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Abstract

Oil sands extraction requires, and contaminates, substantial quantities of fresh
water currently held in tailing ponds. This contaminated water contains petrogenic
chemicals including naphthenic acids (NA), one of the most dominant families of
compounds. The goal of this study was to determine the effects that organic extracts of
oil sands-affected waters have on functional mitochondria in both state 3 and 4, by
measuring three parameters: oxygen consumption, reactive oxygen species (ROS) and
membrane potential (MMP). To further examine the mechanisms of action of oil sands
organics, NAs purified from pond water in a previous study were tested for their ability to
affect complexes I and II (CI and CII) of the electron transfer system (ETS). It was
hypothesized that pond extracts will act as uncouplers in the ETS. It was further
hypothesized based on patterns of response in mitochondria that CI and CII would
experience a decrease in activity. Isolated mitochondria were exposed to different
concentrations and doses of oil sands extracts and oxygen consumption, ROS and MMP
were measured on the Oroboros system. Furthermore, CI and en of the mitochondria
were exposed to NA and analyzed both on the spectrophotometer and on the Oroboros
system. Results indicated that extracts affected both state 3 and 4 by inhibiting
respiration, increasing ROS emission and dissipating MMP with each addition. These
results were generally correlated with the amounts of NAs present in
samples/pondwaters. CI and CII activities were inhibited with each exposure however, CI
was inhibited to a greater extent than en. Overall, NAs in oil sand extracts appear to be
affecting mitochondrial energetics and my data suggests a dual mechanism of uncoupling
the proton gradient, and direct inhibition of mitochondrial complexes.
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1.

INTRODUCTION

Northern Alberta is known globally for its oil sand industry and is the third largest
oil reserve in the world. Over 2.5 trillion baJTels of bitumen are found within the
Athabasca, Cold Lake, and Peace River areas. During the oil sands extraction process,
heavy oil called bitumen is separated from the oi l sands and significant quantities
of tailings and extraction water is produced (Li et al. 2017). This
material, which must either be safely incorporated back in the landscape or released into
the environment, contains a complex mixture of petroleum-derived organic
compounds. There are two major groups of organic contaminants: polycyclic aromatic
hydrocarbons (PAH) and naphthenic acids (NA) (Stogiannidis and Laane 20 15).
NA are a complex family of compounds comprised of long chain hydrocarbons with
a carboxyl ic acid functional group. Fresh tailings are acutely lethal compounds and once
released to the environment they can cause health risks to both teJTestrial and aquatic life.
While the acute toxicity disappears after a short period of weathe1i ng (Rogers et al.

2001 ), some NAs remain recalcitrant in the environment and may be responsible for
c1u·onic toxicity to aquatic organisms (Quagraine et al. 2005). The mechanism of toxic
action of NA has to date received little scientific scrutiny. However, some recent studies
have demonstrated that the amphipathic NAs extracted and purified from oi l sands altered
fish metabolism by acting as respiratory mitochond1ial uncouplers due to their ability to
transpo1i protons across the mitochondrial membrane (Rundle et al. 2016) that in tum
causes the production of reactive oxygen species (ROS) in mitochondria.
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Building on this idea, the first objective of this study is to detennine whether water
extracts of organic compounds from oil sands process-affected waters have the same
effect on oxidative phosphorylation (OXPHOS) as purified NA. The second objective of
the study looks deeper into this process to detennine whether the movement of ions
across the mitochondri al membrane of complexes (specifically complexes I and II (CI
and Cll)) will be altered in the presence of purified NA. It is hypothesized that the water
extracts will cause mitochondrial dysfunction in a manner similar to purified NA, and
propo11ional to the NA concentration of those extract. It is also hypothesized that in the
presence of purified NA both CI and CII in the electron transfer system (ETS) will be
inhibited to some degree.
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2.

U

LITERATURE REVIEW

Oil Sands and Oil Sands Process Affected Waters

The oi l industry in Canada is the sixth largest producer of crude oil in the world
(Canada's Energy Resources 2018), with Alberta being the primary producer in Canada,
possessing the third largest reserve globally (Li et al. 2017). Today, Canada is considered
self-sufficient in the industry as less than one percent of the oil sands are transpo1ted to
customers outside of North America (Canada·s oi l sarrds 2017). The industry continues to
grow due to ongoing global demand s for fossil fuel. In 2016, Canada produced an
estimated 2.4 million batTels a day in the oil sand production industry and it is predicted
that this number will ri se to an estimated 3.8 million barrels a day by 2040 (Canada 's oil
sands 2017). Although the rise in production is economically beneficial for Canada, the
extraction process unfolds a variety of environmental concerns.
Oil sands consist of water, sand, fine clay, and bitumen (a form of heavy crude oil),
and are commerciall y impo1tant as they are conve1ted to gasoline and oil for heating
homes (Canada's oil sands 20 17). Oi l sands are of enormous economic importance to the
country however, there is substantial environmental footprint from the mining and
processing, including extensive areas of boreal forest strip-mined, and the fonnation of
tailing ponds to accommodate oil sands processed water (OSPW).
Tai ling ponds are bodies of water that are used to recycle the processed water
created during the extraction process. These ponds are composed of a complex mixture of
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foreign compound s (Canadian Association of Petroleum Producers 2016). Waste
products (tailings) from the extraction process are pumped into holding ponds where
settling occurs, and separate layers are fonned. The layer of interest is near the bottom of
the pond where dense material that is composed of clay and water reside. This material is
called the mature fine tailings (MFT) (Arens 2017). This is of importance as it takes years
for the tailings to consolidate and dewater for removal. This has resulted in the need for
more and larger sized tailing ponds in order to store the MFT that have yet to be
conso li dated (Mammer 2009). Although the process may be problematic, efforts have
been made to speed up the settling process, to reduce the amount of settling ponds
needed . ln 20 I 0, an accepted technique called Tailings Reduction Operations (TRO) was
used at a company (Figure I), pennitting the MFT to dry within weeks for final colle~tion
with the of water being recycled back into the settling pon.ds (Mammer 2009). This
technique, if successful, could reduce the amount of tailing ponds needed and reduce
MFT inventory, resulting in increased reclamation benefits using dry land reclamation
techniques. These d1ied MFT, if successful can provide substrate for vegetation as it
contains a high content of clay to act as coversoil (Mammer 2009). Although many
benefits may emerge, this process still resu lts in the accumulation of OSPW.
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Figure 1. Reclamation process followed for the Tailings Reduction Operations (TRO)
technique (Mammer 2009).

