturated water were measured alongside
experimental groups. These vials were used for background correction to minimize
contribution from non-larval sources (i.e., aerobic bacteria). Groups of larvae (5 per
chamber) were placed in 1 mL glass vials containing 90-100% oxygen saturated E3 and
allowed to acclimate for 15 minutes. Oxygen levels were recorded for 30 minutes post

acclimation and the oxygen consumption rate was used as a proxy for metabolic rate.
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Oxygen consumption rate was calculated using the slope of the decrease in oxygen content
with time inside each vial. Oxygen consumption was calculated as umol 02/ h-1 and five-six
fish per replicate (six per treatment group) were utilized. Heart rate was determined by
counting the number of beats observed for 30s and multiplying the value by two. Data was
collected in 3 trials (15 larvae/treatment group/plate) for a total of 45 larvae per

treatment and reported as a mean and standard deviation.

2.3.8 Statistical Analysis

All statistical analyses were performed using R (v. 3.5.2). Normality of all data was
assessed using a Shapiro-Wilk test prior to subsequent statistical analysis. For cumulative
mortality, number hatched and oxygen consumption, the data were not normal, and
nonparametric statistical tests (Kruskal Wallis one-way ANOVA and Dunn test) were used.
P- values in the text are from chi-squared distributions of the data with 5 degrees of
freedom. Data from behavioral assays and morphology were normally distributed and
analysis of variance (ANOVA) tests using untransformed data were applied. Tukey HSD
tests were used when there were significant differences between treatments in the ANOVA.
For percent abnormality and morphometric analyses, a post-hoc Bonferroni test was used

following an ANOVA. All p- values for these tests are shown in the text, figures, and tables.

37



2.4 Results
2.4.1. Cumulative Mortality and Hatchability

The cumulative mortality (3-120 hpf) in the control groups for metformin and
guanylurea experiments were 6% and 8%, respectively (Figure 2.3). Exposure to
metformin significantly increased cumulative mortality in all treatment groups (ANOVA DF
=5,F =5, p=0.006; Figure: 2.3a). Guanylurea exposure significantly increased mortality
at the 40 pg - L1 treatment only (ANOVA DF =5, F =11.38, p = <0.001; Figure 2.3b). There
were no effects on time to hatch (data not shown) or hatchability (percent of eggs hatched;
Table 2.2) in larva exposed to metformin (ANOVA DF =5, F =1.925, p = <0.107 or

guanylurea (ANOVA DF =5, F =2.01 p = <0.09).
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Figure 2.3. Cumulative mortality in zebrafish exposed to increasing concentrations of (A)
metformin and (B) guanylurea. Mortality was assessed every 24 hours from 3 - 120 hpf
by direct observation under light microscopy. Each box shows the upper, median
(indicated by the central horizontal black line), and lower quartile values. Error bars
indicate the standard deviation and outliers are indicated as black dots. Three repeated
experiments were conducted with three replicates per experiment (100 larva in each
replicate; n=9). Letters above the boxes indicate statistical differences across treatment

groups for each compound.
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Table 2.2. Hatching of embryo-larval zebrafish exposed to metformin and guanylurea for
48hpf. Data are presented as treatment means + standard deviation. Each petri dish
started with 100 zebrafish embryos. Hatchability is the percentage of eggs that hatched and

was calculated for each dish, n=9.

Compound Concentration Hatchability
(hg/L) (%)
Metformin Control 86.0 £ 0.3
0.4 77.0 £ 0.5
4 90.0+£ 0.3
40 90.0+0.2
400 90.0+0.2
4000 91.0 + 0.4
Guanylurea Control 68.0 + 0.7
0.4 71.0 £ 0.3
4 63.7 + 0.4
40 66.0 + 0.5
400 76.0 + 0.3
4000 71.0 £ 0.3
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2.4.2. Abnormalities and Morphometrics

Spinal abnormalities of control larvae were 41%. Exposure to metformin at all
tested concentrations caused increased prevalence of spinal abnormalities (ANOVA DF =5,
F =4.763, p = <0.001; Table 2.3). Metformin exposure increased the prevalence in both
yolk sac (ANOVA DF =5, F =12.06, p = <0.001) and pericardia (ANOVA DF =5, F =9.405,
p = <0.001) edema at the highest tested concentration (4000 pg - L-1). Metformin exposure
decreased snout vent length (Chi squared=36.24, df=5, p-value=<0.001; Table 2.4), height
at anterior anal fin (Chi squared=22.286, df=5, p-value=<0.001) and eye diameter (Chi
squared=33.66, df=5, p-value=<0.001) at the highest tested concentration tested. Yolk sac
area (Chi squared=36.43, df=5, p-value= 0.3) and head depth (Chi squared=34.1, df=5, p-

value= 2,2) were not impacted by metformin exposure.
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Table 2. 3. Abnormalities in larval zebrafish exposed to metformin. Embryos were exposed
from 3 - 72 hpf. Values reflect percent abnormalities from n=60 larval zebrafish per
treatment group; abnormalities are calculated for spinal abnormality, yolk sac edema, and

pericardial edema. Values with a different alphabetical superscript are significantly

different at p < 0.05.
Treatment Spinal Yolk Sac Pericardial
Abnormality Edema (%) Edema (%)
(ng-L-1) %)

Control 412 1a 0a

0.4 73b 0a 0a

4 78b 0a 0a

40 78b 2a 2a

400 60P 1a 3a

4000 75b 41b 28b
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Table 2. 4. Morphological traits in larval zebrafish exposed to metformin. Embryos were exposed from 3 - 72 hpf and fixed prior to
imaging. Morphological structures were determined in lateral images, as shown in Figure 2.2. Values with a different alphabetical
superscript are significantly different p < 0.05 (n=13-16 for standard length; n=60 for other measures). Standard lengths were
not taken for fish that exhibited spinal abnormalities. Data is presented as mean and standard deviation. SL= standard length;

SVL= snout-vent length; YSA= yolk- sac area; HAA= height at anterior anal fin; HD= head diameter; ED= eye diameter.

