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ABSTRACT

Environmental pharmaceutical concentrations have become a rising concern and
are thought to increase with the aging human population. Currently, pharmaceutical
concentrations range from ngL™? to pgL™, however their effect on non-target aquatic
species is poorly understood. Using a time course exposure, acetaminophen exposure at an
environmentally relevant concentration of 10 pgL™ caused histological changes in the gill,
kidney, and liver of rainbow trout as early as two weeks after exposure began and increased
exposure time increased the severity of effect. Histological changes seen after exposure of
fish to acetaminophen at 10 pgL™ (low) and 30 pgL™? (high) coincided with functional
changes in the gill, kidney, and liver. Oxygen consumption decreased in the low and high
groups, especially at higher swimming speeds, and critical swimming speed decreased in
both low and high groups. Gills had a decrease in lamellar spacing at both concentrations
and lamellar area was decreased in only the high group. Urine analyses revealed an increase
in urine flow rate and increased urine concentration of sodium, chloride, potassium,
calcium, urea, ammonia, glucose, and protein in both exposure groups in a dose dependent
manner. No changes in glomerular filtration rate or urine magnesium concentrations were
seen. Lastly, this research provides evidence of compensation for the loss of ions and
glucose in the urine. Plasma concentrations of sodium, chloride, potassium, calcium,
magnesium, and glucose were unchanged with exposure. Gill Na*™-K*-ATPase activity was
increased and liver glycogen was decreased in the high dose group. To the best of our
knowledge, this is the first study to link histological changes in major organs with

quantifiable changes in organ function after pharmaceutical exposure. This knowledge will
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contribute to understanding the extent of impacts caused by the important pharmaceutical

acetaminophen on aquatic species’ health.



ABBREVIATIONS

BSA — Bovine serum albumin

COX - Cyclooxygenase

CYP — Cytochrome P450

EP — E-prostanoid

GFR — Glomerular filtration rate

ICLM — interlammellar cell mass

LOEC — Lowest observed effect concentration
NEM — N-ethylmaleimide

NKA — Na*-K*-ATPase

NKCC — Na*-K*-Cl-cotransporter

NSAID — Non-steroidal anti-inflammatory drug
PEG - Polyethylene

PPCP — Pharmaceutical and personal care product
Ucrit— Critical Swimming Speed

UFR — Urine flow rate
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CHAPTER 1
GENERAL INTRODUCTION
1.1 Pharmaceuticals and Personal Care Products in the Environment

Pharmaceuticals and personal care products (PPCPs) are heavily used in hygiene
products and improving health and preventing disease in humans, livestock, and domestic
animals. With increasing human population size, it is expected that the use of PPCPs will
increase. For example, the number of prescriptions in the United States increased from 2.0
billion in 1994 to 2.9 billion in 2000 (Foote and Etheredge, 2000). This increase is also
fueled by advancements in biomedical technology and drug development. Reports of
PPCPs in the environment date back to as early as 1976 (reviewed in Jones et al, 2005).
PPCPs and their metabolites are more prevalent around areas with high levels of human
activity and wastewater effluent discharge; concentrations typically range from ngL™* to
nglt (Kolpin et al, 2002; Metcalfe et al, 2003; Galus et al, 2013a; Zuccato et al, 2000).
Frequently detected classes of PPCPs include antibiotics, analgesics, antidepressants, anti-
epileptics, beta-blockers, lipid regulators, and hormones (Kolpin et al, 2002; Stackelberg
etal, 2004). The main pathways from humans is excretion after ingestion (Fent et al, 2006).
Other sources, such as disposal and veterinary use only serve to increase PPCP

concentrations in our waters and add to the existing problem (Fent et al, 2006).

PPCPs encompass a broad range of compounds, spanning numerous chemical
classes, and thus have a large variability in function, structure, behaviour, and activity. The

goal of PPCPs is to illicit biological effects in both humans and animals by interacting with



specific pathways and processes in order to cure diseases or to reduce symptoms (Jones et
al, 2005; Boxall et al, 2012). Little is known about the effects of PPCPs in non-target
species and the possible additive and synergistic effects with the interaction of PPCPs.
Potential interactive effects are a large concern as over 75% of streams surveyed across the
U.S. had more than one PPCP present (Kolpin et al, 2002). Furthermore, the excretion of
both the parent compound and its metabolites adds to the variability of their effects (Fent
et al, 2006). PPCPs are prevalent in surface waters, groundwater, and marine systems
(Jones et al, 2005). PPCPs have been measured in biosolids, which are a source of nutrients
for crop production (Topp et al, 2008); leaching and run off from fields may contribute to
aquatic contamination. Measured concentrations were found to be generally low and rarely
exceed drinking-water guidelines, however the effects of many of these compounds on non-
target species singly or as a mixture are relatively unknown. Furthermore, guidelines are

non-existent for many compounds (Kolpin et al, 2002).

Similar to the US, analysis of wastewater treatment plant effluent and surface water
near wastewater treatment plants in the lower Great Lakes revealed that clofibric acid,
ketoprofen, fenoprofen, and carbamazepine were present (Metcalfe et al, 2003). In
Hamilton Harbor, concentrations of carbamazepine, trimethoprim, naproxen, ibuprofen,
and gemfibrozil were detected at 16.3, 5.5, 6.6, 34.6, and 14.1 ngL* respectively in 2006
(Metcalfe et al, 2010). Antidepressants such as venlafaxine, citalopram, sertraline,
fluoxetine, and bupropion were found in the Grand River watershed in southern Ontario at
concentrations ranging from 0.091-1.115 pgL? (Metcalfe et al, 2010). Analyses of

wastewater effluent collected from a southern Ontario wastewater treatment plant found



acetaminophen (0.16 pgL™), carbamazepine (0.28 pgL™), sulfamethoxazole (0.16 pgL™),
triclosan (0.18 pgL™), venlafaxine (0.28 pgL™), and atenolol (0.52 pgL™) (Galus et al,
2013a). The degree of environmental contamination was found to be influenced by the
relative proximity to discharges from wastewater treatment plants and the degree of mixing

(Metcalfe et al, 2010; Zuccato et al, 2000).

The concentration of a given PPCP depends on a variety of factors including;
frequency of use, rate of metabolism, rate of removal during wastewater treatment, and its
persistence in water, which itself may be a function of various environmental factors (Jones
etal, 2001; Herber et al, 2002; Mompelat et al, 2009). After the drug is ingested or absorbed
by an organism, it can bypass digestion and be excreted as the unaltered parent compound
or it can be metabolized. Various enzymes and transporters can be recruited in order to
protect the organism, including phase | and phase Il metabolizing enzymes and phase Il
transporters (Xu et al, 2004). Metabolism of these compounds often alters the chemical
structure of the parent compound resulting in primary and secondary metabolites, which
may have more or less potency than the parent compound (Gibs et al, 2007; Zuhlke et al,
2007). Compounds such as erythromycin and naproxen, have been shown to be persistent
for more than a year in natural waters (Zuccato et al, 2000). Furthermore, clofibric acid,
which is the main metabolite of the lipid-regulator clofibrate, has an estimated
environmental persistence of 21 years and is still detectable in lakes and rivers even though

it has been removed from the market.

One of the major sites of PPCP removal is at the wastewater treatment plant.

Depending on the stability of the compound, substances can undergo a reduction within the
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pipes from the parent compound and/or metabolites before even reaching the treatment
plant, although this is unlikely (Jones et al, 2005). The simplest method of removal comes
from biodegradation, where most of it occurs during secondary treatment where PPCPs
undergo aerobic and anaerobic biodegradation via micro-organisms and chemical
degradation (hydrolysis and photolysis) (Kanda et al, 2003). However, research has shown
that secondary treatment is largely inadequate for the removal of certain compounds (Al-
ahmad et al, 1999). Other treatment methods include heat as certain pharmaceuticals are
not thermally stable. Thermophilic composting has been shown to reduce certain PPCP
concentrations up to 90% (Guerin, 2001; Jones et al, 2005). Degradation via UV treatment
has also been shown to be successful with certain compounds such as diclofenac (Boreen

et al, 2003).

Hydrophobic PPCPs, due to their chemical properties, will bind to sewage sludge
which than can be removed by using a process known as activated sludge treatment (AST)
(Kanda et al, 2003). AST has shown to be quite cheap and effective, with removal
percentages varying from 12% to 90%. However, AST does not completely remove all
hydrophobic compounds and it is largely ineffective against hydrophilic PPCPs, such as
clofibric acid (Kanda et al, 2003). Hydrophilic PPCPs and other polar metabolites will
remain in the aqueous phase due to their polar nature and thus will be present in wastewater
treatment plant effluent. It is clear that wastewater treatment plants are relatively
ineffective in removing many of the PPCPs on the market today and their methods are
inadequate in completely removing PPCPs from human wastewater. This is not surprising

as conventional treatment plants were never designed to handle PPCPs. The diversity and



variability of PPCPs make it difficult to design a treatment process that is 100% effective

at removing contaminants.
1.2 Effects on the Gills

In many aquatic species, the gills have many important functions including gas
exchange, transport of ions, excretion of waste, and uptake and excretion of various
xenobiotics (Zayed and Mohamed, 2004; Evans et al, 2005). In freshwater, fish are in a
hyposmotic environment relative to their blood and thus lose essential ions predominately
through their gills and gain water from the environment (Fleming & Stanley, 1965). The
gill is the first organ which comes in contact with waterborne xenobiotics and becomes a
prime target because of its large surface area facilitating greater xenobiotic interaction and
its non-robust detoxification system (Pandey et al, 2008; Oliveira et al, 2009). Thus, the
importance of the gill for fish health and the exposure risk to gill function makes it
important to monitor histopathological and physiological changes in the gills when

studying waterborne contaminants.

Rainbow trout exposed to diclofenac at concentrations ranging from 1 to 500
ngLt showed severe alterations in the gills. At the lowest observed effect concentration
(LOEC) of 5 ugL™, the pillar cells had undergone necrosis causing severe damage to the
capillary walls within the secondary lamellae (Schwaiger et al, 2004). Additionally,
bioaccumulation of diclofenac was observed in the gills with a bioconcentration factor of
763 at an exposure concentration of 1 pugL*. Similar results were observed in a diclofenac

exposure study in brown trout where swelling was seen in the secondary lamellae and



increased granulocyte numbers in the primary gill filaments (Hoeger et al, 2005). Chronic
carbamazepine exposure in rainbow trout showed a significant lowering of Na*-K*-ATPase
activity in the gills after 42 days of exposure and a significant lowering of antioxidant
enzymes in the gills, such as superoxide dismutase, catalase, glutathione reductase, and
glutathione peroxidase (Li et al, 2009). A reduction in antioxidant enzyme activities was
also seen in the gills of the mosquitofish after exposure to diazepam, clofibrate, and
clofibric acid (Nunes et al, 2008). Interestingly, in a similar acetaminophen exposure study

in zebrafish, no changes in the gill were observed (Galus et al, 2013b).
1.3 Effects on the Kidney

The kidney is involved in regulation of electrolytes, waste management, acid-base
balance, xenobiotic excretion and regulation of blood volume (Vallon et al, 2006). Large
volumes of blood are filtered through the kidney resulting in a high glomerular filtration
rate (GFR). Many compounds are then reabsorbed, leaving metabolic wastes and other
waste products to be excreted. In a freshwater environment, the kidneys ensure that
sufficient water is excreted and ions reabsorbed so the blood does not become diluted
(Schmidt-Nielsen & O’Dell, 1961). Damage to the kidneys would likely impair the
aforementioned functions, particularly ion management. Due to the high filtration rate in
the kidney, renal function must be tightly regulated in order to prevent excessive renal

losses of fluid or essential ions and to prevent harmful waste build-up in the organism.