6
2.2 Biological Impacts of Process Affected Waters
Understanding envi ronmental effects of NA, an oil sands contaminant, on aquatic
fau na has become of importance as wastewater quantities continue to grow, both
naturall y and tlu-ough human disturbance (Head ley and McMartin 2004). In areas which
NAs are found at higher concentrations, such as the tailing ponds in Northern Alberta,
pathological or metabolic effects of fi sh may occur, and even incidents of mass mortality.
As the release of OSPW and tailings is not permitted, this material is currently stored into
tailing ponds. Large scale field experiments conducted with OSPW have shown an
impact to fish ranging from increasing stress levels, egg size, larval deformities and larval
lengths (Arens 2017). Sub-lethal toxicity has been observed in the experimental ponds in
Alberta, including gill lesions, tumors, and erosions of the fin (van den Heuvel et al.
2000, Hogan et al. 2018). NAs, based on their persistence and abundance in OSPW, are
potentially responsible for the rise of disease in aquatic life. Lymphocystis, a chronic
viral disease on aquatic fauna, was found to increase in ponds with high concentrations of
NAs, whereas in areas of lower concentration, lymphocystis is not as prevalent. In field
experiments where complex mixtures are used, it is not possible to rule out other
chemical stressors such as pH, salinity, and PAHs, however NAs are likely candidates for
chronic toxicity due to their relatively high abundance in OSPW (MacDonald 2011), the
temporal relationship with disease effects (Hogan et al. 2018), and ability to affect
cellular energetics. Thus, laboratory experiments with pure substances, at multiple levels
of biological organizations are an essential part of the process of establishing cause and
effect of environmental toxicants.
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2.3 Naphthenic Acids

Oil s sand s ta ili ngs and OS PW, contain a number of famili es of petrogenic
chemicals that are not removed during bitumen ex traction. A petrogenic chemical is an
oil sand contaminant made of petroleum-derived hydrocarbons (Brient et al. 2000). There
are two known and heavily studied types of these contaminants; PAHs and the compound
of interest, NAs (Stogiannidis and Laane 201 5). NAs are carboxylic acids, and have a
general fonnula of C11H 2 11+z02 , where n corresponds to the number of carbons in the chain
and z indicated the presence of a ring structure (i.e. a z value of 2 implies a single ring, a
z value of 4 implies that there are two rings) (Frank et al. 2006). Numerous studies have
been performed to characterize molecules from the classical NA structure (Figure 2)
composed of carboxylic acid side groups to those of more complex, diamondoid
structures found in OSPW (Rowland et al. 2011). NAs can also go through a process of
hydroxylation during biotransformation, producing oxy-NAs with unique chemical
properties and structures, that persist in the environment longer than classical NAs(Wang
et al. 20 13).
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Figure 2. NA structures which demonstrate the difference in z families, corresponding to
the ring structures. As z increases, so does the number of ringed structures (Frank
et al. 2006).
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NAs are found naturally in wastewaters and oil sand extraction processes. This
family of chemicals is recognized for its potential role as an environmental toxicant,
being most abundant in the oil sands and found naturally in watersheds in Alberta
through erosion and groundwater mixing. If these NAs are not properly managed they
can become an issue as these compounds may be toxic to a wide variety of aquatic
species, once released to the environment (Madill et al. 2001). NAs have been shown to
induce adverse effects in organisms such as rats, and even on plants (Clemente and
Fedorak 2005). In rats that were given higher doses ofNAs, there were toxic effects
including organ damage and an increase in organ weight. In plants, NA tended to inhibit
all natural processes including growth, rates of photosynthesis and root respiration
(Clemente and Fedorak 2005). NAs are a highly complex mixture of similar compounds,
making it difficult to find or identify specific components that are responsible for
toxicity. Commercially available mixtures are readily accessible, however they are
chemically distinct from those found in OSPW. This makes extraction from OSPW the
best choice for gathering environmentally relevant material (Frank et al. 2006).
While little mechanistic work has been performed on NAs, resin acids are
compounds similar in structure to

