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ABSTRACT
Mitochondria are a common target of multiple abiotic stressors that alter reactive
oxygen species (ROS) metabolism. Thus, assessing the effects of multiple stressors on
mitochondrial ROS metabolism can be used to integrate the interactions and effects of
combined exposure to stressors in aquatic ectotherms. The overarching aim of this
thesis was to probe the interactions of copper (Cu) with temperature rise and oxygen
depletion stress on ROS homeostasis in rainbow trout (Oncorhynchus mykiss) heart
mitochondria. First, the interactions of Cu and temperature on mitochondrial ROS (as
H2O2) emission were examined and it was found that Cu modulated H2O2 emission
differently depending on temperature and substrate type. Notably, the magnitude of
the stimulatory and inhibitory effects of Cu varied with temperature (11 > 23 > 4 oC)
during succinate oxidation while H2O2 emission in mitochondria oxidizing glutamatemalate was not altered by temperature rise. In addition, the site-specific capacities of
H2O2 emission were: complex III outer ubiquinone binding site (site IIIQo) > complex II
flavin site (site IIF) ≥ complex I flavin site (site IF). Surprisingly, experiments revealed the
absence of succinate-driven ROS production from complex I ubiquinone-binding site
(site IQ) by reverse electron transport (RET).
Second, effects of thermal stress and Cu on H2O2 scavenging systems and
mitochondrial ROS consumption capacity were investigated. Results indicated that the
glutathione (GSH)-dependent peroxidase pathway is the predominant H2O2 scavenging
system while catalase played negligible role. The effect of thermal stress depended on
substrate wherein temperature rise suppressed the rate of H2O2 consumption during
iv

oxidation of glutamate-malate or succinate but not palmitoylcarnitine. Notably, Cu
intensified the temperature-induced suppression of H2O2 consumption.
Third, assessment of how anoxia-reoxygenation and Cu influence mitochondrial H2O2
emission showed that anoxia-reoxygenation suppressed H2O2 emission regardless of
the duration of anoxia and substrate type by increasing activities of antioxidant
enzymes and suppressing ROS production from QH2/Q isopotential sites. Moreover,
anoxia-reoxygenation attenuated or intensified the effect of Cu depending on the
redox site and duration of anoxia exposure.
Lastly, given that fatty acids are the preferred metabolic substrate in the heart with
significant contributions from carbohydrates, the rates of H2O2 emission and effects of
Cu in heart mitochondria oxidizing a fatty acid substrate or pyruvate was examined.
Results indicated that heart mitochondrial preference of fatty acids to carbohydrates
due to high energy yield likely comes with greater propensity for ROS formation and
oxidative damage to the heart. The intensity and patterns of Cu effects varying
depending on the metabolic fuel being oxidized. Altogether, this research improves our
knowledge of the interactions and effects of Cu with thermal stress and anoxia in fish
heart and established that changes in mitochondrial ROS metabolism serves as an
important marker that can integrate and be used to assess the effects of multiple
stressors in aquatic organisms.
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CHAPTER 1
GENERAL INTRODUCTION
1.1

Overview

Aquatic ectotherms are affected by multiple stressors because their homeostatic
mechanisms are influenced by changes in abiotic factors. Chemical pollution due to
natural events and anthropogenic activities (Schiedek et al., 2007) and global
temperature rise that increases the prevalence of oxygen depletion stress in the
aquatic system are important examples (Diaz and Breitburg, 2009; Lucey et al., 2020).
Notably, these stressors rarely affect aquatic organisms in isolation (Segner et al.,
2014; Bundschuh et al., 2020) and the effects of multiple stressors on aquatic
ectotherms may differ relative to a single stressor. In this regard, exposures to multiple
abiotic stressors can result in additive (cumulative effect), synergistic (multiplicity of
effects) or antagonistic (decreased effect) outcomes (Folt et al., 1999; Maher et al.,
2019; Bundschuh et al., 2020). Thus, conventional investigations of a single stressor
and its impact on aquatic ectotherms do not give a true picture of what organisms
typically encounter in their natural environments. In contrast, multiple-stressor
research offers a more realistic prediction of the impact of environmental stressors on
aquatic organisms.
Temperature is a fundermental variable that influences other abiotic factors (Pörtner,
2002; Diaz and Breitburg, 2009). Temperature rise (thermal stress) is known to increase

1

metals toxicity (Khan et al., 2006; Gomiero et al., 2014) and reduce oxygen solubility in
water that in the presence of increased euthrpohication events can result in partial
(hypoxia) or complete (anoxia) depletion of oxygen in the aquatic system (Pörtner et
al., 2005; Gewin et al., 2010; Breitburg et al., 2018; Fitzgerald et al., 2016, 2017).
Moreover, oxygen-depleted bodies of water often have high copper (Cu)
concentrations as oxygen depleted aquatic systems are routinely associated with
environments with rapid industrialization, urbanization and increased agricultural
activities (Ransberry et al., 2016; Fitzgerald et al., 2019). Indeed, hypoxia has been
reported to modify Cu toxicity in fish depending on the concentration, duration, and
route of exposure (Sappal et al., 2015; Fitzgerald et al., 2016, 2017).
To reveal the joint effects of stressors, it is important to identify a unifying target and
mechanism of toxicity.

Studies on single-stressor exposure show that the

mitochondrion is the central site of toxicity (Abele et al., 2002; Valko et al., 2005;
Hosseini et al., 2014; Du et al., 2016) and provide evidence of oxidative damage to
macromolecules due to impaired mitochondrial reactive oxygen species (ROS)
metabolism. Hence, changes in mitochondrial ROS metabolism can be used to estimate
the effects of multiple stressors in fish (Fig. 1.1). The stressors of interest in my thesis
are Cu, temperature rise and oxygen depletion (hypoxia/anoxia) stress and each of
these stressors is discussed in the following sections.
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Fig. 1.1. The unifying site and mechanism of effect of the abiotic stressors assessed are
the mitochondrion and alteration of ROS metabolism, respectively.
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1.2

Temperature

Temperature is one of the most studied among the plethora of abiotic stressors of the
aquatic ecosystem (Pörtner, 2002; Angiulli et al., 2020). Global ocean temperature has
been predicted to rise above the pre-industrial level by 2100, thereby subjecting the
ocean ecosystems, to changes in cellular metabolism and organisimal activity
(Tollefson, 2020; Alfonso et al., 2020). The effects of temperature rise on aquatic
systems are now palpable. These include increased surface water temperature
(Woolway et al., 2017), decreased size and population of fish (Jeppesen et al., 2010)
and altered distribution of fish species (Chen et al., 2011). Notably, temperature rise
also increases the growth rate in brown trout (Salmo trutta) (Woodward et al., 2010;
O'Gorman et al., 2016). However, temperature rise exacerbates metals toxicity (Haque
et al., 2020) and reduces the solubility of oxygen in water (Dallas and Ross-Gillespie,
2015) making temperature an overarching stressor of the aquatic ecosystem. Notably,
most aquatic organisms are susceptible to the effects of daily and seasonal changes in
temperature because of their ectothermic nature. Such effects range from the cellular
level to the the whole organism. Cellular effects of thermal stress include increased
mitochondrial metabolism due to elevated metabolic demands (Lushchak, 2011;
Pichaud et al., 2019), changes in cell membrane integrity (Malekar et al., 2018) and
modification of cellular and mitochondrial enzymes (Mora and Ospina, 2001; Pichaud
et al., 2010; Sajib et al., 2020). At the organismal level, there is reduction in growth,
reproductive performance, and swimming speed (Clarke and Johnston, 1999; Pörtner,
2002; Fryxell et al., 2020). The initial adaptive response of fish to unfavourable
4

temperature is movement to preferred habitat. However, in the absence of a suitable
thermal habitat, fish will adapt by making acute physiological and biochemical
compensatory adjustments to maintain homeostasis. In the longer term (days), fish will
acclimate to the new conditions with cellular and biochemical responses such as
changes in gene expression and synthesis of heat shock proteins that aid repair of
damaged proteins (Goldspink, 1995; Purohit et al., 2014).
1.2.1 Influence of temperature rise on fish heart
Temperature directly influences all metabolic, biochemical, and physiological activities
in fishes (Beitinger et al., 2000; Keen et al., 2017). Although temperature fluctuation
modulates the function of all organs, its effect on the heart is important considering
the roles of the organ in supplying blood, oxygen, and metabolic substrates throughout
the body (Gamperl and Farrell, 2004; Kalinin et al., 2009). Elevated temperature
significantly influences cardiovascular function in ectothermic fish in a manner that the
critical temperature for heart failure is a few degrees above the upper habitat
temperatures (Somero, 2002; Iftikar and Hickey, 2013). Rainbow trout (Oncorhynchus
mykiss), can survive between 0.0 to 29.8 oC depending on the temperature acclimation
(Farrell et al., 1996; Molony, 2001), with thermal preference between 11 – 15 oC
(Vornanen et al., 2005; Rebl et al., 2020). Thermal stress suppresses cardiac
performance and contractility especially the heart’s capacity to deliver oxygen to the
body (Ekström et al., 2019). Reports suggest that impaired cardiac contractility
following exposure to thermal stress occurs because Ca handling in cardiomyocytes
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becomes disrupted during excitation-contraction coupling (Matikainen and Vornanen,
1992; Farrell et al. 1996). Because changes in ambient temperature are not
predictable, fish heart utilizes intrinsic mechanisms to compensate for and/or reduce
the effects of thermal stress-induced cardiac dysfunction. For example, fish increase
their heart rate in response to temperature change to meet oxygen demand (Kalinin et
al., 2009; Ekström et al., 2019). Additionally, the fish heart undergoes structural
remodeling in response to warm and cold temperatures (Keen et al., 2017) including
changes in cardiac morphology and tissue composition (Vornanen et al., 2005; Klaiman
et al., 2011).
1.3

Copper

Metals are a prominent contaminant of the aquatic system. Previous assessment of the
contribution of metals to the contamination of aquatic system identified Cu as the
most significant (Pourahmad et al., 2000; Hosseini et al., 2014). The metal can exist in
elemental form while its ions exist in both reduced cuprous (Cu +) and oxidized cupric
state (Cu2+) (Hans et al., 2015; Koga et al., 2019). Cu is released into the aquatic
environment through anthropogenic and natural sources (Valko et al., 2005; Gaetke et
al., 2014). Domestic, industrial, and mining effluents and agricultural run-offs are
important anthropogenic sources, while natural sources include, decaying vegetation,
volcanic eruptions, and natural weathering of rocks (Grosell et al., 1997, 2001).
Ambient Cu concentrations in aquatic ecosystems vary. Reported concentrations in
seawater ranges from 1 to 25 µg/L and 0.20 to 30 μg/L in freshwater systems (USEPA,
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2007; BC MECCS, 2019). However, these values increase markedly to about 400 - 2000
µg/L in contaminated aquatic habitats (Robins et al., 1997; Woody and O’Neal, 2012).
Copper exists in the aquatic system either in the dissolved form as Cu 2+ ion, or
complexed with inorganic anions or organic ligands, or as suspended particles when
present as a precipitate (Kamunde and Wood, 2004; Nixon et al., 2019). Consequently,
the concentration of each form depends on the concentration of Cu, the hardness,
salinity, and pH of water, and the presence of organic compounds and the
concentration of other metal ions (Kamunde and Wood, 2004; Malhotra et al., 2020).
1.3.1 Two-edged roles of copper in fish biology
Fish accumulate Cu mainly from water or diet through the gills, body surface and
gastrointestinal tract (Kamunde et al., 2002a). However, studies assessing dietary and
waterborne Cu exposures in rainbow trout showed that dietary uptake is more
prominent (Kamunde et al., 2002b). The trace metal is essential for important
biochemical functions in fish and other organisms. Fish require about 3 – 10 µg/g dry
weight of Cu (Clearwater et al., 2002). The functionality and toxicity of the metal is
attributed in part to its redox properties (Grosell et al., 2001; Festa and Thiele, 2011).
Of note, Cu is an important component of mitochondrial cytochrome c oxidase and CuZinc-superoxide dismutase (Cu-ZnSOD), ceruloplasmin, dopamine-β-hydroxylase, lysyl
oxidase, etc. However, there is a thin line between the essential and toxic roles of Cu
because the metal is potentially toxic when accumulated in excess. Examples of toxic
effects include impaired mitochondrial electron transport system and Cu-ZnSOD
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resulting in impaired mitochondrial energy synthesis and oxidative stress (Zischka and
Einer, 2018). In addition, Cu exposure can lead to ionic dysregulation due to the ability
of the metal to impair branchial transport of Na ions (Wood, 2001; Grosell and Wood
2002). Chronic exposure to Cu can result in immunosuppression (Choi et al., 2018),
behavioural changes (Sandahl et al., 2007), and eventual death of fish (Playle et al.,
1993). However, to prevent excessive accumulation and toxicity, fish have regulatory
proteins and mechanisms for efficient distribution, metabolism, and storage of Cu to
maintain a relatively stable concentration. Regulatory proteins include Cu-transporting
p-type ATPase (ATP7A and ATP7B) responsible for absorbing Cu in the intestine and
transporting it to metal-dependent enzymes (Gaetke et al., 2014) and Cu chaperones
that ferry Cu to Cu-ZnSOD and cytochrome c oxidase (Aliaga et al., 2012; Hatori et al.,
2017). Complexation of Cu by GSH also solubilizes and stabilizes Cu in the intracellular
environment thereby preventing its precipitation and fostering effective utilization of
Cu in biological systems. Notably, Cu–GSH complex acts as a carrier of Cu ions for
either direct metalation of proteins (e.g., ceruloplasmin and metallothionein) or
indirectly by routing Cu ions through the respective chaperones for metalation of
cytochrome c oxidase and Cu-ZnSOD (Aliaga et al., 2012: Hatori et al., 2017). Some Cu
dependent proteins and their function are listed in Table 1.1.
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Table 1.1. Cu dependent proteins and function. Modified from Festa and Thiele, 2011.

PROTEINS

FUNCTIONS

Electron transfer
-Cytochrome c oxidase (complex IV)

-Terminal oxidase of the ETC that
reduces oxygen to water

Storage, transport, and chaperones
-Metallothionein

-Metal binding and detoxification

-Atox1

-Transports Cu to P-type ATPases

-Transcuperin

-Transports Cu in plasma

-Ctr

-Cu importing protein

ROS scavenging
-Cu-ZnSOD

-Dismutates superoxide radical to
hydrogen peroxide

Oxidases
-Lysyl oxidase

-Formation of connective tissues

-Ceruloplasmin

-Iron metabolism and Cu transport
in blood

Monooxygenase
-Tyrosinase

-Synthesis of melanin and oxidation
of phenols

-Phenylalanine hydrolase

-Production of tyrosine

Oxidoreductases
-Dopamine-β-hydroxylase

-Synthesis of catecholamine

-Amine oxidase

-Conversion of amine to an
aldehyde

9

1.3.2 Effect of copper in fish heart
The average concentration of Cu in fish varies depending on the route of exposure and
ambient Cu concentration (Grosell et al., 1997; Kamunde and Wood, 2004). Although
the liver is the most prominent site of accumulation and metabolism in fishes (Grosell
et al., 2001; Kamunde and MacPhail, 2008), the heart also accumulates significant
amounts of Cu when fish are exposed to elevated levels of the metal (Wang et al.,
1999; Ashraf, 2005; Malhotra et al., 2020). Pligaard et al. (1994) showed that the
background concentration of Cu in fish heart is approximately 15 µg/g dry weight and
did not change on exposure to 0.5 mg/L Cu for 9 days. However, the concentration of
Cu determined in the heart was higher than that measured in gill, muscle, and kidney
in the same study. Expectedly, Cu concentration in fish heart increases markedly in fish
from contaminated water (Al-Yousuf and El-Shahawi, 1999; Ashraf, 2005). Important
effects of Cu in fish heart include oxidative damage to proteins, and lipids (Valko et al.,
2005), tachycardia that can result in heart failure (Malhotra et al., 2020) and increased
ventricular pressure (Wang et al., 1999).
1.4

Oxygen depletion stress

Oxygen depletion stress (hypoxia or anoxia) is a frequently occurring stressor of
aquatic systems. The prevalence of this stressor increases directly with global climate
change and anthropogenic activities (Gamenick et al., 1996; Smith et al., 2006; Gewin,
2010) thus highlighting that oxygen depletion in the aquatic system rarely occurs in
isolation (Diaz and Rosenberg, 2008; Fitzgerald et al., 2019). While anoxia denotes
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complete depletion of oxygen, hypoxia is most simply defined as dissolved oxygen
concentrations < 5-6 and 2-3 mg O2/L for freshwater and marine environment,
respectively (Diaz and Rosenberg, 2008; Jenny et al., 2016). A few fish species, like
Crucian carp (Carassius carassius) and goldfish (Carassius auratus) can survive anoxic
conditions for days to months (Johansson et al., 1995; Nilsson and Renshaw, 2004; Van
den Thillart and Verbeek, 1991). Rainbow trout is hypoxia/anoxia sensitive with a Pcrit,
the oxygen level at which the trout can no longer maintain oxygen uptake, of about
50% saturation (Rogers et al 2016). Median survival time of rainbow trout at 12.5 oC
and 8% oxygen saturation is only 33 min (Alabaster et al., 1957).
1.4.1 Effect of oxygen depletion stress in fish heart
Fish respond to oxygen depletion stress through a suite of behavioural, biochemical,
physiological, and molecular mechanisms that reduce metabolic rate, elevate glycolytic
rate, and/or maintain oxygen uptake from the environment (Richards, 2011; Chen et
al., 2017). Decrease or complete lack of oxygen supply to tissues can result in necrotic
damage in organs (Leach and Treacher, 1998; Geng, 2003). In fish, oxygen depletion
suppresses contractile function and heart rate (Vornanen and Tuomennoro, 1999) due
to impaired intracellular Ca ion homeostasis in the cardiomyocytes (Lennard and
Huddart, 1992; Belardinelli et al., 1995). Furthermore, a previous report in rainbow
trout heart showed that hypoxic stress altered cardiomyocytes morphology as
evidenced from myofibril degeneration (Vornanen and Tuomennoro, 1999). Initially,
fish respond to anoxia/hypoxia by swimming to a well-aerated aquatic habitat; if it is
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not available then fish must adapt to the circumstance or die. The effects of
anoxia/hypoxia-reoxygenation of fish heart are similar to ischemic-reoxygenation in
mammalian heart. Often reported consequences of anoxia/hypoxia-reoxygenation in
fish heart include cardiac apoptosis and oxidative damage resulting from excessive ROS
production upon re-oxygenation after a bout of anoxia/hypoxia (Bickler and Buck,
2007; Parente et al., 2013; Gattuso et al., 2018). The magnitude of cardiac-dysfunction
imposed by hypoxia/anoxia-reoxygenation in sensitive fish species depends on the
duration of exposure (Ostadal et al., 1999; Cox and Gillis, 2020).
1.4.2 Interactions of thermal stress, Cu and oxygen depletion stress in aquatic
environment
Climate change is expected to increase the prevalence and intensity of the effects of
multiple stressors on aquatic organisms. Thus, there is a need for better understanding
of the likely interactive effects of thermal stress, Cu exposure and anoxic stress on
aquatic organisms in their natural habitat in order to be able to predict their responses
to a changing environment. As it stands, there is significant variability regarding the
outcome of stressors interactions. Particularly, there is growing evidence of additive,
synergistic and antagonistic interactions exist between multiple stressors, which
present major uncertainties when predicting ecological change. Single exposure to
thermal stress can reduce fish growth, survival rate and the ability to obtain oxygen
from water resulting in changes at the physiological level that alter oxygen delivery to
tissues (Pörtner, 2002). Conventionally, temperature rise above fish thermal optimum
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fosters Cu toxicity. Accordingly, elevated temperature enhances Cu accumulation and
toxicity in Gilthead bream due to increased ventilation rate thereby imposing oxidative
stress in the liver (Guinot et al., 2012). Similarly, joint exposure to Cu and thermal
stress reduced the survival time in Hoplosternum littorale (Braz-Mota et al., 2017).
Indeed Cu exposure in warmer periods of the year or within global warming predictions
may be more hazardous to fish populations (Dornelles Zebral et al., 2019).
Elevated temperature increase the prevalence of oxygen depletion stress in the aquatic
habitat by increasing water density, decreasing oxygen solubility, and increasing the
oxygen demand of ectotherms (Altieri and Gedan, 2014). Notably, the survival time of
comb fish (Vaquer-Sunyer and Duarte, 2011) and salmon (Del Rio et al., 2019) in
hypoxic water reduced with increasing temperature resulting in increased mortality.
The effect of Cu in fish changes in oxygen depleted states. Cu-induced mortality
increased and decreased in crucian carp and three-spined stickleback, respectively
(Fitzgerald et al., 2019), suggesting that the combined effect of stressors might vary
with species. Therefore, the sign and strength of the correlation between species
sensitivities to multiple stressors must be considered when predicting their impacts.
1.5

Mitochondria structure and function

The name mitochondrion was derived from the Greek words mitos and chondrion,
meaning thread and granules, respectively, and was first used by Carl Benda (Benda,
1898). According to the Sagan hypotheses of endosymbiotic events (Sagan, 1967),
mitochondria

themselves

initially

were
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free-living

aerobic

prokaryotes

(protomitochondrion) that were ingested by a heterotrophic anaerobe. Mitochondria
are typically described as rod-like or ovoid structures ranging in size from 0.5 to 2 µm
(Alberts et al., 2002; Demirel, 2002; Hollander et al., 2014). However, the shape and
dimension vary depending on the cell type and energetic requirements (McCarron et
al., 2013; Friedman and Nunnari, 2014). Even within one type of tissue, the shape of
the mitochondria can vary depending on their functional status. Similarly, the
arrangement and volume of mitochondria in a cell vary with respect to tissue and
organism. In this regard, rainbow trout mitochondria are randomly distributed in the
cardiomyocytes in contrast to the parallel and orderly arrangement in rat
cardiomyocytes (Birkedal et al., 2006). Additionally, rainbow trout red blood cells have
very few mitochondria (Moyes et al., 2002; Shen et al., 2018) while highly metabolic
cells like cardiomyocytes have mitochondria that occupy up to 30-40% of the cell
volume (Iftikar and Hickey, 2013; Chen and Zweier, 2014). Moreover, the number and
shape of mitochondria change over time in response to changes in ATP demand
through a process referred to as mitochondrial fission and fusion (Scott and Youle,
2010).
Mitochondria have two distinct membranes that separate the organelle into four
distinct

compartments:

the

outer

mitochondrial

membrane

(OMM),

inner

mitochondrial membrane (IMM), the intermembrane space (IMS), and the
mitochondrial matrix (Logan, 2007; Lodish et al., 2000).
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Fig. 1.2. The structure of the mitochondrion.
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The OMM is 60 – 70 Å thick (Demirel, 2002) and permeable to small molecules. It also
contains ion channels that facilitate controlled exchange of ions and metabolites
between the cytoplasm and the IMS (Bayrhuber et al., 2008; Kühlbrandt, 2015).
Impaired OMM integrity or complete disruption will result in unregulated leakage of
mitochondrial content into the cytosol that can precipitate apoptosis. In contrast, the
IMM is 60–80 Å thick and is highly impermeable with inward folds referred to as crista
(Demirel, 2002; Kühlbrandt, 2015). In addition, the IMM contains cardiolipin that is
likely responsible for the relatively lower permeability relative to OMM (Gray, 2013).
Importantly, because of the high energy demand of the heart, the cristae in the
mitochondria of cardiomyocytes are more abundant than other cells such as
hepatocytes (Alberts et al., 2002). However, IMM has transporters that ferry proteins
and ions into the mitochondrial matrix. Furthermore, the IMM lodges the electron
transport chain (ETC) and ATP synthase making it the hub of oxidative phosphorylation
(Lodish et al., 2000; Nicholls and Ferguson, 2013).
The space between the OMM and IMM is the IMS that contains cytochrome c, a mobile
peripheral protein that serves as an electron conveyor in the ETC and contributes to
apoptosis if it leaks to the cytosol (Garrido et al., 2006; Muñoz-Pinedo et al., 2006). The
mitochondrial matrix contains the mitochondrial DNA and numerous enzymes
including those involved in pyruvate and fatty acids oxidation, protein synthesis and
the Krebs cycle (Kukat et al., 2011; Gray, 2013; Nicholls and Ferguson, 2013). The main
function of the mitochondria is the production of ATP for the cell through oxidative
phosphorylation. Nevertheless, the organelle also is involved in several metabolic and
16

biosynthetic pathways, including biosynthesis of vitamin cofactors, iron-sulfur cluster
and and phospholipids for membranes (Friedman and Nunnari, 2014). Mitochondria
also play prominent roles in Ca homeostasis, cell signaling, ROS metabolism and
apoptosis (Osellame et al., 2012).
1.5.1 Mitochondrial electron transport system and ATP synthesis
The mitochondrial electron transport system (mETS) is embedded in the IMM and
consists of five respiratory complexes, and mobile electron carriers (Fig. 1.3) (Gray,
2013; Davis and Williams, 2012). The complexes include (a) NADH-ubiquinone
oxidoreductase (complex I), (b) succinate dehydrogenase (complex II), (c) cytochrome
bcl complex (complex III), (d) cytochrome c oxidase (complex IV) and, (e) F1F0 ATP
synthase (complex V). The electron carriers are ubiquinone (Q), and cytochrome c.
Nicotinamide adenine dinucleotide hydrogen (NADH) and flavin adenine dinucleotide
dihydrogen (FADH2) generated during oxidation of carbon fuels transfer electrons
through a series of prosthetic groups in complex I and complex II, respectively, to the
Q-pool thereby reducing Q to ubiquinol (QH2). Unlike complex II, complex I plays an
important role in the generation of proton gradient because electron transfer is
coupled with the pumping of four hydrogen ions (H+: protons) from the mitochondrial
matrix to the IMS (Alberts et al., 2002; Toth et al., 2020). The QH2 generated is
subsequently oxidized at the outer ubiquinone binding site of complex III (site III Qo) to
semiquinone resulting in electron transfer to cytochrome c and pumping of four
protons into the IMS (Berg et al., 2002; Gray, 2013). The electron transfer-proton
17

pumping reaction in complex III is known as the Q-cycle (Berg et al., 2002b;
Trumpower, 2013). The cycle involves the separation of two electrons, whereby one
electron travels through Rieske Fe–S and cytochrome c1 to cytochrome c, while the
other is transferred through the cytochromes in the complex (bL and bH) to the inner
ubiquinone binding site of complex III (site IIIQi) to reduce Q to QH2 (Alberts et al.,
2002; Gray, 2013).
The terminal electron transfer reaction in the mETS involves the transfer of electron by
cytochrome c to cytochrome c oxidase where four electrons are used to reduce oxygen
to metabolic water. Notably, cytochrome c oxidase can prevent electron leak by
retaining partially reduced intermediates until complete reduction of oxygen is
achieved (Turrens, 2003; Kowaltowski et al., 2009). This final reaction also involves the
pumping of two protons into the IMS. Consequently, the electrochemical-proton
gradient generated due to exchange of H+ between the mitochondria matrix and IMS is
harnessed in the synthesis of ATP by F1F0 ATP synthase in a process known as oxidative
phosphorylation (Berg et al., 2002b; Marreiros et al., 2016; Zhao et al., 2019).
Specifically, F1F0 ATP synthase is made up of a hydrophobic proton channel and
catalytic sites for the synthesis of ATP from ADP and phosphate. H + flows down its
electrochemical gradient through the hydrophobic channel into the mitochondria
matrix resulting in the dissipation of proton gradient and phosphorylation of ADP to
ATP (Zhao et al., 2019). The overall process of electron transfer coupled with ATP
synthesis is collectively referred to as coupled mitochondrial respiration. The ATP
synthesized is transported into the cytosol by an electrogenic adenine nucleotide
18

