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ABSTRACT

The Alberta Oil Sands are the third largest reserve of crude oil in the world. Most of this
oil is extracted via the Clarke hot water extraction process, producing large volumes of waste
water or oil sands process-affected water (OSPW). This water must be kept on oil sands sites,
resulting in the creation of large tailings ponds. These ponds contain numerous toxic compounds,
one of the principle ones being naphthenic acids (NAs). These are carboxylic acids that are natural
components of petroleum and are thought to be responsible for much of the toxicity of tailings
ponds. They have been shown to be acutely lethal and have a number of sublethal effects to a
variety of aquatic organisms and other species. Despite the wide knowledge of their toxic effects,
the mechanism of toxic action of naphthenic acids has remained elusive. Based on the known
mechanisms of resin acids, carboxylic acids from pulp and paper mill effluent, it was hypothesized
that naphthenic acids would disrupt mitochondrial energetics by uncoupling oxidative
phosphorylation (OXPHOS) and inhibiting the electron transport system (ETS), which would
result in oxidative stress and increased reactive oxygen species (ROS). For this thesis, NAs were
extracted and purified from a 17-year-old tailings pond yielding a mixture containing 99%
carboxylic acids with 90% fitting the classical NA formula (CnH2n+ZO2). Mitochondria were
isolated from rainbow trout (Oncorhynchus mykiss) livers via differential centrifugation and the
mitochondrial oxygen consumption, mitochondrial membrane potential, and hydrogen peroxide
production were measured simultaneously using the Oroboros respirometry system following
exposure to different doses of the OSPW-NA mixture. Mitochondrial membrane potential and
oxidation state were also measured using real-time flow cytometry methods using fluorescent
dyes, JC-1 and H2DCFDA, respectively. The effects of two model adamantane NAs, 3,5dimethyladamantane-1-carboxylic acid and 3-hydroxy-adamantane-1-carboxylic acids, were also
examined to determine if they could be used as surrogate toxicants for an NA mixture. The results
showed that NAs derived from OSPW inhibited mitochondrial respiration and increased ROS.
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Oxidative uncoupling of the mitochondria also occurred, but to a lesser degree than the other
effects. The EC50 and IC50 values calculated for the endpoints were consistent with NA levels
found in tailings ponds, while the estimated EC10 and IC10 values approach environmental
concentrations of NAs. The model adamantane acids that were examined showed some similar
effects to the OSPW-NA mixture, suggesting that some adamantane compounds may be able to
act as surrogates for oil sands-derived NAs. In conclusion, the mechanism of action of NAs
appears to be complex and they likely act via multiple mechanisms, wherein mitochondria may
be an important target.
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CHAPTER 1
General Introduction

1.1 The Alberta Oil Sands
1.1.1

The Oil Sands
The oil sands in Northern Alberta, Canada are the third largest oil deposit in the world,

underlying an area of 142,200 km2 (Allen, 2008; Government of Alberta, 2016; Harms et al.,
2010). As of 2016, this multibillion-dollar industry was producing 2.6 million barrels per day
(National Energy Board of Canada, 2018) with an estimated 170 billion barrels in proven reserves
(Government of Alberta, 2016). The global demands for oil are expected to increase as much as
41% by the year 2040 (National Energy Board of Canada, 2018). This increased demand
combined with advances in technology has led to rapid growth of the oil sands industry (Allen,
2008). Between 1999 and 2013, approximately $201 billion in investments were made in the
industry (Arshad et al., 2016). With this continued growth and expansion, concerns regarding the
remediation of ponds filled with toxic waste water and the use of large amounts of fresh water
from the nearby Athabasca River are growing (Allen, 2008).
1.1.2

Oil Extraction Process
The two major oil producers in Alberta; Suncor Energy Inc. and Syncrude Canada Ltd.

use surface mining as their primary method of oil extraction (Allen, 2008), which drastically alters
the landscape. First, oil sands material from shallow deposits is transported by large trucks to
crushers. It is then typically transported as a slurry from the mining area to the extraction plant.
The bitumen, a black viscous mixture of hydrocarbons that is transformed into crude oil, is
extracted via the Clark Hot Water Process (Allen, 2008; Clemente and Fedorak, 2005). Water
from the Athabasca River is heated and a caustic soda (NaOH) is added to the slurry that improves
bitumen separation and promotes the release of surfactants (Allen, 2008; MacKinnon & Boerger,
1986). The slurry is then piped to primary separation vessels where the bitumen is separated via
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floatation. The separated bitumen is then pumped to the froth treatment plant where it is upgraded
to crude oil (Allen, 2008; Headley & McMartin, 2004).
Although this method is very efficient in terms of bitumen extraction, for every barrel of
crude oil produced, approximately 3 barrels of fresh water are used and 4 barrels of waste water
are created (Headley & McMartin, 2004; MacKinnon & Boerger, 1986). This poses many
challenges for conservation of the Athabasca River and storage of waste water. While over 70%
of the waste water is recycled to be used again in the extraction process, this water must ultimately
be stored on-site in large basins called tailings ponds and its reuse concentrates its toxic
components (Allen, 2008; Clemente & Fedorak, 2005)
Suncor Energy Inc. and number of smaller extraction companies, however, have begun
using a second method of extraction called in situ mining. The majority of in situ extraction is
done using the steam assisted gravity drainage (SAG-D) method. This involves injecting steam
into a well to heat and loosen bitumen so it can be pumped to the surface and is typically used to
extract deeper deposits of oil (Suncor, 2016). This method produces less waste water and only
disturbs about 15% of land area (Suncor, 2016), but since it is a relatively new technology it is
more expensive to introduce.
1.1.3

Tailings Ponds
Due to Alberta’s zero-discharge policies, the waste water from surface mining extraction

must be pumped into large constructed storage basins called tailings ponds (Allen, 2008; Clemente
& Fedorak, 2005). The water contained in these ponds, commonly referred to as oil sands processaffected water (OSPW), contains a mixture of residual bitumen, dissolved salts, minerals,
inorganic compounds, and a large variety of organic compounds including: naphthenic acids
(NAs), polyaromatic hydrocarbons (PAHs), benzene, phenols, humic and fulvic acids, and toluene
(Allen, 2008; Clemente & Fedorak, 2005). Tailings water is accumulated at the rate of one billion
liters per day since approximately 0.1 to 0.2 L of OSPW is released per tonne of bitumen extracted
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from oil deposits (Madill et al., 2001). This has resulted in the production of over 720 billion L of
OSPW that is being stored in tailings ponds covering an area of 170 km2 (Niaser et al., 2016).
1.1.4

Tailings Toxicity
The toxicity of OSPW has been well researched, particularly in fishes. Various studies

have shown that OSPW from fresh tailings can be lethal and causes several sublethal effects in
fishes. Exposure to fresh tailings has resulted in disruption of the endocrine system that could lead
to impairment of reproduction (He et al., 2012b). Increased embryo deformities, decreased larval
growth (Colavecchia et al., 2004; Colavecchia et al., 2006; He et al., 2012a; Peters et al., 2007),
and cardiotoxicity and heart malformations that impaired swimming performance (Alderman et
al., 2016; Hicken et al., 2011) have been observed. Markers of oxidative stress, such as increases
in reactive oxygen species (ROS) and alterations in antioxidant genes, leading to the induction of
apoptosis were observed in fathead minnow livers and rainbow trout hepatocytes (Gagne et al.,
2013; Wiseman et al., 2013a).
While a majority of the toxicity research has been focused on fishes, there have been some
studies where other organisms have been exposed to fresh tailings. The larvae of the butterfly
Chironomus dilutus showed impaired adult emergence, inhibition of growth, and markers of
oxidative stress were induced by fresh OSPW (Anderson et al., 2012a; Anderson et al., 2012b;
Wiseman et al., 2013b). Impaired feeding, growth, and reproduction were also observed by Lari
et al. (2016) when Daphnia magna were exposed to OSPW. The toxicity of tailings has created
additional complications for remediation, since toxicity must be removed before tailings can
support sustainable ecosystems.
1.1.5

Tailings Reclamation
A large concern regarding the tailings ponds is the ability for them to be reclaimed and

support viable ecosystems. Although the toxic components of OSPW do degrade over time, the
lengthy time required is not practical as a remediation solution (Allen, 2008). Therefore, a large
amount of research has focused on attenuating the effects of tailings toxicity with the goal of
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creating a sustainable ecosystem. The two major methods of reclamation currently proposed to
result in self-sustaining ecosystems are dry landscape reclamation and wet landscape reclamation.
Dry landscape reclamation involves the fine tailings being dewatered and mixed with
sand, buried, and capped with soil (Allen, 2008). On the other hand, wet landscape reclamation is
comprised of end pit lakes (EPL) in mined out areas where fluid fine tailings will be capped with
a layer of processed water or water from the Athabasca River (Allen, 2008; Grosselin et al., 2010).
The goal of EPLs is to develop into viable ecosystems over time and create a sustainable lake
environment that can support life in the water capping area (Nero et al., 2006a; van den Heuvel et
al., 2012; Wang et al., 2015). Suncor Energy and Syncrude Canada started wet landscape
reclamation in the 1980’s and there has been a large amount of research regarding their
effectiveness (Allen, 2008). However, there is little evidence that EPLs can sustain populations of
fish and other organisms in the future.
Fish living in EPLs or exposed to aged OSPW with NA content of 15 mg/L or less,
showed negative impacts on the endocrine and reproductive systems (Arens et al., 2015; Lister et
al., 2008; Kavanagh et al., 2013) and growth of fish (Arens et al., 2015; Siwik et al., 2000). Fish
also showed signs of immunotoxicity resulting in increased disease incidence (Hogan et al., 2018;
Leclair et al., 2013; McNeil et al., 2013; Palmer et al., 2012; van den Heuvel et al., 2000) and
proliferation of the gills, necrosis of liver, and fin erosion (McNeil et al., 2013; Nero et al., 2006a,
van den Heuvel et al., 2000). Tree swallows living on reclaimed sites with the same NA levels
had increased incidence of parasitic infections, decreased nestling weights and nest success
(Gentes et al., 2006; Gentes et al., 2007b; Harms et al., 2010).
In reclamation ponds and sites where NA content ranged from 15-50 mg/L, similar
effects, but to a greater degree were seen. There was decreases in reproductive hormones leading
to disruption of reproductive physiology (Kavanagh et al., 2011; Lister et al., 2008) as well as a
greater degree of gill proliferation, liver necrosis, and fin erosion (Nero et al., 2006a). Birds living
on these sites also showed decreased nestling weight (Harms et al., 2010). On reclamation sites
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with an NA content over greater than 50 mg/L, tree swallows showed immunotoxicity and
increased parasitic infections with blowfly larvae (Gentes et al., 2007b; Smits et al., 2000),
decreased nestling weight and fledging success (Gentes et al., 2006; Gentes et al., 20007b; Smits
et al., 2000). These effects were exacerbated during poor weather, suggesting large scale
reclamation may have negative impacts on the population (Gentes et al., 2006; Harms et al., 2010).
Tree swallows living on reclamation sites were also observed to have disruptions in thyroid
hormone levels, which are vital to the control of thermoregulation, growth, molt, and reproduction
(Gentes et al., 2007a). Juvenile waterfowl exposed to OSPW with these high NA levels showed
decreased weight and skeletal size (Gurney et al., 2005).
Management of tailings is a large challenge that is complicated by the composition of
OSPW. Although many components of OSPW, including NAs, degrade naturally, the lengthy
period of time required for degradation makes this an impractical option for reclamation (Allen,
2008). There are numerous treatment options that have been explored, including creation of
consolidated tailings, adsorption with activated carbon, ozonation, and biological degradation.
The process of creating consolidated tailings (CT) involves treating tailings with gypsum which
initiates coagulation of clays so they are retained with the coarse sand components of tailings that
settle. This allows fine particles to settle more quickly (Allen, 2008; Leung et al., 2001). The CT
deposit dewaters quickly and releases water low in particles, but high in NAs and salts, making it
acutely toxic (Allen, 2008; Leung et al., 2001; Renault et al., 1998). Full scale implementation of
CT is limited due to the undesirable chemistry produced in released water, which are detrimental
to bitumen extraction and cause scaling (Grosselin et al., 2010). Adsorption of the acid extractable
organics, which includes compounds responsible for toxicity, from OSPW has been widely
studied and shown to be effective on small scales (Bhuiyan et al., 2017; Veksha et al., 2016).
However, this method is very costly and therefore, is not feasible on a large scale for reclamation
(Niaser et al., 2016).
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Treatment of OSPW with ozone is another method that has been focused on recently for
decreasing the toxicity of tailings. Various studies have shown that treatment of OSPW with ozone
degrades toxic components, such as naphthenic acids, and decreases toxicity (Gamal El-Din et al.,
2011; Klamerth et al., 2015; Wang et al. 2016). Naphthenic acids have been the focus of most
microbial degradation studies in regards to management of tailings. Research has shown that
microorganisms are capable of degrading NAs, especially those of low molecular weight (Frank
et al., 2008b; Perez-Estrada et al., 2011; Toor et al., 2013). However, many of the studies have
focused on synthesized or commercial NAs, not OSPW-NAs, being degraded by microorganisms
(Del Rio et al., 2006; Johnson et al., 2012). Microbes may be limited in their ability to degrade
OSPW-NAs. However, biodegradation of OSPW-NAs has been shown to improve after treatment
with ozone, which has been shown to decrease the number of NAs present, as well as toxicity
(Gamal El-Din et al., 2011; Klamerth et al., 2015). This suggests that ozone may degrade higher
molecular weight NAs that are more resistant to biodegradation. However, this is not likely to be
feasible on a large scale as a reclamation method due to cost (Wang et al., 2016; Zhu et al., 2017).