As. These amphiphilic compounds have been

observed to be toxic to the aquatic fauna and originate from wood industry waste waters
(Owens 199 1). In terms of cellular energetics, resin acids alter the cellular energy
metabolism ofrainbow trout. Measurements observed the effects of this acid on heat
production, oxygen consumption and adenosine triphosphate (ATP) rates and it was
proposed that because of the amph iphilic property of resin acids, the ATP depletion that
caused energetic imbalance was mainl y due to increased ATP consumption from resin

IO
activated glycolysis along the cell membrane (Rissanen et al. 2002). T hese effects may be
the result of oxidati ve uncoupling in mitochondria, leading the hypothesis that NAs could
cause effects through a simil ar mode of action.
Recent work explored how purified NAs affect the oxygen consumption rate,
membrane potential (MMP) and ROS of the mitochondria (Rundle et al. 20 16). It was
concluded that these NAs caused negati ve effects on the mitochondrial respiration and
MMP leading to the release of ROS . It was also concluded that NAs extracted from
OSPW are mitochondrial uncouplers, which could possibl y lead to a mechanism of toxic
action (Rundle et al. 2018).

2.4 Function and Structure of the Mitochondria and ETS
The liver is a vital organ that is known for being highly adaptable to a variety of
functions, having the capacity for both catabolic processes and synthesis of metabolites
all while regulating blood gl ucose levels (Suarez and Hochachka 1980). Li ver from
rainbow trout in particular is a good source of highly functional mitochondria which can
be used to study various metabolic pathways of the fish (Suarez and Hochachka 1980).
The mitochondria are found in every eukaryotic cell and are known for producing
the energy CutTency of the cell, ATP. Each mitochondrion is compri sed of an inner and
outer membrane. The outer membrane is the area where most ions and molecules are
filtered out, as it is penneable to the outside environment and contai ns aqueous channels.
The inner membrane undergoes a similar process however is much more selecti ve and is
not pe1111eable to the exterior environment. The inner membrane is composed of cristae
which are small folds used to increase th e surface area and contains the ETS, an
impo1iant pa11 of ATP synthesis in the cell. Mitochondria are responsible for generating
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energy through converting nutrients, in the presence of oxygen, into the high energy
molecule ATP, in complex organisms. ATP is produced during glycolysis, the Krebs
cycle and the ETS (OXPHOS).
The third phase of respiration, the ETS, is the most important process for fueling
cells with ATP, as most of it is harvested here. Within the ETS are four protein
complexes (complex I, II, III, IV: CI, CII, CIII, CIV) that play an integral role in
transferring electrons via electron carriers in the intermembrane. These high energy
electrons are transfen-ed as NADH and FADH 2 molecules created from the first two
phases ofrespiration, glycolysis and the Krebs cycle. NADH releases their high energy
electrons to CI, and FADH2 releases to CII. The released electrons travel down the
transport chain towards the oxygen molecule, pulling hydrogen ions into the
intennembrane, and building up potential until they are brought through the final
complex, CV, creating ATP with the stored energy.
During OXPHOS, the isolated mitochondria can be in a variety of different
energetic states, where state 3 and state 4 are of interest. State 3 is characterized by high
ADP, a low ATP/ADP ratio, and a high oxygen consumption and ATP synthesis. In state
4, there is high ATP/ADP ratio, with low ADP and ATP synthesis, and slow respiration
as protons leak across the membrane, causing uncoupling (Korzeniewski 2015).
Uncoupling is initiated upon reduction of the proton gradient that eliminates the proton
motive force that drives ATP synthesis. These uncouplers eventually cause inhibition of
ATP synthesis by allowing protons to enter via the inner membrane as opposed to the
ATP synthase which synthesizes ATP {Terada 1990).
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The mitochondria is also responsible for the creation of ROS, that contributes to
mitochondrial damage. To reduce damage however, the cell produces a variety of
antioxidant systems to maintain homeostasis by balancing out the necessity and surplus
of ROS. Such antioxidant systems include superoxide dismutase, catalase and coenzyme

Q (Poljsak et al. 2013). This balance is an important and essential part of the organelle as
redox signaling permits communication between the mitochondria and the rest of the cell
(Suarez and Hochachka 1980). Examples of ROS in the mitochondria are superoxide
anion (Or), hydrogen peroxide (H202), and hydroxyl radical (HO•) (Ray et al. 2012). As
suggested by Murphy (2009), isolated mitochondria tend to produce higher levels of
H202 due to the dismutation of the superoxide anion, causing a low steady state and
challenges in assessing the superoxide content (Murphy 2009).
NAs been shown to have major effects on all three parameters: oxygen
consumption, ROS , and MMP (Rundle et al. 2018). While NAs affect mitochondria
directly, the implication of this at a cellular level are still unclear.
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3.

METHODS

l l Experimental Design
To detennine if organic extracts of OSPW have the same effects on mitochondria
as extracted and purified NAs, mitochondria were exposed to extracts from seven
different holding ponds and natural lakes (Demonstration pond, Bison pond, Beaver
Creek, Mildred lake, Horizon lake, Pond I 0 and Gregoire lake) near Fort McMurray,
Alberta. The pond extracts were used to test their effects on the functional traits of
isolated rainbow trout ( Oncorhynchus mykiss) mitochondria. Mitochondrial energetic
traits include oxygen consumption, MMP (d'Pm1) , and ROS emission. Additionally,
exposure of purified NA to CI and CII of the ETS in the mitochondria were tested to
determine their effects.