Rainbow trout exposed to diclofenac at concentrations ranging from 1 to 500

ngLt showed renal lesions, degeneration of tubular epithelia, and interstitial nephritis in



the kidney (Schwaiger et al, 2004). Severe malformations and tissue degeneration of
tubular epithelial cells were seen in rainbow trout at diclofenac doses as low as 1 pgL™
(Triebskorn et al, 2007). Diclofenac bioaccumulation was seen in the kidneys, with a
bioconcentration factor of 971 at an exposure concentration of 1 ugL? (Schwaiger et al,
2004). Diclofenac exposure in rainbow trout caused a reduction of expression levels of
both cyclooxygenase (COX)-1 and COX-2 and an inhibition of CYP1AL expression in the
kidney (Mehinto et al, 2010). Zebrafish exposed to acetaminophen, venlafaxine,
carbamazepine, and gemfibrozil at 0.5 and 10 ugL™ resulted in significant changes in
proximal kidney tubule morphology (Galus et al, 2013b). These changes include loss of
cytoplasm, nuclei vacuolization, distortion of nuclei positioning, loss of native structure
integrity, and proteinaceous fluid surrounding the kidney tubules (Galus et al, 2013b).
Yellow perch exposed to wastewater effluent in the St. Lawrence River showed decreased
glutathione-S-transferase activity, decreased catalase activity, and an increase in

ceruloplasmin and lysozyme activities in the head kidney (Dautremepuits et al, 2008).
1.4 Effects on the Liver

The liver has many important functions including amino acid synthesis,
macronutrient metabolism, energy storage, and most notably xenobiotic metabolism. The
liver highly expresses a variety of drug metabolizing enzymes and transporters that help
the organism detoxify harmful xenobiotics (Xu et al, 2005). The detoxification process
involves multiple phases where the final products are highly water-soluble conjugates of

the parent compound that are easier to eliminate (Ferrari et al, 2007; Nabb et al, 2006).



Damage to the liver can severely hamper an organism’s ability to metabolize xenobiotics

and is important to observe when studying PPCP exposure.

Rainbow trout hepatocytes exposed to varying concentrations of municipal effluent
extracts, which include caffeine, ibuprofen, naproxen, oxytetracycline, novobiocin,
carbamazepine, gemfibrozil, bezafibrate, trimethoprim, sulfamethoxazole, and
sulfapyridine show decreased cell viability after exposure (Gagné et al, 2005). Rainbow
trout exposed to diclofenac showed collapse of cellular compartmentation, organelle
disarrangement, and glycogen depletion (Triebskorn et al, 2004). The endoplasmic
reticulum was often found to be degranulated, dilated, or vesiculated and cellular debris
was often seen in the cytoplasm. Severe bioaccumulation was observed after 1 pgL™
diclofenac exposure in rainbow trout, with a bioconcentration factor of 2732 (Schwaiger et
al, 2004). Diclofenac exposure in rainbow trout caused a reduction in expression of both

COX-1 and COX-2 in the liver (Mehinto et al, 2010).
1.5 Analgesics in the Environment

Non-steroidal anti-inflammatory drugs (NSAIDs) are a class of pharmaceuticals
that have anti-inflammatory, analgesic, and antipyretic effects. Their use is widespread
across the world and includes compounds such as acetylsalicylic acid, acetaminophen,
naproxen, ibuprofen, and diclofenac (Fent et al, 2006). NSAIDs achieve their effects
through the inhibition of COX activity. COX enzymes are responsible for the formation of
prostanoids, including prostaglandins, prostacyclins, and thromboxanes (Picot et al, 1994).

There are two mammalian isoforms of COX: COX-1 is constitutively expressed in many



tissues and COX-2 is found in select cell types and is not constitutively expressed (Buck et
al, 1981). In essence, COX cyclizes arachidonic acid in the cyclooxygenase active site and
adds a 15-hydroperoxy group to form the intermediary prostaglandin G.. The hydroperoxy
group is then reduced to a hydroxyl group by the peroxidase active site and prostaglandin
H> is formed. Both cyclooxygenase and peroxidase activities are contained in the same
dimeric protein and the two sites are adjacent, but spatially distinct (\VVane and Botting, 1996;
Vane and Botting, 2000). The prostaglandins produced by COX play multiple important
roles in mammals, including regulation of inflammatory responses, pain and fever,
glomerular and hemostatic homeostasis, and platelet aggregation (Buck et al., 1981,

Gresele et al., 1987).

The use of NSAIDs across the world is frequent. In Australia, NSAIDs were used
to treat 36% of patients with osteoarthritis and 42% for sprain and strain or low back pain
(McManus et al, 1996). The removal rates of NSAIDs are typically very high at wastewater
treatment plants (Kolpin et al, 2002). In many U.S. streams, acetaminophen was found to
have a maximum concentration of 10 pgL™? and the frequency of detection was 23.8%
(Kolpin et al, 2002). Other NSAIDs, including ibuprofen and aspirin were found to have

concentrations of 1 ugL* and 12 pgL™ respectively (Halling-Sgrensen et al, 1998).
1.6 Acetaminophen

Acetaminophen has been traditionally thought to be less harmful to the
gastrointestinal tract compared to other NSAIDs making its use is quite high in Canada

(Zhang et al, 2004). In a cohort of 544,183 elderly patients in Quebec, Canada, 1,597,725



(>3 g/day) and 3,641,140 dispensations for acetaminophen (<3 g/day) were written over
the span of 6 years (Rahme et al, 2008). Acetaminophen differs from other NSAIDs in that
it lacks significant anti-inflammatory activity (Aronoff and Neilson, 2001) and is a very
poor inhibitor of platelet function at doses that are antipyretic (Catella-Lawson et al, 2001;
Lages and Weiss, 1989). Acetaminophen’s selective behavior may be due to its mode of
action, where evidence has been provided that it may inhibit COX activity not through the
cyclooxygenase active site but rather the peroxidase active site (Aronoff et al, 2006).
Various studies have shown acetaminophen’s ability to reduce the higher oxidative state of
COX-peroxidase and other peroxidase enzymes to the ferric or “resting” state (Harvison et
al, 1986; Harvison et al, 1988; Markey et al, 1987). It is thought that acetaminophen would
be most effective in an environment with low peroxide concentration as peroxides would
oppose the actions of acetaminophen and oxidize COX back to its active state (Hanel and
Lands, 1982). Further evidence for this mode of action has been demonstrated by lowering
peroxide concentrations with the enzyme glutathione peroxidase, which enhanced the

inhibitory action of acetaminophen in both COX-1 and COX-2 (Ouellet and Percival, 2001).

Although acetaminophen has a beneficial effect at therapeutic doses, at higher doses
it does have toxic effects. The most common and well-known acetaminophen associated
injury is in the liver. In rodents, the acute liver failure has been attributed to mitochondrial
damage and nuclear DNA fragmentation in the liver causing necrotic cell death (McGill et
al, 2012). More recent studies show that renal insufficiency occurs in approximately 1-2%
of patients with acetaminophen overdose (Mazer and Perrone, 2008). Histological results

show that patients with acetaminophen toxicity and renal insufficiency showed tubular
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epithelial cell necrosis in both the proximal and distal tubules (Bjorck et al, 1988).
Additionally, debris and damage to the basement membrane and significant loss of the
tubular brush border with tubular swelling and distortion of mitochondrial organization

were seen (Kleinman et al, 1980; Cobden et al, 1982; Blantz, 1996).

Although the mechanism of action and toxicity of acetaminophen has been explored
in mammals, it has not been studied as well in aquatic species. COX genes homologous to
mammalian genes have been cloned from rainbow trout (Zou et al., 1999), brook trout
(Roberts et al, 2000) and zebrafish (Grosser et al, 2002). Additionally, a second functional
COX-2, COX-2b, was cloned and characterized from rainbow trout (Ishikawa and
Herschman, 2007). Much of the data on piscine COX orthologues comes from zebrafish
embryos. COX is developmentally expressed early in gastrulation and segmentation and is
thought to be involved in processes such as cell migration to the correct germ layers,
mesoderm development, and isolation of body segments (Grosser et al., 2002; Ishikawa et
al., 2007; Ishikawa & Herschman, 2007; Prescott and Yost, 2002). The knockdown of
COX-1 using antisense morpholino oligonucleotides resulted in gastrulation arrest and
defects in the vascular tube structures in zebrafish (Cha et al., 2005; Grosser et al., 2002).
Interestingly, when COX-1 knockout zebrafish were exposed to exogenous prostaglandins,
there was a reduction in abnormality rate and development was normal (Grosser et al, 2002).
Exposure to NSAIDs such as ibuprofen (David & Pancharatna, 2009), diclofenac (Praskova
et al, 2011) and acetaminophen (Galus et al, 2013b) increased zebrafish embryonic
mortality. Co-exposure of zebrafish embryos with acetaminophen and prostaglandin E:

alleviates the mortality and developmental abnormalities seen with acetaminophen
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exposure alone (Galus et al, 2014). With this in mind, the mechanism of action in teleosts

appears to be similar to the mechanism of action in mammals.

1.7 Rainbow Trout: Model Organism

The rainbow trout is a popular model organism in many biological studies. Its large
size makes it useful in studying organ physiology and basic parameters for gill, liver and
kidney function are well established (Fleming & Stanley, 1965; Holmes & McBean,
Robertson et al, 2014; Wilkie et al, 1994; Hughes, 1972; Alsop & Wood, 1997; Cakmak et
al, 2006; Curtis et al, 1991; Hunn, 1969). Additionally, the fact that they are unable to
escape the source of exposure makes it a good candidate for this project (Owen et al, 2007;
Andersson et al, 1985). Being exposed to different concentrations and varieties of
pharmaceuticals makes the rainbow trout an interesting organism to study as it may aid in
illustrating the effects of environmentally relevant pharmaceuticals, particularly effects on

gill and kidney function as they play a crucial role in ion-regulation.