translocator (ANT) in exchange for ADP (Dorn and Kitsis, 2012; Tondo et al., 2015).
It is important to note that some mitochondrial enzymes also transfer electrons
directly into the Q-pool following oxidation of their respective substrates. However,
akin to complex II, these enzymes do not pump protons into the IMS. Examples include
dihydroorotate dehydrogenase (DHODH) involved in pyrimidine biosynthesis, glycerol3-phosphate dehydrogenase (G3PDH) that catalyzes glycerol-3-phosphate oxidation,
electron-transfer flavoprotein (ETF) system (ETF and ETF: ubiquinone oxidoreductase
(ETF:QOR), that transfers electron generated by flavoprotein dehydrogenase enzymes
in the pathway of β-oxidation of fatty acids to the Q-pool (Fig. 1.3) (Watmough and
Frerman, 2010; Quinlan et al., 2013; Brand, 2016; Mailloux, 2020).
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Fig. 1.3. Diagram showing mitochondrial electron transport and ATP synthesis.
Substrate oxidation results in the generation of reducing equivalents, NADH and FADH 2
that transfer electrons to the mETS through Complexes I and II, respectively. Electrons
in complex I and II pass through prosthetic groups and respective Q binding pockets
(sites IQ and IIQ) to the Q-pool. In contrast to complex II, electrons transfer by complex I
is coupled with the pumping of four protons from the matrix to the IMS. Electrons from
complexes I and II reduce Q to QH2. QH2 is then oxidized at site IIIQo of complex III
resulting in electrons bifurcating to (i) cytochrome c and, (ii) through cytochromes in
complex III to site IIIQi. Electron transfer in complex III is also associated with four
protons pumping to the IMS. Final electron transport process occurs as cytochrome c
transports four electrons to Complex IV to reduce molecular oxygen to water, coupled
with the transfer of two protons to the IMS. Electrochemical-proton gradient
generated due to proton pumping is harnessed in the synthesis of ATP by ATPase
synthase.
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1.5.2 Mitochondrial ROS production
ROS are molecules derived from incomplete reduction of molecular oxygen (Turrens,
2003; Cobley, 2020); a radical molecule (also called free-radical) has one unpaired
electron, but not all ROS are radicals. Mitochondrial ROS formation is inevitable in
aerobic organisms because the processes that result in ROS production are associated
with mitochondria respiration (Wallace, 1999; Brand, 2016) and the mitochondrion is
considered the major cellular source of ROS. Indeed, the proportion of oxygen involved
in ROS formation is about 1–2% of the total oxygen used in the mETS (Zorov et al.,
2014; Chen and Zweier, 2014; Cobley, 2020). However, reports in isolated
mitochondria showed that this proportion could be as low as 0.1% depending on
metabolic substrate concentration (Beckman and Ames, 1998; Brand, 2016).
Expectedly, cells with abundant mitochondria and high energy demand like the
cardiomyocytes are susceptible to substantial ROS production (Grivennikova et al.,
2010; Chen and Zweier, 2014; Nolfi-Donegan et al., 2020). Mitochondria are the most
important source of ROS in most vertebrates, including fish heart, especially when
exposed to stressors (Wilhelm, 2007; Murphy, 2009; Zorov et al., 2014). One of the
earliest studies to provide evidence of ROS production by mitochondria came from the
investigation with electron transport particles during oxidation of succinate, whereby
ROS produced was suppressed by deoxycorticosterone (Jensen, 1966). This
investigation was later confirmed by substantial ROS formation by pigeon heart
mitochondria oxidizing succinate (Loschen et al., 1971). ROS production in the
mitochondria is closely linked with oxidation of various biomolecules and electron leak
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at specific redox centers in the mETS (Murphy, 2009; Brand, 2016; Mailloux et al.,
2018). This indicates that the movement of electrons along the mETS is not exclusively
associated with the generation of proton gradient and ATP synthesis. Importantly,
mitochondrial complexes I and III are traditionally considered as the major sites of ROS
formation in the mETS (Murphy, 2009; Brand, 2010; Dröse, 2013; Mailloux, 2020) while
complex II was thought to produce ROS when mutated or in pathological state but not
under normal physiological conditions (Robinson, 1998; Raha and Robinson, 2000;
Murphy, 2009).
Superoxide anion radical (O2•−) formed due to one electron-reduction of oxygen is
considered the proximal ROS from which other species are formed (Loschen et al.,
1974; Turrens, 2003; Brand, 2016; Treberg et al., 2018). However, O2•− is
spontaneously and/or rapidly dismutated by SODs to relatively stable and membranepermeant H2O2 (Han et al., 2003b; Treberg et al., 2018). Nevertheless, some redox sites
and enzymes in the mETS produce both O2•− and H2O2 (Starkov, 2010; Mailloux et al.,
2016, Mailloux, 2020). H2O2 can be further reduced in the presence of redox active
metals such as Fe and Cu through Fenton reaction to a highly reactive hydroxyl radical
(•OH; Fig, 1.4; Valko et al., 2005; Valko et al., 2016).
Increasing evidence shows that mitochondrial ROS participate in diverse cellular
signalling and regulatory roles. Specifically, H2O2 serves as a regulatory and redox
signalling molecule when present at physiological concentrations (Sies, 2014, 2017;
Lismont et al., 2019). These important roles of H2O2 have been attributed to its relative
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stability, ability to target specific proteins, membrane permeability and presence of
scavenging mechanisms (Bienert and Chaumont, 2014; Lismont et al., 2019). In this
regard, H2O2 plays important roles in the activation of T-cells during immune response
(Schreck et al., 1991; Stone and Yang, 2006), fosters leukocyte recruitment for wound
healing (Niethammer et al., 2009) and initiates diverse biological responses, including
cell differentiation, migration, and apoptosis (Forman et al., 2010; Veal and Day, 2011;
Nolfi-Donegan et al., 2020). However, the rates of production and elimination of ROS
determine the physiological concentration, and oxidative stress occurs when ROS are
present at high levels resulting in oxidative damage of macromolecules, cells, and
eventual death of the organism (Veal and Day, 2011; Sies, 2015; Mailloux, 2020). This
often arises when there is either overproduction and/or impaired scavenging of ROS
(Veal and Day, 2011; Sies, 2015). In addition, environmental stressors can alter the
ability of mitochondria to maintain ROS at physiological levels by enhancing production
and/or disrupting ROS scavenging capacity (Eyckmans et al., 2011; Belyaeva et al.,
2012; Christen et al., 2018).
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Fig. 1.4. ROS formation from oxygen (O2). One electron reduction of molecular oxygen
(O2) produces superoxide anion radical (O2•−), which is rapidly dismutated to hydrogen
peroxide (H2O2). H2O2 formed is either reduced to hydroxyl radical (•OH) in the
presence of redox-active metal (Cu+ or Fe2+) or scavenged by mitochondrial antioxidant
systems and the formation of water.
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1.5.3 Sites of ROS production by the mitochondria
The sites involved in ROS production in raibow trout heart mitochondria are described
in detail (Fig. 1.5). The use of appropriate substrates in the presence of
pharmacological inhibitors of the mitochondrial electron transport has revealed 12
potential sources of ROS formation in mitochondria (Fig. 1.6 and Table 1.2; Brand,
2016; Mailloux et al., 2018; Mailloux, 2020). These sources are located at specific sites
along the mETS, and in dehydrogenase enzymes involved in substrate oxidation.
Nonetheless, a greater proportion of mitochondrial ROS is generated from the mETS
(Murphy, 2009; Nolfi-Donegan et al., 2020). These sites can be broadly categorized
based on their redox potentials and the point of electron entry into the mETS to
NADH/NAD+ and QH2/Q isopotential sites (Mailloux, 2015; Brand, 2016).
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Fig. 1.5. Sites of ROS production in the mitochondria (Modified from Brand, 2016). Sites
of ROS generation in the NADH/NAD+ group include site IF of complex I, and the flavin
sites of oxoacid-dehydrogenase complexes (PF, OF, BF, AF) that supply electrons to the
NAD-pool. Site IQ also generates ROS especially due to RET following succinate
oxidation. Q/QH2 group uses Q as electron acceptor. They include flavin site of complex
II (site IIF), outer ubiquinone binding site of complex III (site IIIQo), and the Q-linked
dehydrogenases, including Q binding site of dihydroorotate dehydrogenase (site D Q), Q
and flavin site of ETF-ETF:QOR (sites EF and EQ) and Q site of mGPDH (site GQ).
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Fig. 1.6. Pharmacological inhibitors of mETS used to estimate site-specific
mitochondrial ROS production (Modified from Brand, 2016).
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Table 1.2. Sites and mechanism of action of pharmacological inhibitors used in
quantitation of site-specific mitochondrial ROS production. Modified from Fato et al.,
2009.
Complex/dehydrogenase
(Target)
Complex I
Site IQ

Complex II
Site IIF

Site IIQ

Complex III
Site IIIQo

Cytochrome b

OGDH complex
Site OF

Pharmacological inhibitor

Mechanism of action

Rotenone
Piericidin A
Capsaicin
S1QELs

Blocks electron transfer
from Fe-S to Q-pool and
cause RET to NAD-pool
Blocks site without altering
electron flow

Malonate
3-nitropropionate

Inhibit flavin oxidation
and ROS production

2-thenoyltrifluoroacetone
Atpenin-A5
MitoVES

Block electrons from
flavin site to Q-pool

Myxothiazol
Stigmatellin

Inhibit QH2 oxidation and
block electron transfer and
ROS generation

S3QELs

Blocks site without altering
electron flow

Antimycin A

Stimulates ROS production
by inhibiting electron
transfer to site IIIQi

Aspartate
ATP

Decrease substrate
and increase inhibitory
succinyl CoA

MitoVES (mitochondrially targeted vitamin E succinate)
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1.5.3.1 NADH/NAD+ isopotential sites
The NADH/NAD+ isopotential sites include Complex I and 2-oxoacid dehydrogenase
complexes

[branched-chain

2-oxoacid

dehydrogenase

(BCKDH),

pyruvate

dehydrogenase complex (PDH), oxoglutarate dehydrogenase complex (OGDH), 2oxoadipate

dehydrogenase

complex

(OADH)

(Fig

1.5).

Other

NAD-linked

dehydrogenases such as malate dehydrogenase, glutamate dehydrogenase and
isocitrate dehydrogenase do not produce significant amount of ROS but can promote
ROS generation from other sites. The NAD-linked dehydrogenases transfer electrons
upon NADH oxidation at complex I to the Q-pool.
1.5.3.1.1

ROS production by complex I (sites IF and IQ)

Complex I is an L-shaped energy transferring enzyme that contains prosthetic groups
including flavin mononucleotide (FMN) and 7 to 9 iron–sulfur (Fe-S) clusters and a Q
binding pocket (Murphy, 2009; Baradaran et al., 2013). NADH from the NAD-linked
dehydrogenases is oxidized at the FMN site (site IF) from which electrons are conveyed
through the Fe-S clusters and the Q binding site (site IQ) to the Q-pool. Complex I is
considered a major source of ROS in mitochondria, but the exact site is debatable.
Previous investigations suggested the Fe-S clusters (Herrero and Barja, 2000; Genova et
al., 2001) while others showed that sites IF (Kudin et al., 2004; Galkin and Brandt, 2005)
and IQ (Lambert and Brand, 2004; Brand, 2010) are the sites of ROS formation in
complex I. However, the use of site-specific inhibitors such as rotenone to assess ROS
production by this enzyme (Fig. 1.6) revealed that site IF is the main site of ROS
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formation during forward electron transport (FET) (Quinlan et al., 2014; Nolfi-Donegan
et al., 2020; Cobley, 2020) while site IQ can generate substantial ROS due RET from
complex II following succinate oxidation (Lambert and Brand, 2004; Quinlan et al.,
2013; Brand 2016; Mailloux, 2020). Of note, ROS production by RET might vary
dependent on the cell, tissue, and organism (Moreno-Sanchez et al., 2013) and it is
governed by highly reduced Q-pool and high proton-motive force (Brand 2016;
Mailloux, 2020). Site IQ can be blocked with rotenone, or Suppressors of site IQ Electron
Leak (S1QELs) that specifically suppress ROS formation at site IQ without affecting
electron transport, redox states of other centers or mitochondrial membrane potential
(Fig. 1.6; Brand, 2016; Brand, 2020).
1.5.3.1.2

ROS production by 2-oxoacid dehydrogenase complexes (sites OF, PF,
BF and AF)

The 2-oxoacid dehydrogenase complexes contain multiple copies of three subunits (2oxoacid

decarboxylase

(E1),

dihydrolipoamide

acyltransferase

(E2)

and

dihydrolipoamide dehydrogenase (E3) that catalyze oxidative decarboxylation of 2oxoacids, mainly 2-oxoglutarate, pyruvate, and branched-chain 2-oxoacids into acylCoAs and NADH (Perham, 1991; Bunik and Sievers, 2002; Perham et al., 2002). The
respective E3 subunit contains flavin site (sites OF, PF, BF and AF) that can generate ROS
(Murphy, 2009; Quinlan et al., 2014; Brand, 2016) (Fig. 1.5). The substrate specificity of
each complex allows for the determination of ROS production by the flavin sites in
isolated mitochondria or enzymes (Bunik, 2002; Brand, 2016). In the absence of
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inhibitors, ROS production by 2-oxoacid dehydrogenase complexes is low due to a low
NADH/NAD+ ratio (Andreyev et al., 2005; Quinlan et al., 2014). However, powering
isolated mitochondria with a particular 2-oxoacid substrate in the presence of
rotenone to block site IQ causes RET to the NADH-pool thereby increasing NADH/NAD+
ratio and ROS production (Brand, 2016; Korge et al., 2016). The estimated rates of ROS
production by NADH/NAD+ isopotential group in isolated rat skeletal muscle
mitochondria are of the order; site OF > PF > BF > Complex I (Quinlan et al., 2014;
Mailloux, 2015). In addition to substrate oxidation, 2-oxoacid dehydrogenase
complexes are sensitive to oxidative stress that further enhances ROS generation
(Ambrus et al., 2015; Mailloux, 2015, Forrester et al., 2018). This occurs following
exposure to exogenous stressors or as a result of excessive ROS production from other
mitochondrial sites (Gazaryan et al., 2002; Sheline and Choi, 2004).
1.5.3.2

QH2/Q isopotential sites

QH2/Q isopotential sites comprise enzymes that transfer electrons directly into the
QH2/Q pool (Fig. 1.5). They include complex II and metabolic enzymes such as electrontransfer flavoprotein (ETF) system (ETF and ETF:ubiquinone oxidoreductase (ETF:QOR),
mitochondrial glycerol-3-phosphate dehydrogenase (mGPDH) and dihydroorotate
dehydrogenase (DHODH). Similar to the NAD-linked malate and glutamate
dehydrogenases, Q-linked proline dehydrogenase does not produce significant
amounts of ROS but can reduce other ROS production sites (Goncalves et al., 2016;
Brand, 2016). Oxidation of respective Q-linked substrates generates electrons that
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reduce Q to QH2, which is in turn oxidized at site IIIQo.
1.5.3.2.1

ROS production by complex II (site IIF)

Complex II links the Krebs cycle to the mETS by catalyzing oxidation of succinate to
fumarate and transferring the resultant electrons from FAD site (site II F) through 3Fe-S
clusters and the ubiquinone binding site (site IIQ) to the Q-pool (Quinlan et al., 2013;
Milliken et al., 2020).
Initially excluded from potential sites of mitochondria ROS formation (Robinson, 1998;
Raha and Robinson, 2000), site IIF is now known to produce significant amount of ROS,
and the rate of ROS formation is regulated by succinate concentration (Quinlan et al.,
2013; Brand, 2016; Cobley, 2020; Milliken et al., 2020). Specifically, high concentrations
of succinate suppress ROS production from site IIF while concentrations around the Km
of complex II for succinate (100–500 mM) support maximal ROS production (Quinlan et
al., 2013; Dröse, 2013; Brand, 2016). Whereas it is generally accepted that ROS
production by complex II is from site IIF (Brand, 2016; Quinlan et al., 2013; Mailloux,
2015; 2020), the ability of site IIQ to generate ROS in rat heart mitochondria (Chen and
Zweier, 2014) and isolated enzymes (Guo and Lemire, 2003; Szeto et al., 2007) has
been reported. Furthermore, although ROS production by complex II can be
suppressed by Krebs cycle metabolites including malate and oxaloacetate (Wojtovich
and Brookes, 2008; Mailloux, 2015; 2020), malonate and atpenin A5 selectively inhibit
ROS generation from sites IIF and IIQ, respectively (Fig. 1.6) (Quinlan et al., 2013;
Mailloux et al., 2016; Brand, 2016).
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1.5.3.2.2

ROS production by complex III (site IIIQo)

Complex III is considered the most prominent site of ROS production in isolated
mitochondria from a variety of tissues (Grivennikova et al., 2010; Brand; 2016;
Mailloux, 2020). It is widely acknowledged that ROS from complex III is produced at site
IIIQo due to the formation of semiquinone as 2 electrons bifurcate to Rieske-Fe–S
center and cytochromes bL (Murphy, 2009; Brand, 2016; Nolfi-Donegan et al., 2020).
ROS production at site IIIQo is physiologically negligible because the likelihood of
formation of unstable semiquinone is low. However, ROS formation increases markedly
when mitochondria are fueled with appropriate metabolic substrate and site IIIQi is
blocked by antimycin A (Zorov et al., 2014; Mailloux, 2015; Brand, 2016; Cobley, 2020).
Conventional inhibitors of ROS production by site IIIQo are stigmatellin and myxothiazol
while Suppressors of site IIIQo Electron Leak (S3QELs) inhibits ROS production from site
IIIQo (Fig. 1.6) without altering electron flow and energy transduction (Brand, 2016;
Goncalves et al., 2020).
1.5.3.2.3

ROS production by ETF-ETF:QOR (site EF)

Although mammalian and trout heart can utilize most classes of carbon substrates,
about 60 to 90% of the energy requirement is generated via mitochondrial β-oxidation
of fatty acids (Stanley and Chandler, 2002; Chen and Zweier 2014; Mailloux, 2015).
Since fatty acids feed electrons into the Q-pool through the ETF-system (ETF–ETFQOR)
and complex I, ROS production from multiple sites during β-oxidation of fatty acid is
likely. Particularly, both ETF and ETFQOR have flavin sites (site EF) making the ETF33

system a potential source of mitochondrial ROS (Fig. 1.5). Indeed, ROS production by
site EF has been described in isolated enzymes and mitochondria from heart and other
tissues (St-Pierre et al., 2002; Schönfeld and Wojtczak, 2008; Perevoshchikova et al.,
2013; Henriques et al., 2021). Of note, physiological concentrations of ROS generated
during fatty oxidation are important for cell signaling but excessive production can
precipitate mitochondrial damage or apoptosis (Srivastava and Chan, 2007; Schönfeld
and Wojtczak, 2008).
1.5.3.2.4

ROS production by mGPDH (sites GF and GQ)

mGPDH is a FAD-linked Q-oxidoreductase that remains poorly characterized despite its
important roles in catabolic processes (Miwa et al., 2003; Zorov et al., 2014). The
enzyme is situated at the outer surface of the IMM where it couples oxidation of
glycerol-3-phosphate to electron transfer into the Q-pool (Tretter et al., 2007; Orr et
al., 2012) and is highly expressed in skeletal muscle fibers and brain but low in the
heart and liver (MacDonald and Brown, 1996). mGPDH is comprised of a Ca binding site
and prosthetic groups [FAD site (site GF), Fe-S clusters and a Q binding site (site GQ)]
that are potential sites of electron leak for ROS production. However, the amount and
site of ROS generated by mGPDH depends on tissue type, while the rate of substrate
oxidation increases in the presence of Ca (Orr et al., 2012; Zorov et al., 2014). In this
regard, rat heart (Kwong and Sohal, 1998) and skeletal muscle (Sohal and Sohal, 1991)
mitochondria oxidizing glycerol 3-phosphate emitted ROS from GQ and GF sites,
respectively. Additionally, site GF and the Fe-S were suggested as the sites of ROS
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generation by mGPDH in Drosophila mitochondria (Miwa and Brand, 2005).
1.5.3.2.5

ROS production by DHODH

DHODH catalyzes oxidation of dihydroorotate to orotate during the synthesis of
pyrimidines (Andreyev et al., 2005; Hey-Mogensen et al., 2014). The enzyme contains a
flavin site (site DF) that accepts two electrons from dihydroorotate and a Q binding site
from which electrons are transferred into the Q-pool (Liu et al., 2000). The specific site
and capacity of ROS generation by DHODH remain unclear, but evidence from
mammalian mitochondria suggested that sites DF can produce ROS during substrate
oxidation (Orr et al., 2012; Hey-Mogensen et al., 2014; Brand, 2016). Similarly,
oxidation of dihydroorotate can foster ROS generation from other redox sites in the
mETS, especially Complex III (Murphy, 2009).
1.5.4

Mitochondrial ROS scavenging

Steady state mitochondrial ROS concentration is maintained when production and
scavenging of ROS are balanced. However, oxidative stress occurs when ROS
production overwhelms scavenging capacity resulting in oxidative damage to
biomolecules and subsequent loss of function. Mitochondrial ROS removal is carried
out by a network of enzymatic and non-enzymatic antioxidant systems that reduces
excessive accumulation of ROS thereby maintaining ROS homeostasis (Sies, 2017;
Mailloux, 2020). Examples of enzymatic antioxidants are SODs, catalase, glutathione
(GSH) peroxidase (GPx), thioredoxin reductase (TrxR), while non-enzymatic
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antioxidants include GSH, vitamins C and E, etc. In particular, the prominent
antioxidant enzyme systems in the heart mitochondria are the GSH- and thioredoxins
(Trx)- dependent peroxidase systems with a marginal contribution by catalase
(Kamunde et al., 2018).
1.5.4.1

Superoxide dismutases (SODs)

SODs are groups of enzymes that are regarded as the first line of enzymatic antioxidant
defense in the cell that catalyze rapid dismutation of O2•− to H2O2 and O2 (Fridovich,
1997; Wang et al., 2016). SOD1 (Cu-ZnSOD) contains Cu and Zn ions, and it is mainly
found in the cytosol and IMM (Laukkanen, 2016). Unlike Cu-ZnSOD, SOD2 (Mn-SOD)
uses manganese as a cofactor and the enzyme is primarily located in the mitochondrial
matrix (Fridovich, 1997). Although O2•− undergoes pH-dependent non-enzymatic
dismutation, the rate of enzymatic dismutation is approximately 10 4 times faster in the
presence of SOD (Fridovich, 1975; Laukkanen, 2016). Notably, the intracellular
concentration of SOD ranges from 10-6 to 10-5 and the enzyme is more concentrated in
highly metabolic tissues like the heart and skeletal muscle (Powers and Jackson, 2008).
1.5.4.2

Glutathione peroxidases (GPx)

GPx are selenoenzymes that use two molecules of GSH as reductant to catalyze
reduction of H O into water coupled with oxidation of GSH to GSH-disulfide (GSSG)
2

2

(Lubos et al., 2011; Brand, 2020). The rate constant for the reaction of GPx with H2O2 is
approximately 5 x 107 M-l s-l (Chance et al., 1979) and regeneration of GSH by reduction
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of GSSG depends on reducing equivalents supplied from NADPH in a reaction catalyzed
by GSH-reductase (Korge et al., 2015; Miller et al., 2018). Most GPx is located in the
cytosol and mitochondrial matrix. In vertebrates, GPx activity and expression is greater
in the heart mitochondria than in skeletal muscle (Chow and Tappel, 1972; Esposito et
al., 2000).
1.5.4.3

Catalase

Catalase is a tetrameric oxidoreductase enzyme that is ubiquitously present in aerobic
cells containing a cytochrome system (Kirkman and Gaetani, 1984; Heck et al., 2010). It
is a heme and NADPH containing enzyme that catalyzes the conversion of H2O2 to
water. The NADPH on catalase serves as a reducing equivalent that prevents oxidative
inactivation of the enzyme by H2O2 (Kirkman et al., 1999). Catalase is highly localized in
the peroxisomes and degrades H2O2 by a two-step reaction in which H2O2 oxidizes and
reduces the heme active site of the enzyme (Chance et al., 1979). The first reaction
involves oxidation of the heme by H2O2 to produce an oxyferryl species, followed by a
reduction reaction by a second H2O2 molecule producing a molecule of oxygen and
water (Kirkman and Gaetani, 1984; Switala and Loewen, 2002). The greatest activity of
catalase is found in the liver and erythrocytes, but significant concentrations are found
in all tissues (Lismont et al., 2019).
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1.5.4.4

Trx-dependent peroxidase system

The Trx-dependent system is comprised of Trx, NADPH that serves as a source of
reducing equivalent, thioredoxin reductase (TrxR) that catalyzes the reduction of
oxidized Trx, and peroxiredoxins (Prx) that degrades H2O2 with reducing equivalents
provided by Trx (Lu and Holmgren, 2014). Trxs are localized in the cytosol, nucleus, and
mitochondria although expression varies with tissue (Patenaude et al., 2004; Ahsan et
al., 2009). The enzyme is highly expressed in organs with high metabolic activity such
as the heart and liver (Miranda-Vizuete and Spyrou, 2002). In addition to H2O2
metabolism, the Trx-dependent peroxidase system also plays important roles in
different cellular processes, such as ribonucleotides reduction, transcription control,
and signal transduction (Lu and Holmgren, 2014; Cebula et al., 2015).
1.5.4.5

Glutathione (GSH)

GSH is a thiol-containing tripeptide that is considered the most abundant thiolcontaining non-enzymatic antioxidant synthesized exclusively in the cytosol in ATP
dependent reactions (Smith et al., 1996; Molavian et al., 2015). Despite its exclusive
synthesis in the cytosol, GSH is distributed in intracellular organelles with specialized
GSH-transporters transporting it into the mitochondria (Mårtensson et al., 1990).
Mitochondrial GSH-concentration is comparable to that of the cytosol between 1–15
mM (Han et al., 2003; Andreyev et al., 2005). Up to 90% of GSH is in the reduced form
and the ratio of the reduced to oxidized form (GSSG) reflects the oxidative state and
can interact with redox couples to maintain appropriate redox balance in the cell (Mari
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et al., 2009; Molavian et al., 2015). However, the mitochondria concentration of GSH
depends on cell and tissue type (Mårtensson et al., 1990; Zhou et al., 2014). Previous
reports in mammalian heart mitochondria suggest that 50-90% depletion of GSH can
occur upon interaction of GSH with exogenous stressors like metals but this interaction
does not impair the antioxidant capacity of GSH-dependent H2O2 scavenging pathways
(Antunes et al., 2002; Han, 2003).
1.5.4.6

Vitamin C and E

Vitamin C or ascorbic acid is a water-soluble ROS scavenger that exists as ascorbate in the
cell at physiological pH (Bielski et al., 1975; Kawashima et al., 2015). Vitamin C protects
against lipid peroxidation (LPO) by scavenging ROS and by one-electron reduction of
lipid hydroperoxyl radicals via the vitamin E redox cycle. Also, vitamin C protects
against cellular damage from LPO-derived 2-alkenals by increased transport of GSH
conjugates out of the cells (Traber and Stevens, 2012).
1.5.5

Measurement of mitochondrial ROS

ROS react differently in cells, biological mediums and in different experimental
conditions based on their physiochemical properties. Therefore, to measure and
compare ROS generation by mitochondria in steady-state and upon exposure to
multiple exogenous stressors, it is important to have a sensitive ROS-measurement
method that is specific for the ROS species of interest. H2O2 is the preferred species of
ROS, especially in the isolated mitochondria model, due to its aforementioned unique
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characteristics, including membrane-permeant ability and stability relative to other
ROS species. Notably, a common example of earlier fluorogenic probes developed for
H2O2 detection is the cell membrane permeable dichlorodihydrofluorescein diacetate
(DCFH-DA) (Tampo et al., 2003; Lee et al., 2009; Kalyanaraman et al., 2012). DCFH-DA
has reportedly been used to detect intracellular H2O2 as it penetrates the cell
membrane and reacts with ROS resulting in the formation of fluorescent
dichlorofluorescein (DCF). However, the use of DCFH-DA is limited because it also
reacts directly with O2•−, lipid hydroperoxides and peroxynitrite (Dikalov et al., 2007)
indicating low substrate specificity. As it stands, Amplex UltraRed, an improvement of
the pH sensitive Amplex Red, is considered the most reliable probe for quantitative
measurement of H2O2 emission by mitochondria (Zhu et al., 2010; Quinlan et al., 2013;
Komlódi et al., 2018). Amplex UltraRed is stable, sensitive, and specific for H2O2, and it
can be used to detect extracellular ROS (Zhu et al., 2010; Quinlan et al., 2013).
Horseradish-peroxidase (HRP) catalyzes the oxidation of colorless and non-fluorescent
Amplex UltraRed to fluorescent Amplex Ultrox red that emits at 590 nm when excited
at 530 nm (Quinlan et al., 2013). Importantly, one of the caveats when using Amplex
UltraRed is its sensitivity to light. Thus, care must be taken to protect the probe from
light when in use.
1.5.6

Effect of exogenous stressors on mitochondrial ROS metabolism

Mitochondria provide ATP for numerous cellular processes including cell signaling,
growth, proliferation, and immune response. As a result, stressors-induced alteration
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of mitochondrial function is often considered as one of the causative factors of several
diseases, especially in high energy demanding organs like the heart. Indeed,
investigations of the heart of mammals and aquatic organism showed that
mitochondria are often the ultimate site of effect of thermal stress, Cu toxicity and
oxygen depletion stress inducing oxidative injury due to excess ROS (Cederbaum and
Wainio, 1972; St-Pierre et al., 2000; Iftikar et al., 2014; Christen et al. 2018). Thus,
results of this thesis assessing the consequences of combined exposure to stressors on
heart mitochondrial ROS metabolism are important.
1.5.6.1

Effect of temperature rise on mitochondrial ROS metabolism.

Mitochondria are pivotal in the cellular response to temperature fluctuation as thermal
stress has been shown to affect mitochondrial function (Iftikar et al., 2014; Pichaud et
al., 2017), thereby enhancing the possibility of excess ROS formation and oxidative
stress (Abele et al., 2002; Sappal et al., 2015). Markers of oxidative stress have been
found in fish heart fibers with increasing temperature indicating oxidative damage to
cell and organelles, especially mitochondria (Hickey et al., 2012; Iftikar and Hickey,
2013; Iftikar et al., 2014). Indeed, previous studies reveal that increased temperature
stimulated mitochondrial ROS production in fish heart mitochondria results in oxidative
stress and in decreased mitochondrial efficiency (Iftikar et al., 2014; Chung et al., 2017;
Christen et al., 2018; Gerber et al., 2020). An increase in mitochondrial net ROS
production can result from thermal stress-induced impairment of ROS scavenging
systems as demonstrated in mammalian skeletal muscle mitochondria and goldfish
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tissue whereby temperature rise impaired GPx and catalase activity (Lushchak and
Bagnyukova, 2006; Lushchak, 2011; Huang et al., 2015). Intrinsically, thermal stressinduced excess mitochondrial ROS can damage the mitochondria by impairing
mitochondrial DNA and initiating mitochondria membrane peroxidation that dissipates
mitochondrial membrane potential (Blier et al., 2014; Zhou and Rong, 2018). These
changes open the mitochondrial permeability transition pore and heighten excess ROS
generation to initiate the apoptotic cascade (Qian et al., 2004). In addition, the effect
of temperature rise on mETS enzymes varied depending on their respective thermal
sensitivity (Pichaud et al., 2010; Blier et al., 2014; Sokolova, 2018). Thus, it is likely that
the effects of temperature alone and in combination with Cu or hypoxia/anoxia on
mitochondrial ROS metabolism will depend on substrate type and the mETS redox
center assessed.
1.5.6.2

Effect of Cu on mitochondrial ROS metabolism

Although Cu homeostatic mechanisms ensure that Cu is mobilized to essential
proteins, its concentration in the heart and other organs increases when fish are
exposed to elevated levels (Ashraf, 2005; Xu et al., 2013). Cu toxicity has been
attributed to its effects in the mitochondria, where the metal participates in the
formation of highly toxic

•OH

that disrupts proteins, lipids, DNA, and other

macromolecules (Valko et al., 2005; Garceau et al. 2010; Belyaeva et al., 2012). In
addition, the non-specific binding of Cu to proteins and thiol-enzymes account for the
ability of Cu to modify the function of essential biomolecules and enzymes, especially
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mitochondrial antioxidant enzymes including enzymes of the GSH- and thioredoxin
(Trx)-dependent peroxidase systems. This binding also explains, at least in part, the
tendency of Cu to interact with specific redox centers in the mETS, mitochondrial
dehydrogenases and enzymes in the Krebs cycle to induce ROS formation. Notably, Cu
also can displace other essential metals such as zinc and iron from their mitochondria
proteins further compromising mitochondrial function (Festa and Thiele, 2011).
1.5.6.3

Effect of oxygen depletion stress on mitochondrial ROS metabolism

The heart relies on adequate oxygen supply for proper functioning, making the organ
susceptible to adverse effects of oxygen depletion stress (Ozcan et al., 2002; Farrell et
al., 2011). Many reports have identified mitochondria as the main site of effect of
oxygen depletion stress (Birkedal and Gesser, 2004; Lushchak and Bagnyukova, 2006;
Galli et al., 2013; Sokolova, 2018). Although the effects of oxygen depletion stress on
mitochondria depend on the duration of exposure, hypoxia/anoxia reduces the activity
of mETS thereby decreasing mitochondrial ATP production and thus cellular activity (StPierre et al., 2000; Gerber et al., 2019). Whereas exposure to hypoxia/anoxia may not
substantially damage the mitochondria, most complications arise upon the reintroduction of oxygen because its results in excess ROS production (Lesnefsky et al.,
2004; Galli et al., 2013). The ROS spike upon reoxygenation has been attributed to
increased oxygen availability, excessive reduction of mitochondrial electron carriers
and accumulation of substrates (Pamenter et al., 2016; Devaux et al., 2019). In
addition, exposure to hypoxia/anoxia can alter mitochondrial ROS scavenging capacity
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thereby increasing the likelihood of ROS accumulation (Willmore and Storey, 1997). On
the other hand, decrease in the rate of ROS formation following hypoxia/anoxiareoxygenation has been reported in goldfish and attributed to increased antioxidant
enzyme activity (Lushchak et al., 2001, 2005). My studies are the first to assess the
effects of anoxia-reoxygenation on ROS metabolism in anoxia-sensitive rainbow trout
heart mitochondria.
1.6.