Treatment SL SVL YSA HAA HD ED

(ng-L-1)

Control 342+ 001 199240.08 7.52+0.1 0.27210.1 0.502 +0.06 0.3324+0.06

0.4 3.52+0.03 1.932»+0.09 74240.7 0.27240.09 0.512 £+ 0.04 0.322 + 0.04

4 3.424+ 0.03 1.942b+0.04 7.42+0.7 0.262+0.09 0.492 £ 0.04 0.322 + 0.04

40 342+ 0.07 1952 +0.1 7.224+0.7 0.27240.1 0.52 £ 0.02 0.322 +0.01

400 3.42 1+ 0.04 1972+ 0.1 7324+ 0.7 0272+ 0.2 0.512 £+ 0.04 0.332+0.02

4000 342+ 0.01 190+0.17 7.424+0.6 0.25"+0.01 0.483+0.34 0.30b £+ 0.04
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2.4.3. Behavioral Responses

No significant differences in time spent active (ANOVA DF =5, F =1.09, p = <0.36)
or total distance moved (ANOVA DF =5, F =0.92, p = <0.0.46) were observed in any of the
metformin treatment conditions (Figure 2.4 A). Similarly, there were also no significant
differences in time spent active (ANOVA DF =5, F =1.02, p = <0.92) or total distance
moved (ANOVA DF =5, F =1.9, p = <0.41) were observed in any of the guanylurea
treatment conditions. Similarly, there were no significant effects of metformin (ANOVA DF
=5,F =1.79, p = <0.12) or guanylurea (ANOVA DF =5, F =0.38, p = <0.88) exposure on
thigmotaxis behavior (Figure 2.5 A, B). The percent time spent in the outer zone were 93.2

- 96.1% in the metformin exposures and 74.5 - 90.7% in the guanylurea exposures.

Zebrafish, regardless of treatment group, had higher activity in the dark in the visual
motor response for both metformin and guanylurea (Figure 2.6 A, B versus C). Metformin
exposure did not affect total distance moved during light (ANOVA DF =5, F =9.09, p =
<0.31) or dark periods (ANOVA DF =5, F =0.36, p = <0.93; Figure 2.6). The mean
distance travelled ranged from 1781 to 2042 mm in the dark. Likewise, guanylurea
exposure did not affect total distance moved during light (ANOVA DF =5, F =9.82,p =
<0.21) or dark periods (ANOVA DF =5, F =9.53, p = <0.42). The mean distance travelled

ranged from 1849 to 1988 mm in the dark periods.

All control larvae responded to each acoustic stimulus and habituation to stimulus
was seen in the control and treatment groups (Figure 2.7 A, B). The first acoustic stimulus
always produced the largest response. There were no differences in maximum velocity

(Vmax) with metformin exposure (ANOVA DF =5, F =9.53, p = <0.42; Figure 2.7C). Vmax
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ranged from 83-96 mm s-1. Likewise, guanylurea exposed larvae did not have alter
maximum velocity, compared to controls (ANOVA DF =5, F =7.23, p = <0.63; Figure 2.7

D).
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Figure 2. 4. General swimming behavior in larval zebrafish exposed to metformin and
guanylurea. Boxplots depicting the percent time spent active for metformin (A) and
guanylurea (B) exposed larvae over a 30-minute period. Data is represented as mean and
standard deviation. Boxplots depicting total distance moved in metformin (C) and
guanylurea (D) exposed larvae. Each box shows the upper, median (indicated via the

central horizontal black line), and lower quartile values. Outliers are indicated as black
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dots. Three replicate experiments were conducted with 16 larvae per control or treatment

group for each experiment (n=48).
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Figure 2. 5. Thigmotaxis behavior in larval zebrafish exposed to metformin and guanylurea.
The testing apparatus consisted of wells (diameter 16.2 mm) with the width of the outer
zone set at 4 mm relative to the border of the well; the inner and outer zones cover
equivalent spatial area. Thigmotaxis was measured as the percent time spent in the outer
zone for larva exposed to metformin (A) and guanylurea (B). Each box shows the upper,
median (indicated via the central horizontal black line), and lower quartile values. Outliers
are indicated as black dots. Three replicate experiments were conducted with 16 larvae per

control and treatment group for each experiment(n=48).
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Figure 2. 6. Visual motor responses in larval zebrafish exposed to metformin and
guanylurea. Total swimming distance moved during combined dark (7.5 min, metformin:
A; guanylurea: B) and light (7.5 min, metformin: C; guanylurea: D) cycles. Data are
presented as mean and standard deviation. Three replicate experiments were conducted

with 16 larvae per control and treatment group for each experiment (n=48).
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Figure 2.7. Startle response to acoustic stimuli in larval zebrafish exposed to metformin and
guanylurea. Representative normal behavioral profile of larval zebrafish to 5 acoustic
stimuli with an inter stimulus interval of 20 seconds for fish from metformin (A) and
guanylurea (B) exposure experiments. Maximum swim velocity (Vmax) of larval zebrafish
exposed to metformin (C) and guanylurea (D). Each box shows the upper, median
(indicated via the central horizontal black line), and lower quartile values. Outliers are
indicated as black dots. Three replicate experiments were conducted with 16 larvae per

control and treatment group for each experiment (n=48).
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2.4.4. Heart rate and Oxygen Consumption

Mean values for heart rate at 24, 48, and 72 hpf are shown in Table 2.5. The average
heart rate of control larva during metformin exposures was of 119, 156 and 160 bpm at 24,
48 and 72 hpf, respectively. For the guanylurea experiments, larvae in the control group
had a mean heart rate of 134, 144 and 148 bpm at the three developmental time points.
There was a trend for heart rate to increase over developmental time in all groups under
both exposure experiments, but it was not statistically significant. Larval heart rate was
unaffected by metformin (ANOVA p > =0.151, 0.171, 0.266) or guanylurea (ANOVAp > =

0.67, 0.33, 0.438) exposure, regardless of the dose.

For the metformin treatments, oxygen consumption ranged from approximately
0.42-0.99 pl Oz/pmol/ h1 (Figure 2.8 A). Metformin did not cause significant effects on
larval oxygen consumption (ANOVA DF =5, F =2.13, p = <0.37). Oxygen consumption
rates in guanylurea exposed embryos ranged from approximately 0.48 to 1.1 ug - L-1 Oz hr-!
(Figure 2.8B). Likewise, oxygen consumption did not differ between controls and

guanylurea exposed larvae (ANOVA DF =5, F =1.46, p = <0.23).
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Table 2. 5. Heart rate of larval zebrafish exposed to metformin and guanylurea. Heart rate
was determined by direct observation under light microscopy at 24, 48 and 76 hpf. Data
are provided as mean and standard deviation in beats per minute. 15 individuals were

examined in each of triplicate experiments (n = 45).