1.2 Naphthenic Acids
1.2.1

Chemistry
Naphthenic acids have been defined as complex mixture of alkyl-substituted acyclic and

cycloaliphatic carboxylic acids that are chemically stable and non-volatile (Brient et al., 1995;
Clemente & Fedorak, 2005; Madill et al., 2001; Whitby, 2010). They are believed to act as
surfactants due to the hydrophilic carboxylic group and hydrophobic alkyl group they possess
(Frank et al., 2008a; He et al., 2010). Naphthenic acids are natural components of petroleum
(Clemente & Fedorak, 2005; Scott et al., 2005), accounting for approximately 2% of crude
petroleum weight (Kannel & Gan, 2012). The release of these acids is promoted during the Clarke
Hot Water Extraction Process, as the caustic soda added promotes dissolving the NAs (Allen,
2008). The general chemical formula used to describe classical NAs is CnH2n+ZO2 where n is the
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number of carbon and Z refers to a hydrogen deficiency caused by rings or double bond
equivalents. For example, NAs with a Z value of -4 is thought to contain two rings (Clemente &
Fedorak, 2005; Figure 1.1). Individual NAs fitting the classical formula, but with a tricyclic
adamantane diamondoid structure have recently been identified (Rowland et al., 2011a). However,
exact isomers of structures were not able to be determined. Not only are there numerous classical
NA isomers possible (Goff et al., 2013), but there are also a number of NAs present in OSPW that
do not follow this formula (Grewer et al., 2010; Reinardy et al., 2013; Zhang et al., 2015). For the
purposes of this study, NAs refer to compounds fitting the classical formula, as well as those with
additional oxygen atoms and compounds containing N or S.
1.2.2

Measurement of Naphthenic Acids
The measurement of naphthenic acids has greatly evolved over recent years as technology

has changed. There is no standard method for measuring NA concentrations or identifying
structures (MacLennan et al., 2016; Reinardy et al., 2013) and NAs from different sources of
OSPW have been shown to be chemically distinct (Arens et al., 2015; Reinardy et al., 2013). A
majority of the analysis focuses on carboxylic acids in the acid extractable organics of OSPW.
However, these methods are very general and yield non-specific results (Clemente & Fedorak,
2005; Scott et al., 2005; Zhang et al., 2015).
Due to the complexity of the NA mixture, separation and identification of individual NA
structures has proven to be quite difficult (Clemente & Fedorak, 2005; Grewer et al., 2010;
MacLennan et al., 2016). As mentioned above, not all NAs fit within the classical formula (Grewer
et al., 2010; Reinardy et al., 2013; Zhang et al., 2015). The presence of oxygenated NAs (oxyNAs) were discovered by Barrow et al. (2009) and follow the formula CnH2n+ZOx, where x can be
equal to 3, 4, or 5 (Gamal El-Din et al., 2011). Non-alicyclic compounds, including aromatic NAs
(Jones et al., 2012; Mishra et al., 2010), as well as monoaromatic hydroxy steroid acids (Rowland
et al., 2011b) have been found. NAs derived from OSPW can also contain multiple carboxylic
acid groups (Frank et al., 2008a) as well as N and S containing compounds (Grewer et al., 2010;
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Figure 1.1. Examples of classical NA structure where R represents an alkyl chain (Clemente &
Fedorak 2005).

Headley et al., 2010; Mishra et al., 2010). Therefore, the general formula used to describe NAs is
an oversimplification of not only the NA mixture, but also classical NAs as the Z-value may be
due to aromaticity or double bonds, not only the number of rings present (Reinardy et al., 2013)
Common methods for identification and measurement of NAs include Fourier transform
infrared (FTIR) spectroscopy, gas chromatography (GC), high performance liquid
chromatography (HPLC), negative ion electrospray ionization-mass spectroscopy (ESI-MS),
GCxGC-MS, and high resolution mass spectroscopy (HRMS; Clemente & Fedorak, 2005; Zhao
et al., 2012). FTIR spectroscopy was developed by Syncrude and is often used as the standard
method to quantify NAs in oil and tailings (Jivraj et al., 1995). Although this method is quick and
cost effective, it often overestimates the NA concentration, especially in surface water samples,
and it cannot differentiate between NAs that fit the classical formula and those that do not (Zhao
et al., 2012). Chromatography is used extensively in measurement of NAs and gas and liquid
chromatography (GC and LC, respectively) can aid in separation of NA. However, these
procedures can be time consuming and labour-intensive. Chromatography is often coupled with
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mass spectrometry (MS) for detection, but it has been shown that GC-MS provides low
estimations of NAs compared to FTIR (Scott et al., 2008; Zhao et al., 2012).
Mass spectrometry is the most common detector in NA analysis and can be used alone or
as mentioned above in combination with chromatography. There are multiple variations of MS
employed for NA analysis. Electron spray ionization MS (ESI-MS) is a preferred MS technique
because non-polar contaminants present in NA mixtures do not easily form ions (Zhao et al.,
2012). Multiple studies have found operating ESI-MS in negative mode is more suitable for NA
detection (Headley et al., 2002; Rudzinski et al., 2002). However, other dissolved organic acids
can interfere with detection and the high concentrations of inorganic salts present in OSPW can
overload the MS system with charged ions which harms the instrument (Headley et al., 2002;
Zhao et al., 2012). High resolution mass spectrometry (HRMS) allows for better discrimination
of signals in mass spectra of ions with similar mass to charge ratios (Bataineh et al., 2006; Martin
et al., 2008). Identification of NA structures is possible with HRMS, which allows for better
monitoring of degradation (Han et al., 2008). Orbitrap-MS is a high resolution MS instrument that
can quantitatively and qualitatively analyze NAs (Headley et al., 2011). Time of flight-MS (TOFMS) is another HRMS technique that is often coupled with chromatography. When coupled with
GCxGC individual diamondoid tricyclic NAs have been identified (Rowland et al., 2011a).
1.2.3

Toxicity of Naphthenic Acids
Naphthenic acids are believed to be the principle toxic component of OSPW (Allen, 2008;

MacKinnon & Boerger, 1986; Madill et al., 2001) and are thought to be highly bioavailable and
persistent depending on their structure (Rogers et al., 2002). Due to this and the fact that NA
concentrations of 0.4 to 51 mg/L have been found in groundwater surrounding the oil sands
(Clemente & Fedorak, 2005), there have been several studies that have investigated the toxicity
of naphthenic acid mixtures alone. These studies have found that NAs extracted from OSPW are
acutely lethal to fish at concentrations of less than 10 mg/L (Nero et al., 2006b). NAs also cause
numerous sublethal effects including: disruption of the endocrine system that may affect fish
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reproduction (Kavanagh et al., 2012; Lister et al., 2008; Reinardy et al., 2013), increases in number
of deformities of embryos, decreases in growth of larvae (Marentette et al., 2015a; Marentette et
al., 2015b), and induce proliferative changes in gill ultrastructure (Kavanagh et al., 2013; Nero et
al., 2006b; van den Heuvel et al., 2000).
Due to the complex nature of NA mixtures, there are multiple studies that use commercial
NAs, which do not serve as a good substitute for NA mixtures, to explore the toxic effects due to
NA extracts from OSPW. Commercial NAs are distilled from crude oil then acidified back into
their acidic form. They have a variety of commercial applications: as a wood preservative,
preventing foaming in jet fuel, increasing insecticide solubility, and preserving and acting as a
flame retardant in fabric (Clemente & Fedorak, 2005). These compounds have been used as
surrogate NAs in many toxicity studies. However, it has been shown that they are different than
NAs derived from OSPW. They have a higher mass range (Armstrong et al., 2008), are less toxic
than commercial NAs (Garcia-Garcia et al., 2011; Melvin & Trudeau, 2012; Peters et al., 2007),
and contain other impurities that may contribute to toxicity (Leclair et al., 2013; MacDonald et
al., 2013). Therefore, commercial NAs are not a useful surrogate for studying the toxicity of NAs
(Garcia-Garcia et al., 2011; Reinardy et al., 2013).
Many studies have investigated the acid extractable fraction of OSPW to attribute the
toxic effects of OSPW to NAs, as they are thought to have the major toxic effects. However,
depending on the extraction method used, there could be more compounds present in this fraction
than NAs. For example, the method used in the present study to extract NAs from OSPW sought
to eliminate neutral compounds, such as polyaromatic hydrocarbons (PAHs). Other methods may
not fully eliminate compounds like PAHs, which have been shown to have toxic effects including
immunotoxicity (Alderman et al., 2016; Colavecchia et al., 2006; Incardona et al., 2005), that NAs
do not (Leclair et al., 2013; MacDonald et al., 2013; McNeill et al., 2012). Acid extractable
fractions may also contain sulfur and nitrogen impurities, which may complicate results (Grewer
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et al., 2010). While these studies can isolate the toxic effects of all organic or acidic compounds
present in OSPW, they cannot be used to definitively attribute a toxic effect to NAs.
1.2.4

Mechanisms of Naphthenic Acid Toxicity
Currently, there is no known over-arching mechanism of action known for NAs. Different

mechanisms have been proposed. The most common mechanism discussed in the literature is
narcosis or physical disruption of the cell membrane (Frank et al., 2008a; He et al., 2010; Wang
et al., 2015). This mechanism has been suggested due to the surfactant-like properties, particularly
in lower molecular weight NAs (Reinardy et al., 2013; Zhang et al., 2011). Steroid antagonism
and steroidogenic modulation have also been suggested as a mechanism of action resulting in the
endocrine disruption seen in organisms exposed to NAs and OSPW (Leclair et al., 2015; Wang et
al., 2015). However, very few studies have explored either of these hypotheses in depth and
therefore no definitive conclusions can be made regarding mechanism of action.
Naphthenic acids are somewhat similar in structure to another group of carboxylic acids
called resin acids. These acids are found naturally in trees and are released in the effluent of pulp
and paper mills (Johnsen et al., 1995; Nikinmaa & Oikari, 1983). Resin acids, in particular
dehydroabietic acid (DHAA), have been shown to deplete adenosine triphosphate (ATP) and have
been suggested to affect biological membranes and cause uncoupling of oxidative phosphorylation
(OXPHOS) via protonophoric activity (Rabergh et al., 1992; Rissanen et al., 2003). Similar to
NAs, resin acids have been shown to be acutely toxic and cause a number of sublethal effects. We
propose that NAs may have similar effects as these compounds due to their carboxylic moiety.
Studies have also found that organisms exhibit oxidative stress when exposed to OSPW and have
suggested mitochondria as a potential target (He et al., 2012a; Wiseman et al., 2013a; Wiseman
et al., 2013b).