1.8 Objectives

Studies have shown chronic, low-dose exposure to acetaminophen induced
histological changes in the liver and kidney in zebrafish (Galus et al, 2013) and in liver,
kidney and gill of rainbow trout (Choi and Wilson, unpublished data). The objectives of
this research were to determine whether histological changes induced with acetaminophen
exposure in rainbow trout result in altered urine composition and metabolic performance. |
hypothesized that the histological alterations from acetaminophen exposure were severe

enough to compromise kidney and gill function. Furthermore, since no exposure-related
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mortalities were seen, | hypothesized that the fish were compensating for the altered kidney
function by increasing ion uptake through the gills and increasing glycogenolysis in the

liver to offset losses of ions and glucose in the urine.
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ABSTRACT

The objective of this study was to determine if rainbow trout exposed to chronic
acetaminophen at 10 ugL* and 30 pgL* results in histological changes in the gill, kidney,
and liver that coincides with functional changes in these organs. Histological changes in
the kidney included movement and loss of nuclei, non-uniform nuclei size, non-uniform
cytoplasmic staining, and loss of tubule integrity. Increased severity of effects were seen at
the higher concentration and were matched with dose dependent increased urine flow rate
and increased urine concentrations of sodium, chloride, potassium, calcium, urea, ammonia,
glucose, and protein. Yet, glomerular filtration rate did not change with acetaminophen
exposure. Filament end swelling, whole filament swelling, and swelling of the lamellae
were seen in the gill of exposed fish. Oxygen consumption decreased with acetaminophen
exposure, especially at higher swimming speeds, and critical swimming speed decreased in
both exposure groups. Lamellar spacing decreased in both exposure groups, but lamellar
area decreased only in the 30 pgL™? exposure. The liver showed decreases in the
perisinusoidal space in the 10 pugL ™ exposure and both decreases in the perisinusoidal space
and cytoplasmic vacuolation was observed in the 30 ugL* exposure. Lastly, compensation
for the functional changes in kidney and gill occurred because there was no change in
plasma concentrations of sodium, chloride, potassium, calcium, magnesium, and glucose
with exposure. An increase in Na*-K*-ATPase activity in the gills and a decrease in liver
glycogen was found in the 30 pgL™ dose group. Although it is not clear if the functional

changes are caused by the histological changes or vice-versa, the environmentally relevant
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pharmaceutical acetaminophen appears to impact histology and function of major organs

responsible for ion and nutrient homeostasis.
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1. INTRODUCTION

Many studies have documented pharmaceutical and personal care products in
wastewater effluent and standing waters with concentrations typically ranging from ngL™
to ngL ! (Kolpin et al, 2002; Metcalfe et al, 2003; Galus et al, 2013a; Zuccato et al, 2000).
The main pathway of pharmaceuticals to the environment from human excretion after
ingestion (Fent et al, 2006). Other sources, such as disposal and veterinary use only serve
to increase environmental pharmaceutical concentrations. Pharmaceuticals and personal
care products encompass a broad range of compounds, spanning numerous chemical
classes, and thus have large variability in function, structure, behaviour, and activity.
Frequently detected classes of pharmaceuticals include antibiotics, analgesics,
antidepressants, anti-epileptics, beta-blockers, lipid regulators, and hormones (Kolpin et al,
2002; Stackelberg et al, 2004). Our study focused on the analgesic acetaminophen, due to
its frequent use and wide-spread detection in aquatic systems across the world.
Acetaminophen has been detected in surface waters in the U.S. with a median concentration
of 0.11 pgL™t, a maximum concentration of 10 pgL* and a frequency of detection of 23.8%
(Kolpin et al, 2002). In Canadian wastewater treatment plant effluent, the highest reported
concentration of this compound was 62 pgL* with a frequency of detection of 58% (Guerra

et al, 2014).

Studies have shown histological changes after a chronic, low dose pharmaceutical
exposure in multiple organ systems of fish. For instance, rainbow trout exposed to the
analgesic diclofenac at concentrations ranging from 1 to 500 pgL™t showed severe

alterations in the gills, kidney and liver (Schwaiger et al, 2004). At the lowest observed
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effect concentration (LOEC) of 5 pugL™, the pillar cells of the gill had undergone necrosis
causing severe damage to the capillary walls within the secondary lamellae (Schwaiger et
al, 2004). Renal lesions, degeneration of tubular epithelia, and interstitial nephritis were
found in the proximal and distal kidney tubules after exposure (Schwaiger et al, 2004).
Rainbow trout exposed to 5 pgL? of diclofenac showed collapse of cellular
compartmentalization, organelle disarrangement, and glycogen depletion in the liver
(Triebskorn et al, 2004). Zebrafish exposed to acetaminophen, venlafaxine, carbamazepine,
and gemfibrozil at 0.5 and 10 ugL™? resulted in significant changes in proximal kidney
tubule morphology (Galus et al, 2013b). These changes included loss of cytoplasmic
staining, vacuolization, distortion of nuclei positioning, distortion of nuclei shape, loss of
nuclei, loss of native structural integrity, and proteinaceous fluid surrounding the proximal
kidney tubules (Galus et al, 2013b). However, no changes in the gill and the distal kidney

tubules were observed in this species (Galus et al, 2013b).

Other studies have documented changes in organ function following chronic, low
dose pharmaceutical exposure. Chronic exposure of the anticonvulsant carbamazepine to
rainbow trout caused a significant lowering of Na*-K*-ATPase (NKA) activity in the gills
after 42 days of exposure and a significant lowering of antioxidant enzymes in the gills,
such as superoxide dismutase, catalase, glutathione reductase, and glutathione peroxidase
(Li et al, 2009). Yellow perch exposed to wastewater effluent in the St. Lawrence River
showed decreased glutathione-S-transferase activity, decreased catalase activity, and an
increase in ceruloplasmin and lysozyme activities in the head kidney (Dautremepuits et al,

2008). Diclofenac exposure in rainbow trout caused a reduction in expression of two
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cyclooxygenase genes, COX-1 and COX-2 in the liver (Mehinto et al, 2010). Yet, studies
that include an assessment of both histology and organ function after pharmaceutical
exposure are lacking. The health implications of the histological changes have yet to be
determined and whether fish can compensate for pharmaceutical induced histological

changes is not clear.

Our pharmaceutical of interest, acetaminophen, acts through the inhibition of
cyclooxygenase activity and high, acute doses are known to cause liver and kidney toxicity
in mammals. The most common and well-known acetaminophen associated injury in
mammals is in the liver. In rodents, the acute liver failure has been attributed to
mitochondrial damage and nuclear DNA fragmentation in the liver (McGill et al, 2012).
More recent studies show that renal insufficiency occurs in approximately 1-2% of patients
with acetaminophen overdose (Mazer and Perrone, 2008). Patients with acetaminophen
toxicity and renal insufficiency had histological changes in the kidney, specifically, tubular
epithelial cell necrosis in both the proximal and distal tubules (Bjorck et al, 1988). These
high dose, acute effects in mammals appear to have overlap in organ and cell type to effects
reported for low dose, chronic exposures to analgesics, including acetaminophen, in fish

(Galus et al, 2013b; Schwaiger et al, 2004; Triebskorn et al, 2004).

Using rainbow trout as a model species, we have focused on the histology and
function of the kidney, gill, and liver after acetaminophen exposure. The gills of fish have
the primary role in oxygen uptake and histological changes in this organ may impact this
important function. The kidney and gills are major organs involved in ion homeostasis in

the teleost fish, where ions are continuously lost to the environment through the gills and
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the kidneys play a major role in ion retention through urinary reabsorption (Zayed and
Mohamed, 2004; Evans et al, 2005). The kidney is also responsible for nutrient homeostasis
through the reabsorption of important nutrients, such as glucose. The liver is heavily
involved in macronutrient and xenobiotic metabolism (Xu et al, 2005; Ferrari et al, 2007;
Nabb et al, 2006). In this study, we have chronically exposed rainbow trout to 10 pgL ™ or
30 nglL?! for four weeks. Histological changes were assessed in the gill, liver, and kidney.
Fish were assessed for swimming performance and gill morphology. Livers were collected
to determine glycogen levels. Urine was collected to determine ion, glucose, protein, urea
and ammonia concentrations and plasma was collected to determine ion and glucose
concentrations. Lastly, Na*™-K*-ATPase and H"-ATPase activities were determined in both
gill and kidney. Collectively, this experiment tests whether acetaminophen induced
histological changes resulted in altered organ function and whether glucose and ion

homeostasis were maintained in exposed fish.
2. MATERIALS AND METHODS
2.1 Fish Care

Juvenile rainbow trout weighing approximately 350g (Humber Springs Hatchery,
Orangeville, Ontario, Canada), were housed in an opaque tank with a flow-through system
of dechlorinated tap water (moderately hard: [Na*] = 0.6 mequiv L, [CI] = 1.8 mequiv
L1, [Ca?] = 0.8 mequiv L, [Mg?*] = 0.3 mequiv L, [K*] = 0.05 mequiv L!; titration
alkalinity 2.1 mequiv L™, pH ~ 8.0; hardness ~ 140 mg L™ as CaCOs equivalents;

temperature 12.5-15°C, water flow rate = 30 ml sec?). Fish were fed two times per week
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using commercial fish pellets (Martin Trout Aquaculture, Tavistock, Ontario, Canada;
crude protein 45%, crude fat 9%, crude fibre 3.5%). Supplemental air and water flow rates
were checked daily. Source water was chlorine tested weekly. Light exposure was kept to

a minimum using an opaque tank cover.
2.2 Acetaminophen Exposure Experiments

Juvenile rainbow trout (N=3 per tank) were housed in 60 L opaque tanks and
exposed to 0 pgL* (control) or 10 pgL* acetaminophen for six weeks. Tank temperatures
were maintained at 16°C. Exposure tanks were static and a 90% water change-out followed
by re-dosing of acetaminophen, diluted in system water, was performed every 3 days.
Acetaminophen tank concentrations were not determined but the dosing protocol follows
that of Galus, et al (2013a); acetaminophen concentrations showed a significant loss of
compound 24 hours after water change out (Galus et al, 2013a). Rainbow trout were fed
once a week using commercial fish pellets (Martin Trout Aquaculture, Tavistock, Ontario,
Canada). Water quality was tested weekly for pH, nitrate, nitrite, and ammonia;
temperature was monitored daily. One fish from each tank was sampled every 2 weeks and
liver, gill, and kidney tissues were dissected for histology (described below). Whole
experiments were replicated three times to provide a N=6 fish at each time point and

treatment.

Following the time course exposure, juvenile rainbow trout were housed in 60 L
tanks and exposed to 0 pgL (control), 10 ugL™* (low), or 30 pgL* (high) for four weeks,

as described above. After four weeks of exposure, fish were placed in swim performance
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tests and/or cannulated to determine kidney function (described below). After physiological
testing, fish were euthanized and sampled. Blood was sampled using heparinized syringes
and plasma was prepared by centrifugation at 21,155g for 10 minutes and then stored at
-20°C. Gill, liver and kidney were either formalin fixed or tissues were snap frozen in liquid

nitrogen and stored at -80°C.