Chemical Concentration 24 48 72
(ug L) (bpm, £SD) (bpm, £5D) (bpm, £SD)

Metformin Control 119t 4 156 + 4 160 + 4
0.4 119+1 142 +3 173 £3
4 116 + 3 146 £ 2 171+ 4
40 113+ 0 156 + 2 165+ 6
400 116 £ 2 155+3 159+ 5
4000 117 £ 2 163 £ 5 169 £ 2

Guanylurea Control 134+ 2 159 + 2 169 + 2
0.4 141+ 2 148 +2 168+ 2
4 143 +2 154 +2 167 £ 2
40 141 +1 155+ 2 162 +2
400 144 + 3 149+ 5 166 + 2
4000 145+ 1 154 + 2 161 +2
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Figure 2. 8. Oxygen consumption rates in 120 hpflarval zebrafish exposed to metformin (A)

and guanylurea (B). Two replicated experiments were conducted with duplicate pools of 3

larva per vial (n=6).
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2.5. Discussion

The anti-diabetic drug metformin and its biotransformation product guanylurea are
emerging contaminants of concern due to their near ubiquitous presence in aquatic
ecosystems (Ambrosio-Albuquerque et al., 2021). As both compounds are polar and largely
non-biodegradable, they are likely to move freely through aqueous environments and
encounter a variety of aquatic organisms (Reemtsma et al. 2006; Tassoulas et al., 2021). In
this experiment, zebrafish larvae were exposed to metformin and guanylurea for 5 d at
environmentally relevant (0.4-40 pg - L-1) and supra-environmental concentrations (400
and 4000 pg - L°). Effects on mortality, hatching, abnormalities, morphology, behavior, and
cardio-metabolic parameters were assessed under daily static renewal conditions.
Exposure experiments were typically run-in triplicate, with replicated dishes in each
exposure (3-18 replicate petri dishes containing 100 embryos/larvae), an experimental
design with high biological replication for most endpoints (n=6 for oxygen consumption,
n= 9 for hatching and mortality; n=45 for heart rate, n=48 for behavioral, n=60 for

abnormalities and morphology.

2.5.1. Mortality and Morphology

Metformin exposure resulted in a concentration dependent elevation in mortality at
environmentally relevant concentrations as low as 0.4 pg - L1 in agreement with prior
studies in zebrafish which have shown that embryos exposed to metformin from 4-96 hpf
showed decreased survival rates at concentrations under 100 pg - L-1 (Elizalde-Velazquez,
et al 2021; Philips et al 2021). Interestingly, studies in brown trout (Jacob et al., 2018),
Japanese medaka (Ussery et al., 2018) and fathead minnow (Parrott et al., 2021;2022), did

not show increased mortality in any of the treatments tested (~100 pg-L-1). Guanylurea
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exposure also elevated mortality at environmental concentrations; the lowest dose with
elevated mortality was 40 ug - L-1. This agrees with other studies in zebrafish where
embryos exposed from 4-96 hpf showed decreased survival rates at concentrations under
25 and 50 pg - L1 (Elizalde-Velazquez, et al 2021). Like metformin, studies in brown trout
(Jacob et al.,, 2018) and Japanese medaka (Ussery et al., 2018) did not show increased
mortality in any of the treatments tested (~100 pg-L-1). While differences in species
sensitivity are a probable consideration as to why zebrafish, but not other species, have
increased mortality due to metformin and guanylurea, temperature may play a role for
those species reared at lower temperatures. Metformin exposures carried out in brown
trout were conducted at 7 = Cand 11 - C and metformin tissue concentrations were higher
at 11 - C compared to 7 ° C at the highest concentration tested (Jacob et al. 2018),
suggesting that uptake may be enhanced at elevated temperatures. Thus, we might expect
the tropical species zebrafish to have higher uptake of at least metformin than most other
species studied to date. Yet, medaka have similar rearing temperatures to zebrafish and
thus experimental temperature alone does not fully explain why metformin and guanylurea

induced mortality in zebrafish but not in any other species tested to date.

Metformin exposure increased spinal abnormalities in larval zebrafish at all
concentrations. While the rate of spinal abnormalities was unexpectedly high in the control
group; this did not match notes from direct observation of live embryos, and we believe
this is caused by fixation and the use of fixed embryos for this endpoint. This will need to
be explicitly tested. Edemas (yolk-sac and pericardial) were increased at the highest
concentrations of metformin tested (4000 pg - L-1). Metformin exposure in zebrafish

embryos has previously caused the appearance of multiple abnormalities, including
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scoliosis, pericardial edema, yolk deformation, hypopigmentation, eye absent, and
craniofacial malformation (Philips et al., 2021; Velazquez et al., 2021). While we did not see
indications of hypopigmentation, eye absent or craniofacial malformations in our study,
spinal abnormalities were among the most documented impairment in both this study and
Elizalde-Velazquez et al (2021). While the number of edemas (pericardial and yolk sac
edema) found in larva increased slightly with exposure to the highest dose (Table 2.3), we
found no change in the rate for edemas at environmentally relevant concentrations.
Interestingly, metformin did not induce developmental abnormalities in Japanese medaka
(Ussery et al, 2019), suggesting that zebrafish are perhaps more sensitive than medaka to

metformin for both mortality and deformations.