1.3 Mitochondria and Oxidative Phosphorylation

11

The mitochondrion is the organelle responsible for the utilization of cellular nutrients to
produce the energy molecule, ATP. This process is known as cellular respiration and is made up
of a number of reactions split up into three sections: glycolysis, the Kreb’s (tricarboxylic or citric
acid) cycle, and the electron transport system (ETS) or oxidative phosphorylation (Moyes &
Schulte, 2011). This process is vital for cell life as ATP molecules are needed for maintenance,
growth, and preproduction (Brand, 2000; Moyes & Schulte, 2011).
Oxidative phosphorylation (OXPHOS) produces the most ATP. It couples two reactions:
substrate oxidation which drives electron transport through a chain of protein complexes and
phosphorylation (Figure 1.2; Moyes & Schulte, 2011; Terada, 1990). During this process electrons
from reduced substrates travel through enzyme complexes I to IV in the electron transport chain
which catalyze these redox reactions (Brand, 2000). Electrons are passed to a terminal oxygen,
forming water. Complex I (NADH dehydrogenase), complex III (cytochrome c reductase), and
complex IV (cytochrome c oxidase) are proton pumps, meaning hydrogen ions are pumped into
the mitochondrial intermembrane space as electrons pass through creating an electrochemical
gradient, referred to as proton motive force (Brand, 2000; Brand et al., 2004; Terada, 1990). The
proton motive force created is then used for phosphorylation, where the energy from the proton
gradient is used by complex V (ATP synthase) to produce ATP molecules from adenosine
diphosphate (ADP) and inorganic phosphate (Pi; Kadenbach, 2003; Moyes & Schulte, 2011)
The mitochondrion produces the majority of cellular reactive oxygen species (ROS;
Brand, 2000; Moyes & Schulte, 2011). During the redox reactions of OXPHOS, superoxide anion
radicals (O2-) are created. These are typically quickly converted to hydrogen peroxide by
simultaneous dismutation or via the activity of the enzyme superoxide dismutase (SOD).
Hydrogen peroxide is then typically converted to water and oxygen by the enzymes catalase or
glutathione peroxidase (Brand et al., 2004). While a level ROS is necessary for proper cellular
function (Liu, 1997) and are useful in cell signaling (Collins et al., 2012; Kang & Pervaiz, 2012),
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Figure 1.2. Schematic of oxidative phosphorylation from Moyes & Schulte (2011).

if antioxidant systems are damaged in some way or overwhelmed by the amount of ROS, cellular
damage to DNA, proteins, and lipids, as well as induction of apoptosis via the release of
cytochrome c from complex III into the cytosol where it react with apoptotic inducing factors.
This is referred to as oxidative stress (Barrientos & Moraes, 1999; Brand et al., 2004; Koopman
et al., 2005; Li et al., 2003; Turrens, 2003). Oxidative stress has been linked to many diseases and
studies with mice lacking Mn-SOD in the matrix of their mitochondria had a severely shortened
life span (Brand, 2000; Brand et al., 2004).
Defects in OXPHOS can lead to a number of consequences including: decreased energy
production, increased ROS production, and the release of death promoting factors and induction
of apoptosis (Koopman et al., 2005). One way in which OXPHOS can be damaged is when
electron transport is inhibited. The inhibition of electron transport leads to a decrease in ATP
production due to the fact that the proton gradient needed for phosphorylation is not created
(Koopman et al., 2005; Limon-Pacheco & Gansebatt, 2009). Inhibition of complex I and III have
been most commonly studied. Inhibitors of complex I can be divided into two classes: class A and
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class B. Class A inhibitors, such as rotenone, which is widely used in studies regarding ETS
inhibition, induce an increase in ROS production (Lenaz et al., 2006; Li et al., 2003), while class
B inhibitors prevent complex I ROS production from increasing. However, class B inhibitors are
also commonly inhibitors of complex III (Lenaz et al., 2006). Inhibition of complex III is known
to cause a large increase in ROS production (Brand et al., 2004; Boveris & Chance, 1973; Raha
et al., 2000). As previously mentioned, increased ROS and oxidative damage causes cellular
damage. This can lead to impaired function and increased somatic mutation. Reactive oxygen
species have also been implicated in cell degradation, ageing, and disease (Brand, 2000; Brand et
al., 2004).
Uncoupling of OXPHOS, where the coupling of the two reactions of electron transport
and oxidative phosphorylation is prevented, is another way OXPHOS can be damaged (Terada,
1990). While neither the ETS nor ATP synthase are directly inhibited, ATP production cannot
take place as the two reactions are no longer coupled together, i.e. the proton motive force is
dissipated before it can be used by ATP synthase (Kadenbach, 2003; Terada, 1990). The most
widely studied uncouplers are weak organic acids which are thought to act on the inner
mitochondrial membrane via protonophoric activity. By delocalizing their charge, uncouplers are
able to pass through the membrane in their protonated neutral form or in their negatively charged
form allowing for the translocation of protons into the mitochondrial matrix (Finkelstein, 1969;
Kadenbach, 2003; Terada, 1990). This dissipates the proton gradient caused by electron transport
before it can be used by phosphorylation to produce ATP (Kadenbach, 2003; Luvisetto et al.,
1987; Terada, 1990). Another consequence of uncoupling is a rapid stimulation of respiration due
to the stimulation of the proton leak back into the matrix that occurs naturally in all mitochondria
(Luvisetto et al., 1987; Rottenberg & Hashimoto, 1986).

14

1.4 Research Objectives
Due to the carboxylic moiety of NAs with resin acids and their chemical similarity to weak
organic acid uncouplers, it was hypothesized that NAs would act as respiratory inhibitors. The
objectives of this thesis were to:
1. determine the effects of NAs extracted from aged OSPW on mitochondrial
oxygen consumption, membrane potential, and ROS production;
2. determine the effects of commercially available diamondoid adamantane NAs on
mitochondrial oxygen consumption, membrane potential, and ROS production.
It was predicted that in both objectives, that NAs will inhibit the electron transport system,
uncouple oxidative phosphorylation, and that these effects will be mediated by oxidative stress.
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2.1 Abstract
Naphthenic acids (NAs) are predominant compounds in oil sands influenced waters.
These acids cause numerous acute and chronic effects in fishes. However, the mechanism of
toxicity underlying these effects has not been fully elucidated. Due to their carboxylic acid moiety
and the reported disruption of cellular bioenergetics by similar structures, we hypothesized that
NAs would uncouple mitochondrial respiration with the resultant production of reactive oxygen
species (ROS). Naphthenic acids were extracted and purified from 17-year-old oil sands tailings
waters yielding an extract of 99% carboxylic acids with 90% fitting the classical O2-NA definition.
Mitochondria were isolated from rainbow trout liver and exposed to different concentrations of
NAs. Mitochondrial respiration, membrane potential, and ROS emission were measured using the
Oroboros fluorespirometry system. Additionally, mitochondrial ROS emission and membrane
potential were evaluated with real-time flow cytometry. Results showed NAs uncoupled oxidative
phosphorylation, inhibited respiration, and increased ROS emission. The effective concentration
(EC50) and inhibition concentration (IC50) values for the endpoints measured ranged from 21.0 to
157.8 mg/L, concentrations similar to tailings waters. For the same endpoints, EC10/IC10 values
ranged from 11.8 to 66.7 mg/L, approaching concentrations found in the environment. These data
unveil mechanisms underlying effects of NAs that may contribute to adverse effects on organisms
in the environment.

2.2 Introduction
The Athabasca oil sands in Alberta, Canada are among the largest oil deposits in the
world. In 2016, approximately 2.5 million barrels of crude oil were being produced every day and
an estimated 165 billion barrels remained in oil reserves (Government of Alberta, 2017). Most of
Alberta's crude oil is produced using the Clarke hot water extraction method, where large volumes
of hot water and a caustic soda (NaOH) are added to promote the separation of bitumen that is
further processed into synthetic crude oil (Allen, 2008; Headley & McMartin, 2004). Large

26

volumes of waste water, commonly referred to as oil sands process-affected water (OSPW), are
produced during this process and are stored in tailings ponds. At the end of 2013, these tailings
covered an area of approximately 220 km2 and housed over 975 million liters of OSPW (Allen,
2008; Government of Alberta, 2017). OSPW contains residual bitumen, dissolved salts, minerals,
and a complex mixture of inorganic and organic compounds (Allen, 2008; Clemente & Fedorak,
2005).
Naphthenic acids (NAs) make up a large proportion of the organic compounds present in
OSPW and frequently have been implicated for much of the observed OSPW toxicity of various
species (Allen, 2008; Clemente & Fedorak, 2005). These acids are a mixture of alkyl-substituted
acyclic and cycloaliphatic carboxylic acids that are natural components of petroleum (Clemente
& Fedorak, 2005; Madill et al., 2001). Classical NAs refer to compounds that follow the general
formula CnH2n+ZO2, where n is the carbon number and Z refers to the hydrogen deficiency
(Clemente & Fedorak, 2005). However, this definition has been broadened to include carboxylic
acids with additional oxygens and compounds containing N or S, which is the definition we used
herein. Organisms exposed to NAs extracted from OSPW exhibit inhibition of growth (Melvin et
al., 2013; Wiseman et al., 2013a), disruption of the endocrine system and reproductive physiology
(Kavanagh et al., 2013), increased developmental abnormalities (Marentette et al., 2015; Mohseni
et al., 2015), and exposure has been correlated with opportunistic disease in fishes (Hogan et al.,
2018). NAs are considered bioavailable and have been suggested to act via narcosis or physical
disruption of a membrane (Frank et al., 2008; He et al., 2010). However, because of the complexity
of NAs, a model of multiple mechanisms of toxic action also has been suggested (Wiseman et al.,
2013a; Reinardy et al., 2013).
While no specific mechanistic studies have been conducted on NAs, their carboxylic acid
moiety suggests that NAs could have the potential to disrupt mitochondrial membrane
permeability and consequently uncouple oxidative phosphorylation (OXPHOS). Supporting this
theme, another group of carboxylic acids prevalent in pulp and paper effluents, resin acids, were
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found to alter mitochondrial membrane integrity, uncouple OXPHOS, and decrease ATP
production (Rabergh et al., 1992; Rissanen et al., 2003). Uncoupling of OXPHOS is the
disconnection of two reactions. The first reaction is the movement of electrons through a series of
protein complexes in the inner mitochondrial membrane, referred to as the electron transport
system (ETS), causing the creation of a hydrogen ion gradient known as the proton motive force.
The second is a phosphorylation event by ATP synthase powered by the proton motive force that
is responsible for converting ADP to ATP (Terada, 1990). When OXPHOS is uncoupled, the
proton motive force is dissipated without being used to produce ATP (Terada, 1990). While mild
uncoupling has been associated with a decrease in production of reactive oxygen species (ROS),
uncoupling that occurs in mitochondria where the ETS has been inhibited increases production of
ROS (Boveris & Chance, 1973). While ROS play a role in cell signaling (Collins et al., 2012), in
excess they can impose oxidative stress, which leads to the release of cytochrome c from
mitochondria resulting in apoptosis (Kowaltowski & Vercesi, 1999).
We hypothesized that NAs can uncouple OXPHOS and alter the overall mitochondrial
function. This hypothesis was tested by examining the effects of NAs on the respiration of
mitochondria isolated from rainbow trout liver. Based on this, we predicted that NAs would
uncouple OXPHOS and inhibit the ETS, and that these effects would lead to oxidative stress.
These predictions were tested using NAs extracted from aged OSPW using acid precipitation and
by measuring oxygen consumption, ROS emission, and membrane potential of mitochondria
isolated from rainbow trout liver using respirometry and real time flow cytometry.