2.3 Histology

Tissues were fixed in 10% neutral buffered formalin for 72 hours and transferred to
70% ethanol. The samples were embedded in paraffin and sections were taken at 5 um and
mounted on superfrost glass slides (Fisher Scientific, Ottawa, ON). Sections were stained
with hematoxylin and eosin Y (Richard-Allan Scientific, Kalamazoo, USA), following
standard histology procedures and examined using a Zeiss Axiolab microscope (Carl Zeiss,
Hallbergmoos, Germany). A modified scoring system adapted from Bernet et al. (1999)
was used to identify the histological changes in the kidney. Briefly, kidney histological
changes were scored from 0-4, 0 representing no damage to the kidney, 1 representing
nuclei movement, 2 for increased nuclei movement and multi-nucleation and loss of nuclei,
3 for heavy globular eosin staining and tubule damage, and 4 for heavy tubule degradation.
A scoring system was developed for the gills based off of histological changes observed by
Mallatt (1985). Gill histological changes were scored on a scoring system from 0-3 based
on number of histological changes (filament tip swelling, thickening of lamellae, and whole
filament swelling) observed, 0 indicating no change, 1 representing at least one histological
change, 2 representing at least two histological changes, and 3 indicating all three possible

alterations were observed. Liver histological changes were not scored numerically, but
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were visually assessed for histological changes such as a decrease in perisinusoidal space,
vacuolation of the cytoplasm, and glycogen depletion. The slides were read blind by a
single assessor (E. Choi) and the histological changes were noted and confirmed by a

second assessor (J. Wilson).
2.4 Swimming Performance

Swim tests were performed using a Loligo 90 L swim tunnel respirometer (Loligo
Systems, Tjele, Denmark) in order to determine oxygen metabolism at increasing
swimming speed. Fish were allowed to acclimate for 30 minutes at 0.3 body-
lengths/second (BL/s) in the dark where the tunnel was flushed continuously. Swim tests
began at 1.5 BL/s and increased by 0.5 BL every 1200 seconds. During the test period the
chamber was sealed and was flushed in between trials. Oxygen content of the swim tunnel
was measured using a fibre-optic oxygen probe and Loligo Autoresp LDAQ software
(Loligo Systems, Tjele, Denmark). The respiratory software calculates metabolic rate
using linear regression of oxygen content of the swim tunnel, along with the fish mass,
flume volume corrected for fish volume, and saturation concentration of oxygen (based on
temperature and barometric pressure). Oxygen consumption was measured over a period
of 720 seconds at each swimming speed. Swim tests were performed in clean, dechlorinated
tap water at 15 °C. The critical swimming speed (Ucrit) was determined for each fish using

the equation given by Brett (1964):

Ucrie = Vp + [(T/t) dV]
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where Ucrit is in cms™, V is the velocity prior to the velocity at which exhaustion occurred,
dV is the velocity increment, t is the time swum at each velocity, and T is the time swum at

the final velocity before exhauastion. N=10 for control, low and high groups.
2.5 Urine Collection

Fish were given 24 hours recovery in exposure tanks post swim performance test
and prior to bladder cannulation to determine renal function. A subset of fish (N= 8 for
control, low, and high) were cannulated without prior swim performance test. The
cannulation protocol followed Wood and Randall (1973), where fish were anesthetized in
a solution of neutral buffered 0.1 gLt MS-222 (Sigma-Aldrich, St Louis, MO). Fish were
fitted with internal urinary bladder catheters (Clay-Adams PE10 tubing, with PE60 sleeves
attached by VetBond veterinary glue) and the catheter sleeve was stitched onto the base of
the tail. Fish were revived by flushing freshwater across the gills and were allowed to
recover for 24 hours. Catheters emptied into pre-weighed vials and urine samples were
collected over 24 hours to measure sodium, potassium, calcium, magnesium, chloride, urea,
ammonia, glucose, and protein concentration, and urine flow rate (UFR) (N=15).
Glomerular filtration rate (GFR) was determined in a subset of animals (N=8 control and
low; N=6 high) by injection of 1 pCi [*H]polyethylene-4000 ([*H]PEG-4000) (Sigma-
Alridch, St Louis, MO) in 1 mL of Cortland saline into the caudal vein at the time of
cannulation. After ensuring catheter patency, urine samples were collected continuously
over a 2 hour period. After cannulation and urine collection, fish were euthanized and liver,

gill, and kidney tissues dissected (described above).
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2.6 Urine and Plasma Analyses

Urine and plasma cation concentrations were measured through atomic absorption
(Varian AA-1275). In order to eliminate Na* interference, 0.2 % LaCls was used in the
Ca?" and Mg?" measurements. Urinary ammonia was measured via spectrophotometry
using a modified protocol based on phenol-hypochlorite method (Verdouw et al. 1978)
where indophenol blue is produced by the reaction of ammonia with salicylate and
hypochlorite, in the presence of sodium nitroprusside. Urinary urea was measured using
the diacetyl monoxime method (Crocker, 1967) and chloride concentrations for both urine
and plasma were measured using the mercuric thiocyanate method (lwasaki, 1956).
Glucose concentrations for both urine and plasma were measured using the Infinity™
Glucose Kit (Thermo-Scientific, Wilmington, DE) and urinary protein concentrations were

measured using Bradford Reagent (Sigma-Alridch, St Louis, MO) and BSA standards.

For fish injected with [*H]JPEG-4000, 5 mL of Perkin-Elmer Opti-phase
scintillation fluid (Waltham, MA, USA) was added to urine samples. [*H]PEG-4000
radioactivity (measured in B emissions; counts min™ ml) was determined by using a Tri-
Carb 2900TR Liquid Scintillation Analyzer (Perkin-Elmer, Waltham, MA, USA). GFR

was calculated using the equation given by Robertson et al (2014):

urine (cpm/ml) 1 1

— —_— X —

~ initial-final plasma (cpm/ml) M At

where M is mass (Q), t is time in hours, and the urine (cpom/ml) and initial-final plasma

(cpm/ml) ([initial +final] x 0.5) were based upon measured sample radioactivity.
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2.7 Gill Morphology

Gill morphological measurements were carried out following protocol outlined by
Hughes (1984). Total number of filaments on each gill arch was counted under a Zeiss
Axiolab microscope (Carl Zeiss, Hallbergmoos, Germany), and the length of every tenth
filament was measured at 10x magnification using digital image capture and AxioVision
Microscope Software (Carl Zeiss, Hallbergmoos, Germany). Linear spacing between
lamellae was measured over 10 lamellae at 20x magnification at the base, mid-section, and
tip of every tenth filament on the first gill arch. At every tenth filament from the first gill
arch, serial cross sections were made with a razor blade and lamellar area was assessed on
at least five lamellae from each filament at 20x magnification. Total gill surface area was
calculated as A = LnB, where L is the total filament length (mm) on all gill arches, n is the
number of lamellae per mm on both sides of the filament, and B is the average bilateral

surface area of the lamellae (mm?).
2.8 Enzyme Activity

Flash frozen gill and kidney samples were ground in a mortar and pestle over liquid
nitrogen and Na'™-K™-ATPase activity was measured following the micro-plate protocol
(McCormick, 1993). H*-ATPase activity was measured following a modified protocol
from Lin and Randall (1993), which was adapted to the Na*-K*-ATPase activity assay
(McCormick, 1993) using sodium azide and NEM (N-ethylmaleimide) as inhibitors. The
plate was placed in a temperature controlled plate reader at 340 nm for both activities at 15

second intervals for 30 minutes. Activities were measured as the difference in ATP

34



hydrolysis in the absence and presence of an inhibitor (ouabain and sodium azide with
NEM), expressed as micromoles of ADP per milligram of protein per hour. Protein
concentrations were measured using Bradford Reagent (Sigma-Alridch, St Louis, MO) and

BSA standards.

2.8 Liver Glycogen

Frozen liver samples were homogenized in ultrapure water and boiled for five
minutes to inactivate enzymes. Samples were centrifuged at 13,000g for 5 minutes to
remove insoluble material. Liver glycogen was assessed using a commercially available

glycogen assay kit (Sigma-Aldrich, St Louis, MO), following the manufacturer’s protocol.

2.9 Statistical Analysis

Data was analyzed using SigmaPlot software (version 11, Systat Software, Inc, San
Jose, California, USA). Histological data was analyzed based on percent incidence of
histological change within each exposure and analyzed using student’s t test. Urine data
was analyzed together after determining there were no differences between fish that were
and were not subjected to swim performance tests prior to cannulation. Urine and plasma
parameters, liver glycogen, enzyme activity, metabolic rate, and critical swimming speed
were analyzed by a one-way analysis of variance (ANOVA), comparing control fish to
exposed fish. Normality was determined using the Shapiro-Wilk’s test. Urine potassium,
magnesium, calcium, chloride, glucose, protein, plasma calcium, liver glycogen were not

normal and analyzed using Kruskal-Wallis one-way analysis of variance on ranks.
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Following ANOVA analysis, significant differences were determined using the Tukey

post-hoc test. All data is expressed as mean+=SEM.
3. RESULTS
3.1 Time Course Histology

Exposure of rainbow trout to acetaminophen at 10 pug L for 2-6 weeks resulted in
a significant increase in the incidence of histological changes in the kidney (Table 1).
Histological changes observed include movement and loss of nuclei (Figure 1C,D), non-
uniform nuclei size (Figure 1C,D), non-uniform cytoplasmic staining (Figure 1B,D), and
loss of tubule integrity (Figure 1B). All exposed fish showed some level of kidney
histological change at all sampled time points and the severity increased with increased
exposure time length (Table 1). Exposure to 10 pg L™ acetaminophen for 2-6 weeks caused
a significant increase in incidence of histological changes in the gill as early as two weeks
after exposure (Table 2). Histological changes observed included filament end swelling,
whole filament swelling, and swelling of the lamellae (Figure 2B). Exposed fish showed
some level of gill histological change at all sampled time points (Table 2). Exposure of
rainbow trout to 10 ugL! acetaminophen caused histological changes in the liver as early
as 2 weeks. Changes in the exposed group included decreased perisinusoidal space and

cytoplasm vacuolation.
3.2 Acetaminophen Impacts on Kidney

Exposure of rainbow trout to acetaminophen at 10 pugL™ and 30 pgL™? for four
weeks resulted in similar histological changes as seen in the kidney after the time course
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exposure (Figure 3). Interestingly, the histological changes, such as non-uniform
cytoplasmic staining and loss of tubule integrity, seen in the high dose group were similar
to changes found after 6-week exposure to 10 ugL™* acetaminophen (Figure 1). Movement
and loss of nuclei and non-uniform nuclei size were more common in the 10 pgL™* group,
while the 30 pgL™ group showed non-uniform cytoplasmic staining and loss of tubule
integrity in addition to the changes seen in the low dose group. Thus, the severity of
histological change increased with increasing exposure concentration. Urine analyses
revealed that urine filtration rate (UFR) increased across exposure groups in a dose
dependent manner, however no difference was seen in glomerular filtration rate (GFR)
across exposure groups (Figure 4). Sodium, chloride, potassium, and calcium
concentrations were increased in the urine of both exposure groups in a dose dependent
manner (Figure 5A). Magnesium concentration did not change with acetaminophen
exposure (Figure 5A). Urea and ammonia concentrations increased in the urine of both
exposure groups in a dose dependent manner (Figure 5A). Likewise, urinary protein and
glucose concentrations were elevated with exposure although only glucose concentrations
were different between low and high doses (Figure 5C). Kidney Na"™-K™-ATPase (NKA,
Figure 6) and H*-ATPase (Supplementary Figure 1) activity was not significantly different

across treatment groups.
3.3 Acetaminophen Impacts on Gill

Exposure of rainbow trout to acetaminophen at 10 pgL ™ and 30 pgL* resulted in similar
histological changes seen in the gill (Figure 7) as in the time course exposure (Figure 2).