2.5.2. Metformin and Guanylurea Did Not Impact Hatching, Cardio-metabolic Parameters,

or Behavior

Metformin did not have a measurable impact on hatching zebrafish, as was reported
for fathead minnow (Parrott et al. 2020), Japanese medaka (Ussery et al. 2018) and brown
trout (Jacob et al. 2021), exposed to environmentally relevant (<40 pg - L-1) and supra-
environmental (> 40 pg - L'1) concentrations of metformin. Likewise, guanylurea had no
measurable impact on hatching, like brown trout exposed to 1-1000 pg - L- (Jacob et al.
2019) and medaka exposed to1-100 pg - L-1 (Ussery et al. 2019). Yet, a significant increase
in the percent of larval hatched has been previously reported for in zebrafish exposed to
25-75,000 pg - L1 guanylurea and metformin concentrations as low as 1 pg - L-1 (Elizalde-
Valezquez et al., 2021), a concentration which overlaps with this study. The discrepancies

between the zebrafish studies are difficult to reconcile considering that the exposure
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concentrations, length, and developmental stages are similar. Yet, there may be differences
in exposure apparatus and test medium replacement practices. The current study used
petri dishes (100 ml of test medium) with 100 embryo-larva per dish and renewed 50% of
the test medium daily. In Elizalde-Valezquez et al (2021), embryo-larvae were kept in 24
well-plates (no volume given) with 1 embryo larva per well, but the study did not state if

the test medium was renewed during the exposure.

It has been reported that metformin can alter behavior in adult fish (MacLaren et al,,
2018). Our study found no significant effects of metformin or guanylurea exposure on any
behavioral parameter assessed in larval zebrafish at environmental or supra-
environmental concentrations. To our knowledge, this is the first study to look at
metformin and guanylurea exposure on thigmotaxis in any larval fish species. However, the
effects of these compounds on visual motor and startle response have been documented in
the literature (Godoy et al. 2018; Jacob et al. 2018). Metformin exposure at supra-
environmental concentrations (1000 pg - L-1) did not show differences in total distance
moved during either dark or light periods (Godoy et al. 2018) in 4 dpf zebrafish. Likewise,
visual motor responses were not altered in juvenile brown trout (Sa/mo trutta) exposed to
metformin (Jacob et al. 2018). Yet, larval zebrafish exposed to metformin (1 and 1000 pg -
L-1) for 5 days increased total distance moved during dark and light periods (Phillips et al.,
2021). These differences may be explained by different durations of the assay in each
study. Light and dark periods lasted for 3.5 minutes in Phillips et al., (2021), while the

present study used periods lasting 7.5 minutes per cycle.
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Currently, most studies have found no treatment effects of metformin (this study,
Godoy et al., 2018, Jacobs et al., 2018) or guanylurea (this study, Jacobs et al., 2019) on
larval fish behavior, but some work is needed to resolve why the visual motor responses in
zebrafish exposed to metformin are conflicting (Phillips et al., 2021 and this study). Neither
metformin nor guanylurea had an impact on heart rate or oxygen consumption in this
study. These results agree with the literature; heart rate was not impacted in larval and
juvenile brown trout exposed to 1-1000 pg - L' metformin and guanylurea for 48d (Jacob
etal, 2018;2019). However, it is important to note that the current study had a relatively
small sample size (n=6) for oxygen consumption and higher replication may be needed to
confirm that cardiometabolic parameters were not impacted by either compound.
Cardiometabolic parameters were of interest because of the mode of action of metformin.
After uptake, metformin accumulates in the hepatic inner mitochondrial membrane where
it inhibits NADH-ubiquinone reductase (mitochondrial complex I), preventing the
production of mitochondrial ATP, leading to increased ADP: ATP and AMP: ATP ratios, and
enzymes involved with glucose metabolism (e.g., AMP-activated protein kinase; Sharma et
al,, 2009). Complex 1 inhibition decreases NADH oxidation, which inevitably results in a
decreased proton gradient across the mitochondrial membrane and associated decrease in
oxygen consumption in mammalian systems (El-Mir et al., 2000). Furthermore, metformin
has been shown to elevate genes such as abraa, (100 nM), smdt1a, atp2a2a, tnnilc, and
hsd11b2(10,000 pg - L-1) which have been implicated in cardiovascular development and
function (Philips et al.2021). Guanylurea impairs GTP-related protein and, guanylate
cyclase soluble subunit alpha in medaka, which is involved with heart dysfunction (Ussery
et al.,, 2018). Given the conflicting results between molecular/cellular response which align
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with the mechanism of action, and whole organism responses, future research may be
needed to integrate metabolomics/ transcriptomics with whole organism responses to gain

greater insight on the effects of metformin and guanylurea on fish.

2.5.3. Conclusion

This study documented the effects of metformin and guanylurea on early life stages
of zebrafish, due to the high frequency of detection and concentrations found in surface
waters (Ambrosio-Albuquerque et al., 2021). Metformin is a critical human pharmaceutical
in wide use and an assessment of the environmental effects of this drug are needed. There
were no measurable impacts on most endpoints with either compound. Larval zebrafish
exposed to environmentally relevant (0.4-40 pg - L'1) and supra-environmental (400 and
4000 pg - L1) concentrations of metformin and guanylurea showed no significant effect on
hatching, behaviors (general swimming, thigmotaxis, visual motor responses), heart rate or
oxygen consumption. However, early embryonic exposure to metformin increased
mortality and spinal abnormalities at environmentally relevant concentrations (0.4-40 pg -
L-1) and edema (pericardial and yolk sac) at supra-environmental concentrations (4000 pg
- L'1). Early exposure to metformin also resulted in small reductions in morphology (snout-
vent length, height at anterior of anal fin, eye diameter) at supra-environmental

concentrations (4000 ug - L-1).

Overall, the present results show that exposures to metformin and guanylurea at
environmentally relevant and supra-environmental concentrations cause modest
impairment in larval zebrafish. The larval fish data concerning the impact of metformin on

larval fish is mixed with studies in Japanese medaka (Ussery et al., 2018;2019) and other
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zebrafish studies (Philips et al., 2021, Elizalde-Valezquez et al., 2021;2022) showing some
effects while virtually no effects were in fathead minnow (Parrot et al., 2021; 2022) and
brown trout (Jacobs et al.,, 2018). Clear influences of metformin on gene expression, steroid
hormone synthesis and reproductive tissue have been seen in adult fishes (Niemuth et al,,
2015, Niemuth and Klaper, 2015), suggesting that the influences of metformin are varied
and may be more sensitive to adult life stages. A caveat here is that most of the research in
adult fish have used > 40 pg - L'1 meaning there is a lack of information on whether these
impairments occur at lower concentrations. Future metformin exposures should focus on
incorporating more adult research with metformin concentrations lower than 40 pg - L-1 to
gain a full understanding of the full range of environmentally relevant concentrations. In
the case of guanylurea, more research is required as there are very few studies for this

compound.
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3.1. General Discussion and Main Findings