3.2 Field Site Selection
Water samples were collected from seven different sites. These sites include
Demonstration Pond, Beaver Creek, Mildred Lake, Bison Pond, Horizon Lake, Gregoire
Lake, and Pond I 0 (Figure 3). Demonstration Pond was constructed in 1993 as a smallscale end pit lake. This experimental pond was created by placing 70 000 m3 of mature
oil sand fine tailings with 70 000 m3 of surface water on top, to test the effects of capping
on long tenn bioremediation strategies. Beaver Creek and Mildred Lake are both natural
and modified lake/reservoir located adjacent to Syncrude Canada Ltd. However, unlike
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Beaver Creek, Mildred Lake had modifications to supply the reservoir with fresh water
supplied from the Athabasca River. Bison Pond was formed in 1987 and received
overburden containing unextracted oil sand material (natural lean oil sand material) prior
to reclamation as a pasture. Horizon Lake is found north of Fort McMurray, and is an
artificial habitat compensation lake that was constructed in 2008. This Jake was
constructed by the oil sand companies to replace the fish habitats that were lost due to the
mining activity. Gregoire Lake is situated south of Fort McMurray and is a natural lake.
Last Iy, Pond 10 is an experimental pond that was constructed in the 1990s by Syncrude
as a tailings holding pond. The fine tailings are capped with oil sand process water,
making it highly contaminated with NAs. Refer to table 1 for concentrations and
conditions of each sample site.
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Figure 3. The location of the seven study sites near Fort McMurray, Alberta. Each black
dot represents the approximate areas of the tailings ponds and the dark grey areas
are major water ways.
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3.3 Oil Sands Test Materials
Pond extracts and purified NAs were prepared and provided from a previous
project. Pond extracts were prepared as described by Arens (2017). Briefly, samples (4L)
were collected from the seven sites along the Athabasca River and acidified using sulfuric
acid to a pH of 2, and 10 µg!L using deuterated palmitic acid added as a recover standard.
C-18 cartridges were used to extract hydrophobic compounds. The hydrophobic
compounds were then eluted using methanol. Finally, the sample was reconstituted in I
ml of ethanol.
Samples were analyzed using liquid chromatography high resolution mass
spectroscopy (LC-HRMS). From the Cl 8 column, organic substances collected from the
sites were sampled and separated into fractions based on polarity by liquid
chromatography. Fractions with the formula CnH211+z02 were collected based on the mass
to charge ratios from the LC-HRMS, and the concentration for each were determined
(refer to Table 1). The total concentration ofNAs were determined using the sum of the
concentrations for each fraction of the ions. NAs were dissolved in I 00% ethanol for the
mitochondria experiments and stored in a fridge at 4°C.

Table 1. Comparing literature concentrations of NA (mg/L) to relative NA concentration (µg/L) for two different extraction
methods (FTIR (Arens 20 15, MacDonald 2013) and MS) and conditions for each sample site (Arens 2017).
Site

Literature concentrations

Contamination/ relative NA

Water body size

Nature of pond/lake

(mg/L) of NA (FflR)

concentration (µg/L) (MS)

(hectares)

Demonstration Pond

14

1 275

4

Experimental

Beaver Creek

3

44

154

Modified, natural
reservoir/lake

Bison Pond
Horizon Lake

6

22

5

Reclaimed area

0.1

2

55

Artificial, compensation
lake

Mildred Lake

2

69

155

Natural modified reservoir

Gregoire Lake

0.1

-

2580

Natural modified lake

Pond 10

40

-

< l

Tailings holding pond

-..:i
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3.4 Mitochondrial Isolation
Female rainbow trout (Oncorhy nchus mykiss) from Ocean Trout Farms Inc,
Brookvale, PE, were used for each experiment and kept at the Aquatic Facility ofAtlantic
Veterinary College in 400 L tanks. All experiments performed followed the guidelines
outlined by the Canadian Council on Animal Care at the University of Prince Edward
Island (protocol # 17-036). The isolation of mitochondria was done by differential
centrifugation (Adiele et al. 2009). Briefly, the livers from the fish were dissected out,
rinsed and diced into small pieces. Homogenization was done using a Potter-Elvehjem
homogenizer and the homogenates were placed into 1.5 mL tubes for centrifugation. The
first round of the centrifuge was spun at 800 x g for 15 mins followed by one spin at
13,000x g for 10 minutes and three spins at 11,000 x g for 10 minutes. Following
centrifugation, mitochondria pellets were re-suspended in mitochondrial respiration
buffer (RB-1: 10 mM Tris-HCI, 25 mM KH 2 P04, 100 mM KC!, 1 mg/ml fatty acid free
BSA, 2 µg/ml aprotinin, pH 7.3) and were used immediately for experimentation.

3.5 Probing the Effects of Oil Sands-Affected Water Extracts on Mitochondrial
Respiration,

!::,, \J'm1

and H2Qz Emission

Simultaneous measurement of oxygen consumption, MMP (L\'1'1111) and ROS were
measured using Oxygraph-2k (Oroboros Instruments, Innsbruck, Austria) (Sharaf et al.,
2017) and data was recorded on DatLab software (Oroboros Instruments, Innsbruck,
Austria). Each 2 mL chamber contained respiration buffer and the oxygen, ROS and L\ '1'm1
were calibrated (Sharaf et al., 2017). For this study, H202 was measured for ROS activity.
After calibration, mitochondria (90 µL) from fish liver was added to the chambers to
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induce state 1 then CI substrates (malate and glutamate) were added imposing state 2.
State 3 respiration was initiated by the addition of ADP (40 µL) in one chamber where
NA was added during state 3. In the other chamber ADP (5 µL) was added and after the
ADP is exhausted then NA was added during state 4. A total of 15 doses of2.5 µL of
NAs extracts were added during states 3 or state 4. A solvent (I 00% ethanol) control
experiment was perfonned with 15 doses, similar to the NAs extracts protocol, to
eliminate possible artefactual responses caused by the solvent.