The high dose group showed changes in the gill that were similar to changes seen with 6-
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week exposure to 10 pgL? in the time course exposure. Lamellar swelling was found in
both exposure groups, however filament tip swelling was found at 10 pgL™* and whole
filament swelling was found at 30 pgL™. Thus, there was an increase in the severity of
filament swelling in the high dose exposure group. Gill morphometric analysis revealed
that lamellar spacing decreased in both low and high exposure groups and lamellar area
was decreased in the high exposure group but not in the low exposure group (Table 3).
There were no significant changes for total gill surface with exposure (Table 3). Oxygen
consumption, as a function of swimming speed, decreased with acetaminophen exposure
and the decrease was greater at high swimming speeds, albeit not statistically different
between the low and high group (Figure 8). Maximum oxygen consumption for the control,
low and high group were 640.84, 514.93, and 453.78 mg Oz kg* hr! respectively. Critical
swimming speed (Ucrit) was significantly lower in the exposure groups compared to
unexposed fish (Figure 9). NKA activity was elevated only in the high dose group (Figure
6) and H*-ATPase activity was not significantly different with acetaminophen exposure

compared to controls (Supplementary Figure 2).
3.4 Acetaminophen Impacts on the Liver

Exposure of rainbow trout to acetaminophen to 10 pgL™ and 30 pgL™ resulted in
increased histological changes in the liver (Figure 10). Decreases in the perisinusoidal
space were seen in both the low (Figure 10B) and high (Figure 10C) acetaminophen
concentrations. Cytoplasmic vacuolation was observed in the high exposure group only

(Figure 10C). Liver glycogen content decreased in the high exposure group (Figure 11).
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3.5 Plasma lon and Glucose Concentrations

Plasma concentrations of sodium, chloride, potassium, calcium, or magnesium were
similar across exposure groups (Supplementary Figure 2A). Plasma glucose concentrations

did not change across exposure groups (Supplementary Figure 2B).
4. DISCUSSION

While histological effects have been noted in two fish species, with multiple
analgesics, the functional implications of these changes have not been identified. The gill
has a primary role in oxygen uptake in fish (Saunders, 1962; Perry, 1997; Marshall &
Grosell, 2005). The kidney and gill are both involved in maintaining ion and water
homeostasis in teleost fish (Marshall & Grosell, 2005; Holmes & McBean, 1963; Curtis &
Wood, 1991). Additionally, the kidney and liver both are involved in maintaining energy
homeostasis (Marshall & Grosell, 2005; Tranulis et al, 1991; Panserat et al, 2001). Thus,
histological changes to these important organs may cause physiological alterations that may

impact organ function and have the potential to disrupt homeostasis.

The objective of this study was to determine whether histological changes were
present in the gill, liver, and kidney of rainbow trout with chronic acetaminophen exposure
and whether there were concomitant functional changes as assessed by altered swim
performance and oxygen consumption, and urine composition as proxies for gill and kidney
function, respectively. Exposures of rainbow trout were initially completed for two, four
or six weeks at 10 pgL?, to determine whether 10 pgL™ was sufficient to impact organ

histology and the length of exposure needed to induce histological changes. This was a
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concentration shown to cause significant effects in kidney of zebrafish after six weeks
exposure (Galus et al, 2013b). Subsequent exposures were completed for four weeks to 10
ugLt or 30 pgL? acetaminophen, with histological, morphological (gill only), and

physiological parameters determined.
4.1 Time Course for Acetaminophen Impacts on Organ Histology

Exposure to 10 pugL™* acetaminophen caused histological changes in the kidney as
early as 2 weeks and the incidence of histological effects was greater with exposure
compared to control; the severity of the histological changes increased with increasing
exposure time (Table 1, 2; Figure 1, 2). The histological effects noted in rainbow trout with
acetaminophen exposure were consistent with other studies that show histological changes
after analgesic exposure, including acetaminophen (Schwaiger et al, 2004; Triebskorn et al,
2004; Galus et al, 2013b). For instance, rainbow trout exposed to 5 pugL™ of diclofenac
showed changes in tubular epithelial cells and non-uniform cytoplasmic staining
comparable to the changes seen in this study (Schwaiger et al, 2004). Zebrafish exposed to
0.5 and 10 pgL™? acetaminophen showed comparable changes, including structural
alterations in to the proximal kidney tubule structure, alterations in nuclear size or density,
plasma alterations, loss of staining integrity and the presence of hyaline or
hypertrophic/hyperplasic tissue (Galus et al, 2013b). However, no changes in distal kidney

tubule structure was seen in zebrafish (Galus et al, 2013b).

Exposure of rainbow trout to 10 pgL* acetaminophen caused histological changes

in the gill as early as 2 weeks and the incidence of histological effects was greater with
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exposure compared to control; the severity of the histological changes increased with
increasing exposure time (Table 1, 2; Figure 1, 2). Similar changes were seen in the gills
of rainbow trout exposed to 5 pugL™ of diclofenac including inflammation of the lamellae
and filament, however we did not observe the epithelial cell necrosis and pillar cell death
that had been seen with diclofenac exposure (Schwaiger et al, 2004). Interestingly, no
changes in the gill were observed in zebrafish exposed to acetaminophen (Galus et al,
2013b), suggesting that the zebrafish gill may be less sensitive to analgesic induced

histological effects.

Exposure of rainbow trout to 10 pgL* acetaminophen caused histological changes
in the liver as early as 2 weeks. Although the changes were not scored for severity, changes
seen in the exposed group showed decreases in perisinusoidal space, cytoplasm vacuolation,
with the latter only present in the high exposure group. In zebrafish exposed to
acetaminophen, the liver showed cytoplasmic vacuolization, which was thought to indicate
a decrease in glycogen stores, however increases in the size of hepatic nuclei were seen in
exposed zebrafish, which were not observed in this study (Galus et al, 2013b). Histological
changes were also seen in the liver of diclofenac exposed rainbow trout (Schwaiger et al,
2004). Whether the variation in liver histology effects is due to a difference in species
(rainbow trout versus zebrafish), compound (diclofenac versus acetaminophen), or both
remains to be determined. Further research on liver effects of analgesics will be required to

determine the hepatic effects of compounds in this drug class.

Subsequent acetaminophen exposures were completed at 10 and 30 pgL™* for 4

weeks to provide two doses with increasing severity of histological effects in multiple
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organs. The 10 pgL™ concentration represented the maximum reported concentration for
acetaminophen (Kolpin et al, 2002) and the 30 pgL™ represents the average maximum
reported concentration for the analgesic drug class combined (Kolpin et al, 2002; Guerra et
al, 2014). Four weeks of exposure to 30 pgL™ acetaminophen caused histological effects
similar to 10 pgL™ after 6 weeks of exposure. With fish exposed to two doses of
acetaminophen, we determined whether there were functional changes in the organs that
could be related to the histological effects observed. To our knowledge, this is the first
study show that organ histological changes can coincide with organ functional changes in

fish after pharmaceutical exposure.
4.2 Acetaminophen Impacts on Kidney

In the teleost kidney, urine formation involves glomerular ultrafiltration and
substantial reabsorption of filtered substances across the tubular epithelial (Marshall &
Grosell, 2005). The majority of monovalent ions are reabsorbed in the water-impermeable
distal tubules. In the early distal tubules, sodium and chloride in the lumen creates a lumen
positive potential that is maintained by the basolateral Na*-K*-ATPase (NKA) and apical
Na*-K*-Cl-cotransporter (NKCC), which allows for uptake of ions including sodium,
chloride, and potassium (Boylan, 1972; Dantzler, 2003; Nishimura et al, 1982). Glucose
and other organic solutes are reabsorbed in the proximal tubules (Braun & Dantzler, 1997).
Larger substances, such as proteins, are generally not filtered and remain in the plasma
(Hayslett et al, 1968). This ultrafiltration and reabsorption process allows for the production
of very dilute urine. In order to understand how the histological changes (Figure 3) seen in

rainbow trout exposed to acetaminophen might be affecting kidney function, fish were
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given a bladder cannulation to collect urine and determine urine composition and
glomerular filtration rate (GFR). The urine filtration rate (UFR), GFR, and urine
concentrations for ions, ammonia, urea, and glucose in unexposed animals match values
documented in the literature (Pane et al, 2004; Bleau et al, 1996; Wilson & Taylor, 1993;
Holmes & McBean, 1963). Yet, acetaminophen exposure increased UFR and
concentrations of sodium, potassium, calcium, chloride, ammonia, urea, protein, and
glucose (Figure 4, 5) suggesting that the kidneys from exposed fish may have reduced
capacity to reabsorb filtered substances in both the proximal and distal tubules and a loss
of filtration selectivity. This is not surprising since acetaminophen overdose in human
patients has been shown to cause renal insufficiency characterized by tubular epithelial cell
necrosis in both the proximal and distal tubules (Bjorck et al, 1988). The fact that GFR did
not change with exposure (Figure 4) strongly suggests that reabsorption was being
impacted rather than increased kidney filtration causing a rise in urinary ion and glucose
concentrations. However, the presence of protein in the urine may indicate the presence of
a glomerular disease (Hayslett et al, 1968). Pharmaceutical effects on the glomerulus of
fish has not been extensively studied, however in a diclofenac exposure study on rainbow
trout, the authors argued that the accumulation of hyaline protein droplets could be a result
of impaired glomerular filtration (Triebskorn et al, 2004). Similar histological changes in
the kidney have been seen in aquatic species as a result of heavy metal (Mela et al, 2007,

Gupta & Srivastava, 2006) and ammonia exposure (Benli et al, 2008).
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4.3 Acetaminophen Impacts on Gill

Rainbow trout exposed to acetaminophen showed several histological changes in
the gills (Figure 7). Interestingly, acetaminophen exposure in zebrafish showed no
histological changes in the gills (Galus et al, 2013b), indicating that rainbow trout may be
more sensitive to acetaminophen when compared to zebrafish. In order to understand the
impact of these histological changes, swim tests and gill morphometrics were performed.
As has been previously reported, unexposed animals had oxygen consumption rates of
341.96 mg O2kg*h, which increased with increasing swimming speed (Alsop et al, 1997).
Rainbow trout exposed to acetaminophen showed a reduction in oxygen consumption,
particularly at higher swimming speeds (Figure 8). Additionally, critical swimming speed
was reduced in both exposure groups (Figure 9), indicating that the histological changes
seen in the gills may be hindering oxygen uptake. Gill morphometric analysis showed that
lamellar density decreased in both exposure groups and lamellar area was decreased in only
the high group (Table 3). Reduced swimming performance and structural changes in the
gills after exposure to a variety of contaminants have been reported in the past (Boyle et al,
2013; Ellgaard & Guillot, 1988; Nikl & Farrell, 1993; Wilson & Wood, 1992; Waiwood &
Beamish, 1978), however, to our knowledge, this has not been reported after

pharmaceutical exposure.