The antidiabetic drug metformin and its transformation product, guanylurea, are
compounds of emerging concern due to their near ubiquitous presence in aqueous
environment. These levels of metformin and guanylurea (0-40 pg - L1 ) in surface waters
are projected to increase in tandem with the rise in diabetes diagnosis (Oosterhuis et al.,
2013) and broadening scope of use for other ailments including cancer (Dowling et al.,
2011; Mallik et al., 2018), obesity (Masarwa et al., 2022), polycystic ovarian syndrome
(Oguz et al,, 2022) and mood disorders (Jones et al.,, 2021). Currently, data concerning the
impact of these compounds on aquatic organisms are limited in fish. Some of these studies
have centered around metformin exposure in juvenile and adult life stage fish (Cargo et al.,
2016; MacLaren et al,, 2018) while other studies have used only one environmentally
concentration (Nimeuth et al., 2015; Nimeuth and Klaper 2015; MacLaren et al., 2018). As
such, the present thesis investigated the potential health effects of environmentally
relevant (0.4-40 pg - L'1) and supra-environmental concentrations (400 -4000 pg - L'1) of
metformin and guanylurea on larval zebrafish. I hypothesized that metformin and
guanylurea would cause impairments on early-developmental parameters (survival, hatch,
abnormalities, morphology, behavior heart rate, oxygen consumption). Chapter 2 reported
elevated mortality (metformin and guanylurea) at environmental concentrations and
elevated incidences of edema and some morphometrics (metformin) at the highest
concentration, providing some support for hypothesis. However, most endpoints tested
were null. This suggest that these compounds cause modest impairment, even at supra-

environmental concentrations.
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3.2. Research Contribution and Significance

This study was the first to investigate the potential impacts of metformin and
guanylurea on thigmotaxis (anxiety-like behavior) and general swim parameters. The
impact of metformin at high environmental concentrations (40 pg - L'1) on aggressive
behavior in betta splendens prompted me to investigate whether metformin could illicit
neuro-modulatory effects in larval fish at a range of environmentally relevant
concentrations. Studying behaviors (thigmotaxis and startle response) and general swim
parameters in larval fish are important because of its links to other crucial behaviors (e.g.,
predator avoidance) which are linked to survival. To date, no studies have looked at the
potential behavioral impacts of guanylurea on fish at any life stage. This study was also the
first to investigate the potential impacts of both metformin and guanylurea on oxygen
consumption. Metformin has been shown to decrease oxygen consumption in mammalian
cells (El-mir et al., 2000) and thus may have the same effect in fish. Decreased oxygen
consumption may limit aerobic swimming ability and disrupt growth metrics and thus may
decrease physiological fitness for developing fish. Lastly, in this chapter (3.4 Power
Analyses), [ have calculated the statistical power for several endpoints in this thesis and in
the literature to better asses the quality of the available data. Considering that much of the
available data show no or small effects, the power analysis can be used to determine if null

results are due to insufficient power rather than a lack of effect.
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3.3. Ecotoxicological Relevance

The choice of test compounds was three-fold: 1) their pervasive presence in
freshwater aquatic environments (Trautwein et al., 2014Tao et al., 2018; Ambrosio-
Albuquerque et al,, 2021), 2) their relatively high concentrations in surface waters
compared to other pharmaceuticals, and 3) the lack information regarding their potential
impacts on developing larval fish. The concentrations used for both compounds, were
grouped into environmentally relevant (0.4, 4, 40 pg - L-1) which mirror the concentrations
found in treated wastewater effluent and surface waters and supra-environmental
concentrations (400 and 4000 pg - L-1). This range of concentrations were used to
determine the concentrations where detrimental health effects may occur and better

examine any dose-response relationships.

The endpoints of interest were chosen because they provide relevant information at
the individual level. This study used a combination of traditional (mortality, hatch,
abnormalities, morphology) and non-traditional (behavior, heart rate, and oxygen
consumption) endpoints to assess individual larval fish health. Mortality, hatch, and
morphological assessment are commonly used individual endpoints in larval exposures
that are highly relevant to estimating population- level effects. General locomotor, visual
motor response, thigmotaxis, startle responses and heart rate and metabolic rate are
individual measures that can influence physiological fitness (i.e., escape, prey-capture).
Individual responses (i.e., locomotion) are integrated responses that can lend insight into
how these compounds may cause impairment in lower (biochemical) and higher

(population) levels of biological organization.
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3.4. Power Analyses

The main purpose of a toxicity test is to provide a robust ecologically relevant
measure of chemical-induced impairment on a given organism. To this end, studies should
seek to minimize variation during the exposure, utilize a sensitive and relevant test species
and have appropriate statistical power for meaningful inferences. Power refers to the
probability of rejecting the null hypothesis when it is false (i.e., detecting a difference
where there is a difference The main aim of a power analysis is to determine whether the
null hypothesis can be accurately rejected when the alternative hypothesis is true. The
research conducted in this thesis highlighted some potential impacts of metformin and
guanylurea regarding mortality, abnormalities, and morphology in larval zebrafish.
However, most of the results of the study were non-significant, as had been found in other
studies. For example, studies in larval fathead minnow (Parrott et al., 2021:2022) and
brown trout (Jacob et al., 2018) largely do not show impairment to metformin at
environmental or supra-environmental concentrations. Similarly, guanylurea exposures at
environmental concentrations do not cause impairment in brown trout (Jacob et al., 2019).
The question remains, are these findings the result of a non-interaction or a lack of

statistical power to detect a “meaningful” difference?