3.6 Measurements of Complex 1 and II in the ETS

3.6.1 Naphthenic acid injection
Mitochondria were isolated and the Oxygraph-2k (Oroboros Instruments,
Innsbruck, 149 Austria) was set up as previously described. Once the respiration was
stable, 150 µL of mitochondria were injected into each chamber, along with 5 mM malate
and glutamate (10 µLeach) and 6 µL of ADP. Once steady in State 4, purified NAs were
added in doses of20, 80, 160, 240, and 320 mg/L into one chamber, and the other was
left as a control. After the last dose, the sample was collected and centrifuged twice at
10,000 g for 5 minutes. Samples (N=4) were then re-suspended in three times MRB and
stored in -80°C.

3.6.2 Protein assay
Protein assays were conducted as described by Bradford et al. ( 1976). Briefly,
BSA standards were prepared via serial dilutions, and measured in triplicates. The stored
mitochondria (-80°C) were prepared by adding 5 µL of 2% Triton X with 5 µL of
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exposed mitochondria (refer lo subheading NA injection) and diluted to 500 µL with
deionized water. A volume of 10 µL of the sample was added in triplicates to a 96-well
plate with 200 µL of diluted Bio-Rad protein assay dye. Assays were measured at 595 run
on the spectrophotometer (SpectraMax® Plus 384).

3.6.3 Complex I
CI analysis was performed following the protein assay and according to
Onukwufor (2014). Briefly, 10 µL of dilute mitochondria and 240 µL of enzyme assay
buffer (25mmol 1- 1 potassium phosphate, 3.5 mg ml- 1 BSA,100 µmol 1- 1 2,6dichlorophenol indophenol (DCIP), 70 µmol 1- 1decylubiquinone, 0.6 mg 1- 1 antimycin
A and 200 µmol l- 1 NADH, pH 7.3) were added to a 96-well plate to initiate the
reaction. Each sample was added in triplicates and measured twice, once with 3 µL of 1
mM rotenone and once without. Samples were measure spectrophotometrically
(SpectraMax® Plus 384) at 600 run for 5 minutes at 22°C (room temperature). Activity
was calculated using the linear slopes of absorbance before and after the addition of
rotenone fo1lowed by subtracting rotenone insensitive activity from total enzymeactivity.

3.6.4 Complex II
A volume of 10 µL of dilute mitochondria was added to a 96-well plate with 34
µL of assay reagent mix (250 mM potassium phosphate, pH 7 .3, 1 M sodium succinate,
10 mM DCPIP, IM KCN, I mg/ml antimycin A, and I mM rotenone (0.394mg/ml)) and
was brought to a volume of 240 µL with deionized water. Again, each sample was added
in triplicates and measured spectrophotometrica11y at 600 run twice at 22°C, once for a
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baseline and a second time with 10 µL of 1.625 mM Coenzyme Q 1 (in EtOH) to induce
the reaction. Each plate was read for I 0 minutes at a time. Mean values were obtained for
each triplicate and used to determine enzyme activity.
Additional testing was carried out on the Oroboros system for Cl and CII due to
the variability and unclear trend of CII activity on the spectrophotometer. Isolated
mitochondria (I 00 µL) was inserted into the two chambers of the Oroboros system. One
chamber was prepared using substrates (malate and glutamate, l 0 µLeach) to stimulate
CI whereas the other chamber was prepared using substrate (succinate, 20 µL) to
stimulate CII with additional insertion of 5 µL of rotenone to inhibit CI activity. A single
200 mg/L (80 µL) dose of purified NA (I 0 mg/mL) was added to each chamber to
observe the effects. Both data from the spectrophotometer and the Oroboros system were
analyzed and compared.

3. 7 Data Interpretation
The multi parametric tracings of oxygen consumption, ti \J'm1, and ROS emission
from the Oroboros system were overlaid to analyze the changes in the three parameters
simultaneously in response to exposures. In order to determine the half maximal effective
concentration (EC 50 ) for the mitochondria, dose-effect curves were prepared using
Statistica v.13 (Dell, Oklahoma, USA) software under a four parameter logistic equation
with Quasi-Newton estimation method.

Complex data were interpreted using Microsoft Excel (version 15.3) and averages
of the four trials were computed along with standard deviations. Additional calculations
for percent inactivity were calculated. Significance testing for Cl activity was performed
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using Statistica v.13 (Dell, Oklahoma, USA) software by a one-tailed t-test (a<0.05)
followed by Dunnett's post hoc test.
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4.