2.3 Methods
2.3.1

Chemicals and Reagents
Sucrose, potassium phosphate, EGTA, bovine serum albumin (BSA), aprotinin, L-malic

acid, L-glutamic acid, adenosine diphosphate (ADP), superoxide dimutase, bovine catalase, and
hydrogen peroxide used in experiments were supplied by Sigma Aldrich (Oakville, ON). Tris-
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hydrogen chloride was from EMD Chemicals Inc. (Gibbstown, NJ) and WST-1 was from Dojindo
Molecular Technologies (Rockville, MD). The fluorescent dyes, Amplex red and H2DCFDA, as
well as horseradish peroxidase (HRP) were from Invitrogen. (Oregon). The membrane potential
indicator lipophilic cation tetraphenylphosphonium chloride (TPP+), was from Alfa Aesar
(Heysham, England) and the fluorescent dye JC-1 was from Biotium Inc. (California, USA).
Sulfuric acid and diethylaminoethyl (DEAE) cellulose used in the NA extraction were from Sigma
Aldrich (Oakville, ON) and hydrochloric acid, dichloromethane (DCM), ammonium hydroxide,
and acetonitrile were supplied by Caledon Laboratories Chemicals (Georgetown, ON).
Oligomycin-A, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and antimycin
A (AMA) were from Sigma-Aldrich (Oakville, ON).
2.3.2

Naphthenic Acid Extraction
Naphthenic acids were extracted from 17-year-old tailings from Syncrude Canada Ltd.'s

experimental pond 10 based on previously described methods (Frank et al., 2006; MacDonald et
al., 2013). In the present study, the water used was from the same source sample as used in
previous studies in our laboratory (LeClair et al., 2013, 2015; MacDonald et al., 2013). Briefly,
4000 L of tailings were acidified using sulfuric acid and the precipitate was removed, concentrated
by centrifugation (17,000 × g), and dissolved in 0.1 M NaOH. The sample was then centrifuged
again at 17,000 × g to remove any clay or insoluble material and the supernatant was vacuum
filtered through cleaned DEAE cellulose to remove any humic material. The filtered supernatant
was extracted using DCM in glass liquid-liquid extractors for 72 hours to remove neutral
compounds. The sample was again acidified with sulfuric acid and centrifuged to obtain NAs. The
NA extract was washed several times with deionized water to remove residual sulfuric acid and
was then freeze dried to obtain a solid material. All concentrations in this study are based on
weighing out the dried solid material. As there are no analytical standards for NAs, this represents
the most accurate concentration available.
2.3.3

Naphthenic Acid Characterization
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Mass spectrometry to quantify the mixture was performed by direct injection of a solution
of the extracted NAs into a Thermo Velos Orbitrap high-resolution mass spectrometer (HRMS)
equipped with an electrospray ionization interface in negative mode. Naphthenic acids dissolved
in a 10 mM 1:1 NH4OH:acetonitrile solution were introduced into the mass spectrometer by direct
infusion at 3 µL/min. Ion intensity data at 100,000 mass resolution were evaluated against the
predicted molecular weights of NAs according to the formula CnH2n+ZO2. Further chemical
characterization using nuclear magnetic resonance (NMR) and infrared (IR) spectrometry was
previously conducted on samples of NAs extracted by identical methods from the same OSPW
source and was consistent with a pure mixture of carboxylic acids (Leclair et al., 2015). The
characteristics reflected in those analyses would be expected to be similar to the sample used.
A sample of naphthenic acid extract was sent to Galbraith Laboratories (Knoxville, TN)
for analysis of percent carbon, hydrogen, nitrogen, sulfur, and oxygen. Briefly, carbon, nitrogen,
hydrogen, and sulfur were determined by combustion of the sample in pure oxygen at high
temperature (920 – 1350 °C) and the combustion products CO2, H2O, N2, and SO2 were
automatically analyzed in a self-integrating, steady state thermal conductivity analyzer
(PerkinElmer 2400 Series II CHNS/O Analyzer; ASTM, 1992; Bance, 1980). Oxygen percentage
was determined by pyrolysis of the sample in a helium atmosphere. After pyrolysis, N, H, and CO
are produced and passed through an absorption filter where halogenated compounds were retained
and N, H, and CO were separated via a chromatographic column. The amount of CO was
automatically analyzed in the PerkinElmer 2400 Series II CHNS/O Analyzer (ThermoFischer
Scientific, 2016). Detection limits for carbon, hydrogen, nitrogen, and oxygen were 0.5% and
0.1% for sulfur.
2.3.4

Mitochondria Isolation
Fish were obtained from Ocean Farms (Brookvale, PE) and were approximately 1 year

old. They were maintained in a 250 L tank at the Atlantic Veterinary College Aquatics Facility at
a temperature of approximately 11 C and fed a commercial pelleted diet at 1% of their weight
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daily. Mitochondria were isolated from rainbow trout (Oncorhynchus mykiss; 135±11 g) livers
using the standard protocol of differential centrifugation (Sharaf et al., 2015). Mitochondria were
re-suspended in mitochondrial respiration buffer (MRB: 10 mM Tris HCl, 25 mM KH2PO4, 100
mM KCl, 1 mg/mL BSA, 2 mg/mL aprotinin, pH 7.3) and used immediately for experiments.
Protein concentrations of the mitochondrial suspensions were measured via the Bradford protein
assay (Bradford, 1976) using BSA as a standard.
2.3.5

Measurement of Mitochondrial Respiration, H2O2 Emission, and Mitochondrial

Membrane Potential (ΔΨmt)
Oxygen consumption, H2O2 emission (representing a portion of ROS emission), and
mitochondrial membrane potential (ΔΨmt) were measured simultaneously using the Oxygraph-2k
fluorespirometer (Oroboros Instruments, Innsbruck, Austria) as described previously (Sharaf et
al., 2017). Briefly, oxygen concentration and changes in concentration per mg of mitochondrial
protein were recorded in real time (continuous measurement). The ΔΨmt was obtained by
measuring TPP+ uptake by the mitochondria using the TPP+ ion selective electrode with respect
to a reference electrode. Calibration with a known TPP+ concentration was done at the beginning
of each experiment. Lastly, the H2O2 concentration and the rate of emission were measured using
the Amplex red - HRP assay. Amplex red reacts with H2O2 in a 1:1 stoichiometric reaction giving
rise to the fluorescent product resorufin, which is measured by the Oroboros. A calibration curve
was obtained using known concentration (0 - 0.45 µM) of H2O2 at the beginning of the experiment.
Isolated mitochondria (0.75 mg protein/mL) were first added to the Oroboros chambers,
followed by the substrates for ETS complex I, malate and glutamate. State 3 respiration, where
ATP is actively being produced, was initiated by the addition of ADP (6.25 µM). After all ADP
was depleted, mitochondria entered state 4 respiration, when no ATP production takes place. To
investigate the effects of NAs on different mitochondrial energetic states, dose response curves
consisting of concentrations ranging from 20 to 320 mg/L NA were obtained during state 3
respiration and then again during state 4. Here, NAs were added successively in 20 or 40 mg/L
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doses during each run to achieve predetermined cumulative target concentrations. Sequential
additions were required in order to complete a full dose response within the 4 hr viability of
mitochondria and to limit the number of live fish required. At least three biological (i.e. using
three different fish) replicates for each state were performed.
2.3.6

Real time Flow Cytometry Measurement of Mitochondrial Membrane Potential (ΔΨmt)

and Redox State
Real time ΔΨmt and mitochondrial oxidation state (representing a portion of ROS
emission) measurements were done using fluorescent dyes JC-1 and H2DCFDA, respectively, as
previously described (Sharaf et al., 2015). Isolated mitochondria were added to MRB containing
5mM of malate and 5mM of glutamate (state 2 respiration with high membrane potential and low
respiration, most comparable to state 4). During ΔΨmt measurement, mitochondria were incubated
with JC-1 for 10 min prior to beginning of the experiment. During ROS emission measurements,
H2DCFDA was added approximately 200 s after the beginning the experiment. A dose-response
assessment was conducted using the same NA concentrations as in the Oroboros experiments.
Doses of NA (20 or 40 mg/L) were added approximately 160 s apart and three biological replicates
were obtained for each parameter. Data were gated and presented using Flowjo 7.6.5 (TreeStar
Inc., Ashland, OR). Three biological replicates for each parameter were performed.
2.3.7

Statistical Analysis
In order to obtain more consistent data for curve fitting, numbers were converted to a

percentage of the control, which was represented by state 3, state 4, or state 2 depending on the
endpoint. The control measurement was used as 100% and subsequent measurements were
converted to a percent by dividing the measured value by the control and multiplying by 100.
Dose-response curves were prepared using Statistica v.13 (Dell, OK) using a four-parameter
logistic equation (three parameters where the effect variable started at zero) using a Quasi-Newton
estimation method in order to determine the IC50 (inhibition concentration) or EC50 (effective
concentration) for all endpoints. Curve fitting employed a standard loss function, (observed-
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predicted)2. Estimates of IC10 or EC10 were calculated using the equation of the curve. Curves
were estimated for every replicate and the mean and 95% confidence intervals calculated from the
three replicates for each endpoint.

2.4 Results and Discussion
2.4.1

Characterization of Naphthenic Acid Extract
Examination of NAs by negative-ion-mode direct-injection HRMS revealed that our

sample was 99% carboxylic acids with 90.4% of the ion intensity conforming to the NA structural
formula, CnH2n+ZO2. The most abundant ions had either 15 (30%) or 16 carbons (28%)
and Z values of −4 (40%) or −6 (34%) (Figure 2.1). Other studies (Headley et al., 2013; Leclair et
al., 2013) have observed similar carbon numbers and the Z values as found in the sample examined
herein. In the present study and previous studies, over 90% of compounds were in the O2 category
and fit the classical NA formula (Headley et al., 2013; Leclair et al., 2013). This was expected as
the extraction method used in this study is specific to extracting amphipathic NAs that fit the
classical NA formula (Frank et al., 2006). It is worth noting that when comparing purified NAs
with those directly extracted from the same tailings in a previous study, the authors found that low
and high molecular weight NAs tend to be depleted in the present extraction process due to the
multiple acid precipitation steps and the dichloromethane solvent extraction steps, respectively
(Frank et al., 2006; MacDonald et al., 2013).
While the majority of negative ions in the extract fit within the classical NA formula, NA
compounds outside of the classical formula were also found. Of the ions identified, 2.0% were
O3 structures that are potentially carboxylic acids with an alcohol (or ether) functional group. A
total of 7.0% of the mixture was accounted for by O4 compounds that are likely dominated by
compounds containing two carboxylic acid groups. Based on this, the mixture is estimated to be
99.4% carboxylic acids at a minimum but may be higher due to traces of O5 compounds also
identified in the mixture. Oxidized O3-, O4-, and even O5-NAs have been reported in various

33

Figure 2.1. Relative abundance of molecular ions present in naphthenic acid (NA) extract obtained
using negative-ion direct-injection HRMS. The Z-value represents the hydrogen deficiency of the
compound. The absolute value of Z divided by 2 gives the number of double bonds or rings in the
compounds. Each Z-value reported in the extract is indicated with a different colour.

OSPW mixtures (Huang et al., 2015; Wang et al., 2016). However, these compounds are more
water-soluble than O2-NAs and therefore are less likely to precipitate out during extraction
(Leclair et al., 2015; MacDonald et al., 2013). A study examining the same tailings water that was
directly extracted using C18 methods found that O3 and O4 compound accounted for 40% of the
mixture (Leclair et al., 2013).
Elemental analysis of our extract showed that 70.4%, 18.4%, and 10.6% of the sample by
mass was C, O, and H, respectively. Nitrogen was not detectable in the mixture (<0.5%), and
sulfur was present at 0.25% indicating a relatively pure hydrocarbon mixture. Accounting for the
O2, O3, and O4 compounds, the elemental analysis suggested that the average carbon number was
11.14, which is lower than the weighted average carbon number from the mass spectrometry
analysis of 15.5. This may have occurred if the sample was not completely dry at the time of
analysis. An elemental analysis of seven NA extracts from a previous study showed a range of
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59–71% carbon, 15–20% oxygen, 6–9% hydrogen, 0–0.7% nitrogen, and 1–6% sulfur (Grewer et
al., 2010). This analysis is considered consistent with our sample because previous studies have
documented that OSPW and NA extract samples from different areas have varying chemical
compositions and individual acid proportions (Arens et al., 2015; Reinardy et al., 2013). Overall,
the results from all of the chemical analyses suggested that the compound extracted in the present
study is a NA mixture with >99% purity this mixture could be reliably used to estimate effects of
OSPW-derived NAs on energy metabolism.
2.4.2

Naphthenic Acids Uncouple Oxidative Phosphorylation
Examples of the effects of cumulative additions of NAs on mitochondrial oxygen

consumption, ΔΨmt, and ROS emission are shown in Figure 2.2, where tracings of each of the
three parameters during a representative experiment of state 4 respiration are overlaid. There was a
period of instability for approximately 1 min, particularly for the ROS end point as seen by large
spikes, and all readings were taken after the system returned to stability (2 min). The time of
addition of mitochondria, necessary substrates for respiration, and sequential doses of NAs are
indicated. After the addition of substrates, the mitochondria enter state 3 respiration, where ADP
is being converted to ATP. The resultant movement of protons by the ETS to drive ATP synthase
resulted in an increase of mitochondrial respiration (red line) as complex IV of the electron
transport chain consumes oxygen to create proton motive force (blue line). When all added ADP
is converted to ATP, the mitochondria enters into state 4, or a resting state, which is indicated by
the reduction in respiration, and increase in ΔΨm to a steady state. In state 4, the sequential doses
of NA reduced ΔΨm and this reduction in ΔΨm triggered an increase in respiration to compensate.
However, this was not consistently observed in the present study at higher doses of NA as there
is was ultimate decrease in respiration as the electron transport chain presumably ceases to
function at a level sufficient to sustain an increase respiration. Similarly, there was an increase in
ROS emission (green lines, large spikes are only a transient effect after NA addition), but at higher
doses, ROS emissions also decreased.
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Figure 2.2. Representative Oroboros tracing of a state 4 respiration dose response. This tracing
includes all three parameters: oxygen consumption (red line), mitochondrial membrane potential
(ΔΨmt; blue line), and ROS represented by H2O2 production (green line) overlaid. The units for
H2O2 production are pmol/mg protein/min and are represented in the right axis, while the ΔΨ mt
(mV) are arbitrary for the purposes of this figure. The transient spikes of H2O2 production (green
line) are an artifact of addition of NAs or substrates to the experiment chamber. At the beginning
of the experiment, isolated mitochondria and the necessary substrates malate and glutamate (MG)
and ADP were added as shown with the first three arrows. During the appropriate respiration state,
NAs were added sequentially 3 minutes apart to achieve a cumulative concentration of NAs,
which is indicated by arrows (e.g., NA20 indicates 20 mg/L NAs). All data for analysis were
collected once steady states were reached.