Failure to make an accurate statistical inference can result in at least one or two
errors. Type 1 errors (a) are false positives and occur when the null hypothesis is true but
is rejected. The a value is typically set at 0.05 and indicates the rate at which the type I
error will be acceptable. Conversely, type 2 errors () are false negatives, and occur when
the null hypothesis is false but is accepted. Power is a function of the type 2 error rate (1-

B). The B value describes the rate at which a type II error will be accepted and can be
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predefined as a range of values. If the type 2 error rate is too high, it becomes possible to
assess whether a statistical test in fact had a fair chance of rejecting an incorrect Ho. A post-
hoc power analysis is recommended when a result is not statistically significant because
the non-significant association may be due to having low power (Thomas and James,
1996). Low power can result from either insufficient sample sizes or high variability
(>30%). In the case where a determined power is high (>80%) then the level of
confidence in the statistical result can be high. To determine if the exposure scenarios in
Chapter 2 had enough power to detect an effect, a post hoc power analysis with the PS:
Power and Sample Size Calculation version 3.1.6 software (Dupont et al.,, 1990) was
conducted (Table 3.3). For each selected endpoint, the analysis was performed for
independent groups ¢- test comparing control groups with the treatment group. The
smallest significant differences were looked at for this analysis. A critical effect size of 25%
(two standard deviations) was chosen for this analysis as it been determined to be a
reasonable metric for a variety of ecological monitoring endpoints (Munkittrick et al.,
2009). Power analyses were likewise completed for similar endpoints in published studies
with metformin and guanylurea to better understand the strength of the cumulative data.
These results help us understand the effects of metformin and guanylurea on early-life

stages and inform experimental design in future studies.

In this thesis, replication was sufficient to detect a medium change (<25%) for
cumulative mortality. We had a power of 80% and 87% to detect a 25% difference for
mortality with metformin and guanylurea exposures respectively. This study had a lower
power than studies using fathead minnow (99%; Parrot et al., 2021;2022) and a higher

power (12%, 64%) to studies using brown trout (Jacob et al. 2018; 2019). All studies
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included in this analysis reported no impacts to mortality when larvae were exposed to
metformin and guanylurea. However, two additional studies documented increased
mortality rates in larval zebrafish exposed to environmentally relevant concentrations of
metformin (Elizalde-Velaquez et al., 2021) and guanylurea exposure (Elizalde-Velaquez et
al,, 2022) respectively. Determinations regarding the reliability of these findings cannot be
ascertained at this moment as statistical power was not calculated. Since there were such a
small number of experiments included for guanylurea (2) [ would suggest that future

experiments continue to measure mortality in the case of guanylurea.

Replication (n=9) for hatchability was insufficient to detect a medium change.
Despite having a high replication (n=9), we had a power of 62% (metformin) and 52%
(guanylurea) to detect a 25% change with a p > 0.05. Power for both compounds was less
than studies using fathead minnow (80% Parrott et al., 2021, Parrot et al., 2022). Since data
from only two studies had sufficient power, I cannot be confident that hatchability is not
impacted by metformin or guanylurea. For sufficient power in my study, I would have
required a sample size of 12(metformin) and 13(guanylurea), respectively. Additional
replicates for hatching are needed. I would suggest that future experiments continue to
measure hatchability and possibly include other hatch related endpoints such as time-to-

hatch in the case of both compounds.

For metformin, the replication for standard length was sufficient to detect a medium
sized difference between treatments. For my study, power was determined to be 100%
(metformin) which was similar to a study using Japanese medaka (Ussery et al., 2018) or

brown trout (100%; Jacob et al,, 2019). Currently, only 1/3 studies included in this analysis
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(Ussery et al., 2018) reported difference in standard lengths between treatments. The
exposure duration for this study was 28d suggesting that impairment to growth may occur
with longer duration studies. Investigations into the potential for growth impairments of
metformin and guanylurea would to be a useful pursuit in future studies. Chronic exposure
regimes would be useful here as growth impairments may be more pronounced with an

increased exposure duration.

For both compounds, replication (n=48) was sufficient to detect a 25% difference
with a power of 84% (metformin) and 90% (guanylurea)for visual motor response. Power
was lower than a similar study using brown trout (Jacobs et al., 2018;2019), the brown
trout study is not directly comparable in terms of endpoints because it used free swimming
eleuthero embryos in aquaria rather than larval fish in 24-well plates. The results of the

power analysis suggest that the findings of the available studies are reliable.

For heart rate, we had sufficient power of 100% to detect a 25% difference. The
calculated power was higher than that of the studies using brown trout 31% (metformin)
and 50% (guanylurea) respectively (Jacob etal., 2019; 2020). For heart rate, only 1/3
studies were sufficiently powered however and as such, increasing the number of well-
powered studies is advised. For the oxygen consumption, neither metformin (15) or
guanylurea (64) had sufficient power to detect a 25% difference. As oxygen consumption
has yet to be examined in larval fish (excluding this study) exposed to metformin or
guanylurea, no comparisons to the literature could be made. For my oxygen consumption

experiment to be sufficiently powered, I would have needed an N of 12 for metformin and
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10 for guanylurea. As such, future studies should seek to ensure that their experiments are

sufficiently powered for meaningful interpretations to be drawn
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Table 3. 1.Analyses of the variability, size of experimental difference, and power for select endpoints. Analyses are for this

thesis (data in Chapter 2) and published literature (Power calculated to detect a 25 percent difference given the standard

deviation and sample size of the study and an a of 0.05; a 25% difference was based on Munkittrick et. 2019) *if no differences

were significant then the largest non-significant difference was used.

Endpoint Unit  Testorganism Life stage Compound Control SD of Ccv Smallest Power Reference
(mean)  control significant (25 %)
(N) (%) difference
(%) *
Mortality % Zebrafish Larval Metformin 5.75(9) 5.39 93.7 57 80 This study
(Danio rerio)  (5dpf)
Guanylurea 8(9) 6 75 40 87
% Brown trout  Larval Metformin  2.0(15) 1.6 80 42%* 12 Jacob etal. 2018
(Salmo trutta) (46dpf)
Guanylurea 5.6(15) 1.6 28.6  2.6* 64’ Jacob etal. 2019
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Hatchabili
ty

Standard

length

%

(=)

%o

%

mm

mm

Fathead
Minnow
(Pimephales

promelas)

Zebrafish

(Danio rerio)

Fathead
Minnow
(Pimephales

promelas)

Zebrafish

(Danio rerio)

Japanese
medaka
(Oryzias
latipes)

Larval

(9dph)

(3dpf)

Larval

(3dpf)

Larval

(7dpf)

Metformin

Metformin

Guanylurea

Metformin

Metformin

Metformin

Guanylurea

73

5.3°%

18

3.4%(35)