RESULTS

During state 3 and state 4 of the mitochondria, normal functioning was effected by
increasing doses of pond water extracts. The general trend in those responses is shown for
all pond extract samples (Figure 4). Raw tracings from the Oroboros respirometer can be
found an Appendix I. Solvent controls were run and there was no response to the
sequential solvent additions in state 3 or state 4 respiration (Appendix I). Where a
response was observed, ECSOs were calculated and an example of these dose effect
curves can be observed in Figures S and 6. Using Demo Pond to illustrate the general
trends in these responses, a decrease in oxygen consumption (Figure SA), a less severe
decrease in MMP (Figure SB), and an increase in ROS (Figure SC) was observed in state
3 respiration. For state 4, there was also a decrease in respiration (Figure 6A), MMP
(Figure 6B), and in increase in ROS (Figure 6C).
The relative efficacy of all pond extracts was compared using the ECSO values.
Since ECSO values are a dilution factor of the pond extract, the relative efficacy of each
extract was compared by setting Demo Pond = 1 (Figure 7, Figure 8). Pond extracts from
those ponds with tailings-influenced waters, namely Demo Pond and Pond 10 generally
had the highest efficacy with regards to mitochondrial endpoints, followed by Bison and
Beaver, known to have only indirect oil sands contamination, followed by Horizon,
Mildred and Gregoire, the lakes with background regional contamination. Two of the
endpoints only responded weakly to most samples, or not at all, state 3 MMP (Figure
7B), and state 4 oxygen consumption (Figure 8A). The weak response is also reflected in
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the correlation between endpoints. For state 3 there was only a statistically significant
correlation for oxygen consumption and ROS (r2=0.8 I); there was no correlation between
MMP EC50 and that of either ROS or oxygen consumption. For state 4, oxygen
consumption EC50 could only be calculated for two samples, so correlations could not be
examined. However, there was a significant correlation between MMP and ROS
(r2=0.98).
In order to determine if there was a relationship between mitochondrial endpoints,
and sample/pond NAs, correlations were conducted between the EC50 and two measures
of contamination, NAs measured directly using mass spectrometry, and literature derived
FTIR-based NA measurements. This latter analysis was conducted because there were no
data for Pond 10 and Gregoire Lake NAs. For state 3 respiration, there was only a
statistically significant correlation between FTIR-based NA and relative efficacy for
oxygen consumption (r2 =0. 72), though a similar trend was observed for MS-based NA
and oxygen consumption (r2 =0.49; Figure 9A). For state 4 respiration, there were
significant correlations for FTIR-based NA and MMP (r2=0.81), and for MS-based NA
and MMP (r2=0.89 ; Figure 9B). While these analyses show associations with both
measures ofNAs, they also reiterate the most consistently and strongly responding
endpoints, oxygen consumption in state 3 respiration and MMP in state 4.
As another means of examining the potential role ofNAs in these samples, the
calculated concentration ofNAs in the Demonstration Pond sample was compared to the
EC50 of purified NAs from a companion study (Rundle et al. 2018). While the NAs in
this study were obtained from pond 10, and this comparison would be more desirable, a
lack of MS-based data for this pond precluded that comparison. Using the MS-based
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concentration in the Demo Pond and the sample dilution factor, it was possible to
calculated the EC50 as a NA equivalent concentration (Table 2). Assuming NAs are the
compounds responsible for mitochondrial effects, the NA mixture in the Demonstration
Pond appears to be more effective than purified NAs for oxygen consumption and MMP,
yet very similar for ROS.
Using spectrophotometric analysis (Spectramax Plus), exposure of mitochondria
to pmified NAs (N=4) resulted in a dose-dependent inhibition of CI (Figure I Oa) and CII
(Figure I Ob) activities in the ETS. Additionally, CI-dependent respiration was more
sensitive to NA than CH-dependent respiration (Figure 11) with respiration inhibited by
51. 71 ± 4.02 and 20.26 ± 4.31 respectively (Table 3). In CI data, the highest dose (320
mg/L) of purified NAs was found to be the only statistically significant result (p<0.05).
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Table 2. Demonstration Pond naphthenic acid EC 5o (mg/L) is compared to Rundle et al. (2018) purified naphthenic acids.

Demo NA EC50 (mg/L)
Extracted NA EC50 (mg/L)*

0 2 flux
15.204816
122

State 3
MMP
44.55282
142

ROS
32.987 15
29.7

02 flux
22.63114
84.9

State 4
MMP
34.8348
141

ROS
31.54782
26.3

* Values obtained from literature (Rundle et al. 2018).
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Table 3. Percent inhibition of mitochondrial respiration (Oroboros system) for complex I
and complex II (N=4) when injected with a dose of200 mg/L (40 µL of 10
mg/mL) of purified naphthenic acid. The ± indicated standard deviation.

Trials

Complex I (%)

Complex II (%)

NI

51.17

21.20

N2

46.58

24.30

N3

56.24

21.37

N4

52.84

14.16

51.71 ±4.02

20.26 ± 4.31

Average(%)
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5.