Scope, hypotheses, and objectives

The scope of my thesis was to assess the joint effects of Cu with temperature and
oxygen depletion stress in fish, with a focus on how these stressors impact heart
mitochondrial ROS homeostasis. I used rainbow trout (Oncorhynchus mykiss) heart
because its sustained mechanical activity is associated with a high-rate of
mitochondrial metabolism and predisposes the organ to stressors-induced oxidative
stress. The overall hypothesis of this thesis was that Cu with tempertature and oxygen
depletion stress will alter heart mitochondrial ROS homeostasis imposing oxidative
stress. I predicted that Cu would impair mitochondrial ROS metabolism and the
responses induced will be enhanced or suppressed when combined with thermal stress
and/or oxygen depletion stress. I tested the hypothesis with the following objectives:
1) Probe individual and combined effects of Cu and thermal stress on heart
mitochondrial ROS production and investigate how Cu impact ROS emission
from specific redox centers in the mitochondrial electron transport system
(mETS).
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2) Investigate the principal ROS scavenging systems in heart mitochondria and
uncover the individual and binary effects of Cu and thermal stress on
mitochondrial ROS scavenging capacity.
3) Assess the influence of anoxia-reoxygenation on heart mitochondrial ROS
production and reveal how anoxia-reoxygenation modifies the sensitivity of
mitochondrial redox centers to Cu.
4) Elucidate H2O2 emission patterns in heart mitochondria oxidizing a fatty acid
substrate or pyruvate and unveil how the H2O2 emission characteristic thereof
is modified by Cu exposure.
This thesis is divided into chapters each of which addresses one of the outlined
objectives.
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CHAPTER 2
EFFECTS OF COPPER AND TEMPERATURE ON HEART MITOCHONDRIAL HYDROGEN
PEROXIDE PRODUCTION
A version of this Chapter has been published as:

Isei M.O., Kamunde C., 2020. Effects of copper and temperature on heart
mitochondrial hydrogen peroxide production. Free Radic Biol Med. 14: 114-128.

Author contributions
C.K. conceived the project, C.K. and M.O.I designed the study, M.O.I carried out the
experiments and data analysis and wrote the first draft of the article.
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2.1

Abstract

High energy demand for continuous mechanical work and large number of
mitochondria predispose the heart to excessive reactive oxygen species (ROS)
production that may precipitate oxidative stress and heart failure. While mitochondria
have been proposed as a unifying cellular target and driver of adverse effects induced
by diverse stressful states, there is limited understanding of how heart mitochondrial
ROS homeostasis is affected by combinations of stress factors. Thus, we probed the
effect of copper (Cu) and thermal stress on ROS (as hydrogen peroxide, H 2O2) emission
and elucidated the effects of Cu on ROS production sites in rainbow trout heart
mitochondria using the Amplex UltraRed-horseradish peroxidase detection system
optimized for our model. Mitochondria oxidizing glutamate-malate or succinate were
incubated at 4, 11 (control) and 23 °C and exposed to a range (1–100 μM) of Cu
concentrations. The rates and patterns of H2O2 emission depended on substrate type,
Cu concentration and temperature. In mitochondria oxidizing glutamate-malate, Cu
increased the rate of H2O2 emission with a spike at 1 μM while temperature had no
effect. In contrast, both temperature and Cu increased the rate of H2O2 emission in
mitochondria oxidizing succinate with a prominent spike at 25 μM Cu. The rates of
H2O2 emission at the three temperatures during the spike imposed by 25 μM Cu were
of the order 11 > 23 > 4 °C. Interestingly, 5 μM Cu suppressed H2O2 emission in
mitochondria oxidizing succinate or glutamate-malate suggesting a common
mechanism of action independent of substrate type. In the absence of Cu, the sitespecific capacities of H2O2 emission were: complex III outer ubiquinone binding site
47

(site IIIQo) > complex II flavin site (site IIF) ≥ complex I flavin site (site IF) > complex I
ubiquinone-binding site (site IQ). Rotenone marginally increased succinate-driven
H2O2 emission suggesting either the absence of reverse electron transport (RET)-driven
ROS production at site IQ or masking of the expected rotenone response (reduction) by
H2O2 produced from other sites. Cu acted at multiple sites in the electron transport
system resulting in different site-specific H2O2 emission responses depending on the
concentration. Specifically, site IF H2O2 emission was suppressed by Cu concentrationdependently while H2O2 emission by site IIF was inhibited and stimulated by low and
high concentrations of Cu, respectively. Additionally, emission from site IIIQo was
stimulated by low and inhibited by high Cu concentrations. Overall, this study unveiled
distinctive effects and sites of modulation of mitochondrial ROS production by Cu with
implications for cardiac redox signaling networks and development of mitochondriatargeted Cu-based drugs.
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2.2

Introduction

The heart is the central organ of the cardiovascular system and its continuous
contraction-relaxation cycles require constant energy (ATP) supply that is sustained by
mitochondrial metabolism within cardiomyocytes. Mitochondrial energy conversion
involves finely coordinated transfer of electrons from reducing equivalents (NADH and
FADH2) generated in the Krebs cycle through the electron transport system (ETS) to
reduce the terminal acceptor, molecular oxygen (O2) (Nicholls and Ferguson, 2013;
Chen and Zweier 2014). This electron transfer is coupled with pumping of protons
creating a protonmotive force across the inner mitochondrial membrane, which is used
by ATP synthase to make ATP. During this process, electron leakage along the ETS
results in incomplete reduction of O2 with formation of reactive oxygen species (ROS).
At physiological concentrations, ROS take part in cellular signaling networks and can
protect the failing heart (Maack et al., 2009). However, excessive levels of ROS, often
as a consequence of cellular stress, may overwhelm the capacity of the antioxidant
defense system precipitating oxidative stress (Turrens, 2003; Sies, 2015). Notably, the
high energy demand together with the large number of mitochondria in
cardiomyocytes (20-40% of cell volume in vertebrates) may predispose the heart to
excessive ROS production which has been implicated in mitochondrial impairment
(Ballinger et al., 2002) and cardiomyopathy (Ballinger et al., 2002; Ballinger 2005;
Siasos et al., 2018).
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Superoxide anion radical (O2•−) and hydrogen peroxide (H2O2) are the primary ROS
produced by the mitochondria (Brand 2016; Munro and Treberg, 2017; Mailloux,
2018). When produced as O2•−, subsequent dismutation by mitochondrial matrix (Mn)
and cytosolic (Cu-Zn) superoxide dismutases (SODs) convert it to H2O2 (Cardey et al.,
2007). At present, our understanding of mitochondrial ROS production is based
primarily on mammalian mitochondria (Treberg et al., 2010; Perevoshchikova et al.,
2013; Brand, 2016; Mailloux, 2018) where 12 sites been identified as sources of ROS
(Sies et al., 2017; Mailloux, 2018). While ETS complexes I and III and are often regarded
as the major sites of ROS production in the mammalian heart mitochondria (Kwong
and Sohal, 1998; St-Pierre et al., 2002; Tahara et al., 2009), complex II was recently
shown to generate large amounts of ROS (Paranagama et al., 2010; Quinlan et al.,
2012). However, there are only a few reports on ROS production by fish heart
mitochondria (Mueller et al., 2011; Christen et al., 2018; Kamunde et al., 2018) and the
sites of ROS production are yet to be identified and characterized. Importantly, it is
important to accurately measure ROS before ascribing causality of pathological states
to oxidative stress.
Effects of environmental stressors on cardiac function have been widely investigated
(O’toole et al., 2008; Vaduganathan et al., 2016; Tanwar et al., 2018) and it is known
that temperature and copper (Cu) influence mitochondrial function (Abele et al., 2002;
Belyaeva et al., 2012; Sappal et al., 2014a&b). The mitochondria are a primary target
for thermal stress-induced adverse effects (Somero, 2002; Sappal et al., 2014a&b)
wherein acute temperature rise impairs heart mitochondrial function (Iftikar and
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Hickey, 2013) in part because enzymes are denatured at high temperature (Peterson et
al., 2007; Daniel and Danson, 2013). Notably, impairment of ETS enzymes as a result of
thermal stress has been implicated in heart failure (Ekström et al., 2017; Iftikar and
Hickey, 2013; Iftikar et al., 2014). Furthermore, elevated temperature increases
mitochondrial respiration (Hilton et al., 2010; Sappal et al., 2014a&b) and ROS
production (Qian et al. 2004; Christen et al. 2018). Similarly, cold stress has been
shown to alter mitochondrial membrane composition (Guderley, 2004) resulting in
increased ROS production (Guderley et al., 1997). To-date, the majority of the studies
on heart mitochondria focus on respiratory function and enzyme activity and only a
few have examined the influence of thermal stress on ROS production (Mueller et al.,
2011; Christen et al., 2018). In this regard, ROS production mechanisms in
mitochondria of aquatic ectotherms may be highly sensitive to temperature
fluctuations because internal temperature in ectotherms varies directly with
environmental temperature (Guderley and St-Pierre, 2002; Keen et al., 2017).
Cu is an essential transition metal required in trace amounts for normal physiology but
becomes toxic when accumulated in cells in excess amounts (Kamunde et al., 2002;
Grosell, 2012). Among its many functions, Cu is a component of cuproproteins such as
complex IV and Cu-ZnSOD that take part in aerobic metabolism and cellular antioxidant
defense mechanisms, respectively (Pena et al., 1999; Grosell 2012). The toxicity and
biochemical activity of Cu are based on its ability to gain or lose electrons, and its effect
on mitochondrial function is concentration dependent (Belyaeva et al., 2012; Sappal et
al., 2014a&b). ROS induction has been suggested as the basic mechanism of Cu toxicity
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in biological systems (Bopp et al., 2008). Specifically for mitochondria, excessive Cu
concentration disrupts ROS homeostasis (i) by directly impairing ETS enzyme
complexes (Belyaeva et al., 2012; Sappal et al., 2014a&b) that precipitates ROS
formation (Belyaeva et al., 2012) and catalyzing Fenton/Haber-Weiss reactions
resulting in the production of hydroxyl radicals (Hansen et al., 2006; Pham et al., 2013)
and (ii), indirectly by impairing the antioxidant defense system. Importantly, the effects
of combined exposures to Cu and temperature on heart mitochondrial ROS
metabolism remain to be investigated.
The aim of this study was to investigate the effect of Cu and temperature on ROS
emission by fish heart mitochondria. First, the AUR-HRP detection system was
optimized for measuring ROS emission by fish heart mitochondria and the hypothesis
that Cu would alter the efficiency of the system was tested. Second, how thermal
stress and Cu exposure influence ROS emission in heart mitochondria oxidizing
different substrates was investigated. Third, the idea that Cu exposure modulates
individual mitochondrial sites of ROS production in fish heart mitochondria differently
was tested. The effects of Cu and temperature on mitochondrial ROS production
depend on respiratory substrate type, and Cu imposes concentration-dependent
stimulatory and/or inhibitory effects on heart mitochondrial ROS production sites.
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2.3

Materials and methods

2.3.1 Animals
Rainbow trout (Oncorhynchus mykiss) were obtained from Ocean Trout Farm,
Brookvale, PE, Canada. The fish were kept in a 250-l tank supplied with aerated flowthrough well-water maintained at 11 oC at the aquatic facility of the Atlantic Veterinary
College. Fish were fed 1% of their body weight daily with commercial trout chow
pellets (Corey Feed Mills, Fredericton, NB). The study and all of the experimental
procedures were approved by the University of Prince Edward Island Animal Care
Committee (protocol # 17-036) in accordance with the Canadian Council on Animal
Care Guidelines.
2.3.2 Reagents and chemicals
Amplex UltraRed (AUR) and horseradish peroxidase (HRP) were from Invitrogen
Thermo Fisher Scientific, OR, USA. Cu as copper (II) sulfate pentahydrate (CuSO4.5H2O),
hydrogen peroxide (H2O2), Triton X-100, fatty acid-free bovine serum albumin (BSA),
aprotinin, L-malic acid, L-glutamic acid and L-succinic acid were from Sigma-Aldrich
Oakville (ON, Canada). Potassium chloride (KCl), sucrose, malonic acid and ethylene
glycol bis (β-aminoethyl ether)-N, N′-tetraacetic acid (EGTA) were from VWR Chemicals
(OH, USA). Tris-hydrochloride (Tris-HCl), potassium dihydrogen phosphate (KH2PO4),
rotenone, myxothiazol, L-aspartic acid, antimycin A, dimethyl sulfoxide (DMSO), 1chloro-2,4-dinitrobenzene (CDNB), and adenosine triphosphate (ATP) were from
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Millipore Sigma (Burlington, MA, USA). Atpenin A5 was from BioVision Inc. (Milpitas,
CA, USA).
2.3.3 Isolation of heart mitochondria
Heart mitochondria were isolated by differential centrifugation (Adiele et al., 2010).
Briefly, fish (weight: 120-290 g) were sacrificed by cephalic blow, decapitated and the
heart was quickly removed, washed with ice-cold mitochondria isolation buffer (MIB:
10 mM KH2PO4, 10 mM Tris-HCl, 250 mM sucrose, 0.5 mM EGTA, 1 mg/ml BSA, 2 μg/ml
aprotinin, pH 7.3) and weighed. The ventricles were minced with a pair of scissors and
homogenized on ice in a 1:3 (weight to volume) ratio of tissue to MIB using a PotterElvehjem homogenizer. The homogenate was transferred into a 1.5-ml centrifuge tube
and centrifuged at 800 g for 15 min. The resulting supernatant containing
mitochondrial fraction was transferred to another pre-weighed 1.5 ml centrifuge tube
and was centrifuged at 13,000 g for 10 min to pellet mitochondria. The supernatant
was carefully decanted, and the mitochondrial pellet was washed 3× by re-suspending
in MIB and centrifuging at 11,000 g for 10 min. All of the centrifugation steps were
performed at 4°C. The isolated mitochondria were weighed and re-suspended by
gentle pipetting in 3× volumes of mitochondria respiration buffer (MRB: 25 mM
KH2PO4, 10 mM Tris-HCl, 100 mM KCl, 1 mg/ml BSA, 2 μg/ml aprotinin, pH 7.3). The
protein concentration of the mitochondrial suspension was measured by the Bradford
method (1976) after lysis with Triton X-100.
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2.3.4 Optimizing mitochondrial protein and substrate concentrations for
measurement of H2O2 emission and respiration
To determine the optimal conditions for measurement of rainbow trout heart
mitochondrial H2O2 emission and respiration, H2O2 emission and respiration imposed
by graded concentrations of mitochondrial protein at different concentrations of
glutamate-malate or succinate was measured using a 96-well microplate assay.
Thereafter, the finding was confirmed using Oxygraph 2k (O2k) high-resolution
fluorespirometry (Oroboros Instruments, Innsbruck, Austria), in which H2O2 emission
and respiration were simultaneously measured at different mitochondrial protein
concentrations oxidizing 5 mM glutamate-malate or 5 mM succinate. Additionally, to
determine the optimum substrate concentration for mitochondrial H2O2 emission and
respiration, we simultaneously measured respiration and H2O2 emission using 0.25 mg
protein/ml (optimal protein concentration) at different concentrations (0-60 mM) of
glutamate-malate or succinate. All the assays done using the O2k fluorespirometer
followed standard methods (Sharaf et al., 2017a).
2.3.5 Effect of HRP and mitochondrial protein concentrations on H2O2 emission
Quantitation of H2O2 using AUR-HRP detection system is dependent on HRP-catalyzed
oxidation of AUR by H2O2. To determine the optimal HRP and heart mitochondrial
protein concentration for H2O2 measurement, the rate of H2O2 emission by different
concentrations of mitochondrial protein at different HRP concentrations was
quantified. For a total volume of 200 μl in a 96-well microplate, mitochondrial
55

suspensions (0.125, 0.25, 0.5 or 1 mg protein/ml) were added followed by glutamatemalate (5 mM each) and 1, 2, 5, or 10 U/ml HRP. In this assay, HRP catalyzes the
reaction between H2O2 and AUR (50 μM) to produce an active fluorophore, Amplex
UltroxRed (similar to resorufin), that following excitation at 530 nm emits fluorescence
at 590 nm. The fluorescence was subsequently measured using a microplate reader
(SynergyTM HT BioTek, Winooski, VT, USA) at 90 s intervals for 60 min at room
temperature (23 oC).
Exogenous SOD is typically used in the AUR-HRP H2O2 assay to facilitate rapid
dismutation of superoxide radicals released outwardly to the intermembrane space
thus preventing underestimation of rates of ROS production. However, exogenous SOD
did not increase H2O2 emission in fish heart mitochondria contrary to the expectation
(Appx. A1). The lack of increase in H2O2 emission by SOD could be species-dependent
and suggests that (i) fish heart mitochondria release superoxide primarily to the matrix
or ROS released to intermembrane space is primarily H2O2 and (ii), there is sufficient
Cu-ZnSOD in the intermembrane space to efficiently dismutate superoxide radicals
released outwardly by the mitochondria. Therefore exogenous SOD was not included in
our assays. Additionally, adding SOD would cofound results because copper and
temperature can inhibit or stimulate SOD activity and alter the measured rates of H 2O2
emission.
Because Amplex Red has been reported to inhibit mitochondrial respiration in
permeabilized cells (Makrecka‐Kuka et al., 2015), the effect of a range of AUR

56

concentration bracketing 50 µM, which is recommended by the manufacturer was
assessed. Results showed that AUR up to 100 µM did not inhibit fish heart
mitochondrial state 3 respiration rate; to the contrary it slightly stimulated it (Appx.
A2). Furthermore, state 2 respiration rate was unchanged by AUR concentrations up to
200 µM (Appx. A2B).
2.3.6 Effect of Cu on AUR-HRP H2O2 detection system
Because HRP is an enzyme and likely susceptible to impairment by toxicants such as
metals, we tested the influence of Cu on AUR-HRP H2O2 detection system. Here, the
detection system was exposed to graded concentrations of Cu (1–200 μM) in MRB (200
μl assay volume) containing 5 μM H2O2. A control group comprising the AUR-HRP
detection system in MRB and 5 μM H2O2 without added Cu was maintained.
2.3.7 Free Cu concentrations
Organic and inorganic anions present in the assay buffer bind Cu thus reducing the
concentration of the free ion species (Cu+ and Cu2+) that are responsible for the
biochemical and toxicological activity of the metal. Therefore the proportion of the
metal present as Cu+ and Cu2+ under assay conditions was estimated using Visual
MINTEQ version 3.1 (Vminteq, ver 3.1 beta by Jon Petter Gustafsson). Stability
constants that were not already present in the software database were obtained from
the National Institute of Standards and Technology chemistry database (NIST Critically
Selected

Stability

Constants

of

Metal
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Complexes:

version

8.0,

https://www.nist.gov/srd/nist46) and SciFinder database of the American Chemical
Society. Results revealed that at 4, 11 and 23 oC, the proportion of Cu existing as Cu2+
was 0.03, 0.02, and 0.01%, respectively, while that present as Cu + were 0.06, 0.07, and
0.07%, respectively. Notably, the buffer components responsible for binding most of
the Cu were the substrates consistent with previous studies (Verity and Gambell, 1968;
Zaba and Harris, 1976).
2.3.8 Interaction of Cu with temperature on H2O2 emission
To probe the influence of Cu and temperature on H2O2 emission, fish heart
mitochondria were diluted to 0.25 mg protein/ml, transferred to 2-ml centrifuge tubes
and were incubated for 1 h at three temperatures (oC): 4 ± 1, 11 ± 1, and 23 ± 1 with
gentle mixing at 10 min intervals. These experimental temperatures are
environmentally relevant and lie within the critical thermal range for rainbow trout
(Molony, 2001). After incubation, 1 U/ml HRP, 5 mM substrates (glutamate-malate or
succinate), followed by mitochondrial protein suspension were added to each well.
Thereafter, the test concentrations of Cu (1, 2.5, 5, 10, 25, 50 and 100 μM) followed by
AUR were added for a 200 μl final assay volume. Control groups included mitochondria
with and without added substrates in the absence of Cu. Assays were carried out in
duplicates for each Cu-temperature combination and controls for n = 5 biological
replicates. Kinetic data for all of the groups were collected at room temperature (23 oC)
for 60 min with reads at 90 s intervals. A standard curve with known H2O2
concentration (0-5 μM H2O2) generated during each run was used to convert
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fluorescence intensity to molar units of H2O2. Background fluorescence measured in
blank wells containing MRB without mitochondria was subtracted from each reading.
2.3.9 ROS production sites in rainbow trout heart mitochondria and the effect of Cu
Isolated mammalian mitochondria oxidizing succinate in the absence of inhibitors
produce ROS through forward electron transfer (FET) to the downstream site III Qo
and/or by RET mechanism whereby electrons transferred to the QH2/Q pool flow in
reverse to complex I due to high protonmotive force (Murphy 2009; Dröse,, 2013;
Brand, 2016). To unveil the effect of Cu on specific ROS-producing sites, first we
isolated the sites and determined their maximum capacities for ROS emission. We used
inhibitor-substrate combinations verified for mammalian mitochondria and optimized
for fish heart mitochondria (see Supplementary material) to sequester and measure
the rates of H2O2 emission by sites IF, IQ, IIF and IIIQo (Brand, 2016; Wong et al., 2019).
Heart mitochondrial suspensions (0.25 mg protein/ml) were allowed to equilibrate to
11 oC for 10 min in a thermostated water bath prior measurement of H 2O2 emission. To
quantify H2O2 emission by complex I site IF, heart mitochondria were energized with
malate (5 mM) in the presence of rotenone (4 µM), aspartate (1.5 mM) and ATP (2.5
mM). Under these conditions, malate is oxidized by malate dehydrogenase (MDH),
which does not produce ROS (Brand, 2016) and feeds electrons to complex I. Rotenone
blocks ubiquinone-binding site of complex I (site IQ) thus preventing ROS production
downstream from the QH2 pool of electron donor sites, while aspartate and ATP
suppress contribution from the flavin site of 2-oxoglutarate dehydrogenase complex,
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OGDHC (site OF). ROS emission by site IQ was determined as the difference in emission
rate between mitochondria oxidizing saturating concentration of succinate (5 mM)
alone and succinate plus rotenone (4 µM). Because high concentration of succinate
suppresses H2O2 production by site IIF (Quinlan et al., 2013a; Brand, 2016), we first
performed a concentration-response study and determined that the succinate
concentration that supported maximal H2O2 production was 0.1 mM (see Results).
Thus, ROS emission by complex II (site IIF) was quantified in mitochondria oxidizing subsaturating succinate concentration (0.1 mM) with site IQ blocked with rotenone (4 µM)
and the outer ubiquinone binding site of complex III (site IIIQo) blocked with
myxothiazol (4 µM), thus preventing electron flow and ROS production from complex
III. Antimycin A was excluded from the assay because it had no added effect on ROS
emission in mitochondria already inhibited with myxothiazol. The final maximal ROS
emission capacity by site IIF was then corrected for the emission not sensitive to
malonate (5 mM), an inhibitor of the site. Additionally, H2O2 emission by site IIF was
assessed by blocking site IIQ with atpenin A5 (1 μM). ROS emission by complex III site
IIIQo was measured in mitochondria oxidizing saturating concentration of succinate (5
mM) by blocking complex III inner ubiquinone binding site (IIIQi) with antimycin A (2
µM) and site IQ with rotenone (4 µM), thus channeling electrons to site IIIQo. Under
these conditions the high succinate concentration suppresses ROS production from site
IIF and site IIIQo contribution is the proportion of ROS emission sensitive to myxothiazol.
Lastly, the effect of Cu on site-specific ROS emission was examined by exposing
mitochondria with the specific sites sequestered as described above to 1, 5 and 25 µM
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Cu. These Cu concentrations were selected based on the unique effects they induced
during the concentration-response experiment (see Results).
2.3.10 Statistics
Data are presented as means ± SEM unless otherwise stated. The data were submitted
to one- or two-way analysis of variance (ANOVA) using Minitab 18 (Minitab, Inc., State
College, PA). Homoscedasticity and normality of distribution were tested using
Levene’s and Kolmogorov-Smirnov tests, respectively. Post hoc pairwise comparisons
were done using Fisher’s LSD test and the level of significance was set at p < 0.05. In
the figures, significantly different means are depicted by different letters.
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2.4

Results

2.4.1 Optimizing mitochondrial protein, substrate and HRP concentrations for
measurement of H2O2 emission and respiration
To optimize the conditions for measurement of fluorescence generated by the HRPcatalyzed reaction of AUR and H2O2, mitochondrial protein was titrated at different
glutamate-malate and succinate concentrations and, surprisingly, obtained biphasic
concentration-response curves (Fig. 2.1 A&B). Increasing the concentration of
glutamate-malate imposed a concentration-dependent increase in fluorescence
intensity across all protein concentrations (F2,48 = 28.0, p < 0.0001), with the highest
fluorescence observed at 10 mM glutamate-malate. Although oxidation of 2.5 or 5 mM
glutamate-malate induced biphasic fluorescence emission patterns, there was no
difference among the protein concentrations tested. Interestingly, at 10 mM
glutamate-malate, the fluorescence induced by 0.25 mg protein/ml was significantly
higher than that induced by 1 mg protein/ml (p < 0.0001) and all of the other
mitochondrial protein concentrations tested (Fig. 2.1A). For mitochondria oxidizing
succinate (Fig. 2.1B), 0.5 mg protein/ml produced the highest fluorescence intensity,
albeit not significantly different from 0.25 mg protein/ml at all succinate
concentrations. Notably, the protein-normalized values were higher with 0.25 than 0.5
mg protein/ml. The biphasic mitochondrial protein concentration-H2O2 (fluorescence)
emission