1.1° (8)

4°(8)

0.3

0.7

1.9

0.016

0.1°

0.2°

75.4

3.6

7.7

10.5

0.47

8.3

30*

5.6*

11

3*

59*

2.5*

99’

62

32

99’

100

100’

100

Parrott et al. 2021

This study

Parrott et al. 2021

This study

Ussery etal. 2018

Ussery et al.2019



cm
Total mm
Distance
Moved

cm

Heartrate bpm

Brown trout

(Salmo trutta)

Zebrafish

(Danio rerio)

Brown trout

(Salmo trutta)

Zebrafish

(Danio rerio)

Larval

(46 dpf)

Larval

(5dpf)

Larval

Larva
(1,2,3
dpf)

Metformin 3.5 (15)
Guanylurea 3.8 (15)
Metformin 3341

(48)
Guanylurea

Metformin 2119.5

Metformin  119.2
157.6
160

Guanylurea 134
159

169

74

0.2

0.3

2050

664.2

14

17

21

5.7

65.1

31.2

15.1

11.0

13.1

1.5

1.2

1.1

20*

2.7*

37*

36*

13*

1.7*

9.4*

7.8*

7.9*

6.5*

4.8

98°

99

19

22

55°

100

100

100

100

100

100

Jacob et al. 2018

Jacob etal. 2019

This study

Jacob etal. 2018

This study



bpm  Brown trout Larval

(Salmo trutta) (46 dpg)

Oxygen 02/u  Zebrafish Larval
Consumpt mol/ (Daniorerio) (5dpf)

ion h-1

Metformin

Guanylurea

Metformin

Guanylurea

77.4

59.2

0.07

0.14

7.0

5.1

0.03

0.04

9.0

15

53.7

31.4

4*

0.2*

15*

64.5*

31

50’

13

25

Jacob et al. 2018

Jacob etal. 2019

This study

‘Data estimated from figure in publication
CV=coefficient of variation

SD=standard deviation
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3.5 Knowledge Gaps and Future Directions

3.5.1. Is Guanylurea or Metformin a Higher Environmental Risk?

Investigations into the ecological risks of several pharmaceutical contaminants
(Boxall et al., 2004; Kuster and Adler, 2014) have largely focused on assessing the
ecotoxicity of parent compounds. This culminates in a scarcity of risk assessment data on
transformation product which ignores their potential toxicity. This trend has also been
seen in the metformin and guanylurea data. Currently, there are approximately 15 studies
looking at the effects of metformin on fish species and only 5 for guanylurea. Given the
limited number of studies, both compounds need to be studied further with respect to
ecological risks to aquatic biota. However, [ argue that guanylurea should be the main
chemical of concern. Firstly, at concentrations >0.5 pg - L-1 guanylurea is present at five
times higher concentrations than its parent compound (Scheuer et al., 2012; Trautwein et
al., 2014). The higher environmental concentrations of guanylurea due to its
transformation rates which are up to 98% in wastewater treatment plants (Cadwell et al.,
2019). Secondly, in juveniles’ life stages, guanylurea elicits toxic effects at lower
concentrations than metformin in the studies available to date. For example, juvenile
Japanese medaka (Oryzias latipes) exposed to guanylurea showed significantly impaired
growth metrics at concentrations that were an order of magnitude lower than metformin

(0.25 pg - L1 versus 3.2 pug - L'L respectively, Ussery et al.,, 2018;2019).

It should be noted that adult fish (Danio rerio) exposed to guanylurea have shown
impaired behavioral responses (decreased swimming distance and increased time spent
frozen) at 25 pg - L1 (Elizalde-Valequez et al., 2022). For metformin, impaired behavioral

76



responses (decreased aggression) in betta splendens were documented at a concentration
of 40 pg - L1 (MacLaren et al. 2018). Due to the differences in endpoints measured and
species tested, comparisons between the two compounds with respect to toxicity in adults
is difficult. Future studies should seek to test the same endpoints in the same species for

both compounds to ensure that meaningful comparisons can be drawn.

3.5.2 Are Their Differences in Species Sensitivities to Metformin or Guanylurea?

The basis of species sensitivity is that exposure to chemicals at sufficient
concentrations can result in adverse impairment to physiology and behavior. The resilience
of a species to a given contaminant is contingent on life history traits (e.g., age-at maturity),
behavior (e.g., feeding behavior), metabolic capacities (e.g., CYP expression patterns), and
stress-response capabilities (e.g., heat-shock protein response; Barton, 2002). Determining
species sensitivities to certain compounds is paramount to 1) prioritizing which
compounds should be evaluated with respect to impacts on biota and 2) determining at
what concentration these compounds become a concern. In the case of metformin and
guanylurea, only, six species of fish (6 for metformin and 3 for guanylurea) have been used
for ecotoxicity studies. From the included studies, it was apparent that some species

exhibited greater resilience to both compounds.

During larval stages, fathead minnow (Pimephales promelas) was among the least
sensitive species tested for metformin at environmental relevant concentrations. In both
studies, conventional endpoints such as growth, survival and hatch were not significantly
impacted by metformin exposure (Parrott et al., 2021:2022). Minor alterations to
gastrointestinal bacterial community were found (Parrot et al. 2022), however it was
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unclear if these changes were solely due to metformin exposure or were the result of the
euthanization method (MS222). Brown trout (Sa/mo trutta) also appear to be tolerant to
metformin and guanylurea. In the case of metformin, all endpoints, other than gut
microbiome composition and muscle glycogen content did not show alterations with
exposure to at environmentally relevant concentrations (1, 10 pg - L-1; Jacob et al. 2018). It
should be noted however that, the larval brown trout were exposed to metformin at 48
days post fertilization so it remains unclear whether exposure at an earlier time point
would lead to severe health effects. Guanylurea exposures in brown trout likewise did not

result in significant alterations in the tested health parameters (Jacob et al., 2019).