To demonstrate the functionality of the system to predict mitochondrial dysfunction and
provide examples of how effect at different levels of the ETS can be detected, a number of
reference toxicants were used, including oligomycin, an inhibitor of ATP synthase, carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), a model uncoupler of OXPHOS, and
antimycin-A, which binds to cytochrome C and inhibits electron transport (Figure S1, Appendix
A). Oligomycin completely eliminated respiration (as ATP synthase is the only step that uses
oxygen) with an increase in ΔΨmt as ATP synthase was not utilizing the proton motive force and
caused no change in the ROS emission. FCCP decreased ΔΨmt as it uncoupled the proton gradient
with an increase in respiration to compensate, and a slight increase in ROS. Antimycin-A almost
completely stopped respiration as it impaired the ETS with only a slight drop in ΔΨ mt as the
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upstream complexes are still active. The subsequent back up of electrons caused substantive ROS
generation.
Dose–effect curves for all experiments combined showed that successive additions of
NAs resulted in consistent decreases in respiration during state 3 with almost complete cessation
of respiration at the highest dose (ATP being produced; Figure 2.3a). When respiration
was already low during state 4 there was a trend toward a 25% increase in respiration; however,
the effect was not consistent in all replicates as indicated by the high variability in the effect, the
IC50 values were not calculated (ATP not being produced; Figure 2.3b). NAs showed a trend to
dissipate ΔΨmt by less than 10% during state 3 when membrane potential is already relatively low
as compared to state 4 (ATP being produced; Figure 2.4a). However, this effect was not consistent
and IC50 values could not be calculated for all replicates. During state 4, there was a consistent
20% drop in ΔΨmt (ATP not being produced; Figure 2.4b). Real-time flow cytometry
measurement was used to validate these results and a stronger (50%) dose-dependent dissipation
of ΔΨmt was observed (Figure 2.4c, d), though the effective concentrations using the Oroboros
and flow cytometry methods were similar (Table 2.1). The uncoupling of mitochondrial
respiration and dissipation of ΔΨmt that were observed using two independent methods showed
that NAs can act as mitochondrial uncouplers. The implications of sequential additions of NAs
were evaluated by comparison to the sequential addition of solvent controls (Figures S2 and S3,
Appendix A) demonstrating the over time the system remained relatively stable (<5% drift) with
sequential solvent additions. Furthermore, the effects of only a single dose, equivalent to two
sequential additions, of NA was investigated, and were found to have similar effects as sequential
doses (Figure S1, Appendix A).
The respective result for ΔΨmt and respiration in state 3 and state 4 would be expected in
the case of a mitochondrial uncoupler that effects both the proton gradient, and the ETS. In state
3 respiration, oxygen is being consumed at its maximum rate to maintain membrane potential to
drive ATP synthesis, the dissipation of ΔΨmt alone should not result in a decrease in respiration.
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Figure 2.3. (a) Dose-effect curve for oxygen consumption during state 3 respiration using the
Oroboros system with the calculated IC50. (b) Dose-effect curve for oxygen consumption during
state 4 respiration using the Oroboros system (EC50 could not be consistently calculated for state
4). Error bars are standard error of the mean. N=3 for each point.
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Figure 2.4. (a) Dose-effect curve for mitochondrial membrane potential (ΔΨmt) during state 3
respiration measured by the Oroboros system (IC50 could not be consistently calculated for state
3). (b) Dose-effect curve for ΔΨmt during state 4 respiration measured by the Oroboros system
during state 4 respiration with calculated IC50. (c) Dose-effect curve for ΔΨmt during state 2
respiration measured by real-time flow cytometry with calculated IC50. (d) Representative tracing
for the effects of different doses of NA on ΔΨ mt during state 2 respiration measured by real-time
flow cytometry where the x-axis is time and the y-axis is the amount of fluorescence. The colour
represents the density of the distribution of fluorescence. The additions of the NA doses are
indicated on the figure with arrows and are labelled to each corresponding dose. Error bars are
standard error of the mean. N=3 for each point.
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Table 2.1. IC or EC50 and IC or EC10 values mg/L (95% confidence interval) calculated for each
parameter based on Oroboros and flow cytometry measurements.a
parameter

oxygen consumption
Oroboros State 3
Oroboros State 4
mitochondrial membrane
potential
Oroboros State 3
Oroboros State 4
flow cytometry
reactive oxygen species
Oroboros State 3
Oroboros State 4
flow cytometry

EC/IC50 (mg/L)

EC/IC10 (mg/L)

mean
variance
explained

104.7 (34.3 - 175.1)
no consistent effect

35.1 (13.9 - 56.2)
no consistent effect

99.0

no consistent effect
157.8 (58.4 - 257.2)
88.7 (61.5 - 115.8)

no consistent effect
66.7 (25.5 - 107.9)
29.4 (0.0 - 85.5)

99.2
96.7

21.0 (15.0 - 27.0)
36.7 (1.0 - 109.8)
25.6 (12.4 - 38.7)

15.0 (1.1 - 29.0)
24.1 (1.2 - 47.1)
11.8 (0.4 - 23.2)

88.5
87.0
66.8

%

a

Curve fits were conducted on individual replicates and parameters were averaged. The mean
variance explained by the curve fits for each parameter are indicated. Parameters for which doseeffect curves could not be fitted for all replicates are indicated as no consistent effect.
Thus, these results indicate that the ETS is being inhibited independently of the reduction in ΔΨmt.
As there was almost complete reduction of respiration, and only partial reduction of ΔΨ mt, this
also suggests that the inhibition of the ETS may be a more important mechanism. In contrast, in
state 4, membrane potential is high, and oxygen consumption is low, thus dissipation of the proton
gradient by NAs causes an increased consumption of oxygen that is indicative of the ETS
attempting to restore the gradient. While disruption of the ETS may be occurring in state 4, it
did not become apparent until higher doses of NAs where respiration comes to a plateau, and then
appears to drop off (Figure 2.3b).
The observed uncoupling effect of NAs were likely due to the ability of NAs to act as
protonophores in which they are protonated in the intermembrane space and transported across
the inner mitochondrial membrane into the mitochondrial matrix where they release the proton in
the alkaline environment, thus dissipating the proton gradient (i.e., uncoupling OXPHOS;
Kadenbach et al., 2003; Rottenberg & Hashimoto, 1986). While an impact on the ETS was evident
from the decrease in state 3 respiration, the precise cause of this parallel effect was not clear. Since
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there are multiple steps in the ETS, which are dependent on previous reactions, NAs could be
having inhibitory effects at any of these potential steps that drive the ETS, including direct
interference with ETS complexes.
2.4.3

Naphthenic Acids Stimulate ROS Emission
During both state 3 and 4 respiration dose responses using the Oroboros system,

H2O2 concentration increased steadily for the first half of the dose range, followed by a general
plateau or decrease (Figure 2.5a, b). Real-time flow cytometry measurements were again used to
validate the results, and a similar trend was observed (Figure 2.5c,d). The calculated EC50 and
EC10 values were similar between both energetic states and measurement techniques, ranging
from 11.8 to 36.7 mg/L (Table 2.1). The finding of stimulation of ROS emission by NAs measured
by both Oroboros (H2O2 emissions) and flow cytometry (mitochondrial oxidation state) was
consistent with earlier reports that OSPW induced the expression of genes related to oxidative
stress in multiple species (Gagné et al., 2012; Wiseman et al., 2013b). The increased ROS
emission measured lends mechanistic support to an earlier report that correlated oxidative stress
due to OSPW exposure with developmental malformations observed in fathead minnow
(Pimephales promelas) embryos (He et al., 2012). Thus, mitochondria, a major source of cellular
ROS, may be an important target for NAs (Wiseman et al., 2013a; Wiseman et al., 2013b).
The underlying cause of increased ROS production by NAs is unknown. Generally,
toxicants have been shown to increase ROS production by interacting with the ETS via two
different mechanisms (Turrens, 2003). The first is by blocking electron transport thus increasing
the reduction level of the ETS complexes upstream of the inhibition (Turrens, 2003). This results
in increased leakage of electrons from the ETS complexes with partial reduction of oxygen to
form ROS (Barrientos & Moraes, 1999; Turrens, 2003). The second is that a toxicant may accept
an electron from the ETS complexes and transfer it to molecular oxygen. This mechanism
stimulates ROS production without inhibiting the ETS (Turrens, 2003). We propose the first
explanation is the most plausible mechanism of increased ROS emission by NAs due to the
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Figure 2.5. (a) Dose-effect curve for H2O2 production during state 3 respiration measured by the
Oroboros system with calculated EC50. (b) Dose-effect curve for H2O2 production during state 4
respiration measured by the Oroboros system during state 4 respiration with calculated EC 50. (c)
Dose-effect curve for mitochondrial ROS during state 2 respiration measured by real-time flow
cytometry with calculated EC50. (d) Representative tracing for the effects of different doses of NA
on ROS emission during state 2 respiration measured by real-time flow cytometry where the xaxis is time and the y-axis is the amount of fluorescence. The colour represents the density of the
distribution of fluorescence. The additions of the NA doses are indicated on the figure with arrows
and are labelled to each corresponding dose. Error bars are standard error of the mean. N=3 for
each point.

observed inhibition of state 3 respiration (Figure 2.3a, 2.4a). The inhibition of state 3 is indicated
by the impairment of the ETS (Kalbácová et al., 2003), which is associated with an immediate
increase in ROS and dissipation of ΔΨmt after addition of NAs. ROS emissions were the most
sensitive end points with EC50/IC50 values 3- to 6-fold lower than the other end points. In addition
95% confidence intervals for the median effective concentration for state 3 respiration and ROS
generation using the Oroboros did not overlap, suggesting that ROS production can be detected
well before effects on OXPHOS are apparent. The ROS emission increased up to a NA
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concentration of ∼160 mg/L on the Oroboros system and ∼120 mg/L during real-time flow
cytometry, after which there was a drop in the rate of ROS emission. The drop of ROS emission
was likely due to impaired mitochondria function at higher doses of NAs shown by almost
complete inhibition of state 3 respiration by the 240 mg NA/L dose (Figures 2.3a and 2.5a).
2.4.4