Although not measured, the swelling of the filaments and lamellae seen in the
histology could increase the diffusion distance oxygen needs to travel between the blood
and the environment. Gill morphometric analyses indicated decreased lamellar spacing and

lamellar area, which would decrease oxygen uptake. Both of these changes may explain the
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lowered swimming performance with acetaminophen exposure, however the
morphological changes seen may be a result of gill remodeling to minimize ion loss. For
instance, the freshwater fish has been known to undergo gill remodeling when faced with
salinity or hypoxic challenges in order to maintain ion homeostasis (Nilsson, 2007
Mitrovic et al, 2009; Goss et al, 1994). Whether or not the decreased oxygen consumption
is a result of the histological changes due to acetaminophen exposure or an indirect effect

due to gill remodeling in order to minimize ion loss at the gills is not clear.

4.4 Acetaminophen Impacts on Liver

Acetaminophen exposed rainbow trout showed histological alterations in the liver
(Figure 10), consistent with changes seen in other analgesic exposure studies (Triebskorn
et al, 2004. Galus et al, 2013b). Histological changes in the liver following pharmaceutical
exposure are not surprising as it is the primary xenobiotic metabolizing organ and liver
damage can be seen in human patients with acetaminophen overdose (Mazer and Perrone,
2008). The decrease in perisinusoidal space is indicative of damage to the liver and can
lead to decreased uptake of nutrients and waste by hepatocytes (Hampton et al, 1989). The
vacuolation in the high dose group could be caused by glycogen depletion and/or provide
evidence for metabolic disturbances (Woodward et al, 1994; Figueiredo-Silva et al, 2005).
Indeed, liver glycogen stores were lower in fish from the highest acetaminophen exposure
group only, supporting this interpretation of the histology. These changes are consistent
with a general type of cellular response to stress factors and the collapse of cellular
compartmentalization has been shown in other xenobiotic exposure studies in fish

(Schramm et al, 1998, Gernhofer et al, 2001, Triebskorn et al, 2004).
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4.5 Maintaining Homeostasis with Altered Organ Function

Our results showed that after acetaminophen exposure, the rainbow trout
experiences increased loss of ions and glucose in urine, which could impact plasma levels
and homeostasis. However, since no exposure-related mortalities were seen, we
hypothesized that the fish were able to maintain homeostasis. Plasma concentrations of
sodium, chloride, potassium, calcium, magnesium, and glucose in acetaminophen exposed
fish were not different from controls, which provides evidence that the fish were able to
maintain ion and glucose homeostasis in spite of the increased loss in urine. Freshwater
teleost fish constantly loses ions to its environment due to osmolarity differences between
the water and plasma and thus have mechanisms in place to efficiently take up these ions
from the environment (Evans et al, 2006; Evans, 2008; Evans, 2010; Dymowska et al,
2012). A variety of studies have shown that the uptake of sodium and chloride are
chemically-coupled to extrusion of internal ions, such as NH4", H*, or HCO3™ (Marshall &
Grosell, 2005; Evans, 2010), relying on transporters such as Na*-K*-ATPase (NKA) and
H*-ATPase. In response to environmental changes (such as salinity or hypoxia), freshwater
teleost fish are able to alter uptake mechanisms in order to maintain ion homeostasis (Lin
et al, 2004; Richards et al, 2003; Reid et al, 2002). With this in mind, we sought to explore
possible transporter activity changes in the gill and kidney, which may compensate for the
loss of ions in urine. In the kidney, no changes in NKA or H*-ATPase activity were seen
in either of the exposure groups (Figure 6, Supplementary Figure 2), possibly indicating a
lack of ability to maintain reabsorption homeostasis in the kidney. In the gill, enzyme

activity data supports the notion of some compensation at the gill as NKA activity was
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increased in the gill at the high dose, although H*-ATPase activity did not change (Figure
6, Supplementary Figure 2). It is possible that the fish could be compensating for the loss
of ions through other ion-absorbing organs, such as the intestines (Loretz, 1995; D’Cruz &
Wood, 1998; Wood et al, 2002; Marshall & Grosell, 2005) and bladder (Marshall & Grosell,

2005; McDonald et al, 2002).

Like plasma ion concentrations, plasma glucose was not altered with
acetaminophen exposure. In order to explore compensation for glucose loss, liver glycogen
content was assessed. While no change was found in the low exposure group, a significant
decrease in liver glycogen was found in the high dose group (Figure 11), suggesting that
liver glycogen breakdown may partially contribute to maintaining plasma glucose levels,
but another mechanism to offset glucose loss in the urine was likely contributing to glucose
homeostasis. The fish may be acquiring increased glucose from their diet (Nordrum et al,
2000; Stokes & Fromm, 1964) as they were fed weekly throughout the experiment to
maintain body weight, however the decrease in glycogen content in the high dose group
provides some evidence for increased glycogenolysis to offset the loss of glucose in the
kidney. Studying enzyme activity and glucose flux in the intestine will reveal if diet is

influencing the stable plasma glucose levels seen amongst fish in both treatment groups.

4.5 Implications for Fish Health

We have documented that the histological changes caused by acetaminophen
coincide with changes in kidney and gill function. Altered gill histology and morphology

were found in fish with acetaminophen exposure; these fish had lowered oxygen
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consumption and critical swimming speed compared to the controls. Although it is unclear
if acetaminophen is directly impacting aerobic metabolism, there are disadvantages to
relying on anaerobic metabolism, such as lactate build-up and metabolic acidosis.
Limitations to oxygen consumption and swimming performance could have an impact on
growth, predator-prey interactions, and behaviour (Van Raaij et al, 1996; Pichavant et al,

2001).

Altered kidney histology and dose dependent changes in urine composition,
coupled with no impact on glomerular filtration rates, strongly suggests that acetaminophen
induced damage to the proximal and distal kidney tubules were impacting the capacity of
the fish for reabsorption of important ions and glucose. In spite of these functional changes,
fish were able to maintain ion and glucose plasma concentrations, however this most likely
occurs at the cost of increased energy expenditure. Although not considered in this study,
increased glucose loss in the urine could mean that there is less glucose available for other
energetic activities. While the fish in this study were kept fed weekly, wild fish may have
more trouble coping with urinary losses of ions and glucose as food availability may be
highly variable. This could lead to large perturbations in ion and nutrient homeostasis
which can have long-term impacts on growth, metabolism, reproduction, and a host of other
cellular processes (Morgan & lwama, 1991; Swanson, 1998; Lambert et al, 1994; Febry &
Lutz, 1987), and impact stress responses (Pottinger & Carrick, 1999) and feeding behaviors

(Cowey et al, 1977; Panserat et al, 2000; Moon, 2000).

Analgesics are one of the most common environmental pharmaceutical classes, and

data from this study and others suggests that analgesics in the environment, such as
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acetaminophen, may impact gill, liver and kidney histology; data from this study suggest
that organ function is also compromised. More research is needed to understand if these
impacts are present in fish exposed to pharmaceuticals in the wild and if the effects are

significant enough to impact long term processes of growth, metabolism, and reproduction.
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TABLES

Table 1: Histological changes in the kidney of rainbow trout after chronic exposure
to acetaminophen for two to six weeks.

Juvenile rainbow trout were exposed to 10 pgL™* of ageous acetaminophen (ACE) for 2, 4
or 6 weeks. Histological scores were adapted from Bernet et al. (1999). Kidney histological
changes were scored from 0-4, 0 representing no damage to the kidney, 1 representing
nuclei movement, 2 for increased nuclei movement and multi-nucleation and loss of nuclei,
3 for heavy globular eosin staining and tubule damage, and 4 for heavy tubule degradation.
All exposure times showed a statistically significant increase in incident of histological
change, when compared to controls; P<0.05.

N 0 1 2 3 4 Incidence
CTRL Week 2 6 4 4 2 0 O 0.6
CTRL Week 4 6 4 4 0 0 O 0.5
CTRL Week 6 6 37 2 00 0.75
ACE Week 2 6 0 0 6 6 0 1
ACE Week 4 6 0 0 8 0O 1
ACE Week 6 6 0 0 4 2 6 1

Table 2: Histological changes in the gills of rainbow trout after chronic exposure to
acetaminophen for two to six weeks.

Juvenile rainbow trout were exposed to 10 pgL™ of ageous acetaminophen (ACE). Gill
histological changes were scored on a scoring system from 0-3 based on number of
histological changes (which include filament tip swelling, thickening of lamellae, and
whole filament swelling) observed; 0 indicating no histological, 1 indicating at least one of
the changes were observed, 2 indicating at least two of the changes were observed, and 3
indicating all three possible histological changes were observed. All exposure times
showed a statistically significant increase in incident of histological changes, when
compared to controls; P<0.05.

N 0 1 2 3 Incidence
CTRL Week 2 6 3 3 00 0.6
CTRL Week 4 6 3 3 00 0.5
CTRL Week 6 6 1 500 0.83
ACE Week 2 6 0 0 4 2 1
ACE Week 4 6 0 1 3 2 1
ACE Week 6 6 0 0 4 2 1
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Table 3: Gill morphometrics of rainbow trout exposed to 0 pgL* (control), 10 pgL™?
(low), and 30 pgL* (high) acetaminophen for 4 weeks. Linear spacing between lamellae
was measured over 10 lamellae at 20x magnification at the base, mid-section, and tip of
every tenth filament on the first gill arch. At every tenth filament from the first gill arch,
serial cross sections were made with a razor blade and lamellar area was assessed on at
least five lamellae from each filament at 20x magnification. Total gill surface area was
calculated as A = LnB, where L is the total filament length (mm) on all gill arches, n is the
number of lamellae per mm on both sides of the filament, and B is the average bilateral
surface area of the lamellae (mm?). Significance between groups was determined using a
one-way ANOVA. Letters represent significant differences between groups (N=8 for
control and high; N=7 for low).

Control Low High

Filament number 365.5+6.9 366.14+5.9 372.5045.9
Filament length (mm) 2.07+0.12 2.14+0.06 2.09+0.06
Filament thickness (um)  130.97+5.03 128.14+2.32 132.81+6.01
Lamellar density 53.67+0.82 48.54+1.01° 50,650,274
(lamellae/mm filament)

Lamellar area (mm?) 0.141+0.004 0.140+0.001 0.130+0.002%
Total surface area (cm?)  116.32+11.32 104.52+3.20 101.66+5.31
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FIGURES

Figure 1: Histological changes in the kidney of rainbow trout after chronic exposure
to acetaminophen for 6 weeks. Alterations seen in the kidney after a 6 week exposure to
10 pgLt acetaminophen. All slides were screened at 60x under a standard light microscope.
A) Normal kidney tubules of rainbow trout showing central nuclei positioning with a
uniformly stained cytoplasmic packet and uniform nuclei size. B) Proximal kidney tubules
of rainbow trout exposed to 10 pugL* of acetaminophen, showing non-uniform cytoplasmic
staining and heavy globular eosin staining (white arrow) and loss of tubule integrity (open
white arrow). C) Proximal kidney tubules of rainbow trout exposed to 10pgL™? of
acetaminophen, showing movement and loss of nuclei along with non-uniform nuclei size
(black arrow). D) Kidney tubules of rainbow trout exposed to 10 pgL* of acetaminophen,
showing non-uniform cytoplasmic staining (proximal tubule, white arrow) and nuclei
movement and non-uniform nuclei size (distal tubule, black arrow).