responses

were

independently

reproduced

using

Oroboros

O2k

fluorespirometer in which simultaneous measurement of H2O2 emission and O2
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consumption in state 2 revealed that 0.25 mg protein/ml and 0.5 mg protein/ml
resulted in the highest emission rate when mitochondria were oxidizing 5 mM
glutamate-malate and 5 mM succinate, respectively (Fig. 2.1C&D). Therefore, with 1
U/ml HRP, 0.25 mg protein/ml was considered optimal for intact heart mitochondria
oxidizing either glutamate-malate or succinate. In contrast with the biphasic ROS
emission responses, the concentration-response relationships between mitochondrial
protein and state 2 respiration rates were linear with both glutamate-malate and
succinate as substrates (Fig. 2.1C&D).
To accurately measure maximal ROS emission and respiration rates in isolated
mitochondria, optimization of substrate concentrations is required (Wong et al., 2017).
Therefore the effect of increasing glutamate-malate and succinate concentrations on
H2O2 emission and state 2 respiration rates was probed using the optimal
mitochondrial protein concentration of 0.25 mg protein/ml. Results revealed that
increasing the concentrations of substrates increased H2O2 emission and state 2
respiration rate (Fig. 2.1E&F). With glutamate-malate as substrates, state 2 respiration
rate peaked at 5 mM with further increase in substrates concentrations decreasing the
respiratory rate. However, the rate of H2O2 emission increased linearly over all the
glutamate-malate concentrations tested (Fig. 2.1E). In contrast, mitochondria oxidizing
succinate displayed concentration-dependent saturable increase in state 2 respiration
rate while H2O2 emission exhibited a spike at 2 mM which declined slightly and
plateaued with further increase in succinate concentration (Fig. 2.1F). Both H2O2
emission and respiration rates increased linearly and steeply with increasing succinate
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at low concentrations (< 5mM) and plateaued at higher concentrations.
2.4.2 Optimal concentrations of HRP and mitochondrial protein for measurement of
H2O2 emission by rainbow trout heart mitochondria
The results shown in Figs. 2.1A and D wherein 0.25 mg protein/ml resulted in higher
fluorescence (H2O2 emission) than 1 mg protein/ml suggest that some assay
components were limiting the detection system at higher mitochondrial protein
concentrations. We hypothesized that the ratio between mitochondrial protein and
HRP determines the detection efficiency of the AUR-HRP system. Therefore, we tested
the effect of HRP concentration on fluorescence detection at different protein
concentrations of mitochondria oxidizing glutamate-malate (5 mM). we found that
fluorescence intensity increased with increasing concentration of HRP (Fig. 2.2A).
Moreover, at the same concentration of AUR (50 μM), 5 and 10 U/ml HRP resulted in
linear mitochondrial protein concentration-fluorescence relationships (Fig. 2.2B and
Appx. A3). When data for 1 and 5 U/ml HRP were statistically analysed separately,
there were clear effects of HRP (F1,32 = 58.62; p < 0.0001) and protein concentration
(F3,32 = 2.97; p = 0.047) on fluorescence intensity (Fig. 2.2B). In addition, there was a
significant interaction between HRP and mitochondrial protein concentration (F3,32 =
6.62; p < 0.001) indicating that the effect of protein concentration on the rate of H 2O2
emission depended on HRP concentration and vice versa.
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Figure 2.1
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Figure 2.1 Optimization of mitochondrial protein and substrate concentrations for
measurement of H2O2 emission and respiration. Effect of mitochondrial protein
concentration on H2O2 emission (fluorescence intensity) at different concentrations of
glutamate-malate (A) and succinate (B). Data are means ± SEM, n = 5. Points with
different letters are significantly different from each other, 2-way ANOVA, Fisher’s LSD
post hoc test, p < 0.05. Representative tracings showing results of simultaneous
measurement of rates of H2O2 emission (black) and state 2 respiration (red) at different
mitochondrial protein concentrations oxidizing 5 mM glutamate-malate (C) and
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2.4.3 Effect of Cu on AUR-HRP H2O2 detection system
We tested the possibility that Cu might impair HRP activity and reduce fluorescence
detection. The results showed that Cu inhibited AUR-HRP H2O2 detection system in a
concentration-dependent saturable manner (Fig. 2.3). The inhibition of the detection
system increased in direct proportion with Cu at low metal concentrations while at
higher concentrations the change in inhibition per unit increase in metal concentration
decreased and plateaued after 50 μM Cu. Based on these findings, all of the H 2O2
emission data obtained in the presence of Cu in this study were corrected for the
respective inhibitory effect of Cu on the detection system.
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Fig. 2.3. Cu reduces the sensitivity of the AUR-HRP H2O2 detection system. The effect of
Cu (1-200 μM) on AUR-HRP H2O2 detection system (50 μM AUR and 1 U/ml HRP) in the
presence of 5 µM H2O2. The black tracing indicates concentration-dependent
percentage inhibition while the red tracing indicates residual activity of the detection
system. Data are means ± SEM, n = 5.
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2.4.4 Effects and interactions of Cu with temperature on H2O2 emission
To unveil the influence of Cu and temperature on the rate of H 2O2 emission,
mitochondrial suspensions were incubated at 4, 11 and 23 oC for 1 h and thereafter 5
mM each of glutamate-malate or succinate were added followed by exposure to
graded concentrations of Cu (0-100 µM). Mitochondria without added substrates
(depicted with asterisks) emitted H2O2 at low rates (< 0.09-0.24 pmoles H2O2/min/mg
protein) at all temperatures and these rates increased substantially upon addition of
substrates (Fig. 2.4A&B). For mitochondria oxidizing glutamate-malate, the effect of
temperature on H2O2 emission was not significant (F2,96 = 0.14, p = 0.87) (Fig. 2.4A). In
contrast, Cu imposed identical response patterns with significantly (F7,96 = 10.2, p <
0.0001) higher H2O2 emission across all temperatures. There was no interaction
between Cu and temperature (F14,96 = 0.11, p = 1.00). Moreover, 1 µM Cu induced a
spike in the rate of H2O2 emission that was significantly different from the emission
rates without Cu at all temperatures (increases were 4 oC: 81%, p = 0.003; 11 oC: 90%, p
= 0.001; 23 oC: 63%, p = 0.010). Additionally, exposure to 5 µM Cu reduced (by 16-20%)
the rate of H2O2 emission relative to the 1 µM Cu but these reductions were narrowly
outside the limit of significance (4 oC: p = 0.056; 11 oC: p = 0.055; 23 oC: p = 0.07).
Interestingly, on exposure to Cu concentrations above 5 µM, the rates of H 2O2 emission
increased and peaked at 25 µM Cu. The rates of H2O2 emission at 25 µM Cu were
significantly higher compared with 5 µM at all experimental temperatures (4 oC: p =
0.026; 11 oC: p = 0.025; 23 oC: p = 0.039). Lastly, Cu concentrations above 25 µM did
not cause additional changes in H2O2 emission.
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The Cu concentration-H2O2 emission response curves in mitochondria oxidizing
succinate were complex (Fig. 2.4B) and different from the curves for mitochondria
oxidizing glutamate-malate. Here, both temperature (F2,96 = 10.75, p < 0.0001) and Cu
(F7,96 = 53.3, p < 0.0001) significantly increased the rate of H2O2 emission. There was a
significant interaction between temperature and Cu (F14,96 = 5.66, p = < 0.0001)
indicating that the effect of Cu on the rate of H2O2 emission depended on temperature
and vice versa. There were prominent H2O2 emission spikes at 25 µM Cu for all
experimental temperatures. This unique 25 µM Cu-induced H2O2 emission spike was
highest in mitochondria incubated at 11 oC (= control temperature at which the fish
were maintained) and was significantly different compared with the spikes at 4 oC (p <
0.0001) and 23 oC (p < 0.0001) (Fig. 2.4B). With exposure to Cu concentrations >25 µM,
there was suppression of the H2O2 emission spike except in mitochondria incubated at
23 oC in which H2O2 emission increased and peaked at 50 µM Cu. Overall, H2O2
emission rates by rainbow trout heart mitochondria oxidizing succinate during the
spike induced by 25 µM Cu were of the order 11 oC > 23 oC > 4 oC.
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2.4.5 Site-specific ROS production in rainbow trout heart mitochondria
The inhibitors used to isolate sites of ROS production were optimized for fish heart
mitochondria (Appx. A4). For H2O2 emission by site IF, oxidation of malate alone
resulted in a low rate of H2O2 emission which increased (p < 0.0001) by 7-fold in the
presence of rotenone (Fig. 2.5A). Addition of aspartate and ATP to inhibit site O F
reduced (p = 0.046) the rate of H2O2 emission induce by malate plus rotenone by 12%.
Overall, there were significant differences (F2,12 = 243.7; p < 0.0001) in the rate of H2O2
emission among the experimental groups (site IF, Fig. 2.5A).
For site IQ, the rate of H2O2 emission in the presence of rotenone was higher, albeit not
significantly different statistically (27% increase; p = 0.064), compared with
mitochondria oxidizing succinate alone (Fig. 2.5A). Consequently, the computed rate of
H2O2 emission specific for site IQ (the difference between “succinate” alone and
“succinate + rotenone”) was negative (Fig. 2.5B).
To quantify the rate specific for site IIF, first, we titrated the H2O2 emission response
with succinate in the presence of rotenone and myxothiazol to determine the succinate
concentration that supports maximal H2O2 emission. We found a biphasic succinate
concentration-dependent increase in the rate of H2O2 emission whereby low substrate
concentrations increased the rate of H2O2 emission with a peak at 0.1 mM, with higher
concentrations reducing it (Fig. 2.6). Therefore, the site-specific rate of H2O2 emission
by site IIF was measured in mitochondria oxidizing 0.1 mM succinate in the presence of
rotenone and myxothiazol. Addition of malonate inhibited the H2O2 emission by 97 %
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(p < 0.0001; Fig. 2.5A) confirming that it originated from site IIF. To rule out
contribution of site IIQ and other downstream sites that feed electrons to QH2/Q pool,
the rate of H2O2 emission was measured after blocking site IIQ with atpenin A5. Result
showed that atpenin A5 significantly suppressed (34% inhibition; p < 0.0001) the rate
of H2O2 emission by complex II (Fig. 2.5A).
Lastly, we observed a significant increase in the rate of H2O2 emission by mitochondria
treated with antimycin A and rotenone during oxidation of saturating concentration of
succinate indicating emission from complex III (Fig. 2.5A). The observed emission was
10-fold greater than that by sensitive mitochondria oxidizing succinate alone (p <
0.0001). This rate of H2O2 emission was highly to myxothiazol (% inhibition = 81 %; p <
0.006), which specifically blocks ROS emission at site IIIQo (Fig. 2.5A). Fig. 2.5B shows
the maximal rates specific for the sites assessed and the fluorescence traces for the
measurement of ROS production are shown in Appx. A5.
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Fig. 2.5 Site-specific rates of H2O2 emission by rainbow trout heart mitochondria. A:
Conditions used to quantify site-specific maximal H2O2 emission capacities. 1-3, H2O2
emission by site IF (1; mitochondria oxidizing 5 mM malate alone, 2; 5 mM malate in
the presence of 4 µM rotenone, 3; 5 mM malate in the presence of 4 µM rotenone, 1.5
mM aspartate and 2.5 mM ATP). 4-5, H2O2 emission by site IQ (4; mitochondria oxidizing
5 mM succinate alone and 5; 5 mM succinate in the presence of 4 µM rotenone): 6-8,
H2O2 emission by site IIF (6; mitochondria oxidizing 0.1 mM succinate in the presence of
4 µM rotenone and 4 µM myxothiazol, 7; 0.1 mM succinate in the presence of 5 mM
malonate, 4 µM rotenone and 4 µM myxothiazol, 8; 0.1 mM succinate in the presence
of 1 µM atpenin A5, 4 µM rotenone and 4 µM myxothiazol). 9-11, H2O2 emission by
mitochondrial site IIIQo (9; mitochondria oxidizing 5 mM succinate alone, 10; 5 mM
succinate in the presence of 4 µM rotenone and 2 µM antimycin A, 11; 5 mM succinate
in the presence of 4 µM rotenone, 2 µM antimycin A and 4 µM myxothiazol). B:
Maximal site-specific H2O2 emission capacities for rainbow trout heart mitochondrial.
Data are means ± SEM, n = 5. Bars with different letters are significantly different from
each other, one-way ANOVA, Fisher’s LSD post hoc test, p < 0.05.
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2.4.6 Effect of Cu on site-specific ROS emission
Cu exposure suppressed (F3,16 = 12.02; p < 0.0001) the maximal rate of H2O2 emission
by site IF in a concentration-dependent manner (Fig. 2.7A). Maximal inhibition was
observed at 25 µM Cu (% inhibition = 79 %; p < 0.0001), albeit the inhibitory effects of
5 and 25 µM Cu were not significantly different (p = 0.81).
For site IQ (Fig. 2.7B), Cu overall significantly altered the rate of H2O2 emission across
the experimental groups (F7,32 = 66.9; p < 0.0001). In the absence of rotenone, 1 µM Cu
did not significantly alter the rate of H2O2 emission (p = 0.37); however, 5 µM Cu
significantly reduced (p < 0.0001) the emission rate compared with the control without
Cu. In contrast, in the presence of rotenone, both 1 and 5 µM Cu significantly enhanced
(p < 0.0001 and p = 0.008, respectively) the rate of H2O2 emission compared with the
corresponding treatment without rotenone. Interestingly, 25 µM Cu markedly
stimulated H2O2 emission in the absence of rotenone compared with the control
without Cu (p < 0.0001). While the inhibition of site IQ with rotenone significantly (p <
0.0001) decreased the rate of H2O2 emission evoked by 25 µM Cu, the residual rate of
H2O2 emission was substantial and remained significantly higher compared with the
control without Cu (p < 0.0001) as well as with 1 and 5 µM Cu (p = 0.010 and p <
0.0001, respectively). Fig. 2.7C shows the effect of Cu on the maximal capacity of H 2O2
emission by site IQ.
The conditions for assessing the effects of Cu on ROS emission by complex II are shown
in Fig. 2.8A&B. Cu produced a concentration-dependent inhibition of H2O2 emission by
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complex II (Fig. 2.8A) and site IIF (Fig. 2.8C). Notably, the inhibitory effects of 1 µM Cu
and atpenin A5 were similar (p = 0.110) while 5 and 25 µM Cu significantly reduced (p <
0.0001 for both) the rate of H2O2 emission compared with atpenin A5 (Fig. 2.8A).
Subsequently, the effect of Cu on the rate of H2O2 emission by site IIF in the presence of
atpenin A5 was tested. Data showed that 1 and 5 µM Cu significantly (p < 0.0001 for
both) enhanced the inhibitory effect of atpenin A5 (Fig. 2.8D). Interestingly, 25 µM Cu
in the presence of atpenin A5 induced a prominent increase in the rate of H 2O2
emission that was significantly higher (p < 0.0001) than the emission rate specific for
site IIF (Fig. 2.8D). This emission was substantially inhibited (78%; p < 0.0001) by
malonate indicating that it originated mainly from site IIF (Fig. 2.8B).
Lastly, with saturating concentration of succinate in the presence of rotenone,
antimycin A-induced H2O2 emission was greatly (81%) inhibited by myxothiazol (Fig.
2.9A) confirming that it originated largely from site IIIQo. Cu exposure imposed a
biphasic H2O2 emission pattern from site IIIQo (F3,16 = 121.3; p < 0.0001) in which 1 µM
significantly (p = 0.002) stimulated while 5 and 25 µM inhibited the rate of H2O2
emission relative to the control without Cu (Fig. 2.9A&B). Notably, 25 µM Cu elicited a
similar (p = 0.621) inhibitory effect as myxothiazol. Fig. 2.9B summarizes the effect of
Cu on maximal rate of H2O2 emission by site IIIQo.
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81

pmoles H2O2 / mg protein / min

25

A

B

a

a

20

b

b

15
c

c

10
5

de

d

e

d

0

III Qo

C
Cu
Cu
Cu
NT
NT
SU
25
+1
+5
+A
+A
T+
NT
NT
OT MYX
N
A
A
R
A
+
+
T+
C+
T+
OT
OT +RO
SU
RO
+R
+R
+
C
C
C
C
SU
SU
SU
SU

III Qo

Cu
+1
III Qo

u
Cu
5C
+5
+2
III Qo

Fig. 2.9. Effect of Cu on H2O2 emission from complex III. A: Conditions used to measure
H2O2 emission from site IIIQo and the effect of Cu (1, 5 and 25 µM). Substrate and
inhibitors were succinate (SUC) 5 mM, rotenone (ROT) 4 µM, myxothiazol (MYXO) 4
µM, antimycin A (ANT) 2 µM. The emission rate specific to site IIIQo was determined by
correcting for the myxothiazol-insensitive component. B: Effect of Cu on rate of H2O2
emission specific for site IIIQo. Data are means ± SEM, n = 5. Bars with different letters
are significantly different from each other, one-way ANOVA, Fisher’s LSD post hoc test,
p < 0.05.

82

2.5

Discussion

2.5.1 Optimized assay conditions are essential for measurement of mitochondrial
H2O2 emission and respiration
Quantitation of ROS emission by isolated mitochondria is characterized by variable
results even in tissues of the same organism (Batandier et al., 2002). Among the factors
that may affect ROS emission are the amounts of mitochondrial protein, substrates and
HRP in the assay. We tested mitochondrial protein concentrations encompassing the
range commonly used for measuring ROS emission by isolated heart mitochondria
(Korshunov et al., 1997; St Pierre et al., 2002; Tahara et al., 2009). The results indicated
that heart mitochondrial H2O2 emission increased with protein concentration in a
substrate concentration-dependent manner. There was a biphasic response with
maximum emission at 0.25 mg protein/ml and 0.5 mg protein/ml during oxidation of
glutamate-malate and succinate, respectively. The results herein are consistent with an
earlier report of a non-monotonic relationship between mitochondrial protein
concentration and ROS emission in isolated rat heart mitochondria oxidizing pyruvatemalate or succinate (Saborido et al., 2005).
We then tested the hypothesis that the biphasic response curves result from
ratiometric imbalance between mitochondrial protein concentration and HRP in the in
the assay. The results showed that higher HRP concentrations (5 and 10 U/ml)
abolished the biphasic response obtained with 1 U/ml HRP or diminished the inflection
of the curves depending on the substrate concentration tested (Fig. 2.2A-C). This
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suggests that 1 U/ml HRP was a limiting factor at mitochondrial protein concentrations
greater than 0.25 (glutamate-malate) and 0.5 (succinate) mg/ml. Surprisingly, when the
the peroxidase antioxidant pathway was disabled with CDNB, the biphasic curves
straightened in a manner dependent on the concentrations of CDNB and substrate (cf.
Fig. 2.1 with Appx. A6). Even more intriguing was the observation that a concentration
of HRP that appeared to be limiting detected up to 13.5× and 37× the fluorescence
intensity when the antioxidant system was disabled with 10 and 35 µM CDNB,
respectively. While these observations appear irreconcilable, they can be explained by
considering the capacities and affinities of the detection and antioxidant systems for
H2O2. Specifically, although high levels of mitochondrial protein likely resulted in
production of large amounts of H2O2, only a small fraction of it reacted with the AURHRP system. Results show that when the antioxidant system is intact, fluorescence
detection is low because the bulk of the H2O2 is scavenged, possibly because the
antioxidant system has higher capacity and affinity for H2O2 than the AUR-HRP
detection system. Thus, when the antioxidant system is intact, adding HRP enhances
the capacity/efficiency of AUR-HRP system and increases fluorescence detection but to
a limited degree. In contrast, disabling the antioxidant system allows H 2O2 that would
otherwise have been scavenged to react with the low affinity AUR-HRP system,
markedly increasing fluorescence detection (Kamunde et al., 2018). Overall, these data
suggest that the AUR-HRP H2O2 system is primarily limited by its lower affinity for H2O2
relative to that of the antioxidant system.
O2 consumption by isolated mitochondria influences ROS formation at multiple redox
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centers in the ETS (Hoffman and Brookes, 2009) wherein ROS production increases or
decreases with increase in respiration depending on the attendant changes in redox
status of the ETS (Brand, 2016). Unlike the biphasic H2O2 emission response, the rate of
O2 consumption increased monotonically with increasing mitochondrial protein
concentration. While it has been proposed that the reduced ROS emission with
increasing mitochondrial protein results from decreased O2 concentration in the assay
medium due to mitochondrial respiration (Saborido et al., 2005), our data (cf. Fig.
2.1A&B with Fig. 2.2) indicate that it is most likely due to limitation of the detection
system, largely due its lower affinity for H2O2 relative to the antioxidant system, and to
lesser extent by the HRP concentration in the assay, which determines the capacity of
the system.
Addition of respiratory substrates to isolated mitochondria typically increases
mitochondrial membrane potential and rates of both ROS production and respiration
(Brand and Nicholls, 2011; Kamunde et al., 2018; Sharaf et al., 2017a&b). Mitochondria
oxidizing glutamate-malate displayed a positive correlation between the rates of H2O2
emission and state 2 respiration as previously shown for liver mitochondria (Sharaf et
al., 2017a). The positive correlation was limited to glutamate-malate concentrations <5
mM, with the rate of O2 consumption decreasing while that of H2O2 emission
continued to increase at concentrations > 5 mM. The continuous increase in the rate of
H2O2 emission reflects heightened state of ETS reduction which increases the likelihood
of electron leakage to partially reduce O2 and form ROS (Cortassa et al., 2014; Brand,
2016). In contrast, increasing succinate concentration increased the rate of respiration
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consistent with a recent study (Treberg et al., 2018). The peak rate of H 2O2 emission
observed at 2 mM succinate followed by a decrease and a plateau thereafter can be
explained by saturation of site IIF thereby reducing succinate oxidation, electron supply
to the ETS, and electron leak (Brand, 2016; Treberg et al., 2018). These results buttress
the theme that ROS production increases if the increase in respiration results from
increased substrate supply/oxidation (Brand, 2016), but the trends depend on the
substrate being oxidized. It is worth noting that there was a positive relationship
between ROS emission and state 2 respiration at physiologically and/or experimentally
relevant substrate concentrations (< 5 mM) but not at supra-high substrate
concentrations that are not commonly used in experiments.
2.5.2 Cu inhibits AUR-HRP H2O2 detection system
Despite its wide application, selectivity, and sensitivity, the AUR-HRP H2O2 detection
system is susceptible to artifacts and confounding factors that can alter detection
efficiency and capacity. Cu impaired the AUR-HRP system concentration-dependently
with maximal inhibition of 32% similar to an earlier study that investigated the effect of
Cu on HRP in an HRP-based biosensor system (Moyo et al., 2014). Clearly, it is
important to assess the effect of tested chemicals on AUR-HRP H2O2 detection system
and correct the results for changes in detection efficiency.
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2.5.3 Interactions of Cu with temperature on mitochondrial H2O2 emission depend
on substrate
Cu and thermal stress affect mitochondrial H2O2 emission differently depending on the
type of respiratory substrate and Cu concentration. Notably, Cu exposure following
thermal stress exerted profound effects on the H2O2 emission rate in heart
mitochondria oxidizing succinate while H2O2 emission in mitochondria oxidizing
glutamate-malate was resistant to temperature. Comparable substrate-dependent
patterns of H2O2 emission were recently observed in fish liver mitochondria exposed to
cadmium and thermal stress (Okoye et al., 2019). Overall, this study affirms the notion
that mitochondrial ROS production depends on the type of substrate (Starkov, 2008;
Wong et al., 2017) and ultimately the redox poise of the NADH/NAD + and QH2/Q pools
(Murphy 2009; Quinlan et al., 2013b).
Although the effect of temperature on H2O2 emission can be confounded by other
stressors (Blier et al., 2014), the rates and patterns of H2O2 emission in the presence of
Cu were similar for all experimental temperatures in mitochondria oxidizing glutamatemalate. Thus, the temperature range tested did not exert additional effects on Cuinduced ROS responses consistent with previous reports that mitochondria oxidizing
glutamate-malate are resistant to effects of temperature change (Iftikar and Hickey,
2013; Sappal et al., 2014a). Alternatively, the lack of temperature effect could be due
to the short duration of thermal stress (I h incubation at 4, 11 and 23 oC) and the fact
that the ROS assays were done at a common temperature (23 oC). Nevertheless, there
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was a significant effect of Cu typified by a spike in the rate of H2O2 emission at 1 μM
followed by a decrease when the concentration was increased to 5 μM, and a
secondary spike at 25 μM. Comparable concentration-dependent effects of Cu on
other aspects of mitochondrial function have previously been reported in mitochondria
oxidizing glutamate-malate (Sokol et al., 1993; Sappal et al., 2014a). In this study, the
increase in the rate of H2O2 emission imposed by high Cu concentrations suggests
increased leakage of electrons in redox centers of complex I and NADH-linked
dehydrogenases or complex III because Cu inhibits complex IV (Sokol et al., 1993).
Typically, when the ETS is inhibited, electrons build up in redox centers upstream to
the point of inhibition resulting in increased ROS production (Chen et al., 2003; Brand,
2016). Lastly, the stimulatory effect of low Cu (1 μM) concentration is an interesting
response because this level of Cu does not impair complex I enzyme activity (Sappal et
al., 2014a). We speculate that low Cu concentrations stimulate substrate oxidation in
the Krebs cycle thus increasing electron flux through the ETS that subsequently leak at
higher rates to produce ROS. Insofar as we know, this has not been tested.
H2O2 emission rates differed significantly between temperatures following exposure to
Cu in mitochondria oxidizing succinate. Moreover, mitochondria oxidizing succinate
were more sensitive to Cu than mitochondrial oxidizing NADH-linked substrates
consistent with a previous report (Heron et al., 2001). Interestingly and similar to
mitochondria oxidizing glutamate-malate, the rate of H2O2 emission decreased at 5 μM
Cu and increase at higher Cu concentrations. This H2O2 emission response mirrors
previous findings that Cu stimulates and inhibits succinate-driven state 3 respiration at
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low and high concentrations, respectively (Saris and Skulskii, 1991; Sokol et al., 1993;
Sappal et al., 2014a). A more intriguing finding is the prominent spike in H2O2 emission
at 25 μM Cu, which corresponds with the study by Cederbaum and Wainio (1972) that
reported massive (90%) inhibition of succinate-driven oxidative phosphorylation and
60% displacement of mitochondria-bound Ca2+ by 25 μM Cu in bovine heart
mitochondria. It is therefore possible that the prominent spike in H2O2 emission at 25
μM Cu resulted from inhibition of oxidative phosphorylation and mitochondrial Ca 2+
overload, both of which are known to promote ROS production (Brookes et al., 2004;
Peng and Jou 2010). Besides the possibility that Cu stimulates mitochondrial ROS
formation by interacting with sites in the ETS (Belyaeva et al., 2012; Sappal et al.,
2014a), Cu is also known to oxidize thiol-based mitochondrial antioxidant systems such
as those dependent on glutathione and thioredoxin (Roberts et al., 1994; Yin et al.,
2012) thereby impairing mitochondrial ROS elimination which favors ROS
accumulation. Because complex II contains thiols that are essential for electron
transport (Quinlan et al., 2012; Siebels and Dröse, 2013), the increased rate of H2O2
emission might be due to disruption of these thiols. Support for thiol oxidation as a
mechanism by which Cu increases mitochondrial ROS production is afforded by the
finding that supplementation with glutathione and thiol-containing compounds
attenuated mitochondrial Cu toxicity (Zischka et al., 2011). Lastly, the decreased rate of
H2O2 emission at 5 μM Cu was unanticipated but not surprising because mitochondrial
impairment can increase or decrease ROS production (Brand, 2016). According to
earlier studies (Saris and Skulskii, 1991; Sheline et al., 2004), exposure to 5 μM Cu
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decreased mitochondrial membrane potential in isolated rat heart mitochondria. The
authors suggested that 5 μM Cu acts as an uncoupling agent that dissipates
mitochondrial membrane potential which is known to reduce ROS production (Chen
and Zweier, 2014; Cortassa et al., 2014).
The temperature response wherein H2O2 emission at 11 oC was higher than at both 23
and 4 oC indicates that overall heat and cold stresses reduced the sensitivity of
mitochondrial ROS production machinery to Cu. Heat or cold stress can change
membrane fluidity and alter the conformation of mitochondrial enzymes (Blier et al.,
2014; Guderley 2011; Moyes and Ballantyne 2011; Mailloux 2015) thereby impairing
redox centers and altering electron transport and subsequently rates of ROS emission.
It appears that when mitochondria were pre-incubated at the fish acclimation
temperature (control, 11 oC), the redox centers leaked electrons more readily resulting
in a more prominent spike in H2O2 emission following Cu exposure than when preincubated at cold (4 oC) or warm (23 oC) temperature. While there was a definitive
surge in ROS emission at 25 µM Cu in mitochondria incubated at 23 oC, the maximal
emission in this group occurred at 50 µM Cu indicating a right-shift of maximal ROS
emission. It appears that heat stress reduced the sensitivity of ROS production
mechanisms to Cu. Regardless, the response to 50 µM Cu indicates that high
temperature exacerbated while low temperature diminished the effect Cu on H2O2
emission.
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2.5.4 Site-specific ROS production in rainbow trout heart mitochondria
Fish heart mitochondria oxidizing malate in the absence of inhibitors emitted H2O2 at
relatively low rates consistent with previous reports in mammalian heart mitochondria
(St-Pierre et al., 2002) and mitochondria preparations from other tissues (Votyakova
and Reynolds 2001; Lambert and Brand, 2004; Banh et al., 2016; Brand, 2016).
Furthermore, blockade of site IQ with rotenone during malate oxidation increased the
rate of ROS production in agreement with earlier studies on ROS emission driven by
NAD-linked substrates (St-Pierre et al., 2002; Lambert and Brand, 2004; Brand, 2010).
For mitochondria oxidizing succinate, we unexpectedly found that addition of rotenone
increased the rate of H2O2 emission by 27% (statistically not significant; p = 0.065).
Therefore, the calculated rate of H2O2 emission for site IQ (‘succinate’ minus ‘succinate
+ rotenone’) was negative (Fig. 2.5B). These data therefore do not support existence of
RET-driven ROS production at site IQ in rainbow trout heart mitochondria as typically
reported for mammalian mitochondria during succinate oxidation (Tahara et al., 2009,
Dröse, 2013; Quinlan et al., 2013b; Brand, 2016; Korge et al., 2017). This finding is not
unique because earlier studies have reported rotenone-insensitive ROS production in
rat heart mitochondria (Moreno-Sanchez et al., 2013) and rotenone-induced ROS
production in mitochondria from mouse liver (Mailloux et al., 2016; Slade et al., 2017)
and hepatoma (AS-30D) cells (Moreno-Sanchez et al., 2013). The lack of reduction in
ROS emission on addition of rotenone may not necessarily indicate absence of RET
because the effect of rotenone can be masked by concurrent increases in emission
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from sites downstream and upstream of the inhibition due to redistribution of
electrons (Quinlan et al., 2012). For example, heart mitochondria oxidizing saturating
concentrations of succinate in the presence of rotenone can generate ROS from site I F
and NADH-linked dehydrogenases because succinate oxidation results in the formation
of fumarate which is hydrated to malate (Larry, 2015). Subsequent oxidation of malate
would result in increased reduction state of site IF and redox sites on other NAD-linked
dehydrogenases facilitating ROS production (Liu et al., 2002; Quinlan et al., 2012;
Dröse, 2013). Aligned with this notion, ROS production by bovine heart
submitochondrial particles oxidizing succinate in the presence of rotenone was
inhibited by site IF inhibitor diphenyleneiodonium (Pryde and Hirst, 2011). Another
potential source of ROS during oxidation of succinate in the presence of rotenone is
complex II due to incomplete inhibition of site IIF by succinate (Moreno-Sanchez et al.,
2013). Moreover, ROS from site IIIQo was proposed by Dröse and Brandt (2008) as an
explanation for rotenone-insensitive ROS production during succinate oxidation in
bovine heart submitochondrial particles. Lastly, electron transferring flavoprotein
(ETF)/ETF:ubiquinone oxidoreductase and glycerol 3-phosphate dehydrogenase can
also contribute to ROS production under these conditions (Quinlan et al., 2012) to
blunt the effect of rotenone. In this study, the notion that the rotenone response can
be masked by ROS from other sources is supported, at least in part, by the effect of 25
µM on site IQ (Fig. 2.7C). Because data suggest absence of RET-driven ROS emission by
rainbow trout heart mitochondria site IQ, the ROS emission attributed to site IQ
following exposure to 25 µM Cu likely originated from elsewhere.
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Oxidation of succinate occurs at the flavin site through succinate dehydrogenase (SDH)
activity of complex II and the electrons generated are transported through Fe-S clusters
to site IIQ to reduce Q via succinate:ubiquinone oxidoreductase (SQR) activity of the
enzyme (Cecchini, 2003). Notably, complex II Km for succinate ranges between 0.1–0.5
mM depending on the type of mitochondrial preparation (Quinlan et al., 2013a; Brand,
2016). Our study shows that the peak rate of H2O2 emission by complex II sequestered
with rotenone and myxothiazol was attained at a sub-saturating succinate
concentration of 0.1 mM (Fig. 2.6). This finding corresponds with a previous
investigation using bovine heart submitochondrial particles (Siebels and Dröse, 2013)
but contrasts the peak emission at 0.4 mM for mammalian skeletal muscle
mitochondria (Quinlan et al., 2012). We confirmed that the specific source of the ROS
in mitochondria oxidizing sub-saturating succinate concentration (0.1 mM) was site IIF
because it was highly sensitive to malonate (97% inhibition). Clearly, site IIF of the
enzyme is an important source of ROS in fish heart mitochondria similar to recent
reports in mammalian mitochondria (Quinlan et al., 2012; Korge et al., 2017).
Site IIIQo is reported to be the major source of ROS in complex III (Lambert and Brand
2004, Bleier and Dröse 2013; Brand, 2016) and ROS produced by this enzyme are
implicated in heart disease (Chen et al., 2003; Chen and Zweier, 2014). Results herein
and previous studies indicate that inhibition of site IIIQi with antimycin A results in a
surge in ROS emission attributable to site IIIQo because it is highly sensitive to
myxothiazol (Murphy 2009; Quinlan et al., 2013a; Brand, 2016; Wong, et al., 2019).
Similar to skeletal muscle mitochondria (Brand, 2016), heart subsarcolemmal
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mitochondria (Chen et al., 2003) and bovine heart mitochondria (Zhang et al., 1998),
the maximal rate of H2O2 emission by site IIIQo in rainbow trout heart mitochondria was
greater than for all of the other sites (Fig. 2.5).
2.5.5 Cu modulates ROS emission from multiple redox centers in heart
mitochondria
Mitochondrial ETS enzyme complexes contain prosthetic groups and cofactors that are
potential sites of ROS production (Kussmaul and Hirst, 2006; Brand, 2016). These sites
can be influenced by Cu (Belyaeva et al., 2012; Sappal et al., 2014a) resulting in altered
rates of ROS production. Cu is also known to propagate mitochondrial ROS by
catalyzing formation of the highly reactive hydroxyl radical (Valko et al., 2005; Chen
and Zweier 2014). This study unveiled distinctive effects of Cu on heart mitochondrial
ROS production and highlights sites that may offer potential targets for modulating
mitochondrial ROS production for the development of new or refinement of existing
Cu-based drugs. We showed that Cu decreased H2O2 emission from site IF suggesting
that it acted at sites proximal to site IQ. Aligned with this idea, inhibition of complex I
Fe-S clusters with p-hydroxymercuribenzoate reduced ROS production in mammalian
heart submitochondrial particles (Genova et al., 2001). Because both phydroxymercuribenzoate and Cu oxidize thiols (Raspi et al., 1999; Herrero and Barja,
2000; Roberts et al., 1994; Bagiyan et al., 2003), it is likely that part of the Cu-induced
inhibition of H2O2 emission by site IF resulted from disruption of Fe-S clusters. This is
supported by Cederbaum and Waino (1972) who reported inhibition of thiol-containing
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sites by Cu in isolated bovine heart mitochondrial NADH-ubiquinone segment of the
ETS. However, we cannot rule out the possibility that Cu interacted with FMN to inhibit
NADH oxidation as shown in rat liver submitochondrial particles (Djoko et al., 2014).
Additional evidence of inhibition of ROS production at site IF by Cu, albeit indirect,
comes from studies on Cu-based anticancer drugs that have been reported to inhibit
pyruvate dehydrogenase and OGDHC activities in isolated perfused heart (HernándezEsquivel et al., 2006) by binding to their thiol domains. The subsequent reduction in
electron flow into the NADH/NAD+ isopotential pool would cause oxidation of site IF
and other downstream sites and reduced ROS formation (Brand, 2016). Additionally,
because complex I plays a pivotal role in the generation of protonmotive force through
proton translocation, its inhibition by Cu (Sappal et al., 2014a) would impair proton
pumping and reduce membrane potential which decreases ROS production (Mookerjee
et al., 2010; Cortassa et al., 2014).
There were disparate concentration-dependent effects of Cu on H2O2 emission in heart
mitochondria oxidizing 5 mM succinate in the absence of inhibitors. Here, 1 μM Cu had
no effect while 5 and 25 μM Cu inhibited and stimulated H2O2 emission, respectively
(Fig. 2.4B). This response pattern is similar to the effect of the Cu-based anticancer
drug, Casiopeina II-gly (CasII-gly) on heart submitochondrial particles (Moreno-Sanchez
et al., 2013). The investigators found minimal effect at low concentrations and
increased rate of ROS emission at 50 μM CasII-gyl and suggested that CasII-gyl
stimulated mitochondrial ROS production by interacting with sites in complex II.
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Using a sub-saturating concentration (0.1 mM) of succinate in the presence of
rotenone and myxothiazol, Cu reduced H2O2 emission in a similar manner to atpenin
A5 suggesting that it inhibited site IIQ. Notably, 5 and 25 μM Cu inhibited H2O2 emission
to greater degrees than atpenin A5 (specific site IIQ inhibitor). The proposition that Cu
acts at site IIQ is supported by an earlier study showing that Cu inhibited site II Qdependent electron transport reactions in bovine heart mitochondria (Cederbaum and
Wainio, 1972). However, these results do not rule out the possibility that Cu acted at a
site downstream of site IIF but upstream of site IIQ. While it is tempting to interpret the
reduction in ROS emission caused by atpenin A5 (or Cu here) as evidence of ROS
emission from site IIQ, the prevailing view is that site IIQ does not produce ROS (Quinlan
et al., 2012, 2013a; Brand, 2016). The reduction in ROS emission by atpenin A5 results
from hindrance of O2 access to site IIF due to its occupancy by succinate (that is,
inhibition of succinate dehydrogenase activity) following the binding of the inhibitor to
site IIQ (Quinlan et al., 2013a, 2012). Nonetheless, stimulation of ROS at site IIF by
atpenin A5, which is the rational expectation due to back up of electrons to site IIF
upon inhibition of site IIQ, has been reported (Siebels and Dröse 2013).
Next, we investigated the effect of Cu on H2O2 emission by site IIF in the presence of
atpenin A5. Surprisingly, we found a biphasic response characterized by inhibition and
stimulation of H2O2 emission by low (1 and 5 μM) and high (25 μM) concentrations of
Cu, respectively. Malonate suppressed 78% of the H2O2 emission induced by 25 μM Cu
plus atpenin A5 indicating that the bulk of the ROS came from site II F. The malonate
insensitive component was significant (22%) and might be as a result of effect of Cu on
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sites in other enzymes in the Krebs cycle (Couture and Kumar, 2003; Sheline et al.,
2004). The fact that atpenin A5 and 25 μM Cu reduced ROS emission individually but
increased emission when acting together is intriguing. We speculate that when atpenin
A5 and 25 µM Cu are added together, they form a complex that upon binding to site II Q
stimulates ROS production at site IIF. This idea requires testing and if proven, it
potentially could lead to the development of a Cu-based drug targeted to complex II.
Taken together, our findings on effects of Cu on complex II have pharmacological
implications because this enzyme, particularly its site IIQ, has generated much interest
as a potential site of action of Cu-based anticancer chemotherapeutic agents (MarınHernandez et al., 2003; Moreno-Sanchez et al., 2013; Dong et al., 2011; Kluckova et al.,
2013; Guo et al., 2016). In this regard, ROS produced following inhibition of site IIQ by
these drugs induce apoptosis of cancer cells. Therefore, the finding of concentrationdependent effects of Cu on heart mitochondrial complex II-dependent H2O2 emission
can be exploited in the development of Cu-based drugs through modulation of specific
ROS-producing sites in the mitochondria. Notably, this study shows that 25 μM Cu
induces a highly significant surge in ROS emission from site IIF, and atpenin A5 and Cu
possibly form a complex with unique ROS stimulatory properties on complex II. The
effects of Cu on ROS production and the proposed sites of action in complex II are
summarized in Fig. 2.10B&C.
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Fig. 2.10. Proposed sites of action of Cu in heart mitochondria and the effect on ROS
emission. A: The effects and proposed sites of action of Cu on complex I-driven ROS
emission. B: Effects and proposed sites of action of Cu on complex II-driven ROS
emission. C: Effects and proposed sites of action of Cu on complex II-driven ROS
emission in the presence of atpenin A5. D: Effects and proposed sites of action of Cu on
complex III-driven ROS emission. Bold solid arrows indicate open electron transfer
pathways. Faint broken arrows indicate inhibited electron transfer pathways.
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For ROS emission from complex III, the response pattern induced by 1, 5 and 25 μM Cu
on sequestered site IIIQo was similar to that for the overall Q-pool indicating that site
IIIQ is the main source of the H2O2. Interestingly, the magnitude of inhibition of the rate
of H2O2 emission from site IIIQo by 25 μM Cu was similar to that induced by
myxothiazol. Therefore it can be inferred that 25 μM Cu inhibited H2O2 emission from
site IIIQo possibly by interacting with the myxothiazol binding site, which would prevent
transfer of electrons to cytochrome bL (Chen and Zweier, 2014). In addition, Cu at high
concentration also can react with thiols in the Rieske Fe-S center and prevent electron
transfer to cytochrome c1 in a similar manner to stigmatellin (Mailloux, 2015). In
contrast, low concentrations of Cu appear to act at a different location in complex III to
stimulate ROS production at site IIIQo. We speculate that 1 μM Cu prevents electron
transfer to ubiquinone at site IIIQi possibly by interacting with cytochrome b resulting in
increased ROS emission at site IIIQo. Alternatively, unlike 25 μM Cu which likely
saturates site IIIQo, partial occupation of the site by 1 μM Cu may promote semiquinone
formation and enhance ROS emission. Further studies are required to confirm the
specific sites of action of Cu in complex III. The effects of Cu on ROS production and the
proposed sites of action in complex III are summarized in Fig. 2.10D.
In conclusion, this study shows that Cu acts promiscuously to alter heart mitochondrial
ROS production at multiple sites and that its effects depend on metal concentration,
substrate type and temperature. Moreover, Cu appears to act by different mechanisms
including stimulation or inhibition of mitochondrial enzymes, disruption of redox
centers, dissipation of mitochondrial proton gradient, and impairment of antioxidant
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defense system, with the predominant effect depending on the concentration. We
highlighted potential sites of action involved in Cu-induced modulation of heart
mitochondrial ROS production that can help to explain genesis of heart pathology
caused by mitochondrial impairment. Further investigation is needed to exploit our
findings in the development of Cu-based chemotherapeutic agents that selectively
target mitochondria, e.g., in cancer cells. In this regard, the distinctive effects of 25 µM
Cu alone and when combined with atpenin A5 on ROS emission would be of special
interest. Additionally, the joint effects of Cu and temperature on heart mitochondrial
ROS production contribute to the theme that oxidative stress is a unifying mechanism
underlying effects of multiple stressors and diverse pathological states.
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CHAPTER 3