DISCUSSION

Isolated mitochondria from rainbow trout liver exposed to organic extracts from
seven different ponds containing oil sands-affected waters all showed dose dependent
effects in three parameters: oxygen consumption, MMP, and ROS emissions. State 3
oxygen consumption was among the most consistently affected inhibited endpoints. State
3 oxygen consumption showed a correlation to the increase in state 3 ROS but not to the
MMP which itself was not consistently reduced by the extracts. In state 4, oxygen
consumption was only decreased by extracts from the two most contaminated sites and
otherwise inconsistent, so relationships to other endpoints or chemistry could not be
examined. There was correlation between MMP (decreasing) and ROS (increasing) in
state 4. Overall, state 3 respiration and ROS were correlated to NAs - a measure of the
level of contamination within those pond waters/extracts. Looking deeper into the
mechanistic behaviour, a final observation found that CI of the ETS was inhibited more
than CII when exposed to a purified mixture ofNAs.
OSPW extracts caused uncoupling in isolated mitochondria in a similar, but not
identical manner to purified NAs as conducted by Rundle et al. (2018). If we specifically
examine those Cl 8 extracts that were most contaminated with NAs, Demo Pond and
Pond I 0, it is clear that those extracts and the NAs tested by Rundle et al. (2018) show
strong (>85%) reduction in state 3 oxygen consumption and a concomitant increase in
ROS. Rundle saw only about a 7% drop in state 3 MMP, and while the drop was greater
in the present study, the EC50 was greater than other endpoints and MMP and many of
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the other extracts did not affect MMP. Conversely, in state 4, there was a greater than
50% drop in MMP for both the extracts tested herein, and for the NAs tested by Rundle et
al. (2018), and a similar magnitude of ROS production. However, the one way in which
the studies were dissimilar was that purified NAs caused a modest (30%) though
inconsistent increase in oxygen, whereas the Demo Pond and Pond 10 Cl 8 extracts
caused quite a substantive (>80%) drop in oxygen consumption. So while the pattern of
response between the NAs and the Cl 8 extracts was similar, it was not identical. While
the pond water extracts containing NAs have been shown to be nearly 99% carboxylic
acids, the C 18 extracts will contain a broader range of NAs, and also other compounds
such as polycyclic aromatic hydrocarbons. However, the consistencies in the response are
still sufficient that it is likely that NAs in the ponds extracts play a large role in the
oxidative uncoupling. In state 4 where mitochondria are only maintaining MMP,
respiration is much lower than in state 3 and this may also lead to inconsistent results.
Further support evidence that the causative effects ofC18 extracts were being
mediated by NAs is illustrated by the correlations between those variables that responded
to the extracts most strongly. Unfortunately, mass-spectrometry-derived NA
concentrations were not available for two of the C 18 fractions. In order to include those
samples, FTIR-derived NA concentrations in pond waters were obtained from the
literature, and a good relationship was found for both chemistry endpoints. FTIR
concentrations are higher than MS-derived data as has been previously observed (Leclair
et al. 2013) though more so in this case as the MS-derived numbers used only incorporate
a limited suite of 0 2-NAs. However, perhaps more importantly, it should be emphasized
that the constituent NAs can be very different in the extracts. For example,

38
Demonstration Pond extracts were found to contain only about 11 % 03 and 04
compounds as compared to about 40% in Pond 10 (Leclair et al. 2013). As greater
oxygenation leads to less amphipathic molecules, those compound are likely less potent
uncouplers. This may explain some of the similarity between the Pond 10 and Demo
Pond potency even though Pond 10 had overall higher NAs.
The extracts in the present study appeared to be more potent with regards to
reducing respiration than purified NAs previously studies. This comparison was specific
to the Demonstration Pond NA data as unfortunately chemistry for Pond I 0 extract was
not avail~ble. The first and obvious reason for this discrepancy was that the Demo Pond
NA concentration is an underestimate. This is partly true as not all compounds are
considered in the chemical analysis, and the Rundle et al. (2018) study uses a weighed
amount. However, as analysis covers the most predominant 80% of 0 2 compounds, this
should not be a major effect. It is just as likely that the nature of the mixture impacts the
potency. The purification process done by Rundle et al. (2018) and based on the methods
of Frank et. al. (2006) modified by MacDonald et al. (2013) follows steps of
acidification, neutralization, anion exchange, organic solvent extraction, and final acid
precipitation. These multiple steps remove non-acidic impurities selectively deplete of
both small and large molecular weight NAs (MacDonald 2013). This causes the overall
NA profile to be narrower with regards to carbon number as compared to the C-18
fractionation process was performed. In addition, there is evidence that neutral substances
that are weak CYPlA inducers, are removed though the NA purification process (Leclair
et al. 2015), indicating that such substances are likel y present in the C 18 mixtures.
However, both NAs used in thi s study as well as Rundle et al. (2018) came from a similar
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source/area, therefore comparisons can be made. As mentioned, it is also important to
note that there could be other sources of uncouplers in the sample (i.e. fatty acids),
however because of the similarity in results between this study and Rundle et al. (2018),
it is likely to expect that the bulk of the most contaminated samples is composed ofNAs.
A number of natural and constructed or modified lake systems were also included in the
present study for reference such as Horizon Lake, Gregoire Lake and Mildred Lake.
These lakes have low levels of oil-sands related compounds, as reflected in the lower
potency, particularly with regards to state 3 respiration. However, it is possible that
natural substances such as fatty acids derived from phytoplankton in those lakes could be
having a greater relative contribution than would be seen with the more contaminated oil
sands ponds extracts.
The effects of oil sands extracts or naphthenic acids on mitochondrial energetics
is not entirely explained by uncoupling of the proton gradient. For many extracts, state 3
respiration is affected when there is weak effect or no change in MMP as indicated by
poor correlation between those variables. Similarly, impaired MMP is inconsistently
affected or linked to respiration in state 4. This could be explained by other mechanisms,
for example NAs may be inhibitors of complexes of the ETS.
This potential mechanism can be explained further by closely examining the
relative nature of the mitochondria functioning in state 3. During state 3, the
mitochondria are high in ADP and are working to convert it into ATP to generate energy
for the cell. Because of this, respiration is at its maximum and ATP synthase is highly
functional , using up the protons in the intennembrane space to drive ATP synthesis.
Because the protons are continuously being used up, the MMP is relatively low during
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state 3 and little change occurs. Yet in state 3, a substantial reduction in oxygen
consumption occurs with oil sands extract or NAs. This suggests that CIV, or one of the
upstream complexes is directly impaired. If in the presence of NAs, respiration becomes
inhibited due to impaired activity of complexes, electrons could leak out of the ETS and
cause partial reduction oxygen, this would also stimulate production of ROS (Sappal
2015). Therefore, the correlation between oxygen consumption and ROS suggests
inhibition of electron transfer independent of MMP (Rundle et al. 2018). The theory that
complexes may be directly impacted was tested with CI and CII, the inhibition of CJ is
consistent with this alternative mechanism.
State 4 results also support the hypothesis of a dual mechanism. During state 4,
the mitochondria produce no ATP therefore electron transport and respiration is
comparatively low, and NA would have little effect on the respiration even if complexes
are directly affected. Also because of this lack of ATP production, the MMP remains at a
maximum because no protons are being used by the ATP synthase, so NA would
dissipate the MMP as occurred, concurrent with complexes inhibition that would
stimulate ROS production. Therefore respiration would not be affected to the same
degree as ROS and MMP as was observed. In a similar study, it was found that in
mitochondria exposed to purified NAs respiration was initially stimulated and this was
consistent with the notion that when the NAs dissipated the MMP it caused an increase in
oxygen consumption would occur due to an increase in the ETS activity to restore the
electrochemical gradient (Rundle et al. 2018). In our study however, each site maintained
a constant, low respiration with the exception of Demonstration Pond and Pond l 0 which
showed inhibitory effects. This discrepancy cannot be explained at present, however, the
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stimulation of state 4 respiration in the Rundle et al. (2018) study was quite inconsistent
and variable and may be an artefact of ver:y low respiration to start with.
While a considerable amount of experimentation with mitochondria and oil sands
extracts/NAs has been accomplished in this study, many opportunities for continuing this
research remain. Looking deeper into complex analysis by doing more trials for CI and
CII but also look into the effects NAs have on complexes III, IV and ATP synthase (V)
could be of interest, as each parameter studied in this thesis focuses on the aspects of
ETS. Furthermore, it would be worthwhile looking into NAs themselves and
characterizing the extracts from the seven different sites identifying the composition
precisely, as there could be other factors causing effects that are being displayed (fatty
acids, P AHS, etc.). Additionally, the transition from state 3 to 4 accompanied with
inhibition of respiration and stimulation of ROS (Turmes 2003) has been understood to
stimulate apoptosis in cells (programmed cell death) (Sharaf et al. 2017). Exposing
mitochondria and whole liver cells (hepatocytes) to NA may induce similar effects,
adding further understanding of the underlying mechanism of this toxicant.