Figure 2: Histological alterations in the gills of rainbow trout after chronic exposure
to acetaminophen for 6 weeks. Alterations seen in the gills after 6 week exposure to 10
ugLt acetaminophen. All slides were screened at 60x under a standard light microscope.
A) Normal gill filament of rainbow trout showing uniform thin filaments with normal
lamellae. B) Gill filament of rainbow trout exposed to 10 pgL™ of acetaminophen, showing
both enlargement of the filament tip and whole filament, along with swelling of the lamellae.
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Figure 3: Histological alterations in the kidney of rainbow trout after 4 week exposure
to acetaminophen. Alterations seen in the kidney after 4 week exposure to 0, 10, or 30
ugLt acetaminophen. All slides were screened at 60x under a standard light microscope.
A) Normal kidney tubules of rainbow trout showing central nuclei positioning with a
uniformly stained cytoplasm and uniform nuclei size. B) Kidney tubules of rainbow trout
exposed to 10 pugL* of acetaminophen, showing loss of nuclei (proximal tubule, open white
arrow), nuclei movement (proximal tubule, open black arrow), and multi-nucleation (distal
tubule, black arrow). C) Proximal kidney tubules of rainbow trout exposed to 30 pgL™
acetaminophen, showing non-uniform cytoplasmic staining (proximal tubule, black

chevron).
) ZGIRD S I TS GV
&f!igg“?2ﬁ§&%.%n
E o, SR R
| r, . Y.

-
> N
(LRl

»
~ & Ls . ™
S LA "3 8

U
d‘./" T W - 'y G
e ATl WD

58



Figure 4: Urine Filtration Rate (UFR) and Glomerular Filtration Rate (GFR) in
rainbow trout exposed to 0 pgL? (control), 10 pgL?* (low), and 30 pgL? (high)
acetaminophen for 4 weeks. Significant differences between groups was determined using
a one-way ANOVA. Error bars depict standard error of mean (N=8 for control and low;
N=6 for high). Different letters over bars indicate statistical differences amongst treatment
groups.
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Urine Concentration (mM)

Figure 5: Cation (Na*, K*, Mg?*, Ca?*), anion (CI), ammonia, glucose, and protein
concentrations in urine of rainbow trout exposed to 0 pgL* (control), 10 ugL* (low),
and 30 pgL? (high) acetaminophen for 4 weeks. Significance between groups was
determined using a one-way ANOVA. Error bars depict standard error of mean. (N=15 for

each group). Different letters over bars indicate statistical differences amongst treatment
groups.
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Figure 6: Na*-K*-ATPase (NKA) activity in kidney and gill of rainbow trout exposed
to 0 pugL* (control), 10 pgL?* (low), and 30 pgL* (high) acetaminophen for 4 weeks.
Significance between groups was determined using a one-way ANOVA. Asterisk
represents significant difference from control. Error bars depict standard error of mean
(N=10 per group).
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Figure 7: Histological alterations in the gills of rainbow trout after 4 week exposure
to acetaminophen. Alterations seen in the gill after 4 week exposure to 0, 10, or 30 pgL™*
acetaminophen. All slides were screened at 60x under a standard light microscope. A)
Normal gill filament of rainbow trout showing uniform thin filaments with normal lamellae.
B) Gill filament of rainbow trout exposed to 10 pugL™ of acetaminophen, showing both
enlargement of the filament tip (black arrow), along with swelling of the lamellae (open
black arrow). C) Gill filament of rainbow trout exposed to 30 pgL™? of acetaminophen,
showing enlargement of the lamellae (open black arrow).
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Figure 8: Oxygen consumption of rainbow trout exposed to 0 pgL™ (control), 10
ugLt (low), and 30 pgLt (high) acetaminophen for 4 weeks. Swimming speed was in
body lengths per second (BL/s). Error bars depict standard error of mean (N=8 per group).
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Figure 9: Critical swimming speed of rainbow trout exposed to 0 pgL* (control), 10

pgLt (low), and 30 pgL* (high) acetaminophen for 4 weeks. Significant differences
between groups was determined using a one-way ANOVA. Asterisk represents
significant difference from control. Error bars depict standard error of mean (N=10 per

group).
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Figure 10: Histological alterations in the liver of rainbow trout after 4 week exposure
to acetaminophen. Alterations seen in the liver after 4 week exposure to 0, 10, or 30 pgL"
1 acetaminophen. All slides were screened at 60x under a standard light microscope. A)
Normal liver of rainbow trout showing normal perisinusoidal space. B) Liver of rainbow
trout exposed to 10 ugL* of acetaminophen, showing decreased perisinusoidal space (black
arrow). C) Liver of rainbow trout exposed to 30 pgL™? of acetaminophen, showing
cytoplasmic vacuolation (open arrow).
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Figure 11: Liver glycogen content of rainbow trout exposed to 0 pgL* (control), 10
pgLt (low), and 30 pgL? (high) acetaminophen for 4 weeks. Significant differences
between groups was determined using a one-way ANOVA.. Asterisk represents significant
difference from control. Error bars depict standard error of mean (N=10 per group).

100

80 -

— %

60 -

40 -

20 +

Liver Glycogen (mM glycogen per g of liver)

control low high

66



SUPPLEMENTARY FIGURES

Supplementary Figure 1: H*-ATPase activity in kidney and gill of rainbow trout
exposed to 0 pgL* (control), 10 pugL* (low), and 30 pgL* (high) acetaminophen for 4
weeks. Significance between groups was determined using a one-way ANOVA. Error
bars depict standard error of the mean (N=10 per group).
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Supplementary Figure 2: Plasma ion (Na*, K* Mg, Ca?*, CI) and glucose
concentrations of rainbow trout exposed to 0 pgL* (control), 10 ugL* (low), and 30
ugLt (high) acetaminophen for 4 weeks. Significant differences between groups was
determined using a one-way ANOVA; acetaminophen exposure did not alter plasma
concentrations for any analyte. Error bars depict standard error of mean (N=10 per group).
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CHAPTER 3
GENERAL DISCUSSION

Many studies have shown that pharmaceuticals, particularly of the analgesic class,
induce histological changes in multiple organs of fish (Schwaiger et al, 2004; Triebskorn
et al, 2004; Galus et al, 2013b) while other studies have documented functional changes in
these organ systems (Li et al, 2009; Dautremepuits et al, 2008; Mehinto et al, 2010). The
present study attempts to link histological and physiological changes, using acetaminophen
as a model, environmentally relevant pharmaceutical. We have shown that exposure to 10
pgLt and 30 pgL™ acetaminophen for 4 weeks can cause histological changes in the liver,
kidney, and gill of rainbow trout and that there are concomitant changes in kidney and gill
function. Although at this point in time, we have not offered definitive proof that the
histological changes are the direct cause of the altered physiological function in these
organs, we have shown a clear link between the physiology and histology of organs

impacted by acetaminophen.
Environmentally Relevant Acetaminophen Concentrations

Although acetaminophen and other analgesics generally have a very high removal
rate at sewage treatment plants (Kolpin et al, 2002), the widespread use and popularity of
this drug class as over-the-counter pain relief medication makes them good candidate
pharmaceuticals to study. Acetaminophen has a >99% removal rate in a Canadian
wastewater treatment plant (Galus et al, 2013a). Even with this high removal rate,

acetaminophen was found to have a maximum concentration of 10 ugL* and the frequency
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of detection was 23.8% in many U.S. streams (Kolpin et al, 2002). The highest reported
North American concentration of acetaminophen was 62 pgL™ in Canadian wastewater
treatment plant effluent (Guerra et al, 2014). Other analgesics, including ibuprofen and
aspirin have been reported to have a maximum concentration in sedimentation tank effluent
of 1 pgL? and 12 pgL? respectively (Halling-Sgrensen et al, 1998). The maximum
environmental concentration of acetaminophen was the basis for the 10 pgL™ used in the
time course exposure and was the lowest concentration in subsequent experiments at 4
weeks exposure length. The highest dose was 30 pgL™ for 4 weeks exposure and while
this concentration is clearly above concentrations found in the aquatic environment in
North America, it may be close to the maximum concentration found for the analgesic drug
class. Maximum reported concentrations of acetaminophen (10 pgL™), aspirin (12 ugL™),
diclofenac (1.6 pgL™), ibuprofen (1 pgL™), and naproxen (2.6 pgL™?), would provide a
combined maximum analgesic concentration of 27.2 pgL™! (Zhang et al, 2008; Tixier et al,
2003; Kolpin et al, 2002). Interestingly, the 30 pgL! exposure group showed histological
changes similar to those seen in time course exposure after 6 weeks to 10 pugLL. Therefore,
not only does the high concentration exposure represent a maximum concentration for the
analgesic drug class, but it produced the effects of the lower dose (10 pgL™) after a longer
exposure time period. Using these two concentrations, it was possible to provide two
exposures with increased severity of histological effects that were linked to increased organ

dysfunction.
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Behavioral Changes

No exposure-related mortalities were seen in this study, however during
preliminary experimental exposures, mortalities due to injury were observed. Although
anecdotal, increased mortalities were seen in the exposure groups but not in the unexposed
controls until animals were separated with physical barriers in the tanks. Injuries seen in
the dead fish include fin erosion and wounds near the snout. The use of PVC barriers to
separate fish in tanks eliminated the mortality in exposure groups. This suggests that
acetaminophen may have induced behavioural changes, such as increased aggression, or
alterations in hierarchal behavior, which prevented the development of hierarchies in tanks

and lead to increased aggression amongst fish.

Rainbow trout are hierarchical and can become very aggressive in areas with limited
resources, such as space, food, or mates (Chapman, 1966). Salmonids have been shown to
organize into social hierarchies under natural (Keenleyside & Yamamoto, 1962), and
laboratory (Adams et al, 1988) settings. Generally, hierarchies consist of dominant and
subordinate individuals, where dominant individuals usually have greater growth rates
compared to subordinates (Pottinger & Pickering, 1992; Sloman et al, 2002). Studies have
reported that increased stocking density of rainbow trout can lead to poor nutritional
condition and growth, as well as an increase in fin erosion (Ellis et al, 2002). Growth
experiments showed that with higher population densities, increased metabolic rates were
seen, which has been attributed to increased levels of exercise by sub-dominant fish due to
saturation of territories of more dominant trout (Li & Brocksen, 1976). Although changes

in dominance hierarchy due to pharmaceutical exposure have not been studied, fish in a
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high ammonia environment (1200 & 1500 uM) formed no hierarchies and showed marked
reduction in aggressive behaviours (Grobler & Wood, 2011). Whether or not
acetaminophen could be impacting hierarchal status or aggressive behaviors is not fully

understood and further research is required.