TEMPERATURE RISE AND COPPER EXPOSURE REDUCE HEART MITOCHONDRIAL
REACTIVE OXYGEN SPECIES SCAVENGING CAPACITY
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3.1

Abstract

Mitochondria produce and scavenge reactive oxygen species (ROS); however, whether
oxidative distress due to exogenous stress arises from excessive production or
impaired scavenging remains unclear. The effects of copper (Cu) and thermal stress on
kinetics of ROS (H2O2) consumption in mitochondria isolated from fish heart was
assessed. Mitochondria were energized with succinate, glutamate-malate or
palmitoylcarnitine (PC) and incubated with 1–25 μM Cu at 11 (control) or 23 °C. We
found that H2O2 consumption capacity of heart mitochondria varied with substrate and
was additively reduced by temperature rise and Cu. While Cu was a potent inhibitor of
H2O2 consumption in mitochondria oxidizing glutamate-malate and succinate,
mitochondria oxidizing PC were resistant to the inhibitory effect of the metal.
Moreover, the sensitivity of H2O2 consumption pathways to Cu depended on the
substrate and were greatly impaired during oxidation of glutamate-malate.
Pharmacological manipulation of mitochondrial antioxidant systems revealed that
NADPH-dependent peroxidase systems were the centerpieces of ROS scavenging in
heart mitochondria, with the glutathione-dependent pathway being the most
prominent while catalase played a minimal role. Surprisingly, Cu was efficacious in
inhibiting thioredoxin-dependent peroxidase pathway as auranofin, a selective
inhibitor of thioredoxin reductase. Taken together, this study uncovered unique
mechanisms by which Cu alters mitochondrial H2O2 homeostasis including its ability to
inhibit specific mitochondrial ROS scavenging pathways on a par with conventional
inhibitors. Importantly, because of additive inhibitory effect on mitochondrial ROS
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removal mechanisms, hearts of organisms jointly exposed to Cu and thermal stress are
likely at increased risk of oxidative distress.

3.2

Introduction

Mitochondria are the main sites of energy conversion in cells and defects in their
metabolism have been linked to cardiac pathophysiological states (Doenst et al.,
2013; Peoples et al., 2019; Zhou and Rong, 2018). Energy released through oxidation of
carbon in three classes of fuel molecules –carbohydrates, lipids and proteins– is
converted to ATP, the energy currency of the cell, mainly in the mitochondria. Notably,
70 to 90% of the energy required by the vertebrate heart is obtained from lipids
through β-oxidation of fatty acids (Chen and Zweier, 2014; Doenst et al., 2013).
Oxidation of fuel molecules generates reduced electron carriers (NADH and FADH2)
that convey electrons to the mitochondrial electron transfer system (ETS). The transfer
of the electrons to the final acceptor, molecular oxygen, is coupled with pumping of
protons across the mitochondrial inner membrane, generating a proton gradient that
drives ATP production (Lippe et al., 2019; Nicholls and Ferguson, 2013). However,
incomplete reduction of molecular oxygen due to leakage of electrons results in
production of reactive oxygen species (ROS) (Brand, 2016; Mailloux et al.,
2018; Treberg et al., 2018). At physiological concentrations, ROS, especially hydrogen
peroxide (H2O2), take part in regulation of essential cellular processes through redox
signaling (Mailloux, 2020; Sies, 2015) but when in excess, ROS can induce oxidative
distress and macromolecular damage. While the mitochondrion is regarded as a major
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cellular source of ROS (Brand, 2016; Murphy, 2009), the organelle also has substantial
capacity for ROS consumption (Kamunde et al., 2018; Munro and Treberg,
2017; Zoccarato et al., 2004), albeit the latter function remains less studied
quantitatively. Steady-state mitochondrial ROS concentration is maintained by a
balance between processes that produce and consume ROS, thus preventing
accumulation of oxidants and oxidative distress (Andreyev et al., 2015; Collin,
2019; Peoples et al., 2019). Although oxidative distress has been implicated in several
cardiac pathologies, more information is required to elucidate whether ROS-induced
cardiac dysfunction arises from overproduction or impaired removal of ROS.
Mitochondrial ROS scavenging mechanisms include glutathione (GSH)- and thioredoxin
(Trx)-dependent peroxidase systems that function in the presence of NADPH (Andreyev
et al., 2015; Lu and Holmgren, 2014). Additionally, catalase, an enzyme highly
concentrated in peroxisomes (Antunes et al., 2002; Lismont et al., 2019), contributes
significantly to ROS catabolism in liver, and to a lesser degree heart, mitochondria
(Drechsel and Patel, 2010; Kamunde et al., 2018). During ROS catabolism by peroxidase
systems, GSH and Trx are oxidized and subsequently reduced to the functional form by
glutathione reductase (GR) and thioredoxin-reductase (TrxR), respectively, at the
expense of NADPH oxidation (Andreyev et al., 2015; Sies, 2017). The contribution of
specific antioxidant systems to the overall mitochondrial ROS scavenging capacity has
been determined for several animal species (Aon et al., 2012; Drechsel and Patel,
2010; Kamunde et al., 2018; Munro et al., 2016). It has been shown that ROS (as H2O2)
consumption capacity depends on the type of respiratory substrates, tissue, species,
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and mitochondrial bioenergetic status (Aon et al., 2012; Kamunde et al., 2018; Munro
et al., 2016; Starkov et al., 2014), with mitochondria from the heart and liver (Kamunde
et al., 2018), brain (Starkov et al., 2014) and skeletal muscle (Banh and Treberg,
2013; Treberg et al., 2015) exhibiting first order H2O2 consumption kinetics. The GSHand Trx-dependent systems are important in H2O2 consumption in energized heart
mitochondria with negligible contribution of catalase (Andreyev et al., 2005, Andreyev
et al., 2015; Antunes et al., 2002; Kamunde et al., 2018). However, crosstalk between
antioxidant systems has been demonstrated wherein the GSH-dependent pathway acts
as a backup for the Trx-dependent pathway and vice-versa (Benhar et al., 2016; Lu and
Holmgren, 2014; Tan et al., 2010). Similarly, inhibition of one or more systems in cells
can stimulate the Nrf2-Keap1 pathway (Cebula et al., 2015; Roh et al., 2017), the main
regulator of responses to oxidative distress. This crosstalk between antioxidant
systems suggests that there is a need for comprehensive information on relative
contribution of individual antioxidant systems to H2O2 consumption under conditions
that may alter their activities. Besides antioxidant functions, the GSH- and Trxdependent systems take part in essential cellular functions such as DNA synthesis, cell
signaling and apoptosis (Ren et al., 2017); therefore, impairment of these systems can
lead to diverse and highly consequential pathological outcomes (Benhar et al.,
2016; Birben et al., 2012; Hu et al., 2018).
Many environmental factors including metals such as copper (Cu) and temperature are
known to alter mitochondrial energetics and ROS metabolism (Belyaeva et al.,
2012; Christen et al., 2018; Isei and Kamunde, 2020; Sappal et al., 2014a&b). The redox
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property of Cu has been harnessed in several enzymes that use Cu as a cofactor during
electron transfer, hydrolytic, and oxygen-utilization reactions to carry out diverse
cellular functions essential for life in all organisms (Valko et al., 2005; Giangregorio et
al., 2020). Specifically, the fish heart contains substantial concentrations of Cu to
support activities of cytochrome c oxidase of the electron transport system for
generation of the large amounts of ATP required for cardiac muscle contraction, and
copper-zinc superoxide dismutase (Cu-Zn SOD) in the intermembrane space for
oxidative stress defense (Di Nicolantonio et al., 2018; Pilgaard et al., 1994). Moreover,
Cu concentration in the heart increases when fish are exposed to elevated levels of the
metal (Ashraf, 2005; Xu et al., 2013) and has been associated with mitochondrial
swelling and impaired heart function (de-Andrade Waldemarin et al., 2012; Wilson and
Taylor, 1993). When in excess, Cu promotes ROS production especially by catalyzing
formation of the highly reactive hydroxyl radical (Pham et al., 2013; Valko et al., 2005).
Cu also interacts with specific sites in the heart mitochondria to stimulate or inhibit
H2O2 production (Isei and Kamunde, 2020), and alter mitochondrial function (Belyaeva
et al., 2012; Sappal et al., 2014a&b). Notably, the high affinity of Cu for thiols makes
mitochondrial GSH- and Trx-dependent systems and iron-sulfur clusters its potential
targets (Ngamchuea and Batchelor-McAuley, 2016; Smith et al., 1994; Zischka et al.,
2011). Additionally, Cu can react with reduced or oxidized GSH to form Cu(I)-GSH and
Cu(II)-GSSG complexes, respectively, that enhance ROS formation (Aliaga et al.,
2012; Kachur et al., 1998). Although Cu exposure has been shown to inhibit thioredoxin
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reductase (TrxR) and peroxiredoxin activities in brain mitochondria (Drechsel and Patel,
2010), its effect on heart mitochondrial H2O2 consumption kinetics remain unknown.
Metabolic activities of the heart are modified by changes in ambient temperature and
the organ is regarded as a primary target of thermal stress (Blier et al., 2014; HunterManseau et al., 2019; Iftikar and Hickey, 2013). Thermal stress impairs heart
mitochondrial function (Christen et al., 2018; Iftikar and Hickey, 2013; Iftikar et al.,
2014; Zhou and Rong, 2018) and stimulates ROS production (Christen et al., 2018; Isei
and Kamunde, 2020) precipitating oxidative distress (Qian et al., 2004). While heart
mitochondrial peroxidase systems mitigate oxidative stress, studies addressing the
influence of thermal stress on heart mitochondrial H2O2 consumption kinetics are
scarce, and to our knowledge, there are none on fish heart mitochondria. However,
studies on specific elements of antioxidant systems demonstrated that temperature
rise stimulated and inhibited mammalian skeletal muscle mitochondrial SOD and GSHperoxidase (GPx) activities, respectively (Huang et al., 2015). In goldfish tissues,
temperature elevation suppressed activities of SOD, catalase and GPx (Lushchak and
Bagnyukova, 2006). These responses were attributed to thermal oxidative inactivation
of antioxidant enzymes (Belhadj et al., 2014; Lushchak and Bagnyukova, 2006).
However, other studies reported an increase in the activities of GSH-dependent
antioxidant enzymes following exposure to elevated temperature (Leggatt et al.,
2007; Park et al., 2008) indicating that the influence of thermal stress on mitochondrial
antioxidant systems remains inconclusive and requires further investigations.
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The present study is based on the notion that previous piecemeal investigations of ROS
scavenging in biological systems have generated ambivalent data from which unified
themes regarding how stressors modulate the process, and consequently oxidative
distress, have failed to emerge. Therefore, rainbow trout heart mitochondria energized
with different metabolic substrates was used to characterize H2O2 consumption as an
integral process in the native state and probed the effect of Cu exposure and
temperature rise on the process. Thereafter, pharmacological tools were used to
dissect the roles and contributions of specific ROS scavenging systems to the overall
heart mitochondrial H2O2 consumption capacity and how those roles/contributions are
altered by Cu exposure and thermal stress. Irrespective of the substrate, heart
mitochondria consume H2O2 by first order reaction kinetics and that both temperature
stress and Cu exposure greatly impair H2O2 consumption, with the magnitude of the
response dependent on substrate type. Moreover, the GSH-dependent system
dominates H2O2 consumption in rainbow trout heart mitochondria.
3.3

Materials and methods

3.3.1 Reagents and chemicals
Potassium chloride (KCl), sucrose, and ethylene glycol bis (β-aminoethyl ether)-N, N′tetraacetic acid (EGTA) were from VWR Chemicals (OH, USA). Potassium dihydrogen
phosphate (KH2PO4), Tris-hydrochloride (Tris-HCl), dimethyl sulfoxide (DMSO), 1chloro-2,4-dinitrobenzene

(CDNB),

auranofin

(AF),

3-amino-1,2,4-triazole

(aminotriazole; AMT) and superoxide dismutase (SOD) were from Millipore Sigma
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(Burlington, MA, USA). Cu as copper (II) sulfate pentahydrate (CuSO 4.5H2O), Triton X100, fatty acid-free bovine serum albumin (BSA), aprotinin, L-malic acid, L-glutamic acid
and L-succinic acid, palmitoyl-DL-carnitine chloride (PC), L-carnitine hydrochloride (C),
dipotassium phosphate (K2HPO4), and H2O2 were from Sigma-Aldrich Oakville (ON,
Canada). Horseradish peroxidase (HRP) and Amplex UltraRed (AUR) were from
Invitrogen Thermo Fisher Scientific (OR, USA). Ethylene-diamine-tetraacetic acid
(EDTA), GSH, glutathione reductase (GR), β-NADPH, and 5,5-disthio-bis(2-nitrobenzoic)
acid (DTNB), 2-vinylpyridine, sulfosalicylic acid, triethanolamine were from SigmaAldrich Oakville (ON, Canada). Metaphosphoric acid was from Alfa Aesar-Thermo
Fisher Scientific (OR, USA).
3.3.2 Mitochondria isolation
The experiments were carried out in compliance with the Canadian Council on Animal
Care Guidelines for the care and use of laboratory animals and were approved by the
University of Prince Edward Island Animal Care Committee (protocol # 17-036). Heart
mitochondria were isolated from rainbow trout (300–600 g) at 4 °C by differential
centrifugation (Isei and Kamunde, 2020) and re-suspended in mitochondrial respiration
buffer (MRB: 10 mM Tris-HCl, 25 mM KH2PO4, 100 mM KCl, 1 mg/ml fatty acid free
BSA, 2 μg/ml aprotinin, pH 7.3). An aliquot of each mitochondrial suspension was lysed
with 0.02% Triton X-100 and the protein concentration was measured by the Bradford
(1976) method with BSA as the standard.
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3.3.3 Effect of thermal stress and Cu on heart mitochondrial H2O2 consumption
To unveil the influence of thermal stress on heart mitochondrial H 2O2 consumption,
heart mitochondrial suspensions were diluted to 0.1 mg protein/ml with MRB for a
total volume of 2 ml for each preparation and were transferred to centrifuge tubes.
The mitochondrial suspensions were then incubated for 1 h in thermostated water
baths at 11 °C (fish acclimation temperature) or 23 °C. Thereafter, the mitochondrial
suspensions were transferred to an 8-chamber multichannel pipette reservoir (Bel-Art
SP Scienceware, NJ). The mitochondrial suspensions were then energized with different
substrates [5 mM succinate, 5 mM each of glutamate and malate (glutamate-malate)
or 50 μM palmitoylcarnitine + 2 mM carnitine (PC)] and allowed to oxidize for 10 min.
Using a multichannel pipette, a 5-μl bolus of 1 mM H2O2 was added to each reservoir
well to achieve an assay concentration of 2.5 μM. Our previous study showed that
2.5 μM H2O2 does not impair heart mitochondrial function while 0.1 mg heart
mitochondrial protein/ml lies within the range that H2O2 consumption increases
linearly with protein concentration (Kamunde et al., 2018). The energized
mitochondrial samples in each reservoir well were then quickly and gently mixed and
180 μl aliquots from each well were added simultaneously into the first column of
microplate wells preloaded with 20 μl H2O2 quench/detection solution (250 μM AUR,
50 U/ml HRP, 250 U/ml SOD) at room temperature. The first set of aliquots
corresponds to time zero (T0). Subsequently, additional 180 μl aliquots of each sample
were taken every 120 s for 14 min and added to other sets of microplate wells
preloaded with the quench solution at room temperature.
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To probe the effect of exposure to Cu and temperature rise on heart mitochondria on
ROS consumption, 10 μl of appropriate Cu stock solutions was added to mitochondrial
suspensions (0.1 mg protein/ml) to achieve final test concentrations of 1, 5 and 25 μM,
respectively. These Cu concentrations were selected based on the characteristic
responses they induced in our previous study (Isei and Kamunde, 2020). Afterwards,
the test and control mitochondrial suspensions without added Cu as well as blanks
(MRB) were incubated for 1 h in thermostated water baths at 11 and 23 °C. The
mitochondrial suspensions in test groups with Cu and a control group without Cu were
then energized with different substrates (5 mM succinate, 5 mM glutamate-malate or
50 μM palmitoylcarnitine + 2 mM carnitine) and allowed to stabilize for 10 min.
Subsequently, 2.5 μM H2O2 was added to each reservoir and the endpoint fluorometric
assay was carried out as described above.
In this assay, addition of samples to the quench solution causes residual H 2O2 to
convert Amplex UltraRed to Amplex Ultrox red (λex 530 nm; λem 590 nm). The
fluorescence was measured using a microplate fluorescence reader (Synergy™ HT
BioTek, Winooski, VT). H2O2 standard curves were generated concurrently and used to
convert fluorescence intensities to H2O2 concentrations.
3.3.4 Contribution of specific antioxidant pathways to heart mitochondrial
H2O2 consumption
To reveal the contributions of individual H2O2 scavenging systems in heart
mitochondria under native state and following exposure to Cu and thermal stress,
111

pharmacological approach was used to selectively disable enzymatic pathways known
to contribute to mitochondrial H2O2 elimination. We compared H2O2 consumption
kinetics in energized (5 mM glutamate-malate) heart mitochondria before and after
exposure to Cu and thermal stress before and after treatment with (i) 35 μM CDNB to
deplete GSH and impair the GSH-dependent peroxidase pathway, (ii) 2 μM AF to inhibit
TrxR thus impairing the Trx-dependent peroxidase pathway, (iii) 20 mM AMT to inhibit
catalase, (iv) 35 μM CDNB + 2 μM AF (CDNB+AF) to simultaneously impair both
peroxidase systems, and (v) 35 μM CDNB + 2 μM AF + 20 mM AMT (CDNB+AF + AMT)
to inhibit all enzymatic mitochondrial matrix H2O2 consumers. The inhibitor
concentrations

used

in

this

study

impair

heart

mitochondrial

peroxidase

H2O2 scavenging pathways without altering mitochondrial respiration (Zoccarato et al.,
1990; Han et al., 2003; Munro et al., 2016; Stanley et al., 2011). In these experiments,
mitochondrial suspensions were pretreated with inhibitor(s) for 5 min, then energized
with 5 mM glutamate-malate and allowed to oxidize for 10 min in the reservoir wells
before performing the H2O2 consumption assay as described above.
3.3.5 H2O2 consumption rate constant (k) and t½
To estimate the H2O2 consumption rate constant, k, the data were natural logarithm
(ln)-transformed and the slope of the resulting straight line constituted the k.
Thereafter, the t½ was calculated using the equation: t½ = ln(2) / k.
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3.3.6 Statistics
Data are presented as means ± SEM unless otherwise stated. The data were submitted
to one- or two-way analysis of variance (ANOVA) using Minitab 18 (Minitab, Inc., State
College, PA). Homoscedasticity and normality of distribution were tested using
Levene's and Kolmogorov-Smirnov tests, respectively. Student's t-test or post hoc
pairwise comparisons of means were done using Fisher's LSD test. Significance was
considered at p < 0.05.
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3.4

Results

3.4.1 Effect of substrates (energization) and temperature rise on H 2O2 consumption
kinetics in heart mitochondria
Irrespective of substrate and temperature, H2O2 consumption in energized heart
mitochondria followed first order reaction kinetics (Fig. 3.1A&B). The horizontal trend
lines in Fig. 3.1A&B show that H2O2 concentration in the blank (MRB + 2.5 μM H2O2)
remained steady indicating that there was no significant spontaneous decay of
H2O2 over the 14 min duration of the assay. Thus, correction for spontaneous decay
was not required, and we omitted the MRB trend line in subsequent figures even
though all trials included blanks. As shown in Fig. 3.1A&B, the characteristics of the
curves differed with substrate and temperature, indicating differences in the kinetics of
H2O2 consumption. Notably, H2O2 consumption in the absence of substrates was slow
and similar at 11 and 23 °C (p = 0.87), with rate constants (×10−3 s−1) of 0.58 and 0.60,
respectively (Fig. 3.2A&B). However, the rate of H2O2 consumption increased markedly
at both experimental temperatures when the mitochondria were energized with
different substrates. Relative to unenergized mitochondria, the % increases in the rate
constants of H2O2 consumption at 11 and 23 °C, respectively, were: succinate 370% and
68%, glutamate-malate 445% and 96%, PC 306% and 223% (Fig. 3.2A). Surprisingly, the
rates of H2O2 consumption were higher at 11 °C compared with 23 °C irrespective of
the substrate. Specifically, at 11 and 23 °C (Fig. 3.2A), the rate constants (×10−3 s−1) for
succinate, glutamate-malate and PC were, 2.64 and 1.01 (p < 0.001), 3.06 and 1.18
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(p < 0.001) and (2.28 and 1.94, p = 0.004), respectively. Aligned with the rate constants,
the H2O2 consumption t½ at 11 and 23 °C (Fig. 3.2B) were, respectively, succinate 265
and 777 s (p < 0.0001); glutamate-malate 228 and 589 s (p < 0.001); PC 306 and 359 s
(p = 0.52). Taken together, results show temperature- and substrate-dependent
H2O2 consumption capacity in heart mitochondria of the order: glutamate-malate >
succinate > PC at 11 °C, and PC > glutamate-malate > succinate at 23 °C.
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Fig. 3.1. H2O2 consumption kinetics in heart mitochondria oxidizing succinate,
glutamate-malate or palmitoylcarnitine following incubation for 1 h at 11 °C (A) and
23 °C (B). Trend lines represent means of 4 independent trials of each condition. The
steady horizontal tracings depict H2O2 concentration in blank (MRB) over the 14 min
duration of the assay.
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3.4.2 Effects of Cu and temperature on heart mitochondrial H2O2 consumption
Cu and temperature rise altered H2O2 consumption with unique patterns dependent on
Cu concentration and substrate type (Fig. 3.3, Fig. 3.4). Relative to the control
(energized mitochondria), exposure to Cu markedly reduced the rate constant and
increased the t½ of mitochondrial H2O2 consumption (Fig. 3.5A–F). Notably, Cu
augmented the thermal stress-induced decrease in the rate of H2O2 consumption in a
substrate-dependent manner (Fig. 3.5A&F). With succinate as substrate, Cu
(F3,24 = 40.69, p < 0.0001) and temperature (F1,24 = 54.70, p < 0.001) reduced the rate
constant and correspondingly increased the t½ of H2O2 consumption relative to the
control without Cu, more prominently at 11 °C (Fig. 3.5A&B). There was a significant
interaction between the stressors (F3,27 = 18.38, p = 0.001). Relative to respective
controls, exposure to Cu imposed a greater decrease in the rate of H 2O2 consumption
at 11 than 23 °C. Interestingly, the % decreases in the consumption rate constants
were larger at the low (1 μM) Cu concentration: 11 °C (69%) and 23 °C (44%) compared
with the high (25 μM) concentration: 11 °C (51%) and 23 °C (10%), p < 0.001 (Fig.
3.5A&B).
Similar to the results obtained with succinate, both Cu (F3,24 = 86.23, p < 0.001) and
temperature (F1,24 = 72.48, p < 0.001) substantially reduced glutamate-malate driven
H2O2 consumption (Fig. 3.5C&D) with a significant interaction (F3,24 = 42.06, p < 0.001).
However, in contrast with succinate, Cu attenuated the rate of H 2O2 consumption at
11 °C concentration-dependently (Fig. 3.5C&D). The % decrease in rate constant at
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11 °C for 1, 5 and 25 μM Cu were 63%, 71%, and 74%, respectively (Fig. 3.5C). Similarly,
Cu markedly reduced the rate of H2O2 consumption at 23 °C (Fig. 3.5C&D). Relative to
glutamate-malate-energized mitochondria without Cu, the % decrease in the rate
constant of H2O2 consumption at 23 °C for 1, 5 and 25 μM Cu were 47%, 35% and 38%,
respectively, indicating greater effect of Cu at 11 than 23 °C as found with succinate as
substrate. At 11 and 23 °C, respectively, the rate constants (×10−3 s−1) at various Cu
concentrations (Fig. 3.5C) were 1 μM (1.12 and 0.71), 5 μM (0.86 and 0.83) and 25 μM
(0.805 and 0.806). The corresponding t½ (Fig. 3.5D) of H2O2 consumption were 1 μM
(644 s and 978 s), 5 μM (850 s and 842 s) and 25 μM (981 s and 880 s).
The effect of Cu on H2O2 consumption kinetics was less pronounced in heart
mitochondria oxidizing PC compared with the other substrates (Fig. 3.5E&F). Both Cu
(F3,24 = 28.21, p < 0.001) and temperature (F1,24 = 76.84, p < 0.001) significantly reduced
H2O2 consumption rate (Fig. 3.5E) without significant interaction (F3,24 = 1.37, p = 0.28).
Specifically, relative to the rate constant (×10−3 s−1) and t½ of energized mitochondria
without Cu at 11 °C (2.28 and 306 s), there was no significant difference at 1 μM (2.18,
p = 0.38 and 319 s, p = 0.81) and 5 μM Cu (2.20, p = 0.49 and 316 s, p = 0.84) while
25 μM Cu substantially decreased the consumption rate (1.71 × 10−3 s−1, p < 0.001) (Fig.
3.5E&F). In contrast, Cu concentration-dependently suppressed H2O2 consumption at
23 °C with the rate constants (×10−3 s−1) being significantly reduced at 5 (1.58, 19%,
p = 0.04) and 25 μM (1.24, 36%, p < 0.001) compared with energized mitochondria
without Cu (1.94). Contrasting the results obtained with succinate and glutamate-
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malate, the decrease in the rate of H2O2 consumption caused by Cu exposure was more
pronounced at 23 than 11 °C (Fig. 3.5E&F).
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Fig. 3.3. H2O2 consumption kinetics in heart mitochondria oxidizing succinate,
glutamate-malate or palmitoylcarnitine after incubation with Cu (1, 5 and 25 μM) for
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independent trials of each condition.
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3.4.3 Initial (T0) and final (T14) H2O2 concentrations vary with substrates,
temperature and Cu concentration
Following incubation of mitochondria for 1 h with Cu and addition of a 2.5 μM H2O2 to
all groups, the H2O2 concentration at the start of the consumption assay (T0) depended
on the Cu concentration (Figs. 3.6 and B1). H2O2 accumulation induced by 1 μM Cu
failed to reach a statistical difference relative to the control whereas 25 μM Cu
stimulated significant H2O2 accumulation at both temperatures irrespective of
substrate, albeit with higher concentrations at 11 relative to 23 °C (Figs. 3.6A–D and
S1). Regardless of the substrate type, temperature and Cu concentrations, the
accumulated H2O2 decreased substantially over the 14 min that consumption was
assessed but the final (T14) concentration retained the T0 trend (Fig. 3.6A–D).
In mitochondria oxidizing succinate (Fig. 3.6A&B), the T0 H2O2 concentrations (nmol/mg
protein) were similar at 11 and 23 °C for all Cu concentrations except 25 μM in which
higher H2O2 concentration accumulated at 11 °C. Despite the clearly higher
T0 H2O2 concentrations at 11 °C for the 25 μM Cu exposure, the T14 H2O2 concentration
at 11 °C (21.18) was lower than at 23 °C (24.43) (Appx. B1B), albeit not significant but
suggesting a higher rate of H2O2 consumption at 11 °C. With glutamate-malate as
substrates,