Environmental Relevance
Environmental concentrations of NAs are typically much lower than the EC50/IC50 values

calculated, but EC10/IC10 estimates, particularly for ROS emission, approach the high end of the
range of concentrations found in the receiving environment. Any comparison to environmental
concentrations is confounded by the many methods to determine such concentrations, including
what is used as a standard, as well as what the investigators consider to be NAs. In the present
study, we were able to weigh quantities of the NA mixture, which represented accurate
concentrations given the mixture’s high purity as carboxylic acids. While our mixture consists of
mostly O2–NAs, we believe toxicity of the source material would be relatively unchanged based
on another study from our laboratory that exposed isolated mitochondria to that source material
(unpublished data). Recent estimates of surface water NA concentrations using Fourier-transform
infrared (FTIR) spectroscopy methods in local lakes and experimental ponds, including Beaver
Creek, Demonstration Pond, Bison Pond, Mildred Lake, and Horizon Lake, showed NA levels
ranging from <1 to 14 mg/L (Arens et al., 2015). The FTIR method overestimates measured total
carboxylic acids as compared to HMRS by a factor of 2 (Leclair et al., 2013). A study conducted
on different sites, Muskeg River and Jackpine Mines, found surface water concentrations >10
mg/L for O2 NAs and groundwater levels in the order of 5 mg/L using ultra performance liquid
chromatography-time-of-flight-mass spectrometry (UPLC-TOF-MS) methods. Although given
different standard mixtures, it is difficult to compare to HRMS methods compared by our
laboratory (Huang et al., 2018). Levels of NAs in the Athabasca River using liquid
chromatography-high

resolution

mass

spectrometry

(LC–HRMS)

techniques

showed

concentration of total NA (O2 species only, thus an underestimate of all NAs) ranging from 0.7 to
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52 μg/L (Arens et al., 2017). In general, concentrations in most affected waters are well within
the EC10/IC10 values determined in this study suggesting they may cause at least 10% changes in
mitochondrial function.
The effective concentration of NAs experienced by aquatic organism can also be expected
to be dictated by the potential of NAs to bioconcentrate. Partitioning of oil sands organic
compounds in polydimethylsiloxane showed that O2 species have apparent KOW (pH 8.4) ranging
from negligible to as high as 100 (Zhang et al., 2015), with KOW increasing with carbon number
and decreasing with double bond equivalents. However, as most NAs are present in their
naphthenate form at environmental pH (>7.5), bioaccumulation is likely to be low. In a study that
exposed rainbow trout to 3 mg/L at pH 8.2, bioaccumulation factor (BAF) was reported as ∼2
(Young et al., 2008). However, that study was done with commercially available NAs, known to
be rich in free fatty acids, unlike the aged samples utilized herein that may have higher BAFs.
However, yellow perch (Perca flavescens) exposed to 13 mg/L NA (by FTIR) aged tailings water
in an experimental pond were found to contain nondetectable levels of NAs (<1 mg/kg) in muscle
tissue (van den Heuvel et al., 2014). Those fish accumulated and excreted NAs as indicated by
biliary NA levels as high as 200 mg/L (van den Heuvel et al., 2014). There is support for
bioaccumulation of NAs in fish from the Athabasca River (where levels of NAs are much lower)
that had tissue concentrations ranging from nondetectable to as high as 2.8 mg/kg. NAs tend to
concentrate at the highest levels in gills and liver (Young et al., 2011), but data on compoundspecific BAF in fish are sparse and inconsistent. There has not been any work regarding the
subcellular partitioning of NAs and further work is needed to estimate and characterize the
concentration of NAs that could be present in the mitochondria of living organisms.
The question of how much reduction in ATP production would result in cellular or
organismal impacts is also critical to the environmental relevance of the present results. Cells must
produce ATP at the same rate they consume it. Therefore, a cell that is producing 10% less ATP
than the cell demands can deplete its ATP within 2 min (Moyes & Schulte 2008). Typically, full
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or partial uncoupling of OXPHOS and the dissipation of ΔΨmt decrease or prevent the production
of ATP. Cytotoxicity studies using mouse and human cells have reported rapid (<48 h) partial cell
death occurs with 30% reduction in ATP levels (Lieberthal et al., 1998) and greater than 50% cell
death occurs when ATP levels decline by half (Lieberthal et al., 1998; Rogers et al., 2002). At the
organismal level, this may limit available energy for the organisms to carry out normal
physiological processes, possibly resulting in, or at least contributing to, the toxic effects reported
in various studies. The NA mixture in the present study was observed to cause complete mortality
in three-spine stickleback (Gasterosteus aculeatus) at 15 mg/L, comparable to EC10/IC10values
reported here (authors unpublished data), suggesting that energetic mechanisms may play a factor
in mortality. While caution must be taken when interpreting in vitro results in vivo, the
EC10/IC10 values determined herein may represent concentrations that are relevant to sublethal
physiological effects of NAs in trout and perhaps in aquatic organisms in general. As such, we
conclude that oxidative uncoupling is a likely mechanism of sublethal toxicity that occurs at
concentrations of NAs present in the oil sands region of Canada.
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CHAPTER 3
Are commercially available adamantane carboxylic acids suitable toxicant surrogates for
oil sands-derived naphthenic acid mixtures?

3.1 Abstract
Naphthenic acids (NAs) are suspected of being a primary cause of toxicity of oil sands
process-affected water (OSPW) produced by the oil sands in Alberta, Canada (Clemente and
Fedorak, 2005). Individual NAs with a tricyclic adamantane carboxylic acid structure were first
identified in OSPW by Rowland et al. (2011). The purpose of this study was to determine if
commercially available adamantane carboxylic acids could be used as a surrogate toxicants for
studying the effects on mitochondrial energetics of NAs extracted from OSPW. Mitochondria
isolated from rainbow trout (Oncorhynchus mykiss) liver were exposed to either one of two
commercially available adamantane acids, 3-hydroxyadamantane-1-carboxylic acid and 3,5dimethyladamantane-1-carboxylic acid, or NAs extracted from OSPW. The effects of these
compounds on state 3 and 4 oxygen consumption, mitochondrial membrane potential, and
production of reactive oxygen species (ROS) were measured using the Oroboros respirometry
system. The compound 3-hydroxyadamantane-1-carboxylic acid only inhibited oxygen
consumption at the highest dose (2560 mg/L) and reduced ROS production. 3,5dimethyladamantane-1-carboxylic acid consistently inhibited state 3 oxygen consumption and
increased ROS production, but to a lesser degree than the NA mixture extracted from OSPW.
Passive uncoupling, where protons are transported across the mitochondrial membrane, was
suggested by decreased mitochondrial membrane potential during state 4 in experiments with all
three compounds to varying degrees. Based on these results, some model adamantane NAs may
act via similar mechanisms to NAs extracted from OSPW, however, the diversity of compounds
in the NA mixture may act through multiple mechanisms.

3.2 Introduction
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Most of Alberta's crude oil is extracted using the Clarke hot water extraction method,
resulting in the production of large volumes of waste water referred to as oil sands processaffected water (OSPW). OSPW contains residual bitumen, dissolved salts, minerals, and a
complex mixture of inorganic and organic compounds (Allen, 2008; Clemente & Fedorak, 2005).
A mixture of alkyl-substituted acyclic and cycloaliphatic carboxylic acids, known as naphthenic
acids (NAs), make up a large component of the organic tailings fraction and are thought to be
responsible for much of the observed toxicity of OSPW (Allen, 2008; Clemente & Fedorak, 2005;
Madill et al., 2001). Classical NAs, or acid-extractable organics (AEOs), refer to compounds that
follow the general formula CnH2n+ZO2 and are the subject of many studies (Clemente & Fedorak,
2005). Adding to the complexity, the CnH2n+ZO2 formula only describes a fraction of the acid
extractable organics and O3 (presumably carboxylic acids with an alcohol substituent) and O4
(alcohols and diacids) compounds are predominant in the mixture (LeClair et al., 2013; Frank et
al., 2008a)
The understanding of the specific toxic mechanisms and analytical chemistry of NAs has
been limited to some extent by the unavailability of pure compounds. While commercial mixtures
(petroleum distillates) are used, they have little similarity to the profile of naphthenic acids in oil
sands-affected material (Garcia-Garcia et al., 2011; Melvin et al., 2013). Due to the complexity
of the NA mixture, few individual structural isomers have been identified. Some of the first
individual NA isomers were identified in OSPW acid-extractable organic matter by Rowland et
al. (2011) as tricyclic adamantane carboxylic acids. These acids fit within the general NA formula
and have a diamondoid structure. Various adamantane acids have since been identified in OSPW
AEO from different industry OSPW samples (Bowman et al., 2014; Lengger et al., 2015; Rowland
et al., 2012). It has been suggested that the cage structure of the adamantane naphthenic acid could
impede degradation of these molecules, possibly contributing to their recalcitrance in weathered
oil sands materials (Lengger et al., 2013). While the predominance of diamondoid structures in
these complex mixtures remains unknown, the commercial availability of a number of relatively
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pure isomers raises the potential of using those compounds as model NAs for environmental
toxicology research.
Previous work for this thesis (Chapter 2) has demonstrated that NAs may act through
multiple mechanisms, including oxidative uncoupling of mitochondria and inhibiting electron
transport system (ETS) complexes. Exposure of NAs to isolated mitochondria from rainbow trout
(Oncorhynchus mykiss) hepatocytes caused uncoupling of oxidative phosphorylation (OXPHOS),
inhibition of the ETS, and stimulated reactive oxygen species (ROS) production and increased
mitochondrial oxidation state, indicating oxidative stress. When OXPHOS is uncoupled, the
proton motive force is dissipated before it can be used to produce ATP (Kadenbach, 2003; Terada,
1990). While mild uncoupling is associated with a decrease in production of ROS, uncoupling
that occurs in mitochondria where the ETS has been inhibited increases production of ROS
(Boveris & Chance, 1973; Mookerjee et al., 2010). Oxidative stress imposed by an abundance of
ROS can lead to the release of cytochrome c from mitochondria, which triggers the process of
apoptosis (Kowaltowski & Vercesi, 1999; Li et al., 2003).
The hypothesis of this study is that model adamantane will act as appropriate surrogates
for the testing of NA mechanism of action. Furthermore, as oxidative uncoupling depends to some
extent on the amphipathic nature, meaning the molecule has both hydrophilic and hydrophobic
properties, of the toxicant, it is hypothesized that O3 NAs would be less potent uncouplers than
O2 NAs due to the presence of alcohol groups on non-polar aliphatic region of the molecule. In
order to examine respiratory uncoupling, mitochondria isolated from rainbow trout
(Oncorhynchus mykiss) livers were exposed to one of two model NAs: 3,5-dimethyladamantane1-carboxylic acid and 3-hyroxyadamantane-1-carboxylic acid – these compounds are analogous
to O2 and O3 isomers, respectively. Mitochondrial oxygen consumption, membrane potential, and
hydrogen peroxide production were measured and uncoupling potency of the substances examined
were compared with that of oil sands-derived NAs extracted from 17 year-aged OSPW.
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3.3 Methods
3.3.1

Chemicals and Reagents
Sucrose, potassium phosphate, EGTA, bovine serum albumin (BSA), aprotinin, L-malic

acid, L-glutamic acid, and adenosine diphosphate (ADP) used in experiments were all supplied
by Sigma Aldrich (Oakville, ON). Tris-hydrogen chloride was obtained from EMD Chemicals
Inc. (Gibbstown, NJ, USA). The fluorescent dye, Amplex red, as well as horseradish peroxidase
(HRP) were purchased from Molecular Probes Inc. (Oregon, USA). The membrane potential
indicator tetraphenylphosphonium chloride (TPP+), was acquired from Alfa Aesar (Heysham,
England). Model adamantane NA compounds 3,5-dimethyladamantane-1-carboxylic acid (97%),
and 3-hydroxyadamantane-1-carboxylic acid (97%) were purchased from Sigma-Aldrich
(Oakville, ON). Compound structures are shown in Figure 3.1.
3.3.2

Mitochondria Isolation
Rainbow trout (Oncorhynchus mykiss) were obtained from Ocean Farms (Brookvale, PE)

and were approximately 1 year old. They were maintained in a 250 L tank at the Atlantic
Veterinary College Aquatics Facility at a temperature of approximately 11 C and fed a
commercial pelleted diet at 1% of their weight daily. Mitochondria were isolated from rainbow
trout (O. mykiss; 155 ± 96 g) livers using the standard protocol of differential centrifugation
(Sharaf et al., 2015). Mitochondria were re-suspended in mitochondrial respiration buffer (MRB:
10 mM Tris HCl, 25 mM KH2PO4, 100 mM KCl, 1 mg/mL BSA, 2 mg/mL aprotinin, pH 7.3) and
used immediately for experiments. Protein concentrations of the mitochondrial suspensions were
measured by the method of Bradford protein assay (Bradford, 1976) using BSA as a standard.
3.3.3

Measurement of Complex I Respiration, H2O2 Production, and Mitochondrial
Membrane Potential (ΔΨmt)
The parameters oxygen consumption, H2O2 production, and mitochondrial membrane

potential were measured simultaneously using the Oroboros (Austria) Oxygraph-2k high
resolution respirometry instrument as previously described in (Sharaf et al. 2017; Chapter 2).
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Figure 3.1. Structure of two adamantane carboxylic acids chosen for the present study.