Studies have shown elevated plasma cortisol levels in subordinate individuals
(Pottinger & Pickering, 1992; Sloman et al, 2008). Furthermore, elevated plasma cortisol
levels may be a predictor of social status, where high plasma cortisol results in an individual
becoming submissive (Sloman et al, 2001; Gregory & Wood, 1999). Cortisol production
occurs primarily in the interrenal cells, which are harboured in the head kidney (Conde-
Sieira et al, 2012). Salicylate, ibuprofen, and acetaminophen exposure in rainbow trout
resulted in a 20-40% reduction in adrenocorticotrophic hormone-mediated cortisol
production in the interrenal cells (Gravel & Vijayan, 2006), suggesting that cortisol levels
may have been altered in this experiment. Cortisol also plays roles in energy homeostasis,
growth, and osmoregulation (Mommsen et al, 1999). Collectively, this suggests that
plasma cortisol levels and interrenal cell activity (Noakes & Leatherland, 1977) should be
assessed along with dominance hierarchy formation and aggressive behaviours after

acetaminophen exposure.

Swimming Performance

The present study has illustrated the effects of acetaminophen exposure on oxygen
consumption in rainbow trout, exposure caused a decrease in oxygen consumption at higher

swimming speeds. Although it is unclear why this may be occurring, | speculated that a
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reduction in gill surface area would allow the fish to conserve ions at the cost of reducing
the ability to uptake oxygen. Interestingly, although critical swimming speed showed a
significant reduction in the exposure groups, the decrease was not as severe as anticipated
as reductions in routine oxygen consumption and metabolic scope resulted in marked
decreases in critical swimming speed of sockeye and coho salmon (Lee et al, 2003). It is
possible that the fish were relying on anaerobic metabolism, rather than aerobic metabolism,
in order to maintain low oxygen consumption and conserve ion loss at the gills. Whether
acetaminophen was directly impacting the fish’s aerobic capacity is unclear, however
assessing activities of mitochondrial enzymes involved in aerobic adenosine triphosphate
production, such as citrate synthase and beta-hydroxylacyl coenzyme A dehydrogenase,
would help to shed light on this topic. Furthermore, an increase in anaerobic metabolism
should yield alterations in lactate production, lactate dehydrogenase activity, and anaerobic

fast-start swimming performance (Rajotte & Couture, 2002).

Another factor that could have altered oxygen uptake was a change in hematocrit.
Studies have shown that decreased hematocrit (<22 %) caused significant reductions in
critical swimming speed and maximal oxygen consumption and alternatively, critical
swimming speed increased with increasing hematocrit (Farrell et al, 1991; Gallaugher et al,
1995, Gallaugher et al, 2001). Pharmaceutical exposure can alter hematological parameters.
Carbamazepine exposure in rainbow trout resulted in significantly higher levels of
hemoglobin, ammonia and glucose (Li et al, 2009). Additionally, rainbow trout exposed to
verapamil for 42 days showed significantly lower levels of hemoglobin and red blood cells

(Li et al, 2010). With this in mind, hematological parameters in the rainbow trout after
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analgesic exposure may be a fruitful area for future research to examine possible alternative
mechanisms that acetaminophen could have altered oxygen consumption and critical

swimming speed.

Maintaining Homeostasis

The teleost fish has the remarkable ability to adapt to environmental conditions to
maintain ion homeostasis and water balance. These adaptive mechanisms range from large-
scale gill remodeling to smaller-scale changes such as altering transporter activity and/or
expression. In hypoxic conditions, goldfish (Carassius auratus) exhibited pronounced
remodeling of the gill, which consists of the removal of an interlamellar cell mass (ILCM)
(Mitrovic et al, 2009). The removal of the ILCM increases functional lamellar surface area
during hypoxia, however no increase in chloride loss or PEG-4000 efflux was observed
(Mitrovic et al, 2009). Furthermore, a decrease in sodium loss was seen despite the large
increases in functional lamellar surface area (Bradshaw et al, 2012). Thus, despite
experiencing an increase in functional lamellar surface area, hypoxic goldfish are able to
limit ion loss by decreasing paracellular permeability (Mitrovic et al, 2009). The pre-
existing ionocytes were shown to migrate with the shrinking ILCM, allowing the goldfish
to maintain a population of ionocytes in contact with the water even under hypoxic
conditions (Mitrovic et al, 2009). This gill remodeling strategy has been reproduced under
a variety of environmental conditions including temperature (Mitrovic & Perry, 2009),
exercise (Brauner et al, 2011), water-hardness (Boisen et al, 2003; Craig et al, 2007), and
salinity (Tipsmark et al, 2008; Nilsson, 2007; Mitrovic et al, 2009; Goss et al, 1994). Fish

can also induce changes at the cellular level in order to maintain ion homeostasis. Studies
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have shown that salinity changes induce isoform changes of NKA in rainbow trout
(Richards et al, 2003; Hwang et al, 1998; Pagliarani et al, 1991). Increases in salinity

decreased gill NKA ola and increased alb mRNA levels (Richards et al, 2003).

We speculated that increased ion uptake at the gills were offsetting ion loss in the
urine and increased liver glycogenolysis was offsetting glucose loss in the urine, however
other mechanisms could be at play. This seems particularly important for the low
acetaminophen concentration exposure group where liver glycogenolysis and gill ion
transporter activity were unchanged and yet plasma concentrations of ions and glucose
remained similar to controls even though urinary loss of ions and glucose were increased.
The teleost intestine has been shown to be involved in absorption of nutrients essential for
metabolism, growth and active transport of salts and water as a part of ion homeostasis
(Loretz, 1995). The absorption of dietary sodium and chloride from the intestinal lumen
helps to replace ion loss to the water (Loretz, 1995). Studies have shown that a single
feeding event could offset sodium loss for up to 48 hours, assuming complete salt
absorption in the intestine (D’Cruz & Wood, 1998; Wood et al, 2002; Marshall & Grosell,
2005). Morphological changes have been observed in the intestine of teleostei, resulting in
increases in nuclear size of the columnar epithelial cells, an increase in flask-shaped cells,
and a considerable increase in tunica propria thickness (Virabhadrachari, 1961). Rainbow
trout adapted to increased salinity showed increased uptake of salts in the intestine and
ingested media was shown to be depleted of mono-valent ions and water and enriched in

magnesium and sulfate (Shehadeh & Gordon, 1968). Thus it is possible that the intestine
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may be playing a large role in compensating for ion and glucose loss seen after

acetaminophen exposure.

Another organ known for ion reabsorption is the urinary bladder. In freshwater
teleost fish, the urinary bladder is the final diluting segment and is largely impermeable to
water but is capable of active sodium and chloride reabsorption (Marshall & Grosell, 2005).
The rainbow trout bladder has also been shown to be urea permeable and has a urea
transporter (McDonald et al, 2002). Although the bladder was not assessed in this study, its

urine ion regulatory role makes it a good candidate for further research.

Acid-base balance is another homeostatic mechanism that was not looked at in this
study but may be impacted by the histological changes seen in the kidney and gill. The gill
plays an important role in acid-base balance by excreting ammonia, CO2, and protons and
the kidney helps to excrete ammonia, lactate, and bicarbonate (Wood, 1988). Considering
that the acetaminophen exposed fish had increased urinary ammonia concentrations,

changes in acid-base balance after acetaminophen exposure should be examined.

Kidney Histological Changes: Possible Mechanisms?

We have shown in this present study that histological changes occur in gill, liver
and kidney, and these histological changes coincide with changes in organ function. It is
still unclear at this moment whether or not the changes in histology or function came first
or what the possible mechanisms might be for these changes. Acetaminophen is a COX
inhibitor, which results in inhibitory action on the synthesis of prostaglandins (Aronoff et

al, 2006). In zebrafish, embryonic mortalities and abnormalities after acetaminophen
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exposure has been shown to be a result of decreased prostaglandin production as co-
exposure of acetaminophen and prostaglandin E2 abolished acetaminophen-induced
mortalities and abnormalities (Galus et al, 2014), suggesting that at least some
acetaminophen toxicity in fish is mediated by its therapeutic mode of action. Although it is
unclear at this point if prostaglandin supplementation would negate the changes seen in this
study, prostaglandins have been shown to play roles in renal regulation in humans. In
humans, maintenance of normal renal blood flow and function has been shown to be
dependent on endogenous prostaglandin synthesis (Yared et al, 1985). Prostaglandin E2 has
been shown to interact with four G protein-coupled E-prostanoid receptors in the kidney,
designated EP1, EP2, EP3, and EP4 (Breyer & Breyer, 2000). Through these receptors,
prostaglandin E> modulates renal hemodynamics and salt and water excretion (Breyer &
Breyer, 2000). EP;1 is expressed predominantly in the collecting duct where it inhibits
sodium absorption, EP. receptor regulates vascular reactivity, EP3 is expressed in vessels,
the thick ascending limb, and collecting duct, where it antagonizes vasopressin-stimulated
salt and water transport (Breyer & Breyer, 2000). Finally, EP4 mRNA is expressed in the
glomerulus and collecting duct, where it is thought to regulate glomerular tone and renal
renin release (Breyer & Breyer, 2000). COX-inhibitors have shown to induce hypertension
(Gurwitz et al, 1994), sodium retention, and edema (Murray et al, 1992; Schlondorff, 1993).
Whether any of the acetaminophen effects described here are the result of a decrease in
prostaglandin function is not clear and will require more research into the role of

prostaglandins and the prostanoid receptors in the teleost kidney. At this point, multiple
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prostaglandin receptors, including E1 subtypes, have been identified in fish and are

expressed in adult kidney in zebrafish (Kwok et al 2012).

Future Directions

In this study, we have shown that acetaminophen exposure at the maximum
environmental concentrations reported can cause histological and functional changes in
various organ systems of the rainbow trout. We have provided evidence that functional
changes in kidney as a result of acetaminophen exposure can be compensated by changes
in function at the gill and possibly the liver. However this research has raised a number of
interesting questions. Is it possible that other organs are contributing to the compensation
of ion and glucose loss in the kidney? Under normal physiological conditions, the intestine
and the bladder absorb ions and nutrients and thus are prime candidates for answering this
question. What is the mechanism by which these histological and functional changes are
occurring? Evidence that prostaglandins are involved in acetaminophen-related toxicity has
been shown in zebrafish and prostaglandins are thought to have a role in ion homeostasis;
perhaps decreased prostaglandins plays a role in mediating the changes we have found in
this study. Are there other functional changes that may be occurring in the gill, liver or
kidney? The gill and kidney are not only involved in ion and water balance, but play key
roles in acid-base balance. Histological changes in these organs may impact functions not
examined in this study. Are changes in oxygen uptake occurring as a result of a
histopathological or morphological changes in the gill? We have shown a reduction in
oxygen uptake at higher swimming speeds, but changes in oxygen uptake could be due to

histology or morphology, or both. Although we have raised many questions, this research
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has shown that acetaminophen exposure impacts the kidney, gill, and liver both
functionally and histologically, suggesting that these are good biological end-points for
field exposed fish and laboratory exposure studies. Although environmental concentrations
of acetaminophen and other analgesics are low, fish are exposed chronically and these data
suggests that adverse effects on major organs are possible. That important functions such
as oxygen uptake are lowered and important ions and nutrients are being lost with
acetaminophen exposure suggests that ion and energy homeostasis may be compromised
in exposed fish with possible long term implications for growth, metabolism, stress

response, feeding behaviours, and reproduction.
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