the

T0 H2O2 concentrations

were

positively

correlated

with

Cu

concentration but similar at both temperatures for all Cu concentrations (Fig. 3.6C&D).
However, the T14 H2O2 concentration for the 1 μM Cu exposure was significantly lower
at 11 °C compared with 23 °C (p = 0.05) (Appx. B1D). The pattern of H2O2 accumulation
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in mitochondria energized with PC was similar to those for succinate and glutamatemalate wherein there was no significant difference in the T 0 concentration at low Cu
concentrations for both temperatures (Fig. 3.6E&F). However, analogous to succinate,
significantly (p < 0.001) higher levels of H2O2 accumulated after incubation with 25 μM
Cu at 11 compared with 23 °C (Appx. B1E). Consistent with the differences in the rate
constant of H2O2 consumption in mitochondria oxidizing PC, the T14 H2O2 concentration
was markedly lower at 11 compared with 23 °C for all Cu concentrations (Appx. B1F).
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3.4.4 Contributions

of

specific

enzymatic

antioxidant

systems

to

heart

mitochondrial H2O2 consumption
To probe the contributions of specific enzymatic antioxidant systems to
H2O2 consumption, we used heart mitochondria energized with glutamate-malate at
11 °C. The marked increase in the rate of H2O2 consumption upon addition of
glutamate-malate (Fig. 3.2, Fig. 3.7) indicates that H2O2 consumption in heart
mitochondria is driven by energy-dependent mechanisms. Thus, pharmacological
approach was used to explore the role of the two ROS scavenging systems known to
depend on energy for their function, the GSH- and Trx-dependent peroxidase
pathways, in heart mitochondrial H2O2 consumption. The energy-dependence of these
pathways arises from their requirement of NADPH to reduce oxidized GSH and Trx to
maintain peroxidase activity. NADPH is oxidized in the process and is reduced by NADH,
which in turn is replenished through mitochondrial substrate oxidation. The GSHdependent pathway was disabled by depleting GSH with 35 μM CDNB while the Trxdependent pathway was disabled by inhibiting Trx-reductase with 2 μM auranofin (AF).
A combination of both inhibitors (CDNB+AF) disabled both peroxidase pathways
simultaneously. Additionally, because un-energized mitochondria consume H2O2, we
tested for a role of catalase (does not require energy to scavenge H2O2) using its
inhibitor, AMT (20 mM). Lastly, we assessed the effect of simultaneous impairment of
all three pathways on H2O2 consumption with a cocktail of inhibitors (35 μM CDNB +
2 μM AF + 20 mM AMT). In these experiments, the mitochondria were incubated at
11 °C for 1 h, followed by pre-treatment with inhibitors singly or in relevant binary and
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ternary combinations for 5 min. Thereafter, the mitochondria were energized with
glutamate-malate and allowed to oxidize for 10 min before performing the
H2O2 consumption assay.
The results showed that the rates of H2O2 consumption decreased by 87% and 58%
following treatment with CDNB and AF, respectively (Fig. 3.7), indicating that the GSHdependent peroxidase pathway is the principal mechanism of H2O2 consumption in
rainbow trout heart mitochondria with TrxR system playing a lesser but significant role.
In contrast, inhibition of catalase with AMT resulted in minimal (8%) suppression of the
rate of H2O2 consumption relative to control without added inhibitor (Fig. 3.7).
Furthermore, simultaneous inhibition of both peroxidase systems with CDNB+AF
suppressed H2O2 consumption by 91% indicating that the effects of CDNB and AF were
partially additive. Concomitant inhibition of peroxidase systems and catalase
(CDNB+AF + AMT) resulted in 82% decrease in the rate of H2O2 consumption (Fig. 3.7);
however, this effect was not significant relative to CDNB+AF or CDNB alone.
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Fig. 3.7. Contributions of specific enzymatic antioxidant systems to heart mitochondrial
H2O2 consumption. Mitochondria were incubated at 11 °C for 1 h, treated with
inhibitors singly or in combinations [35 μM CDNB to deplete GSH, 2 μM AF to inhibit
thioredoxin reductase (TrxR), 20 mM AMT to inhibit catalase, 35 μM CDNB + 2 μM AF
(CDNB+AF) to simultaneously impair both peroxidase systems, or 35 μM CDNB + 2 μM
AF + 20 mM AMT (CDNB+AF + AMT) to inhibit all mitochondrial matrix enzymatic
H2O2 consumers] for 5 min and thereafter energized with glutamate-malate. The rates
of consumption of exogenously added H2O2 (2.5 μM) was then measured at 2 min
interval for 14 min. Data are means ± SEM, n = 3. Bars with different letters are
significantly different from each other for one-way ANOVA, Fisher's LSD post hoc test,
p < 0.05.
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3.4.5 Effect of Cu on heart mitochondrial H2O2 consumption kinetics following
impairment of antioxidant defense systems
The influence of Cu on mitochondrial H2O2 consumption kinetics following selective
and joint inhibition of H2O2 scavenging pathways was probed. Cu evoked a precipitous
drop in the rate of H2O2 consumption at low (1 μM) concentration, with the degree of
inhibition increasing modestly but significantly with increasing Cu concentration (Fig.
3.8A–D). In contrast, the effect of Cu on the kinetics of heart mitochondrial
H2O2 consumption depended on the antioxidant system(s) impaired (Figs. 3.8A–D
and 3.9A–E). In mitochondria with depleted GSH to impair the GSH-dependent
peroxidase system, the rate of H2O2 consumption induced by 1 μM Cu was similar to
the rate imposed by CDNB alone indicating that at this low concentration, Cu did not
alter the inhibitory effect of CDNB on H2O2 consumption (Figs. 9A and Appx. B2A).
However, the inhibitory effect of 1 μM Cu plus CDNB was greater than that of 1 μM Cu
alone indicating that CDNB enhanced the effect of low Cu concentration. When CDNB
was combined with higher concentrations (5 and 25 μM) of Cu, the rate of
H2O2 consumption increased modestly but significantly relative to the effect of CDNB
alone (Figs. 3.9A and Appx. B2A). This finding indicates that Cu at higher concentrations
antagonizes and partially reverses the effect of CDNB.
Inhibition of TrxR with AF reduced the rate of H2O2 consumption to the same extent as
1 μM Cu without inhibitor, while the rate of H2O2 consumption was 42% higher in the
presence of 5 μM Cu + AF relative to 5 μM Cu without inhibitor (Fig. 3.9B). Thus, Cu
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alone imposed a monotonic concentration-dependent inhibition of H2O2 consumption
while the effect of Cu + AF was biphasic with a partial reversal of the inhibitory effect
of AF by 5 μM Cu.
Inhibition of catalase with AMT had disparate effects on the H2O2 consumption
response depending on the Cu concentration (Fig. 3.9C). Specifically, AMT lessened the
inhibitory effect of 1 μM Cu but augmented the inhibitory effects of 5 and 25 μM Cu by
30 and 51%, respectively (Fig. 3.9C). Because the role of catalase in heart mitochondrial
H2O2 consumption is minimal, these findings suggest that AMT combined high Cu
concentrations is a more potent inhibitor of energy dependent H2O2 consumption
pathways than high Cu concentrations alone. Conversely, AMT reduced the
effectiveness of low Cu concentrations on H2O2 consumption likely by chelating Cu
thereby reducing its bioavailability.
Cu exposure in mitochondria with both peroxidase systems impaired (CDNB+AF)
resulted in lower rates of H2O2 consumption compared with exposure to Cu without
inhibitors (Fig. 3.9D). Specifically, pre-treatment with CDNB+AF augmented Cu-induced
decrease in the rate of H2O2 consumption at 1, 5 and 25 μM Cu by 70, 41 and 32%,
respectively (Fig. 3.9D), compared with 54, 14 and 0.4% reduction, respectively, in the
presence of CDNB only (Fig. 3.9A). However, while the inhibitory effect of Cu on
H2O2 consumption increased with increasing Cu concentration, Cu alleviated the
inhibitory effect of CDNB+AF to a small but statistically significant degree with
increasing Cu concentration (Fig. 3.9D and Appx. B2D).
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Fig. 3.8. H2O2 consumption in heart mitochondria following incubation with Cu
concentrations (1, 5 or 25 μM) for 1 h at 11 °C followed by treatment with inhibitors
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Lastly, joint inhibition of the peroxidase pathways and catalase (CDNB+AF + AMT)
enhanced the inhibitory effect of 1 μM Cu (by 57%) but did not have a significant
added effect at higher concentrations (5 and 25 μM) of Cu (Fig. 3.9E). Notably, the
inhibition of H2O2 consumption increased with increasing Cu concentration in the
absence of inhibitors, while Cu dose-dependently lessened the joint effect of the
inhibitors on H2O2 consumption.

3.5 Discussion

3.5.1 Thermal stress suppresses heart mitochondrial H2O2 consumption
Unenergized heart mitochondria consume H2O2 slowly regardless of the experimental
temperature consistent with earlier report (Kamunde et al., 2018) and previous studies
using mammalian heart (Rigobello et al., 2005; Rindler et al., 2016), brain (Zoccarato et
al.,

2004)

and

skeletal

muscle

(Banh

and

Treberg,

2013) mitochondria.

H2O2 consumption by unenergized mitochondria is puzzling because the principal
enzymes involved in heart mitochondrial H2O2 consumption, GSH- and Trx-dependent
peroxidases, rely on the availability and oxidation of metabolic substrates to generate
reducing power in the form of NADPH (Mailloux, 2018; Rigobello et al., 2005; Rindler et
al., 2016; Stanley et al., 2011). Therefore, we probed the role of endogenous substrates
in supporting H2O2 consumption by energy-dependent peroxidase systems or
involvement of non-enzymatic ROS scavenging mechanisms and catalase that do not
require energy to function. In unenergized mitochondria, inhibition of peroxidase
(GSH- and Trx-dependent) pathways and catalase suppressed H2O2 consumption
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capacity by 36 and 49%, respectively, with the remaining 51% (equivalent to 9.6% of
glutamate-malate-energized mitochondria) of the scavenging capacity attributable to
non-enzymatic ROS scavenging mechanisms (Appx. B3). Support for the involvement of
non-enzymatic ROS scavenging mechanisms is provided by an earlier study in which
unenergized

mammalian

brain

mitochondria

consumed

H2O2 after

thermal

denaturation of antioxidant enzyme systems (Drechsel and Patel, 2010). Notably, the
low levels of catalase (Kamunde et al., 2018; Radi et al., 1991) support about half of the
H2O2 consumption in unenergized heart mitochondria. Upon energization, the rate
constants of H2O2 consumption increased by 6-, 5- and 3-fold in mitochondria oxidizing
glutamate-malate, succinate, and PC at 11 °C, respectively, and by 2-fold for glutamatemalate and succinate, and 3-fold for PC at 23 °C. While these findings are consistent
with

earlier

studies

showing

that

energization

increases

mitochondrial

H2O2 consumption capacity (Drechsel and Patel, 2010; Kamunde et al., 2018; Munro et
al., 2016; Rigobello et al., 2005; Zoccarato et al., 2004), the temperature-dependent
substrate effects are distinctive.
The H2O2 consumption rate constant in heart mitochondria energized with glutamatemalate at 11 °C was comparable to that obtained in mouse brain mitochondria
oxidizing the same substrates at 37 °C (Starkov et al., 2014). Moreover, in agreement
with previous reports (Drechsel and Patel, 2010; Starkov et al., 2014; Zoccarato et al.,
2004), the rate of H2O2 consumption supported by succinate (FAD-linked substrate),
was lower than for glutamate-malate (NAD-linked substrates). This difference can be
explained in part by the masking effect of higher H2O2 production in mitochondria
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energized with succinate attributed to reverse electron transport to Complex I
(Drechsel and Patel, 2010; Munro et al., 2016; Zoccarato et al., 2004). Moreover, NADlinked substrates support higher rates of H2O2 consumption (Drechsel and Patel,
2010; Rigobello et al., 2005; Starkov et al., 2014) and heat stress was reported to
impair the uptake and oxidation of succinate but not glutamate-malate in fish heart
mitochondria (Iftikar and Hickey, 2013; Iftikar et al., 2014). The latter finding suggests
that the lower rate of H2O2 consumption with succinate as substrate relative to
glutamate-malate may in part be due to lower levels of reducing equivalents necessary
to maintain peroxidase systems in reduced functional state.
Although a handful of studies have investigated the patterns and sites of ROS
production in mammalian mitochondria oxidizing PC and other fatty acids
(Perevoshchikova et al., 2013; Schönfeld et al., 2010; St-Pierre et al., 2002; Tahara et
al., 2009), to our knowledge none has examined the kinetics of H2O2 consumption in
fish heart mitochondria during fatty acid oxidation. Here, we show that energization
with PC increases the rate of H2O2 consumption in heart mitochondria by
approximately 5- and 3-fold at 11 and 23 °C, respectively (Fig. 3.2A). This result is
consistent with a previous study (Rindler et al., 2016) that reported a 3-fold increase in
the rate of H2O2 consumption in mouse heart mitochondria respiring on PC relative to
unenergized mitochondria. Because mitochondrial oxidation of PC generates both
NADH and FADH2, it is not surprising that it supports rates of H2O2 consumption
comparable to conventional NAD-linked substrates (Kamunde et al., 2018; Rigobello et
al., 2005; Starkov et al., 2014; Zoccarato et al., 2004).
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Contrary to our expectation that temperature rise would increase H2O2 consumption,
the rate constants were markedly lower at 23 °C relative to 11 °C for all the substrates.
This suggests that the temperature tested (12 °C above the control) impaired
components of mitochondrial antioxidant defense systems. In this regard, elevated
temperature was shown to denature mitochondrial proteins and decrease GSH levels
as well as activities of GSH reductase and Trx-dependent peroxidases, resulting in ROS
accumulation (Belhadj et al., 2014; Heise et al., 2006). Here, evidence of thermal stress
induced H2O2 accumulation is provided not only by the lower rate constants (Fig.
3.2, Fig. 3.5) but the higher residual T14 H2O2 concentration at 23 compared with 11 °C
(Appx. B1). Furthermore, heat stress reduced the level of GSH, peroxidases and protein
thiols in fish tissues (Kaur et al., 2005) and peroxidase activity in mammalian
mitochondria (Huang et al., 2015). Notably, PC supported the highest rate of
H2O2 consumption at 23 °C suggesting that heart mitochondrial metabolism of long
chain fatty acids is resistant to thermal stress or that there is an excess capacity for βoxidation in heart mitochondria. Consistent with our findings, Guderley and Johnston
(1996) showed that the activation energy and temperature quotient values of fish
skeletal muscle mitochondrial respiration fueled with PC did not change across a
temperature range of 12.5 to 20 °C.
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3.5.2 Augmentation of the inhibitory effect of temperature by Cu on heart
mitochondrial H2O2 consumption is moderated by substrates
Cu intensified the effects of temperature in a substrate-dependent manner. Among the
substrates tested, both the rates and degree of inhibition of H2O2 consumption
following Cu exposure were consistently higher at 11 °C compared with 23 °C. This
indicates that (i) mitochondria incubated at fish acclimation temperature (11 °C) had a
more robust antioxidant defense system that more effectively handled the prooxidant
effects of Cu and/or (ii), a substantial fraction of the antioxidant defense system was
impaired by thermal stress leaving a limited capacity to respond to Cu exposure. With
succinate as substrate, Cu concentration-dependently increased the initial (T0)
H2O2 concentration at both 11 and 23 °C (Fig. 3.6A) indicating that the mitochondria
produced and accumulated H2O2 during the 1-h incubation with Cu. Recent study (Isei
and Kamunde, 2020) provides direct evidence that 25 μM Cu induces marked
H2O2 production that is significantly higher at 11 °C relative to 23 °C. Interestingly,
despite the higher initial and final H2O2 concentration in mitochondria exposed to
25 μM Cu, the rate constant of H2O2 consumption was higher (with corresponding
lower t½) than in mitochondria exposed to 1 and 5 μM Cu at both temperatures (Fig.
3.5A&B). These findings suggest that the H2O2 accumulation following incubation with
high Cu concentration (25 μM) elicited a higher rate of H2O2 consumption consistent
with the principles of first order kinetics where the rate of reaction (consumption)
depends on the concentration of substrate (H2O2). Catalase likely contributed to this
high rate of H2O2 consumption because unlike the peroxidase pathways it was not
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impaired by Cu. Similarly, with glutamate-malate as substrates, the absence of
significant difference in the initial H2O2 concentrations among the treatment groups at
both temperatures (Appx. B1C) is aligned with results of direct measurements of
H2O2 emission (Isei and Kamunde, 2020). Additionally, Cu imposed a concentrationdependent suppression of the rate of H2O2 consumption at 11 °C with maximal
reduction of 74% at 25 μM (Fig. 3.5C&D). While investigations of effect of Cu on
H2O2 consumption are scarce, the lone study available reported that Cu reduced the
rate of H2O2 consumption in rat brain mitochondria (Drechsel and Patel, 2010) in
agreement with our finding. However, there was a much higher % inhibition of
H2O2 consumption with half the Cu concentration used by Drechsel and Patel (2010), a
discrepancy that can be attributed to differences in species, tissue, and/or
experimental conditions.
This study clearly shows that H2O2 consumption in heart mitochondria oxidizing PC is
resistant to thermal stress akin to previous reports of resistance of skeletal muscle
mitochondria PC-driven respiration to temperature rise (Guderley and Johnston, 1996).
Unlike mitochondria oxidizing succinate or glutamate-malate in which 1 μM Cu elicited
a marked decrease in H2O2 consumption with muted changes thereafter with
increasing Cu concentrations, the inhibitory effect of Cu increased concentrationdependently with PC as the substrate. Previous studies have reported that heart
mitochondria oxidizing PC in the absence of stressors or ETS inhibitors do not produce
significant levels of H2O2 unlike mitochondria oxidizing succinate or glutamate-malate
(Schönfeld et al., 2010; St-Pierre et al., 2002; Tahara et al., 2009). Thus, the appreciable
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rate of H2O2 consumption in heart mitochondria oxidizing PC relative to other
substrates in the presence of Cu might be due to limited competition between
endogenous and exogenously added H2O2 for mitochondrial H2O2 scavenging systems.
3.5.3 GSH-dependent peroxidase system is the dominant enzymatic H2O2 consumer
in heart mitochondria
GSH is the most abundant non-enzymatic thiol in the cell (Forman et al., 2009; Han et
al., 2003), serving both as the dominant mitochondrial redox buffer (Mailloux et al.,
2016b; Winterbourn and Hampton, 2008) and the main line of defense against
oxidants (Ehrhart and Zeevalk, 2001; Mari et al., 2009). The finding that depletion of
GSH reduced the rate of H2O2 consumption by 87% compared with 58% and 8%
following TrxR and catalase inhibition, respectively, indicates that the GSH-dependent
peroxidase pathway is the main ROS scavenging mechanism in rainbow trout heart
mitochondria. Because Cu has high affinity for thiols, we predicted that it would react
with thiols of heart mitochondrial antioxidant systems and impair H2O2 consumption.
Indeed, Cu is reported to oxidize mitochondrial GSH and Trx-dependent peroxidases
(García et al., 2000; Leblondel and Allain, 1984; Letelier et al., 2005; Watabe et al.,
1999; Zischka et al., 2011) resulting in excessive ROS accumulation (Valko et al., 2005).
Furthermore, Cu can indirectly impair GSH- and Trx-dependent peroxidase
H2O2 scavenging H2O2 by oxidizing NADH (Nakatani et al., 1994; Oikawa and Kawanishi,
1996) thereby suppressing nicotinamide nucleotide transhydrogenase mediated
reduction of NADP+ and regeneration of GSH and Trx.
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To elucidate the mechanism by which Cu impairs the GSH-dependent peroxidase
pathway, we assessed changes in the levels of GSH according to Rahman et al.
(2006) following exposure of mitochondria to 1, 5 or 25 μM Cu. Cu reduced the
concentrations of total, reduced, and oxidized GSH (Fig. 3.11) suggesting the formation
of Cu-glutathione complexes. This is contrary to our expectation that Cu would oxidize
GSH thereby reducing levels of GSH and increasing levels of free GSSG at constant total
GSH. Aligned with our findings, Cu was shown to react with GSH, initially forming Cu(I)GSH complex followed by complete oxidation to Cu(II)-GSSG (Aliaga et al.,
2012; Jiménez and Speisky, 2000; Kachur et al., 1998; Ngamchuea and BatchelorMcAuley, 2016). The absorption peaks for Cu(I)-GSH and Cu(II)-GSSG complexes occur
at λ 255 and 625 nm, respectively (Aliaga et al., 2012), and were therefore not
detected at the λ 412 nm used to quantify GSH and GSSG. Mitochondrial GSH
concentration ranges from 2 to 14 mM (Andreyev et al., 2005; Han et al., 2003) and it
has been reported that 40% GSH depletion is required to impair the GSH-dependent
peroxidase pathway (Aon et al., 2012; Han et al., 2003). Cu (1–25 μM) reduced the
levels of total GSH, reduced GSH and GSSG by 37–45%, 67–75%, and 23–31%,
respectively,

and

severely

(maximally

87%)

suppressed

GSH-dependent

H2O2 consumption (Fig. 3.7). Notably, the Cu(I)-GSH complex can react with O2 to form
superoxide radicals (Aliaga et al., 2012; Kachur et al., 1998) in part explaining the
H2O2 accumulation and decreased ROS scavenging capacity in mitochondria exposed to
Cu.
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means ± SEM, n = 3. Bars with different letters are significantly different from each
other for one-way ANOVA, Fisher's LSD post hoc test, p < 0.05.
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Results indicate that the Trx-dependent pathway is a substantial ROS consumer in fish
heart mitochondria second in capacity to the GSH-dependent pathway. The Trxdependent pathway is reported to be the dominant ROS scavenging mechanism in
brain (Drechsel and Patel, 2010) and skeletal muscle (Munro et al., 2016) mitochondria
suggesting species- and tissue-specific differences in the contributions of various
antioxidant systems to ROS metabolism consistent with the variable expression of
antioxidant enzymes among cell types (Kamunde et al., 2018; Molavian et al.,
2015; Radi et al., 1991). Moreover, the sensitivity of mitochondrial H2O2 consumption
pathways to inhibitors may vary with species and tissue, with rainbow trout
mitochondria suggested to be more resistant than mouse (Kamunde et al., 2018).
Lastly, the role of catalase in rainbow trout heart mitochondrial ROS scavenging was
clearly minimal, consistent with previous studies (Antunes et al., 2002; Aon et al.,
2012; Han et al., 2003; Kamunde et al., 2018). Regardless, catalase is the main ROS
scavenging pathway in liver mitochondria and its contribution to ROS metabolism
increases under pathophysiological conditions (Rindler et al., 2013, Rindler et al., 2016)
and during exposure to high concentrations of H2O2 (Kamunde et al., 2018; Radi et al.,
1991; Slade et al., 2017).
3.5.4 Inhibition of mitochondrial H2O2 scavenging systems modifies the effect of Cu
on H2O2 consumption kinetics
To elucidate the roles of distinctive mitochondrial antioxidant defense pathways, we
measured H2O2 consumption following selective and joint inhibition of H2O2 scavenging
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systems and Cu exposure. Here, we used low concentration of pharmacological
inhibitors to guard against off-target effects on mitochondria (Han et al., 2003; Munro
et al., 2016; Stanley et al., 2011; Zoccarato et al., 1990). We showed that: (i) Cu altered
heart mitochondrial H2O2 consumption kinetics differently depending on the
scavenging pathway, (ii) Cu partially reversed the effect of inhibitors on consumption
but the Cu concentrations eliciting reversal depended on the pathway, and (iii),
peroxidase systems backed up each other. Pre-treatment of mitochondria with CDNB
resulted in marked accumulation of H2O2 at all the Cu concentrations tested (Fig.
3.10A) but it did not modify the effects of 5 and 25 μM Cu on H2O2 consumption (Fig.
3.9A). This suggests that ROS emission and consumption are affected differently by
CDNB and Cu. Specifically, the effects of CDNB and Cu on ROS emission (accumulation)
were additive whereas Cu concentration ≥5 μM plus CDNB caused maximal impairment
of the GSH-dependent peroxidase pathway. The emission response can be explained by
stimulation (direct and indirect) of ROS production by Cu (Isei and Kamunde, 2020) and
ROS accumulation secondary to GSH depletion. Moreover, CDNB can stimulate ROS
production by Complex I as an off-target effect (Han et al., 2003; Tarozzi et al., 2009).
In contrast, maximal complexation of Cu by GSH is reported to occur at 5 μM Cu, with
further increase in Cu concentration eliciting no additional complexation (Jiménez and
Speisky, 2000). Consequently, CDNB intensified the inhibitory effect of 1 but not 5 or
25 μM Cu on H2O2 consumption. Furthermore, crosstalk between the NADPHdependent peroxidase systems in which inhibition of one system results in the
activation of the other (Aon et al., 2012; Lu and Holmgren, 2014; Molavian et al., 2015)
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can in part explain the failure of CDNB to augment Cu-induced reduction in the rate of
H2O2 consumption at 5 and 25 μM Cu. Specifically, disabling heart mitochondrial GSHdependent peroxidase system with CDNB could result in the activation of the Trxdependent system thereby moderating the effect of GSH depletion. Conversely, TrxR
regenerates GSH (Lu and Holmgren, 2014; Tan et al., 2010) thereby rescuing the GSHdependent pathway.
In agreement with previous studies (Kamunde et al., 2018; Munro et al., 2016; Slade et
al., 2017; Stanley et al., 2011), inhibition of TrxR in fish heart mitochondria suppressed
consumption and stimulated efflux of H2O2. Inhibition of heart mitochondrial Trxdependent peroxidase system with AF in the absence and presence of Cu caused
comparable degrees of changes in H2O2 efflux (accumulation) indicating that Cu did not
alter the effect of AF (Fig. 3.10B). For H2O2 consumption, the effect of AF in the
absence and presence of Cu were similar except that 5 μM Cu alone suppressed
H2O2 consumption to a greater extent than when combined with AF. The findings at
1 μM Cu where Cu + AF, as opposed to Cu + CDNB, failed to alter the rate of
H2O2 consumption compared with Cu alone suggest that the GSH-dependent
peroxidase system was responsible for the additional inhibition of H2O2 consumption in
the combined treatment. In contrast, although not statistically significant, inhibition of
H2O2 consumption was increased by 28% when mitochondria exposed to 25 μM Cu
were treated with AF (Fig. 3.9B) suggesting that the Trx-dependent pathway may play a
greater role in H2O2 elimination at high Cu concentration.
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The results in the presence of AF and Cu might be a manifestation of a unique reaction
between Cu and AF, or/and the effect of the product of the reaction thereof. One of
the mechanisms of action of AF is its reaction with and depletion of Cu (Blodgett et al.,
1984; Chaffman et al., 1984). Additionally, AF has been reported to alter the
coordination chemistry of Cu thereby disrupting its binding to proteins (Liljefors et al.,
2002). Although a comprehensive investigation is required to reveal the mechanisms
underlying the effect of joint exposure to Cu and AF on mitochondrial
H2O2 metabolism, a possible explanation for the unique increase in the rate of
H2O2 consumption caused by 5 μM Cu plus AF is the formation of Cu-AF complexes that
reduce H2O2 efflux or enhance H2O2 consumption in heart mitochondria. Another
plausible explanation is that the GSH-dependent peroxidase pathway compensated for
the inhibition of the Trx-dependent pathway (Aon et al., 2012; Lu and Holmgren, 2014).
Interestingly, distinctive effects of 5 μM Cu on heart mitochondrial energetics and
H2O2 metabolism have been reported (Cederbaum and Wainio, 1972; García et al.,
2000; Saris and Skulskii, 1991), and recent study (Isei and Kamunde, 2020) revealed a
peculiar decrease in the rate of H2O2 emission with 5 μM Cu. In the present study,
5 μM Cu induced a distinct H2O2 consumption response when combined with AF, and
unique emission responses with CDNB alone and in combination with AF and
AF + AMT.
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Contrasting the response produced by Cu in the presence of CDNB or AF, heart
mitochondria treated with AMT (to inhibit catalase) after incubation with 1 μM Cu
exhibited a higher rate of H2O2 consumption relative to Cu alone suggesting enhanced
antioxidant defense. In this regard, low concentration of Cu was found to stimulate the
GPx activity in marine bivalve tissues (Mesquita et al., 2019). Although Cu can directly
impair catalase activity (Hao et al., 2015), the contribution of catalase to heart
mitochondrial H2O2 metabolism is minimal. However, herein, H2O2 consumption was
significantly increased by AMT at low (1 μM) Cu concentration, with insignificant
tendencies to intensify inhibition of H2O2 consumption at higher Cu concentrations.
While the mechanisms underlying the effects of AMT on Cu-induced inhibition of
H2O2 consumption require further investigation, Yang et al. (2015) reported that AMT
reacts with Cu to form a unique compound (Cu-aminotriazole complex), which might
cause the responses we observed. Alternatively, the response elicited by Cu + AMT
reflects the effect of Cu.
Because the GSH- and Trx-dependent peroxidase systems can rescue each other
(Cebula et al., 2015; Du et al., 2012; Lu and Holmgren, 2014), we expected that
simultaneous inhibition of both pathways would intensify Cu-induced suppression of
H2O2 consumption and greatly increase the rate of H2O2 efflux (denoted by high
T0 H2O2 concentration). Indeed, results indicate that pre-treatment of mitochondria
with CDNB+AF decreased the rate of H2O2 consumption to a greater extent (Fig. 3.9D)
and concomitantly induced higher H2O2 accumulation (Fig. 3.10D) compared with
mitochondria pre-treated with either CDNB or AF. The partially additive effect of
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CDNB+AF (much of the effect was attributable to CDNB) on H2O2 accumulation and
consumption (Fig. 3.9D) is consistent with findings in skeletal muscle mitochondria
(Munro et al., 2016; Slade et al., 2017).
Lastly, we tested the prediction that simultaneous inhibition of the peroxidase systems
and

catalase

(CDNB+AF + AMT)

would

completely

abolish

mitochondrial

H2O2 consumption resulting in increased H2O2 accumulation (efflux). Although
H2O2 accumulation did increase, the effect was not as pronounced as that found with
CDNB only or CDNB+AF (Fig. 3.10E). A probable interpretation of the slightly higher
rate of H2O2 consumption following inhibition of all enzymatic mitochondrial
H2O2 consumers (CDNB+AF + AMT) compared with CDNB+AF is impairment of
mitochondrial function and/or aspects of ROS homeostasis other than antioxidant
enzymes. Indeed, the likelihood of off-target effects increases when inhibitors are used
in combinations (Aon et al., 2012; Munro et al., 2016; Treberg et al., 2018).
Additionally, we found a distinctive Cu concentration-dependent effect on
H2O2 consumption wherein the rate constant decreased at 1 μM but increased at 5 and
25 μM Cu relative to the respective experimental groups without added inhibitors.
Thus, besides activation of compensatory antioxidant mechanisms and off-target
effects, the interaction of Cu and/or endogenous molecules with pharmacological
agents may result in formation of compounds with unique reactivities that affect
antioxidant systems or other mitochondrial sites differently. For example, binding of
AMT to catalase was shown to form a high molecular weight tetramer that prevented
transport of catalase into cellular compartments and altered mitochondrial membrane
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permeability (Middelkoop et al., 1991). We speculate that in this study, AMT reacted
with catalase in rainbow trout heart mitochondria and altered the influx or reduced the
effect of AF and/or CDNB. Alternatively, Cu may react with AMT to form a complex that
alters Cu bioavailability and toxicity as suggested by our data (Figs. 9C and Appx. B2C).