5.1 Conclusions
Considering the observations and data from this project, it is concluded that
OSPW extracts containing NAs do disrupt the normal functioning of the mitochondria. In
areas that contain higher concentrations of NAs (such as Demonstration Pond and Pond
10), there are more inhibitory effects of respiration and MMP and the stimulation of
ROS . In comparison to purified NAs, pond extracts show similar dysfunctional effects
although it cannot be concluded that the effects are completely due to NAs as subtle
differences occurred (OSPW showed a decrease in respiration during state 4, and bigger
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dissipation of MMP during state 3). CI and Cll of ETS also showed inhibitory effects in
the presence of purified NAs, however in order to show statistical significance, more
replicates must be performed.
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Figure 12. An overlay of the three parameters for (A) state 3 and (B) state 4 of the
mitochondria, where the red line represents respiration, the green line represents
the reactive oxygen species and the blue line represents the membrane potentia1 .
As depicted by the horizontal lines, 2.5 µL of 100% ethanol was inserted into the
chamber (S 1-S 15) to observe effects.
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Figure 13. An overlay of the three parameters for Demonstration Pond (A, B), Horizon
Lake (C, D) and Beaver Creek (E, F) where the red line represents respiration, the
green line represents the reactive oxygen species and the blue line represents the
membrane potential during states 1, 2, and 3 (A, C, E) and states 1, 2, 3, and 4 (B,
D , F) of the mitochondria. Naphthenic acid (2.5 µL) was added (as depicted by
horizontal pink lines) every two and a half minutes. N=1 for each site.

Table 4. Dilution factor EC50 values calculated for each parameter during both state 3 and state 4 on the Oroboros system. Each
site was a single replicate.

Demo dilution factor EC50

02 flux
0.002979

State 3
MMP
0.0206

02 flux
0.004434

State 4
MMP
0.006825

ROS
0.006463

ROS
0.006181

Bison dilution factor EC50

0.005449

0.01919

0.008821

NIA

0.0213

0.01418

Beaver dilution factor EC50

0.0105

0.0125

0.026669

NIA

0.0177

0.017

Pond 10 dilution factor EC50

0.004397

0.005269

0.006138

0.006

0.0037

0.0074

Mildred dilution factor EC50

0.01388

0.0155

NIA

NIA

0.02009

NIA

Horizon dilution factor EC50

0.01237

NIA

0.00638

NIA

0.035

0.01518

Gregoire dilution factor EC50

0.025

0.002495

0.0582

NIA

0.174

0.07

Vl

0