Oxygen concentration and changes in concentration per mg of mitochondrial protein were
recorded in real time (continuous measurement). The ΔΨ mt was obtained by measuring TPP+
uptake by the mitochondria using the TPP+ ion selective electrode with respect to a reference
electrode. Calibration with a known TPP+ concentration was done at the beginning of each
experiment. Lastly, the H2O2 concentration and the rate of emission were measured using the
Amplex red - HRP assay. Amplex red reacts with H2O2 in a 1:1 stoichiometric reaction giving rise
to the fluorescent product resorufin, which is measured by the Oroboros. A calibration curve was
obtained using known concentration (0 - 0.45 µM) of H2O2 at the beginning of the experiment.
NAs were extracted from OSPW using methods previously used for this thesis (Frank et
al. 2006; MacDonald et al. 2013; Chapter 2). Briefly, NAs were isolated from 17-year-old tailings
from Syncrude Canada Ltd.’s experimental pond 10. Tailings were initially acidified and the
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precipitate was concentrated via centrifugation. The precipitate was first filtered through
diethylaminoethyl (DEAE) cellulose to remove humic material and then through
dicholoromethane (DCM) liquid-liquid extraction to remove neutral compounds. The sample was
again acidified, washed, and then freeze dried to produce a sold NA extract. This extract was
characterized by negative mode direct injection HRMS and found to be 99% carboxylic acids with
approximately 90% fitting the classical NA formula, CnH2n+ZO2 (Leclair et al. 2013; Chapter 2).
NAs were added successively to mitochondrial preparations during each run to achieve
predetermined cumulative target concentrations. Sequential additions were required in order to
complete a full concentration response within the 4 hr viability of mitochondria and to limit the
number of live fish required. At least three biological replicates (i.e. using three different fish) for
each state were performed. A concentration response for the NA mixture and each model NA
consisted of concentrations ranging from 20 to 2560 mg/L NAs was done during state 3
respiration, where ATP is actively being produced, and state 4 respiration, where no ATP
production is taking place. Concentration-response curves were prepared using a four parameter
logistic nonlinear regression as described in Chapter 2. Differences in EC50 and IC50 values
between treatments were evaluated using ANOVA, with a level of significant set at p<0.05. All
statistics were performed using Statistica v.13 (Dell, Oklahoma, USA).

3.4 Results and Discussion
The NA mixture and adamantane compounds examined all reduced state 3 respiration
(Table 3.1). The NA mixture showed significantly greater potency (approximately 2.5-fold) in the
inhibition of state 3 respiration than 3,5-dimethyl adamantane-1-carboxylic acid. The NA mixture
caused almost total cessation of oxygen consumption in state 3 respiration at the highest
concentration (2560 mg/L) with a mean of 7% of control values as compared to the methylsubstituted adamantane that showed a mean oxygen consumption of 26% at the highest
concentration. The alcohol substituted adamantane (3-hydroxyadamantane-1-carboxylic acid)
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Table 3.1. Mean IC or EC50 values mg/L (standard error, n) calculated for each parameter based
on Oroboros measurements.a
Parameter

OSPW-NA
EC/IC50
(SEM,n)

3,5-dimethyl
adamantane-1carboxylic acid
EC/IC50 (SEM,n)

3-hydroxy
adamantane-1carboxylic acid
EC/IC50 (SEM,n)

State 3 oxygen consumption

648 (176, 6)

1545 (135, 5)*

IC50 > 2560

State 4 oxygen consumption

94 (12, 6)

543 (25. 3)*

IC50 > 2560

State 3 ΔΨmt

721 (347, 4)

No effect

1450 (408, 3)*

State 4 ΔΨmt

473 (171, 3)

1703 (118, 3)*

1750 (68, 3)*

State 3 ROS

EC50 198 (51, 4)

EC50 535 (290, 3)

IC50 1519 (151, 3)

State 4 ROS

EC50 212 (73, 4)

EC50 559 (228, 3)

IC50 724 (78, 3)

a

Curve fits were conducted on individual replicates and parameters were averaged. The mean
variance explained by the curve fits for each parameter are indicated. Parameters for which
concentration-effect curves could not be fitted for all replicates are indicated as no effect.
Asterisks indicate a statistically differences between model NAs and OSPW-NAs, p < 0.05.

only showed declines in state 3 oxygen consumption at the highest concentration only, and an IC50
could not be calculated. Oxygen consumption is highest in state 3 respiration as ADP is actively
being converted to ATP by complex IV of the electron transport chain and complete inhibition of
oxygen consumption would certainly result in rapid cell death. However, the precise site of action
cannot be determined by oxygen consumption alone as this inhibition could occur at multiple sites
in the electron transport chain.
State 4 oxygen consumption showed a bimodal pattern with an initial increase in oxygen
consumption at the lower concentrations, followed by a decrease in oxygen consumption at higher
concentrations (data not shown). The potency of each compound/mixture was evaluated by using
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only the concentrations at which oxygen consumption was increasing (Table 3.1). The relative
potency with regards to the three treatments was similar to that of state 4 oxygen consumption,
however the EC50 values were lower. While in a bimodal response, the efficacy of the inhibition
of oxygen consumption is difficult to estimate, a reduction to 21% of control values at the highest
concentration of the NA-mixture as compared to 7% for state 3 oxygen consumption, would
suggest only marginally different potency for this response. The increase may be a compensatory
response, consistent with lower EC50 values, to alterations in the upstream electron transport chain
(suggesting inhibition is initially at sites other than complex IV). A compensatory response would
be expected to be more apparent in state 4 which oxygen consumption is generally low, as opposed
to state 3 when oxygen consumption reaches a maximum. At higher doses, the electron transport
chain fails entirely and this compensatory response is eliminated.
Only the NA-mixture and 3-hydroxy adamantane-1-carboxylic acid were observed to
reduce state 3 membrane potential with the NA-mixture being 2-fold more potent (Table 3.1).
Unlike state 3 oxygen consumption, the change in membrane potential is more modest. For
example, at the highest concentration of the NA-mixture that nearly eliminated oxygen
consumption in state 3, the mean reduction in membrane potential is only 16%. The absence of
the inhibition of membrane potential for 3,5-dimethyl adamantane-1-carboxylic acid is difficult
to explain given its ability to reduce state 3 oxygen consumption. However, membrane potential
is at its lowest during state 3 respiration, and thus the effects on this endpoint in state 3 may be
harder to detect.
In contrast, all three treatments reduced membrane potential in state 4. Consistent with
other endpoints, the NA-mixture had a 3-fold lower in IC50. However, the two adamantane
carboxylic acids were nearly similar in efficacy of membrane potential reduction. Despite
membrane potential being at its highest in state 4 respiration, reduction of this potential by the
chosen treatment was still modest. At the highest dose, reduction from control values was 38%,
11%, and 18% for the NA-mixture, 3,5-dimethyl adamantane-1-carboxylic acid, and 3-hydroxy
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adamantane-1-carboxylic acid, respectively. These results suggest that traditional passive
uncoupling, where compounds transport protons across the mitochondrial membrane, may not be
the key mechanism in causing mitochondrial dysfunction. The expectation would also be that an
alcohol-substituted adamantane carboxylic acid would be less amphipathic than a methylsubstituted adamantane carboxylic acid – a key quality for hydrogen transport across membranes
– yet these two substances did not show potencies for reducing membrane potential consistent
with their structure.
Depending on what occurs proximal and distal to the site of ETS inhibition, the production
of ROS could be expected to increase. Only the NA-mixture and 3,5-dimethyl adamantane-1carboxylic acid resulted in ROS production with the NA-mixture observed to be approximately
2.5-fold higher in its potency with regard to this endpoint (Table 3.1). Although this response
occurred at lower doses, this was consistent with the response seen for inhibition of oxygen
consumption. As the nearly complete inhibition of oxygen consumption seen at higher doses
represents an almost complete disruption of the electron transport chain, it is understandable that
the ROS generation is observed at lower doses since an intact electron transport chain is required
to produce ROS, and significant disruption thereof would reduce the ability to produce ROS. In
contrast, 3-hydroxy adamantane-1-carboxylic acid caused a concentration-dependent reduction in
ROS in both state 3 and state 4 respiration. However, the IC50 was two-fold lower in state 4 than
in state 3. The compound showed a mean reduction in ROS of 41% and 13% for state 3 and state
4, respectively.
Adamantane carboxylic acids have been identified in multiple sources of OSPW and are
considered a major NA (Lengger et al., 2015; Rowland et al., 2011; Rowland et al., 2012).
Unknown structural variants of dimethyl 1-admantane carboxylic acid are among the identified
compounds (Rowlands et al., 2011). However, the compounds chosen herein had significantly
less potency for the inhibition of oxidative phosphorylation than the extracted NA mixture. The
most abundant NAs in the mixture had either 15 or 16 carbons (30 and 28%, respectively, Chapter
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2). The compounds 3,5-dimethyl adamantane-1-carboxylic acid and 3-hydroxy adamantane-1carboxylic acid have 13 and 11 carbons, respectively. The mixture of NAs is relatively depleted
in the compounds with 11-13 carbons or lower (~6 %). Thus, it is expected that the model
compounds have lower Kow than the majority of NAs in the mixture. As per substances exhibiting
a narcotic mode of action (McCarty & Mackay, 1993), hydrophobicity is an important quantitative
structure-activity relationship (QSAR) in terms of the ability to cross membranes, and the ability
to interact with hydrophobic regions of proteins such as enzymes. It is fully expected that the
inhibition of oxidative phosphorylation would correlate with hydrophobicity, just as it does for
narcotic modes of action due to an increase ability to cross lipid bilayers. Higher molecular weight
adamantane carboxylic acids may make better surrogates for environmentally relevant NAs;
however, this was limited by availability of pure compounds.
Tricyclic carboxylic acids have historically been thought of as major NAs in oil sands
(Clemente & Fedorak, 2005; Grewer et al., 2010) and it has been shown that they and bicyclic
carboxylic acids make up a major component of OSPW-NAs (Rowland et al., 2011). Tricyclic
diamondoid or adamantane NAs identified by Rowland et al. (2011) are thought to be
biotransformation products of adamantane hydrocarbons (Rowland et al., 2011; Wilde &
Rowland, 2017). The distribution of individual adamantane NAs have proven useful for profiling
OSPW and differentiating between industry samples (Rowland et al., 2012; Lengger et al., 2015).
It has been found that aged tailings samples have a higher proportion of adamantane NAs (Lengger
et al., 2015), whereas adamantane-1-carboxylic acid was biodegraded up to 80% over the course
of 90 days by microbial communities comprised mostly of algae from the oil sands tailings ponds
(Paulssen & Gieg, 2019). Based on this, adamantane NAs may be useful in assessing
biodegradation and aging of OSPW as well as identifying sources of environmental contamination
with NAs (Rowland et al., 2012; Lengger et al., 2015; Wilde & Rowland, 2017).
The current study did not characterize the composition of the oil sands mixture with
regards to adamantane NAs. Mass spectrometry technique to determine exact mass as performed
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in Chapter 2 cannot differentiate cyclical structures from double bonds as both have a hydrogen
deficiency of (Z number) of -2. In the absence of two-dimensional high resolution GS-MS
techniques originally used to characterize adamantane carboxylic acids, carbon nuclear magnetic
resonance (NMR) may be of use in further determining the presence of these compounds due to
the unique signature of tertiary and quaternary carbons in adamantane carboxylic acids and the
ability to resolve the number of hydrogens attached to each carbon. Certainly, with a tricyclic
structure, an adamantane carboxylic acid must have a Z value of -6 or lower. Thus, greater than
half of the mixture with Z values of 0, -2, and -4 cannot be adamantane structures (Chapter 2).
However, a significant part of the mixture ranges from Z=-6 to Z=-18, so there are undoubtedly
adamantane structures present, though their relative composition of this is unknown.
Results herein suggest that some diamondoid adamantane NAs may act via the same
mechanism as the OSPW-NA mixture previously studied for Chapter 2 of this thesis. For this
study, it was predicted that O2 NAs would be more potent inhibitors of oxidative phosphorylation
than O3 NAs. This effect was observed for the oxygen consumption and ROS generation endpoints
as the O2 compound, 3,5-dimethyl adamantane-1-carboxylic acid was much more effective for
these endpoints than the O3 compound, 3-hydroxy adamantane-1-carboxylic acid. However, the
exception to this was observed in the disruption of membrane potential where the relative potency
was similar or reversed. This is an important finding as it further emphasize the conclusions made
in Chapter 2 that multiple mechanisms may be at play with regards to the effects of the NAmixture. It seems the reduction of membrane potential may not be entirely responsible for the
nearly complete inhibition of oxidative phosphorylation based on several lines of evidence.
Firstly, as mentioned, the relative potencies for membrane potential reduction are different here
than the other endpoints. Secondly, despites almost complete inhibition of oxygen consumption,
membrane potential is still largely maintained. Finally parallel studies isolating mitochondrial
complexes using enzymatic methods have shown the inhibition of complex I by 75%, with little
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impact on complex II, using a dose that is intermediate (320 mg/L) compared to those used herein
(McRorie, 2018).
Complexes I and III are the largest producers of ROS along the electron transport chain
(Turrens, 1997; Turrens, 2003) and inhibition of either one of these complexes often results in
increased production of ROS (Barrientos & Moraes, 1999; Koopman et al., 2005; Raha et al.,
2000), as was proposed with the isolated NA mixture. However, inhibition of complex I can result
in either an increase or decrease in ROS production depending on the site of inhibtion (Brand et
al. 2004; Fato et al. 2009). Complex I inhibitors have been broadly classified into two main
categories based on their effects on ROS production, class A inhibitors that induce ROS
production and class B inhibitors that prevent ROS production (Fato et al., 2009; Lenaz et al.,
2006). While further study is required, this indicates that NAs within the extracted mixture, and
3,5-dimethyl adamantane-1-carboxylic acid are likely class A inhibitors. The compound 3hydroxy adamantane-1-carboxylic acid could potentially be a class B inhibitor.
In conclusion, some commercially available adamantane carboxylic acids may be suitable
toxicant surrogates for studying the mechanisms of action of OSPW-NAs. Individual adamantane
carboxylic acids have been previously identified in different OSPW samples (Lengger et al., 2015;
Rowland et al., 2011). This study has shown that some adamantane carboxylic acids and the
isolated OSPW-NA mixtures share the effect of ETS inhibition in isolated mitochondria. Taken
together, the results of this study and others suggest that passive uncoupling of the proton gradient,
while it does occur, may not be the main mechanism of NA disruption of oxidative
phosphorylation. However, further work is needed with more adamantane carboxylic acids and
on the other electron transport complexes to make more concrete conclusions on the full effect on
mitochondrial respiration. If adamantane carboxylic acids are able to be used as mechanism of
action surrogates for OSPW-NAs, this mechanism could be explored in greater detail in
mitochondria or on a cellular level. Increasing the knowledge of the toxicity and mechanisms of
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action of adamantane-type NAs will provide more insight into the biological properties and
toxicity of OSPW containing these acids.
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CHAPTER 4
General Conclusions