3.6

Conclusions

This study showed that while energization boosts heart mitochondrial ROS scavenging
capacity, the strength of the response depended on substrate type. NAD-linked
substrates supported more robust scavenging activity than FAD-linked substrates
probably because they generated more NADH and NADPH to support GSH- and Trxdependent ROS scavenging pathways. Studying ROS scavenging as an integral process
clearly showed that both temperature stress and Cu exposure greatly impair the ability
of heart mitochondria to consume ROS irrespective of the substrate being oxidized,
with Cu being as potent and efficacious as auranofin (selective TrxR inhibitor) in
suppressing ROS consumption. Moreover, thermal stress and Cu acted additively to
impair mitochondrial ROS consumption mechanisms. Surprisingly, palmitoylcarnitinesupported mitochondria exhibited the weakest ROS scavenging activity but were the
most resistant to the effect of temperature rise and Cu exposure, both of which
demonstrably stimulate ROS production. Thus, the way mitochondrial ROS scavenging
systems respond to ROS inducers does not appear to be closely linked to the strength
of scavenging systems. The responses observed with different concentrations of Cu
suggest that the mechanisms of action of Cu on mitochondrial ROS scavenging
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machinery vary depending on the concentration of the metal. Additionally, the
responses evoked by Cu in the presence of inhibitors suggest formation of Cu-inhibitor
complexes that reduce Cu bioavailability or have unique reactivity. Further
investigations are needed to probe the formation of Cu-inhibitor complexes and their
mechanisms of action on mitochondrial ROS scavenging systems.
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CHAPTER 4

ANOXIA-REOXYGENATION ALTERS H2O2 EFFLUX AND SENSITIVITY OF REDOX CENTERS
TO COPPER IN HEART MITOCHONDRIA

A version of this Chapter has been published as:
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alters H2O2 efflux and sensitivity of redox centers to copper in heart
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4.1

Abstract

Mitochondrial reactive oxygen species (ROS) have been implicated in organ damage
caused by environmental stressors, prompting studies on the effect of oxygen
deprivation and metal exposure on ROS metabolism. However, how anoxia and copper
(Cu) jointly influence heart mitochondrial ROS metabolism is not understood. We used
rainbow trout heart mitochondria to probe the effects of anoxia-reoxygenation and Cu
on hydrogen peroxide (H2O2) emission during oxidation of palmitoylcarnitine (PC),
succinate, or glutamate-malate. In addition, the influence of anoxia-reoxygenation and
Cu on site-specific H2O2 emission capacities and key antioxidant enzymes, glutathione
peroxidase (GPx) and thioredoxin reductase (TrxR) was examined. Results showed that
anoxia-reoxygenation suppressed H2O2 emission regardless of substrate type or
duration of anoxia. Anoxia-reoxygenation reduced mitochondrial sensitivity to Cu
during oxidation of succinate or glutamate-malate whereas high Cu concentration
additively stimulated H2O2 emission in mitochondria oxidizing PC. Prolonged anoxiareoxygenation stimulated H2O2 emission from sites OF and IF, inhibited emission from
sites IQ, IIF and IIIQo, and disparately altered the sensitivity of the sites to Cu.
Interestingly, anoxia-reoxygenation increased GPx and TrxR activities, more
prominently when reoxygenation followed a short duration of anoxia. Cu did not alter
GPx but reduced TrxR activity in normoxic and anoxic-reoxygenated mitochondria.
Overall, this study revealed potential mechanisms that may reduce oxidative damage
associated with anoxia-reoxygenation and Cu exposure in heart mitochondria. The
increased and decreased H2O2 emission from NADH/NAD+ and QH2/Q isopotential
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sites, respectively, may represent a balance between H2O2 required for oxygen
deprivation-induced signaling and prevention of ROS burst associated with anoxiareoxygenation.
4.2

Introduction

Aerobic organisms depend on oxygen for metabolic energy (ATP) production. Oxygen
serves as the final electron acceptor in the mitochondrial electron transport
system (mETS), where electron transfer is coupled with generation of a proton gradient
for ATP

synthesis by oxidative

phosphorylation (Nicholls

and

Ferguson,

2013).

Complete reduction of molecular oxygen by mitochondrial cytochrome c oxidase
produces metabolic water, while partial reduction due to leakage of electrons results in
the generation of ROS (Brand, 2016; Mailloux et al., 2018). Superoxide and H2O2 are
the

proximal

mitochondrial

ROS;

however,

H2O2 is

also

secondarily

formed via spontaneous and enzymatic dismutation of superoxide (Mailloux et al.,
2018; Sies, 2017; Mailloux, 2020). Physiological concentrations of ROS are maintained
via regulation of their production and removal, of which the latter is accomplished
by complementary activities of enzymatic and non- enzymatic antioxidant systems
such as glutathione (GSH)- and thioredoxin (Trx)- dependent peroxidase systems, GSH,
and vitamin C (Sies, 2017). However, impaired removal and/or excessive production
due to disease and other types of cellular stress can result in accumulation of ROS to
levels detrimental to cellular function. Because oxygen is essential for mitochondrial
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function, its insufficiency (hypoxia) or absence (anoxia) directly alters mitochondria
energy production and ROS homeostasis (Hogg et al., 2015; Cox and Gillis, 2020).
Moreover, hypoxia/anoxia can activate oxidative and signaling events that result in cell
death and eventual organ dysfunction (Devaux et al., 2019; Cox and Gillis, 2020). While
anoxia is an infrequent event in the terrestrial environment, it is a prevalent and
consequential stressor in aquatic systems affecting the health and distribution of
aquatic life (Watson et al., 2015; Breitburg et al., 2018).
Depletion of oxygen in aquatic systems can occur due to eutrophication and
associated decomposition of organic matter (Watson et al., 2015). An important site of
action of anoxia is the mitochondrion (Borutaite et al., 2013; Galli and Richards,
2014; Pamenter, 2014) where it impairs electron transfer (St-Pierre et al., 2000),
membrane potential (Korge et al., 2008; Cox and Gillis, 2020), respiration (Du et al.,
1998; Okoye et al., 2021), and ROS homeostasis (Du et al., 1998; Pamenter et al.,
2007; Okoye et al., 2021). Thus, there is a need to investigate how mitochondrial ROS
metabolism responds to oxygen deprivation, especially in hypoxia/anoxia-sensitive
organisms. While the propensity for ROS production by anoxic mitochondria is limited
because oxygen is required for ROS formation (Lushchak and Bagnyukova, 2006; Hand
and Menze, 2008), a burst of ROS has been observed during re-introduction of oxygen
(Du et al., 1998; Cox and Gillis, 2020; Bundgaard et al., 2018, Bundgaard et al., 2020).
This has been attributed to excessive reduction of electron carriers of the mETS
(Willmore and Storey, 1997; Pamenter et al., 2016) and/or accumulation of substrates,
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especially succinate, during anoxia (Cox and Gillis, 2020) that powers ROS production
by reverse electron transport (RET) upon reoxygenation (Hand and Menze,
2008; Chouchani et al., 2016; Devaux et al., 2019). Furthermore, the possibility of
altered mitochondrial ROS scavenging capacity due to impaired antioxidant enzyme
activity cannot be excluded.
Oxygen is critical for heart function (Dzeja et al., 2000) making the organ highly
susceptible to adverse effects of anoxia-reoxygenation (Galli and Richards, 2014; Ozcan
et al., 2002). Although much has been explored about the effect of ischemia (hypoxia)reoxygenation on heart mitochondrial ROS metabolism (Chen and Lesnefsky,
2006; Chen et al., 2008; Lesnefsky et al., 2004; Chouchani et al., 2016), the influence of
anoxia-reoxygenation has received less attention. Notably, most studies focus on
mitochondria from anoxia-tolerant organisms (Bailey and Driedzic, 1996; Birkedal and
Gesser, 2004; Galli et al., 2013; Galli and Richards, 2014; Bundgaard et al., 2018) and no
study has examined the effect of anoxia-reoxygenation on ROS metabolism in anoxiasensitive rainbow trout heart mitochondria. Even so, reports in heart mitochondria
from other organisms offer conflicting information. Anoxia-reoxygenation suppressed
ROS emission in turtle heart mitochondria (Galli et al., 2013; Galli and Richards,
2014; Bundgaard et al., 2018, Bundgaard et al., 2019) but stimulated emission in rat
and sablefish heart mitochondria (Ozcan et al., 2002; Gerber et al., 2019). These
inconsistent results suggest species-specific variation in the influence of anoxiareoxygenation on heart mitochondrial ROS metabolism that requires further study.
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Although oxygen deprivation has been reported to reduce or enhance ROS production,
there is limited understanding of how anoxia-reoxygenation influences mitochondrial
ROS scavenging systems. Available studies in different animal species bear contrasting
results (Willmore and Storey, 1997; Lushchak et al., 2001; Welker et al., 2016). For
example,

hypoxia/anoxia-reoxygenation

increased

the

activities

of superoxide

dismutase, GSH peroxidases (GPx) and catalase in goldfish (Lushchak et al.,
2001, Lushchak et al., 2005) and anoxia-tolerant turtles (Bundgaard et al.,
2018, Bundgaard et al., 2020) but no change in antioxidant enzyme activities relative to
normoxic conditions was found in stickleback liver tissue and sablefish heart
mitochondria (Leveelahti et al., 2014; Gerber et al., 2019). Clearly, there is a need to
further examine the effect of anoxia-reoxygenation on specific mitochondrial
antioxidant enzymes.
Anoxia/hypoxia seldom affects aquatic organisms in isolation because anthropogenic
activities increase levels of other stressors including metals in aquatic systems. The cooccurrence of stressors can precipitate interactive effects such as additivity or
antagonism on mitochondrial ROS metabolism, but this area of research has received
little attention. Among metals, Cu is likely to interact with anoxia/hypoxia because it is
a prooxidative contaminant that akin to oxygen deprivation is known to alter
mitochondria function and ROS metabolism (Gaetke et al., 2014; Sappal et al.,
2015a, Sappal et al., 2016; Isei and Kamunde, 2020; Isei et al., 2021). In rainbow trout,
the background Cu concentration in the heart is about 15 μg/g dry weight (Pilgaard et
al., 1994) and it increases in fish inhabiting contaminated waterbodies (Ashraf, 2005).
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At elevated concentrations in cells, Cu alters ROS homeostasis by interacting with
specific sites in the mitochondria (Isei and Kamunde, 2020) or by impairing ROS
scavenging systems (Eyckmans et al., 2011; Ransberry et al., 2016; Isei et al., 2021).
Although Cu can induce oxygen deprivation-like responses in fish (Ransberry et al.,
2016; Blewett et al., 2017), the metal interacts with hypoxia to alter fish health and
mitochondrial ROS metabolism (Sappal et al., 2015a, Sappal et al., 2016; Ransberry et
al., 2016; Fitzgerald et al., 2019). However, a common theme regarding the joint effect
of Cu and anoxia-reoxygenation on heart mitochondrial ROS metabolism is yet to
emerge. Ransberry et al. (2016) showed decreased level of markers of oxidative
damage in fish exposed to Cu under hypoxic relative to normoxic conditions,
highlighting antagonistic relationship between hypoxia and Cu exposure (Sappal et al.,
2015a; Ransberry et al., 2016; Fitzgerald et al., 2016). In contrast, relative to their
individual effects, combined exposure to Cu and hypoxia did not alter complex I and II
state 3 respiration in rainbow trout liver mitochondria (Sappal et al., 2015b) but
increased oxidative damage in common carp gill tissue (Mustafa et al., 2012).
In the present study, we utilized heart mitochondria from rainbow trout heart to
explore how anoxia-reoxygenation and Cu modulate ROS (as H2O2) production in the
presence of different substrates, and at specific ROS production sites. In addition, the
influence of anoxia-reoxygenation and Cu exposure on the principal enzymatic
antioxidant systems in rainbow trout heart mitochondria was assessed. We predicted
that, (i) exposure to Cu and anoxia-reoxygenation would act additively to stimulate
H2O2 production and impair antioxidant enzymes in heart mitochondria, (ii)
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mitochondrial H2O2 emission would vary with the substrate being oxidized, and (iii)
H2O2 production from different mitochondrial sites would respond differently to Cu
and anoxia-reoxygenation. Here, ROS generated by mitochondria as superoxide
converts spontaneously or enzymatically to H2O2 and adds to ROS produced directly as
H2O2. The H2O2 that escapes matrix scavenging systems diffuses across the
mitochondria inner membrane or is transported via aquaporins (Bienert et al.,
2006; Tamma et al., 2018) to the medium where it is subsequently fluorometrically
detected and quantified.
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4.3

Materials and methods

4.3.1. Chemicals
Palmitoyl-dl-carnitine chloride (PC), l-carnitine hydrochloride (C), l-succinic acid, l-malic
acid, l-glutamic acid, dipotassium phosphate (K2HPO4) and H2O2 were from SigmaAldrich Oakville (ON, Canada). Atpenin A5 was from BioVision Inc. (Milpitas, CA, USA).
Aprotinin, Cu as copper (II) sulfate pentahydrate (CuSO4•5H2O), fatty acid-free bovine
serum albumin (BSA), Triton X-100, rotenone, L-aspartic acid, auranofin (AF),
myxothiazol, antimycin A, adenosine triphosphate (ATP) were from Millipore Sigma
(Burlington, MA, USA). Amplex UltraRed (AUR) was from Invitrogen Thermo Fisher
Scientific (OR, USA). Malonic acid, ethylene glycol bis (β-aminoethyl ether)-N, N′tetraacetic acid (EGTA), potassium dihydrogen phosphate (KH2PO4), sucrose, potassium
chloride (KCl), and Tris-hydrochloride (Tris-HCl) were from VWR Chemicals (OH, USA).
Dimethyl sulfoxide (DMSO), Horseradish peroxidase (HRP), EDTA, GSH, GPx and
glutathione reductase (GR), β-NADPH, ter-butylhydroperoxide (TBH), and 5,5-disthiobis (2- nitrobenzoic) acid (DTNB) were from Sigma-Aldrich Oakville (ON, Canada).
4.3.2 Experimental animals and mitochondria isolation
All experiments were carried out in accordance with the Canadian Council on Animal
Care Guidelines for the care and use of laboratory animals and were approved by the
University of Prince Edward Island Animal Care Committee (protocol # 17-036).
Rainbow trout (400–600 g) were used in the study and were maintained in a 500-l tank
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with flow-through aerated well-water maintained at 11 °C at the Atlantic Veterinary
College aquatic animal facility. Fish were fed daily with commercial trout chow (Corey
Feed Mills, Fredericton, NB) at 1% body weight adjusted weekly based on fish weight.
The fish were stunned with a cephalic blow and killed by decapitation. The heart was
removed, and the ventricle was excised, rinsed with ice-cold isolation buffer (10 mM
Tris-HCl, 10 mM KH2PO4, 0.5 mM EGTA, 250 mM sucrose, 1 mg/ml BSA, 2 μg/ml
aprotinin, pH 7.3), blotted dry, and weighed. The ventricle was then minced and
homogenized on ice in a 1:3 (w/v) ratio of tissue to isolation buffer using a PotterElvehjem homogenizer. Thereafter, heart mitochondria isolation was carried out at 4 °C
according to previous routine procedure (Isei and Kamunde, 2020) and re-suspended in
1:3 (w/v) respiration buffer (100 mM KCl, 10 mM TrisHCl, 25 mM KH2PO4, 1 mg/ml
fatty acid-free BSA, 2 μg/ml aprotinin, pH 7.3). Mitochondrial protein concentration
was measured spectrophotometrically (Spectramax Plus 384, Molecular Device,
Sunnyvale, CA) with BSA as the standard as described by Bradford (1976).
4.3.3. Anoxia-reoxygenation
Mitochondria were added to 2 ml of respiration buffer in Oxygraph2 k chambers
(Oroboros Instruments, Innsbruck, Austria) to achieve a 0.25 mg protein/ml final assay
concentration. Thereafter, anoxia was created by bubbling nitrogen into the chambers
to completely deplete oxygen, and the mitochondria were then maintained under
anoxic conditions for 5 or 30 min. Subsequently, the chamber-stoppers were removed
allowing the chambers and mitochondria therein to fully (100% air saturation)
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reoxygenate. The mitochondria suspensions were then aspirated into centrifuge tubes
for measurement of ROS emission and antioxidant enzymes activities.
4.3.4. Effect of anoxia-reoxygenation and Cu on H2O2 emission in heart mitochondria
oxidizing different substrates
To reveal the influence of anoxia-reoxygenation on heart mitochondrial H2O2 emission,
normoxic and anoxic reoxygenated mitochondrial suspensions were added to
microplate wells containing substrates [50 μM palmitoylcarnitine + 2 mM carnitine
(PC), 5 mM succinate (SUC) or 5 mM glutamate-malate (GM)]. Measurement of H2O2
emission was carried out using Amplex UltraRed (50 μM)-HRP (1 U/ml) H2O2 detection
system. HRP catalyzes the reaction between H2O2 and Amplex UltraRed to produce
Amplex UltroxRed that emits fluorescence at 590 nm following excitation at 530 nm.
We used microplate reader (Synergy™ HT BioTek, Winooski, VT, USA) to measure the
fluorescence intensity at 90 s intervals for 60 min at room temperature (23 °C). During
each assay, a standard curve with known H2O2 concentration (0–5 μM H2O2) was
prepared and used to convert fluorescence intensity to H2O2 concentration.
Fluorescence measured in wells containing respiration buffer (blank) was subtracted
from each reading. To reveal the joint effect of anoxia-reoxygenation and Cu on H2O2
emission, Cu (final assay concentrations were 1, 5 and 25 μM) was added and allowed
to equilibrate for 10 min before measurement of H2O2 emission. These Cu
concentrations were sleceted based on the peculiar responses they induced in our
previous investigations (Isei and Kamunde, 2020; Isei et al., 2021).
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4.3.5. Effect of Cu and anoxia-reoxygenation on H2O2 emission by specific sites in
heart mitochondria
We used inhibitor-substrate combinations optimized for rainbow trout heart
mitochondria (Isei and Kamunde, 2020) to sequester and measure the rates of H 2O2
emission by sites OF, IF, IQ, IIF and IIIQo as described in previous report (Isei and
Kamunde, 2020) and other studies (Quinlan et al., 2013, 2014; Brand, 2016; Okoye et
al., 2021). Briefly, H2O2 emitted by site IF was estimated by energizing mitochondria
with malate (5 mM) in the presence of rotenone (4 μM), aspartate (1.5 mM) and ATP
(2.5 mM). Aspartate and ATP were added to inhibit contribution from the flavin site
(site OF) of the 2-oxoglutarate dehydrogenase (OGDH). This condition also allowed us
to calculate the rate of H2O2 emission specific to site OF as the difference in the rate of
H2O2 emission between mitochondria oxidizing malate plus rotenone without and in
the presence of aspartate and ATP (Quinlan et al., 2013, 2014; Brand, 2016). ROS
emission by site IQ was estimated as the rotenone (4 μM)-sensitive rate in mitochondria
oxidizing succinate (5 mM). ROS emission by site IIF was quantified in mitochondria
oxidizing 0.1 mM succinate in the presence of rotenone (4 μM) and myxothiazol (4 μM)
(Isei and Kamunde, 2020). The maximal ROS emission capacity by site IIF was then
corrected for the emission not sensitive to malonate (5 mM) which inhibits emission
from site IIF (Quinlan et al., 2013; Brand, 2016; Isei and Kamunde, 2020). Furthermore,
H2O2 emission by complex II was quantified after blocking site IIQ with atpenin A5 (1
μM). For site IIIQo, H2O2 emission was measured as the myxothiazol (4 μM)-sensitive
rate in mitochondria oxidizing a saturating concentration of succinate (5 mM) in the
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presence of rotenone (4 μM) and antimycin A (2 μM). Lastly, to probe the effects of
anoxia-reoxygenation and Cu on site-specific H2O2 emission, mitochondria submitted to
anoxia-reoxygenation with sites isolated as described above were exposed to 1, 5 and
25 μM Cu and allowed to equilibrate for 10 min. H2O2 emission was then measured
using Amplex UltraRed-HRP H2O2 detection system as described above.
4.3.6 Effect of anoxia-reoxygenation and Cu on antioxidant enzyme activities
4.3.6.1. Glutathione peroxidase
Glutathione peroxidase (GPx) activity was measured in normoxic and anoxicreoxygenated heart mitochondria as described by Munro et al. (2016) with a few
modifications. Briefly, the normoxic and anoxicreoxygenated mitochondria were lysed
with 0.2% w/v triton X-100 and an assay mixture containing 100 mM potassium
phosphate buffer (with 0.1 mM EDTA, pH 7.6), 0.25 mg protein/ml mitochondria, and 5
mM glutamate-malate was incubated with and without Cu (1, 5 and 25 μM) for 45 min
at room temperature. Thereafter, 2 mM GSH and 0.25 mM GR (co-substrate) and 0.25
mM NADPH were added to the samples and the positive control (GPx 0.02 U/ml). The
reaction mixture was preincubated for 5 min at room temperature to activate the
enzyme in the presence of GSH followed by quick addition of tert-butylhydroperoxide
(0.5 mM) to start the reaction. The rate of decrease in absorbance was measured using
a plate reader (Spectramax Plus 384, Molecular Device, Sunnyvale, CA) at 340 nm for
10 min at 10 s intervals. The GPx activity was estimated as the difference between
rates with mitochondria and mitochondria-free controls (blank) assuming an extinction
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coefficient of 6.22 mM−1 cm−1 for NADPH.
4.3.6.2 Thioredoxin reductase
The activity of thioredoxin reductase (TrxR) was determined in the presence and
absence of 2 μM auranofin (TrxR inhibitor) using DTNB reduction method as described
by Munro et al. (2016) with some modifications. An assay mixture containing 100 mM
potassium phosphate buffer (with 10 mM EDTA, pH 7.0), 0.25 mg protein/ml of
normoxic and anoxic-reoxygenated mitochondria (lysed with 0.2% w/v triton X100)
was energized with 5 mM glutamate-malate in the presence and absence of auranofin
and then incubated with Cu (1, 5 and 25 μM) for 40 min at room temperature.
Thereafter, 0.2 mM NADPH and 5 mM DTNB were added, and the reaction mixture was
incubated in the dark for 10 min at room temperature. The reduction of DTNB was
measured using a plate reader (Spectramax Plus 384) at 412 nm for 20 min at 20 s
intervals. The DTNB reduction rates were calculated assuming an extinction coefficient
of 13.6 mM−1 cm−1 for the reduced product (TNB)
The rates were calculated for each sample in the presence and absence of the
auranofin separately and the difference between the two results represented DTNB
reduction due to TrxR activity.
4.3.7. Statistics
One- or two-way analysis of variance (ANOVA) was used to compare experimental
groups using Minitab 19 (Minitab Inc., State College, PA). Data are reported as means ±
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SEM unless otherwise stated. Homoscedasticity and normality of distribution were
tested using Levene's and Kolmogorov-Smirnov tests, respectively. Post hoc pairwise
comparisons of means were carried out using Fisher's LSD test at p < 0.05, and
significantly different means are depicted by different letters.
4.4