Larval zebrafish appear to be more sensitive to metformin and guanylurea relative
to other species. For metformin, increased mortality rates (Elizalde-Velaquez et al., 2021;
this study), increased incidence of abnormalities (Elizalde-Velaquez et al., 2021; this
study), and increased markers of oxidative stress (Elizalde-Velaquez et al., 2021, Jacobs et
al., 2021) have been shown at environmentally relevant concentrations. Other impairments
have been shown including impaired visual motor response (Philips et al., 2021). The lack
of tested behavioral endpoints in larval fish in other species makes direct comparisons
difficult. Future studies should aim to address these gaps in knowledge by incorporating
more behavioral endpoints (e.g., visual motor response, startle response) to allow for more
direct comparisons. For guanylurea, only two studies in larval zebrafish are available
(Elizalde-Velaquez etal., 2022; this study) and showed increased mortality rates mortality
rates at environmentally relevant concentrations. Like metformin, accelerated hatch rate,
increased incidence of abnormalities, and increased oxidative stress have been

documented in with exposure to environmentally relevant concentrations of guanylurea
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(Elizalde-Velaquez et al.,, 2021). This study and Elizalde-Velaquez et al. (2021) are the only
two studies documenting the impacts of guanylurea in larval zebrafish. As such, future

studies should seek to replicate these studies in zebrafish to corroborate these findings.

3.6. Conclusion and Limitations

This thesis aimed to investigate the effects of metformin and guanylurea on larval
zebrafish. The results of this study address some of the knowledge gaps associated with the
literature however additional questions remain. Metformin has been shown to be a
neuroactive compound in mammals, with studies suggesting influences on molecular
targets involved with mood disorders (Ying et al., 2014;), anxiety (Zemedegs et al.,, 2019),
and memory (Piasecka-Markowicz et al., 2017). It is currently unknown if guanylurea has
these same effects in humans. However, there was one study in adult zebrafish that showed
increased anxiety-like behavior to environmentally relevant concentrations of guanylurea
(25 pg - L'1) for 120 days (Elizalde-Velazquez, 2022). Beyond the study in adult Japanese
fighting fish (Maclaren et al., 2018) there exists limited data on the potential impairment of
these compounds on fish behavior and this may be a fruitful area of research. Behavioral
impairment in fish may cause detrimental effects (e.g., predator avoidance, prey capture)
and may ultimately result in population-level consequences. As these behavioral
impairments are likely to be present at later life stages, the use of juvenile and adults under

a chronic exposure regime would be appropriate.

My study documented some modest decreases in morphology (snout-vent length,
height at anterior anal fin and eye diameter) associated with exposure to metformin at

supra -environmentally relevant concentrations. However, the data concerning the impact
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metformin on fish size is mixed. Some studies in Japanese medaka show decreased lengths
when fish are exposed to environmentally relevant concentrations of metformin (Ussery et
al,, 2018) while other studies in fathead minnow do not (Parrot et al., 2021; 2022).
Conversely, there is a scant amount of data addressing the potential of guanylurea to cause
growth impairment. Thus, future studies may want to explore how these compound
impacts fish energetics and subsequently growth. In addition to inhibiting glycogenolysis
and gluconeogenesis in the liver (Pernicova et al., 2014), metformin has been shown to
inhibit transepithelial transport of glucose transport in the intestine of rodents (Horakova,
et al,, 2019). It is unknown if this response occurs in fish as well. However, decreased
hepatic and intestinal glucose availability for prolonged periods may impair growth
through an elevation of cortisol through increased levels of glucocorticoids. Determining
plasma cortisol levels in fish and tissue and plasma glucose levels would be beneficial in
understanding if metformin or guanylurea induces the stress response and subsequently

reduced growth in fish.

For my study, there are limitations that should be addressed. 1) Some of the
endpoints analyzed in this study (hatchability and oxygen consumption) did not have
sufficient replication. To resolve this, additional experiments will need to be performed to
increase the sample size for these endpoints. 2) While 20 ml samples of the test medium
were collected for chemical analysis and confirmation of nominal dose, they have not yet
been analyzed. As such, I do not have confirmation that the concentrations in the well are
close to nominal. The collected samples will need to be analyzed in the future. 3)
Morphometrics and abnormalities were measured after metformin exposure but not yet for

guanylurea. The samples have been collected and imaged, but the data are still being
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analyzed and were not included in the thesis. 4) Spinal abnormalities were unusually high
in the control group, and I have proposed that this is because abnormalities were
determined in fixed samples. The effects of fixatives on spinal bends needs to be directly

assessed. It will be important to address these limitations in the future.
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Appendix

The following section contains a set of additional and figures used to append the behavioral

data discussed in Chapter 2.
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Figure Al: Total acceleration (mm/s) of 5-day old larval zebrafish exposed to various
concentrations of metformin (A) and guanylurea (B). Each box shows the upper, median
(indicated via the central horizontal black line), and lower quartile and outliers are
indicated as black dots. Three replicate experiments were conducted with 16 larva per

control and treatment group: N=48.
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Figure A3: Number of counter clock wise rotations in 5-day old larval zebrafish exposed to
various concentrations of metformin (A) and guanylurea (B). Each box shows the upper,
median (indicated via the central horizontal black line), and lower quartile and outliers are
indicated as black dots. Three replicate experiments were conducted with 16 larva per

control and treatment group: N=48.

89



X

100

-]
n
1
]
n
1

()]
=
1

[
n
1
Pa
n
1

Cirl 04 4 40 400 4000 Ctr 40 400 4000
Treatment: Metformin (pg/L) Treatment_ Guanylurea (pg/L)

Fercent Increase in TOM from
Light to Dark Periods (%)

Percent Increase in TOM frnm
Light to Dark Periods (%)

D_

Figure A5: Latency to first zone transition (s) in 5-day old larval zebrafish exposed to
various concentrations of metformin (A) and guanylurea (B). Each bar shows the upper,
median (indicated via the central horizontal black line), and lower quartile and outliers are

indicated as black dots.
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Figure A6: Latency to first zone transition (s)??? in 5-day old larval zebrafish exposed to
various concentrations of metformin (A) and guanylurea (B). Each bar shows the upper,
median (indicated via the central horizontal black line), and lower quartile and outliers are

indicated as black dots.
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Figure A7: Latency to first zone transition (s) in 5-day old larval zebrafish exposed to
various concentrations of metformin (A) and guanylurea (B). Each bar shows the upper,
median (indicated via the central horizontal black line), and lower quartile and outliers are

indicated as black dots.
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