4.1

Summary of Thesis and Conclusions
This thesis set out to explore the mechanisms of action of oil sands process-affected water

(OSPW)-derived naphthenic acids (NAs). The central thesis was that NAs could act as respiratory
inhibitors and uncouplers due to the nature of NAs as amphipathic molecules. Specifically the
hydrophobic nature of NAs give them the potential to cross membranes and carboxylic acid
functional group has the ability to bind hydrogen and uncouple the mitochondrial proton gradient
through the movement of hydrogens across the mitochondrial membrane. Such a mechanism
would be similar to that presumed for other respiratory uncouplers such as pentachlorophenol.
Based on evidence that other carboxylic acid, specifically resin acids from softwood pulping,
affect cellular energetics, there was evidence to suggest that NAs would also uncouple
mitochondrial oxidative phosphorylation (OXPHOS) and alter overall mitochondrial function.
This research used isolated mitochondria to determine the effects NAs would have on
mitochondrial energetics and to assess the possibility that mitochondria play a role in the NA
mechanism of action. The study focused on three mitochondrial endpoints, oxygen consumption,
membrane potential (ΔΨmt), and the production of reactive oxygen species (ROS) that can be
altered when the electron transport system (ETS) is impaired. These endpoints were measured
across two mitochondrial states, state 3 where ADP is present and ATP can be synthesized, and
state 4 where there is no ADP present and the electron transport chain is in an active but resting
state.
As oil-sands derived NAs are not commercially available, a purified extract of NAs
derived from aged tailings water was used as a test mixture and the effects on oxidative
phosphorylation were presented in the second chapter of this thesis. Mixtures, while
environmentally relevant, have the disadvantage of having many compounds with potential
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toxicological interactions making mechanistic interpretation difficult. To address this, two model
substances were chosen that are known to be, or likely to be present in oil sands mixtures of NA.
The adamantane carboxylic acid 3,5-dimethyladamantane-1-carboxylic acid was chosen to
represent a NA with only had two oxygens as part of the carboxylic acid. A second compound
was chosen, 3-hydroxyadamantane-1-carboxylic acid to represent NAs that are substituted with
an alcohol, also present in oil sands mixtures. Because the alcohol-substituted NA is less polar, it
was hypothesized that this substance would be inactive with regards to impairing mitochondrial
function. Thus, the effects of adamantane NAs were then investigated to determine whether they
had a similar mechanism of action and could be used as toxicant surrogates for NAs as presented
in the third chapter of this thesis.
Overall, the central thesis was upheld, and it is possible to conclude that oxidative
uncoupling does occur; however, the overall mechanism of action of these compound appears to
be more complex. Experiments revealed that both NAs derived from OSPW, and adamantane
carboxylic acids, can inhibit the ETS during state 3 of respiration, uncouple state 4 respiration,
and increase production of ROS. Certainly the uncoupling effect observed, seen with two
independent methods, was likely due to NAs, including adamantane carboxylic acids acting as
protonophores and dissipating the proton gradient. However, in all experiments with all
substances, the reduction of the membrane potential was partial. The most dominant and
consistent effect was the reduction of state 3 oxygen consumption. In state 3, oxygen consumption
is high since ATP is being synthesized and electron flux through the ETS is maximal. Both the
mixture, and 3,5-dimethyladamantane-1-carboxylic acid are capable of causing complete
cessation of oxygen consumption at the higher doses. This, in combination with consistently
elevated ROS strongly suggested that another more significant mechanism may be at play.
Specifically, there is evidence from an experiment conducted in parallel to this thesis that complex
I of the ETS is directly impaired, while complex II is not (McRorie, 2018), consistent with the
ROS generation observed herein.
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Beyond the primary conclusion that NAs can act by multiple mechanisms, a number of
additional questions were answered. Firstly, effects of NA can occur in mitochondria at
environmentally relevant concentrations. The IC/EC10 values calculated during chapter 2
experiments approach concentrations of NAs found in the environment (Arens et al., 2015; Arens
et al., 2017; van den Heuvel et al., 2014). Mitochondria may be affected at these concentrations,
possibly leading to some of the toxic effects seen in organisms exposed to NAs and OSPW.
Secondly, this work presents the first validation that, if appropriately selected, pure
compounds can mimic the effects of the environmentally relevant mixture, creating many options
for the study of these effect with pure compounds. The isolation of NAs from OSPW is time
consuming and previous to this work, no commercial substitute has been found to cause all the
same effects as NAs derived from OSPW. Individual adamantane carboxylic acids have been
previously identified in OSPW mixtures (Bowman et al., 2014; Lengger et al., 2015; Rowland et
al., 2012) and these fell within the molecular weights of acids extracted. Therefore, they may have
been present in the isolated NA mixture. Some adamantane carboxylic acids and OSPW-NAs
shared the effect of inhibition of the ETS. The hydroxyl-NA chosen proved to be only a very weak
inhibitor of oxygen consumption as hypothesized, while being similar in its ability to impair the
membrane potential to the non-hydroxylated compound. The varying potency for the two
endpoints further suggests that they are not directly linked, and further mechanisms than originally
hypothesized are relevant. It was also interesting that the non-hydroxylated adamantane
carboxylic acid caused ROS generation, while the hydroxylated model compound had the opposite
effect, inhibiting ROS generation. This is consistent with the knowledge that certain complex
inhibitors can act to either produce or suppress ROS. These finding generate many new potential
areas of research.

4.2

Implications and Future Work
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This thesis has given insights into the mechanisms of action of NAs and adds to the body
of knowledge on NA toxicity, which may contribute to the direction of environmental regulations
surrounding NAs and OSPW in the oil sands area. Water quality guidelines do not exist for
specific NA compounds due to the challenges associated with the lack of pure compounds. While
considerable research must be completed before this can be achieved, the identification of pure
compounds sharing a mechanism of action with environmentally relevant NA mixtures represents
a critical step in this process.
Future work should proceed in both a holistic and a reductionist direction. In the broader
context of environmental toxicology, these results give further insight into the mechanism of
OSPW-NAs, but there are limitations on the conclusions that can be made and caution must be
taken when interpreting in vitro results as in vivo. While isolated mitochondria provide great
insight into mitochondrial mechanisms, there is no indication as to what is going on in the cell or
organism as a whole. Naphthenic acids may not concentrate in the mitochondria within cells and
reach high enough concentrations to produce effects observed in exposed isolated mitochondria.
Thus, the next natural step is the examination of the mechanisms of these compounds at the
cellular level. In this regard, experiments with fish hepatocytes are already planned with the NA
mixture and pure compounds. Experiments at a higher level of biological organization can allow
alternate endpoints such as the production of ATP, or the initiation of apoptosis. If these same
mechanisms are realized with whole cells, what are the implications for tissues and organisms?
There is a large body of in vivo oil sands research that has demonstrated a multiplicity of effects
including acute lethality, immune impairment, and reproductive impacts (Arens et al., 2015;
Hogan et al. 2018; Leclair et al., 2013). Many observations are made with mixtures that contain
substances other than NAs, therefore are NAs responsible for these effects? Where NAs are
implicated, is the impairment of cellular energetic responsible for these effects, or are the
mechanisms more complex?
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In the reductionist context, the exact mechanism of NA toxicity to mitochondria was not
fully elucidated herein. In another study, only complex I and II of the ETS was examined in a
preliminary sense with environmental extracts (not-purified NAs or pure compounds). Further
examination of the other complexes would give more insight into the effects on the ETS as a
whole and narrow down the site of action of NAs. These studies should be conducted with both
purified NA mixtures and pure compounds. One outstanding question presented earlier is what
proportion of the NA mixture is comprised of adamantane carboxylic acids. The use of carbon
NMR may be a logical first step. Also along those lines, there is significant interest in examining
other compounds. Both compounds were quaternary carboxylic acids. A primary carboxylic acid
such as adamantane butanoic acid is available. With a longer molecule and higher hydrophobicity
due to more carbons, would this be more potent? While the holistic work will take decades,
significant insight into this mechanism can be achieved within years.
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APPENDIX A

Figure S1. Representative Oroboros tracing of a 40 mg/L NA dose experiment which includes all
three parameters, oxygen consumption (red line), mitochondrial membrane potential (∆Ψ mt; blue
line), and ROS represented by H2O2 production (green line) overlaid. Transient spikes of H2O2
production (green line) are an artifact of addition of NAs or substrates to the experiment chamber.
At the beginning of the experiment, isolated mitochondria and the necessary substrates malate and
glutamate (MG) and ADP were added as shown with the first three arrows. NAs were added,
indicated by NA40 arrow, once state 4 reached a steady state to observe uncoupling. ADP was
then added to observe the effects on state 3 respiration. The positive controls oligomycin (oligo),
FCCP, and antimycin-A (AMA) were added sequentially 5 minutes apart after the effects on both
state 3 and state 4 were observed to gain further insight into the effects. Oligomycin inhibits ATP
synthase and allows for the measurement of respiration do to mitochondrial proton leak, FCCP is
a known mitochondrial uncoupler, and AMA inhibits complex III of the ETS resulting in increased
ROS production.
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Figure S2. Representative Oroboros tracing of the solvent control during (a) a state 3 respiration
and (b) a state 4 respiration dose response. This tracing includes all three parameters, oxygen
consumption (red line), mitochondrial membrane potential (∆Ψmt; blue line), and ROS represented
by H2O2 production (green line) overlaid. Transient spikes of H2O2 production (green line) are an
artifact of addition of NAs or substrates to the experiment chamber. At the beginning of the
experiment, isolated mitochondria and the necessary substrates malate and glutamate (MG) and
ADP were added as shown with the first three arrows. All data for analysis were collected once
steady states were reached.
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Figure S3. Representative Oroboros tracing of the solvent control during state 4 respiration dose
effect. This tracing includes all three parameters, oxygen consumption (red line), mitochondrial
membrane potential (∆Ψmt; blue line), and ROS represented by H2O2 production (green line)
overlaid. Transient spikes of H2O2 production (green line) are an artifact of addition of substrates
to the experiment chamber. At the beginning of the experiment, isolated mitochondria and the
necessary substrates malate and glutamate (MG) and ADP were added as shown with the first
three arrows. All data for analysis were collected once steady states were reached.
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