Results

4.4.1. Effect of anoxia-reoxygenation on H2O2 emission in heart mitochondria
oxidizing different substrates
Anoxia-reoxygenation significantly suppressed the rate of H2O2 emission regardless of
substrate type (PC: F2,14 = 6.25, p = 0.012; SUC: F2,14 = 15.15, p = 0.001; GM: F2,14 = 8.66,
p = 0.005) (Fig. 4.1). Specifically, anoxia-reoxygenation imposed a clear decrease in the
rate of H2O2 emission, more pronounced after 5 min compared with 30 min anoxiareoxygenation. Relative to the control (normoxic condition), the respective %
decreases in the rates of H2O2 emission following 5- and 30-min anoxia-reoxygenation,
were, PC: 45 and 32%; SUC: 62 and 36%; GM: 36 and 26%. The difference between the
two durations of anoxia exposure reached statistical significance (p = 0.044) only with
succinate as substrate (Fig. 4.1B). Then the effect of anoxia-reoxygenation on
mitochondrial oxidative function was asessed by measuring oxygen consumption
during oxidation of glutamate-malate. State 3 and 4 rates of respiration were inhibited
following anoxia-reoxygenation, with 30 min anoxia suppressing state 3 respiration to a
greater extent than 5 min anoxia (Appx. C1).
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Fig. 4.1. Effect of anoxia (5 and 30 min)-reoxygenation on H2O2 emission by heart
mitochondria oxidizing palmitoylcarnitine (A), succinate (B) and, glutamate-malate (C).
Bars with different letters are significantly different (p < 0.05, Fisher's LSD post hoc
test). Data are presented as means ± SEM (n = 5).
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4.4.2. Combined effect of anoxia-reoxygenation and Cu on H2O2 emission in heart
mitochondria oxidizing different substrates
In mitochondria oxidizing PC (Fig. 4.2A), Cu significantly (F3,48 = 585.8, p < 0.0001)
increased H2O2 emission while the overall effect of anoxia-reoxygenation was not
significant (F2,48 = 1.53, p = 0.228). There was a significant interaction between the
stressors (F6,48 = 4.29, p = 0.002) indicating that the effect of Cu on the rate of H 2O2
emission depended on the duration of anoxia-reoxygenation. Compared with the
respective controls, Cu concentration-dependently increased the rate of H2O2 emission
with phenomenal surges at 25 μM for normoxic (p < 0.0001), and both durations of
anoxia-reoxygenation (5 min: p < 0.0001; 30 min: p < 0.0001). Interestingly, although
the Cu-induced increase in the rate of H2O2 emission was higher in normoxic control at
low Cu concentrations (1 and 5 μM), the 25 μM Cu-imposed burst in H2O2 emission was
10% (p = 0.079) and 24% (p < 0.0001) higher for 5- and 30-min anoxia-reoxygenation,
respectively (Fig. 4.2A). With succinate as substrate (Fig. 4.2B), Cu nonmonotonically
altered (F3,48 = 37.98, p < 0.0001) H2O2 emission, while anoxia-reoxygenation reduced
(F2,48 = 19.94, p < 0.0001) the emission rate, but their interaction was not significant
(F6,48 = 0.94, p = 0.473). Compared with respective controls, 1 μM Cu did not alter H2O2
emission while 5 μM Cu reduced H2O2 emission rates in normoxic control by 28% and
following both durations of anoxia-reoxygenation (5 min: 7%; 30 min: 21%). Notably,
25 μM Cu significantly stimulated H2O2 emission across all experimental oxygen
conditions. Moreover, unlike mitochondria oxidizing PC, the H2O2 emission spike
induced by 25 μM Cu were inhibited by 44% and 27% following 5- and 30-min anoxia-
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reoxygenation, respectively, relative to normoxic control (Fig. 4.2B). In mitochondria
oxidizing glutamate-malate (Fig. 4.2C), Cu increased (F3,48 = 19.77, p < 0.0001) while
anoxia-reoxygenation reduced (F2,48 = 25.32, p < 0.0001) H2O2 emission, but their
interaction was not significant (F6,48 = 0.54, p = 0.774). Compared with controls without
Cu, 1 μM Cu significantly increased the rate of H2O2 emission in normoxic (p < 0.0001)
and anoxic-reoxygenated (5 min: p = 0.003; 30 min: p = 0.003) mitochondria. However,
the 1 μM Cu-induced H2O2 emission was significantly higher in normoxic control
relative to both durations of anoxia-reoxygenation (5 min: p < 0.0001; 30 min: p =
0.003). This response was followed by a decrease and an increase in H2O2 emission
rates at 5 and 25 μM Cu, respectively, in normoxic control. Unlike normoxic control,
the effect of the three Cu concentrations tested was similar in anoxia-reoxygenated
mitochondria. However, akin to mitochondria oxidizing succinate, the rate of H 2O2
emission was higher in normoxic mitochondria regardless of the Cu exposure
concentration or duration of anoxia-reoxygenation.
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4.4.3. Effect of anoxia-reoxygenation on site-specific H2O2 emission in heart
mitochondria
For site OF, there was a significant effect of anoxia-reoxygenation (F2,12 = 5.23, p =
0.023) on H2O2 emission (Fig. 4.3). Compared with normoxic control, anoxiareoxygenation decreased (35%) and increased (53%) the rate of H2O2 emission for the
5- and 30-min exposures, respectively. Results show a significant (F2,36 = 119.07, p <
0.0001) overall effect of anoxia-reoxygenation on the rate of H2O2 emission by site IF. In
addition, the trend of H2O2 emission specific to site IF was like that of site OF in that the
rate after 30 min anoxia-reoxygenation was significantly higher compared with
normoxic (p < 0.0001) and 5 min anoxia-reoxygenation (p < 0.0001) conditions.
However, unlike site OF, the inhibitory effect of 5 min anoxia-reoxygenation on H2O2
emission by site IF was significant (p < 0.0001). Altogether, the H2O2 emission rates
specific to sites OF and IF were in the order, 30 min anoxia-reoxygenation > normoxic
control > 5 min anoxia-reoxygenation, indicating a biphasic effect of anoxia duration.
Anoxia-reoxygenation reduced the rate of H2O2 emission by site IQ (F2,24 = 73.18, p <
0.0001) (Fig. 4.3). Irrespective of the experimental oxygen conditions, the rate of H2O2
emission was higher in mitochondria oxidizing succinate plus rotenone compared with
succinate alone resulting in negative calculated rates of H2O2 emission for site IQ (Fig.
4.3). This indicates that the addition of rotenone stimulated H2O2 emission from other
sites that masked any suppression of emission from site IQ by rotenone. Regardless, the
effect of anoxia-reoxygenation on this H2O2 emission from indeterminate sites was not
significant (Fig. 4.3). For site IIF, anoxia-reoxygenation reduced the rate of H2O2
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emission (F2,36 = 93.65, p < 0.0001). Here, relative to normoxic control, anoxiareoxygenation suppressed the rate of H2O2 emission by 44% and 28% following the 5and 30-min exposures, respectively. Lastly, anoxia-reoxygenation substantially (F2,24 =
91.27, p < 0.0001) reduced the rate of H2O2 emission from site IIIQo (Fig. 4.3). Compared
with normoxic control, the rate of H2O2 emission from site IIIQo decreased by 42% and
24% following 5- and 30-min anoxia-reoxygenation, respectively (Fig. 4.3). Overall, for
sites IIF and IIIQo, the rates of H2O2 emission were of the order, normoxic control > 30
min > 5 min anoxia-reoxygenation, indicating that the short duration of anoxia had
greater inhibitory effect.
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Fig. 4.3. Sites-specific rates of H2O2 emission in normoxic and anoxic- (5 and 30 min)reoxygenated mitochondria. The conditions for measuring sites specific rates of H2O2
emission were: site OF: “5 mM malate + 4 μM rotenone” minus “5 mM malate + 4 μM
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succinate + 4 μM rotenone”; site IIF: rate not sensitive to 5 mM malonate in
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IIIQo: 4 μM myxothiazol sensitive rate in mitochondria oxidizing 5 mM succinate + 4 μM
rotenone + 2 μM antimycin A. Bars with different letters are significantly different (p <
0.05, Fisher's LSD post hoc test). Data are presented as means ± SEM (n = 5).
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4.4.4. Joint effect of anoxia-reoxygenation and Cu on site-specific H2O2 production in
heart mitochondria
Cu (F3,48 = 20.49; p < 0.0001) and anoxia-reoxygenation (F2,48 = 3.25; p = 0.03) imposed
significant overall effects on the rate of H2O2 emission by site OF (Fig. 4.4) but their
interaction was not significant (F6,48 = 0.61; p = 0.720). Specifically, Cu evoked a
concentration-dependent increase in the rates of H2O2 emission in normoxic and 5 min
anoxia-reoxygenated, and a uniform stimulatory effect across the concentrations
tested in 30 min anoxia-reoxygenated mitochondria (Fig. 4.4). Anoxia-reoxygenation
nonmonotonically altered (F2,48 = 79.19; p < 0.0001) while Cu markedly (F3,48 = 38.32; p
< 0.0001) decreased the rate of H2O2 emission by site IF without significant 2-way
interaction (F6,48 = 1.21; p = 0.318) (Fig. 4.5). Irrespective of the experimental oxygen
conditions, Cu decreased the rate of H2O2 emission from site IF in a concentrationdependent manner. Specifically, the % decreases in emission rates in normoxic control
were 21, 36 and 59% for 1, 5 and 25 μM Cu, respectively. Compared with anoxiareoxygenation only, Cu suppressed the rate of H2O2 emission after 5 min anoxiareoxygenation by 20, 78 and 78% for 1, 5 and 25 μM, respectively. For 30 min anoxiareoxygenated mitochondria, the % decreases in emission rates were 9, 29 and 55% for
1, 5 and 25 μM, respectively.
Cu biphasically altered (F3,48 = 37.98, p < 0.0001) whereas anoxia-reoxygenation
reduced (F2,48 = 19.94, p < 0.0001) the rate of H2O2 emission in mitochondria oxidizing
succinate (Fig. 4.6A). In mitochondria oxidizing succinate plus rotenone, anoxia-
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reoxygenation significantly reduced (F2,48 = 97.89; p < 0.0001) the rate of H2O2
emission. The overall effect of Cu was significant (F3,48 = 20.37; p < 0.0001) and there
was a significant (F6,48 = 2.65; p = 0.027) interaction between the two stressors (Fig.
4.6B). In the presence of rotenone, 1 μM Cu stimulated H2O2 emission regardless of the
experimental oxygen conditions (Fig. 4.6B). Compared with controls without Cu, 5 μM
Cu decreased (p = 0.015) H2O2 emission under normoxia but had no effect after 5- and
30-min anoxia-reoxygenation. Although 25 μM Cu increased the rates of H2O2 emission
by 17, 22 and 26% for normoxia, 5- and 30-min anoxia-reoxygenated mitochondria,
respectively, the increase reached statistical significance (p = 0.014) only in 30 min
anoxia-reoxygenated mitochondria. The calculated rates of H2O2 emission for site IQ
(“succinate” minus “succinate + rotenone”) were negative in the presence of 1 and 5
μM Cu but positive with 25 μM Cu across all experimental oxygen conditions (Fig.
4.6C). Both Cu (F3,48 = 108.19; p < 0.0001) and anoxia-reoxygenation (F2,48 = 69.49; p <
0.0001) suppressed the rate of H2O2 emission by site IIF with significant interaction
(F6,48 = 12.32; p < 0.0001) (Fig. 4.7A). Relative to controls without Cu, 1 μM Cu
suppressed (p < 0.0001) H2O2 emission under normoxia but had no effect after 5- and
30-min anoxia-reoxygenation. The greatest inhibitory effect of Cu was induced by 5 μM
Cu, being 55, 45 and 52% for normoxia, 5- and 30-min anoxia-reoxygenation,
respectively. In the presence of atpenin A5 (Fig. 4.7B), anoxia-reoxygenation decreased
(F2,48 = 91.97; p < 0.0001) while Cu (F3,48 = 437.81; p < 0.0001) nonmonotonically
altered the rate of H2O2 emission by site IIF. There was a significant interaction between
the two stressors (F6,48 = 5.27; p < 0.0001). Regardless of the effect of Cu exposure, the
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rate of H2O2 emission by site IIF with and without atpenin A5 was higher in normoxic
compared with anoxic-reoxygenated mitochondria (Fig. 4.7A&B). Anoxia-reoxygenation
decreased (F2,48 = 193.59; p < 0.0001) while Cu imposed a significant non-monotonic
effect (F3,48 = 408.47; p < 0.0001) on H2O2 emission by site IIIQo. There was a significant
interaction between the two stressors (F6,48 = 13.36; p < 0.0001) (Fig. 4.8). Compared
with respective controls without Cu, 1 μM Cu increased, while 5 and 25 μM Cu
markedly decreased H2O2 emission from site IIIQo across all experimental oxygen
conditions. Specifically, the % increases in the rates of H2O2 emission imposed by 1 μM
Cu were 25, 28 and 21% for normoxia, 5- and 30-min anoxia-reoxygenated
mitochondria, respectively. The greatest inhibitory effect of Cu was found at 25 μM Cu
whereby the rates of H2O2 emission relative to the controls were reduced by 93, 90 and
85% for normoxia, 5- and 30-min anoxia-reoxygenated mitochondria, respectively.
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4.4.5. Effect of anoxia-reoxygenation on activities of GPx and TrxR in heart
mitochondria
Anoxia-reoxygenation increased GPx activity (F2,48 = 30.27; p < 0.0001) whereas Cu did
not have a significant overall effect (F3,48 = 0.25; p = 0.863) (Fig. 4.9A). Moreover, the
interaction between the two stressors was not significant (F6,48 = 0.2; p = 1.0). The
significant effect of anoxia-reoxygenation on GPx activity was primarily driven by 5 min
anoxia-reoxygenation that increased enzyme activity by 78% compared with the
normoxic control. The corresponding increase in GPx activity following 30 min anoxiareoxygenation was only 11%. In contrast, Cu significantly (F3,48 = 201.24, p < 0.0001)
suppressed TrxR activity but the overall effect of anoxia-reoxygenation (F2,48 = 1.56, p =
0.221) and the interaction (F6,48 = 1.14, p = 0.351) were not significant (Fig. 4.9B).
Notably, there is no evidence of concentration-dependent inhibition of TrxR by Cu; the
concentrations of Cu tested inhibited the enzyme to the same degree (Fig. 4.9B).
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4.5 Discussion
4.5.1. Anoxia-reoxygenation suppresses H2O2 emission in heart mitochondria
oxidizing different substrates
To the best of our knowledge, this study is the first to probe the effect of anoxiareoxygenation on H2O2 emission by rainbow trout heart mitochondria oxidizing
different substrates. Anoxia-reoxygenation suppressed the rate of H2O2 emission
contrary to our prediction. Notably, for all the substrates tested, anoxia-reoxygenation
for 5 min suppressed the rate of H2O2 emission to a greater extent than 30 min
exposure. Similar to our findings, several other studies using mitochondria from heart
(Bundgaard et al., 2018, 2019; Gerber et al., 2019) and other organs (Lau and Richards,
2019; Okoye et al., 2021) of anoxia-tolerant and -sensitive organisms found that
anoxia-reoxygenation suppressed H2O2 emission. In contrast, earlier investigations
using succinate or glutamate-malate as substrates in the absence of stressors showed
that anoxia-reoxygenation did not alter rabbit heart (Korge et al., 2008) but increased
rat heart mitochondrial ROS emission (Ozcan et al., 2002). These findings suggest
tissues- and species-specific differences in the effect of anoxia-reoxygenation on
mitochondria ROS production. Although decreased ROS generation is considered a
protective mechanism in anoxia-intolerant tissues (Pamenter et al., 2007), a possible
explanation is the presence of mechanisms that potentiate ROS scavenging capacity
upon exposure to anoxia-reoxygenation and/or blunt anoxia-reoxygenation-induced
ROS production. The increased activity of GPx enzyme (Fig. 4.9A) suggests that anoxiareoxygenation increased ROS scavenging capacity. Indeed, increased antioxidant
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activity following anoxia/hypoxia has been proposed as a mechanism to prevent ROSinduced oxidative damage (Willmore and Storey, 1997; Lushchak et al., 2001; Lushchak
and Bagnyukova, 2006) through a phenomenon known as “preparation for oxidative
stress” (Hermes-Lima et al., 1998, 2015; Lushchak et al., 2001). Thus, in this study, it is
possible that anoxia increased antioxidant enzymes activity in rainbow trout heart
mitochondria thereby preventing excessive ROS accumulation upon reoxygenation.
Likewise, hypoxia-tolerant naked mole-rat heart mitochondria have been shown to be
tolerant to anoxia-reoxygenation and oxidative damage due to increased antioxidant
capacity (Munro et al., 2019; Lau et al., 2020). The apparent higher rate of H 2O2
emission following prolonged (30 min) relative to short (5 min) period of anoxiareoxygenation aligns with a previous study in heart submitochondrial particles from
rabbit heart (Chen and Lesnefsky, 2006) and suggests a gradual decrease in antioxidant
enzymes activity over time. This idea is underscored by the antioxidant enzymes
activity data whereby GPx and TrxR activity were lower after 30 min compared with 5
min anoxia-reoxygenation (Fig. 4.9A&B). Guarnieri et al. (1980) demonstrated that GPx
activity decreased only after prolonged period of oxygen deprivation in rat heart likely
due to oxidative injury that arises when H2O2 emission exceeds ROS scavenging
capacity. Nevertheless, time-dependent variations in mitochondrial response to
anoxia- and ischemia-reoxygenation have been described (Willet et al., 2000; Chen and
Lesnefsky, 2006; Renshaw et al., 2012). Willet et al. (2000) showed that mammalian
lung mitochondria maintained respiratory function during 30 min but not after 45 min
anoxia-reoxygenation exposure. The authors argued that protection of mitochondrial
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function following anoxia-reoxygenation was due to activity of antioxidant enzymes
that prevents oxidative damage. In this study, the findings that time-dependent
differences in H2O2 emission correlated with the activity of antioxidant enzymes
suggest that changes in mitochondria ROS metabolism or oxidative modifications
occurred during anoxia before reoxygenation. This finding also indicates that the
duration of anoxia is an important determinant of mitochondrial responses that afford
protection against reoxygenation-induced oxidative damage. A possible mechanism for
the reduction of H2O2 emission is that anoxia-reoxygenation suppressed ROS
production from QH2/Q isopotential sites (sites IIF and IIIQo) (Fig. 4.3). Likewise,
previous investigations demonstrated that anoxia reduced mETS activity and
subsequent leakage of electrons and ROS production in killifish liver (Du et al., 2016),
red-eared slider turtle heart (Galli et al., 2013) and frog muscle mitochondria (St-Pierre
et al., 2000). These mitochondrial responses are associated with decreased
mitochondrial respiration (St-Pierre et al., 2000; Nouette-Gaulain et al., 2005; Devaux
et al., 2019) consistent with our findings (Appx. C1) and reduced substrate oxidation
(St-Pierre et al., 2000; Korge et al., 2008). While reduced substrate oxidation can result
in accumulation of succinate that promotes ROS production from complex I through
RET (Chouchani et al., 2014; Bundgaard et al., 2019), this is unlikely in this study
because there is no evidence of RET in rainbow trout heart mitochondria (Fig. 4.3; Isei
and Kamunde, 2020). Lastly, the potential contribution of mitochondrial KATP channels
(mitoKATP) to anoxia-reoxygenation-induced decrease in ROS production cannot be
excluded. Ischemia/anoxia has been shown to activate heart mitoKATP (Ozcan et al.,
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2002; Wojtovich and Brookes, 2008) that protect rat heart mitochondria against
oxidative damage upon reoxygenation (Ozcan et al., 2002; Wojtovich and Brookes,
2008). In this regard, potassium channel openers protect heart mitochondria from
ischemia/anoxia-reoxygenation induced injury (Liu and O'Rourke, 2001; Ozcan et al.,
2002; Costa et al., 2006).
4.5.2. Joint effects of anoxia-reoxygenation and Cu on H2O2 emission are substrate
dependent
Although a few studies have demonstrated antagonistic interaction between Cu and
hypoxia on activities of mETS enzymes (Sappal et al., 2015a, 2016; Ransberry et al.,
2016), no study has examined the combined effect of anoxia-reoxygenation and Cu on
heart mitochondrial ROS production. Data revealed additive effect of exposure to
anoxia-reoxygenation and Cu on H2O2 emission in mitochondria oxidizing PC.
Specifically, high Cu concentration (25 μM) stimulated a higher rate of H2O2 emission in
anoxic-reoxygenated mitochondria compared with normoxic control. Given that this
pattern of response was not apparent at low Cu concentrations, it suggests that a high
concentration of Cu was required to produce the additive effect in anoxiareoxygenated mitochondria. Notably, the H2O2 emission spike induced by 25 μM Cu
during oxidation of PC is consistent with our previous report (Isei et al., 2021) and
suggests that Cu interacts with multiple sites in mitochondria fueled with PC to
stimulate ROS production. Furthermore, besides lower antioxidant activity, the higher
rate of H2O2 emission found after 30 min compared with 5 min anoxia-reoxygenation
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suggests increased sensitivity of ROS production sites to Cu with time under anoxia.
The findings that 1 and 25 μM Cu increased the rate of H2O2 emission in normoxic
mitochondria oxidizing glutamate-malate and succinate, respectively, align with our
earlier studies (Isei and Kamunde, 2020; Isei et al., 2021). Moreover, the H2O2 emission
pattern we observed whereby low Cu concentration decreased and high concentration
increased the rate of H2O2 emission in mitochondria oxidizing succinate is consistent
with a previous study in heart submitochondrial particles from rat heart (MorenoSánchez et al., 2013). These emission patterns were replicated in anoxia-reoxygenated
mitochondria and can be attributed to the stimulation of H2O2 emission from site IIIQo
(Fig. 4.8) and complex II (Fig. 4.7) by 1 and 25 μM Cu, respectively, as we have
previously shown (Isei and Kamunde, 2020). In contrast with the result obtained with
PC as substrate, 25 μM Cu stimulated higher H2O2 emission rates in normoxic
mitochondria oxidizing succinate and glutamate-malate. This implies that anoxiareoxygenation reduces the effect of high Cu concentration in mitochondria energized
with succinate or glutamate-malate but not PC. Similarly, mitochondria oxidizing PC
showed considerable resistance to the combined effect of Cu and temperature rise
compared with those oxidizing succinate or glutamate-malate (Isei et al., 2021).
Importantly, the consistent increase in H2O2 emission in mitochondria exposed to 25
μM Cu regardless of experimental oxygen conditions signifies that the amount of ROS
induced by this level of Cu overwhelms the protection afforded by increased activity of
antioxidant enzymes in anoxic-reoxygenated mitochondria. Altogether, the different
patterns of H2O2 emission we found suggest that anoxia-reoxygenation either
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attenuates or intensifies the effect of Cu on heart mitochondrial H 2O2 production
depending on substrate type, duration of anoxia exposure, and Cu concentration.
4.5.3. Anoxia-reoxygenation and Cu modify site-specific H2O2 emission in heart
mitochondria
Heart mitochondrial ROS production sites responded differently to anoxiareoxygenation and Cu exposure. For site OF, anoxia-reoxygenation decreased and
increased H2O2 emission upon 5- and 30-min anoxia-reoxygenation, respectively,
similar to a recent study in rainbow trout liver mitochondria (Okoye et al., 2021). This
response can be partly attributed to increased antioxidant capacity (Figs. 9 and S2) and
OGDH activity following oxygen depletion (Graf et al., 2013). Indeed, ROS production
by site OF has been suggested to be important in ischemia-reoxygenation-induced
oxidative damage (Starkov, 2013). In this regard, ischemia-reoxygenation increased
NADH/NAD+ ratio and altered OGDH activity resulting in increased ROS production in
rat heart mitochondria and isolated enzyme (Lucas and Szweda, 1999; Ambrus et al.,
2009). Moreover, Cu interacted with OGDH to stimulate H2O2 emission in neuronal cells
(Correa and Stoppani, 1996; Sheline and Choi, 2004) in agreement with our findings in
normoxia and after 5 min anoxia-reoxygenation. Notably, the % increase in the rate of
H2O2 emission imposed by Cu was higher in normoxic control, indicating that anoxiareoxygenation reduced the sensitivity of site OF to Cu. The H2O2 emission pattern for
site IF mirrored that of site OF and was characterized by inhibition and stimulation of
H2O2 emission upon 5- and 30-min anoxia-reoxygenation, respectively. This can in part
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be attributed to increased NADH/NAD+ ratio induced by added rotenone (He et al.,
2013) or oxygen depletion (Lucas and Szweda, 1999; Ambrus et al., 2009; Babot et al.,
2014) that facilitates ROS production from both sites (Quinlan et al., 2014; Wagner et
al., 2020). Importantly, heart mitochondrial complex I activity is sensitive to
ischemia/anoxia-reoxygenation (Veitch et al., 1992; Paradies et al., 2004; Chen et al.,
2007). Specifically, ischemia/anoxia causes a reversible transition of the catalytic active
form (A-form) of complex I to the dormant form (D-form) (Maklashina et al., 2004;
Babot et al., 2014; Dröse et al., 2016; Galkin and Moncada, 2017) and the amount of Dform formed correlates with the duration of oxygen deprivation (Galkin et al., 2009).
Notably, the D-form conformation produces a rotenone-like effect (Maklashina et al.,
2004; Dröse et al., 2016) that inhibits electron flow from FeS clusters to site I Q. This
causes gradual accumulation of electrons at proximal sites that can foster ROS
production upon transition back to the A-form after reoxygenation or energization
(Maklashina et al., 2002; Galkin et al., 2009; Dröse et al., 2016; Galkin and Moncada,
2017). We therefore hypothesize that reoxygenation and energization with malate
following a bout of anoxia stimulated the transition of complex I from D to A-form
culminating in increased H2O2 emission from sites IF and OF. We tested this idea by
measuring complex I-driven mitochondrial respiration (a proxy for complex I activity).
Contrary to our expectation, anoxia-reoxygenation inhibited complex I-driven state 3
respiration, more prominently after 30 min of anoxia (Appx. C1). This suggests that
complex I oxidoreductase activity was inhibited by anoxia and the A/D ratio of the
enzyme remained low even after reoxygenation, possibly because the enzyme was
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irreversibly deactivated or the duration of reoxygenation was not long enough for
sufficient enzyme re-activation. Under this condition, decreased ROS production would
be expected because of impaired NADH oxidation due to inhibition of complex I (Babot
et al., 2014). Moreover, complex I D-form does not support RET which would reduce
the enzyme from downstream and increase emission from site IF/OF (Babot et al., 2014;
Hirschenson and Mailloux, 2021). A plausible explanation of the increased emission
from site IF/OF is S-glutathionylation of subunits of complex I and OGDH (Mailloux and
Willmore, 2014; Hirschenson and Mailloux, 2021). Notably, deactivation of complex I
exposes Csy-39 on the ND3 subunit and thiols in other subunits that can subsequently
be reversibly S-glutathionylated or irreversibly oxidized by ROS depending on the
conditions (Babot et al., 2014). S-glutathionylation typically occurs at high GSSG/GSH
ratio but in this study the GSH levels increased while GSSG levels did not change after
anoxia-reoxygenation (Appx. C2). While this suggests that S-glutathionylation may not
be the mechanism of the increased and decreased H2O2 emission we observed,
complex I can be glutathionylated even at high GSH/GSSG ratio (Kang et al., 2012;
Mailloux et al., 2013).
Importantly, S-glutathionylation of complex I was reported to reduce or increase ROS
production from the enzyme suggesting that the outcome of this reaction may depend
on the enzyme subunit glutathionylated, duration of the conjugation of glutathione
with the subunit, and direction of electron transfer (Taylor et al., 2003; Mailloux et al.,
2014; Hirschenson and Mailloux, 2021). Specifically, short-term glutathionylation of
complex I subunits suppresses ROS production during oxidation of NADH while
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prolonged glutathionylation prevents electrons from reaching NAD + by RET thus
increasing the reduction state of site IF and subsequently increasing ROS production
from the site (Taylor et al., 2003; Mailloux et al., 2014; Hirschenson and Mailloux,
2021). Cu concentration-dependently decreased H2O2 emission from site IF under
normoxic condition and after anoxia reoxygenation suggesting that Cu interacts with
target sites upstream of site IQ. Indeed, Cu can directly impair Fe-S clusters in complex I
(Cederbaum and Wainio, 1972) or interact directly with site IF to inhibit NADH
oxidation (Djoko et al., 2014) thereby suppressing H2O2 emission. Of note is the finding
that the inhibitory effect of Cu was more pronounced after 5 min while the effect after
30 min anoxia reoxygenation was similar to normoxic control (Fig. 4.5). This indicates
that a short period of anoxia increases while prolonged anoxia reduces the sensitivity
of site IF to Cu.
Consistent with previous study, there was no evidence of RET-driven ROS production at
site IQ in normoxic (Isei and Kamunde, 2020) or anoxic-reoxygenated rainbow trout
heart mitochondria. Specifically, normoxic and anoxic-reoxygenated mitochondria
oxidizing succinate plus rotenone emitted more H2O2 than succinate alone, resulting in
negative calculated rates for site IQ (Fig. 4.3). This finding is in line with rotenoneinduced H2O2 emission in mouse liver mitochondria (Slade et al., 2017) and rotenoneinsensitive ROS generation in rat liver and heart mitochondria (Tahara et al., 2009;
Moreno-Sánchez et al., 2013). However, while these findings suggest rainbow trout
heart mitochondria do not produce ROS by RET, we cannot rule out the possibility that
it is masked by simultaneous ROS production from sites distal and/or proximal to site I Q
192

as a result of redistribution of electrons. In this regard, ROS production from site III Qo
(Dröse and Brandt, 2008) and electron transfer flavoprotein (ETF)/ETF:ubiquinone
oxidoreductase (Quinlan et al., 2012) has been suggested as an explanation for
rotenone-insensitive ROS production during succinate oxidation (Isei and Kamunde,
2020). Notably, the positive H2O2 emission rates for site IQ induced by high Cu
concentration (Fig. 4.6C) suggest that Cu inhibits ROS emission from redox sites in the
QH2/Q pool to uncover emission from site IQ. The use of site IQ suppressors of electron
leak (S1QELs) that block ROS production by site IQ without altering electron flow or
mitochondria respiration (Brand, 2016) would be useful in revealing if this site emits
ROS in rainbow trout heart mitochondria. Nonetheless, this study suggests that anoxiareoxygenation reduces site IQ responsiveness to Cu.
Unlike site IF, anoxia-reoxygenation suppressed H2O2 emission from site IIF regardless of
the duration of anoxia exposure, suggesting that the redox sites in mitochondrial
complex I and II respond differently to oxygen deprivation. Our finding is consistent
with a previous report in thorax mitochondria from Drosophila melanogaster whereby
oxygen depletion suppressed ROS production from complex II by >60% (Ali et al.,
2012). Our finding regarding site IIF is not surprising because earlier studies have shown
that oxygen deprivation inhibits complex II (Wojtovich and Brookes, 2008; Devaux et
al., 2019) through mitoKATP opening and accumulation of oxaloacetate (Wojtovich and
Brookes, 2008). Oxaloacetate inhibits complex II directly or indirectly through oxidative
decarboxylation to malonate (Wojtovich and Brookes, 2008; Fink et al., 2019) that
inhibits ROS production by site IIF (Quinlan et al., 2013; Brand, 2016; Isei and Kamunde,
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2020). This also can explain why the longer duration of anoxia-reoxygenation
decreased H2O2 emission more prominently in mitochondria oxidizing succinate
compared with those oxidizing glutamate-malate or PC as previously reported in
rainbow trout liver (Okoye et al., 2021) and rabbit heart mitochondria (Korge et al.,
2008). In contrast with normoxic control with and without atpenin A5, 1 μM Cu did not
alter H2O2 emission from site IIF in anoxia-reoxygenated mitochondria indicating that
anoxia-reoxygenation reduced the sensitivity of site IIF to Cu. Additional evidence of
reduced sensitivity comes from the finding that the H2O2 emission spike induced by 25
μM Cu from site IIF in the presence of atpenin A5 (Isei and Kamunde, 2020) was
substantially higher in normoxic control than anoxic-reoxygenated mitochondria (Fig.
4.7B).
Lastly, anoxia-reoxygenation reduced H2O2 emission by site IIIQo indicating that the
activity of redox sites in complex III was impaired following anoxia exposure. A
plausible consequence of impaired complex III is that electrons would back up to
proximal sites and promote ROS formation. Prior investigations showed that
ischemia/anoxia-reoxygenation causes loss of cytochrome c, impairs complex III, and
reduces the levels of cardiolipin in mammalian heart and carotid artery endothelial cell
mitochondria (Ozcan et al., 2002; Chen and Lesnefsky, 2006; de Rebière de Pouyade et
al., 2011) resulting in increased ROS production from complex I (Chen and Lesnefsky,
2006). Depletion of cytochrome c promotes accumulation of electrons at the level of
cytochrome c1 thereby impeding electron transfer from Rieske iron-sulfur protein
(Trumpower, 2002; Chen and Lesnefsky, 2006) that consequently inhibits and
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stimulates ROS production by site IIIQo and complex I, respectively (Kushnareva et al.,
2002; Chen and Lesnefsky, 2006). Similarly, Tompkins et al. (2006) showed that
ischemia reperfusion of rat heart mitochondria stimulates ROS production from
complex I but not complex III. The low-concentration stimulatory and highconcentration inhibitory effects of Cu on H2O2 emission from site IIIQo align with
previous report (Isei and Kamunde, 2020) and persisted in anoxic-reoxygenated
mitochondria. Importantly, our results revealed that the effect of Cu on H 2O2 emission
was more prominent in normoxic control suggesting that anoxia-reoxygenation
reduced the sensitivity of site IIIQo to Cu.
4.5.4. Anoxia-reoxygenation and Cu modify antioxidant enzymes activity disparately
To reveal potential mechanisms whereby anoxia-reoxygenation reduced H2O2 emission
in heart mitochondria, we examined the effect of anoxia-reoxygenation alone and in
combination with Cu on activities of GPx and TrxR, enzymes that represent the
principal H2O2 scavenging systems (GSH-dependent and Trx-dependent peroxidase
systems) in rainbow trout heart mitochondria (Kamunde et al., 2018; Isei et al., 2021).
The finding that anoxia-reoxygenation increased GPx activity corresponds with
previous studies in gastropod and fish tissues (Lushchak et al., 2001, 2005; Welker et
al., 2016) wherein authors suggested that increased antioxidant activity prevented
excessive ROS production following reoxygenation. Accordingly, GPx has been shown
to protect the heart and heart mitochondria against reoxygenation-induced cardiac
damage (Steeves et al., 1994; Thu et al., 2010), while overexpression of GPx increased
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resistance to ischemia-reperfusion injury (Yoshida et al., 1996). Additionally, treatment
of ischemic rat heart with mitochondria-targeted antioxidants (MitoQ) decreased heart
mitochondrial and tissue dysfunction following reperfusion (Adlam et al., 2005). While
this study did not explore the mechanisms underlying increased antioxidant capacity,
GSH levels changed in parallel with Gpx activity (Appx. C2). Surprisingly and aligned
with previous reports, Cu did not affect GPx activity (de Almeida et al., 2004; Mesquita
et al., 2019) but suppressed TrxR activity (Watabe et al., 1999; Drechsel and Patel,
2010). Notably, our previous study revealed that Cu depletes GSH in heart
mitochondria (Isei et al., 2021). Taken together, it appears that increased GSH during
anoxia-reoxygenation promotes GPx activity but depletion of GSH by Cu does not
impair GPx or completely disrupt GSH-dependent peroxidase H2O2 scavenging activity
(de Almeida et al., 2004; Isei et al., 2021). In this regard, Antunes et al. (2002) showed
that GPx functions optimally and is sufficiently saturated with GSH even after 99%
depletion of GSH.
Lastly, we measured SOD activity to test the idea that changes in H 2O2 generation
(altered rate of dismutation of superoxide) contributed to the H2O2 emission response
we observed. Indeed, a preponderance of the ROS produced by mitochondria is
superoxide. We found that neither anoxia-reoxygenation nor Cu exposure altered SOD
activity (Appx. C3) indicating that that this enzyme did not contribute to the H2O2
emission patterns we observed. The lack of effect of SOD is underscored by the finding
that addition of SOD to the assay does not alter H2O2 efflux in rainbow trout heart
mitochondria (Isei and Kamunde, 2020). Overall, this study suggests that anoxia196

reoxygenation and Cu exposure modulate mitochondrial H2O2 efflux by directly
affecting sites of primary ROS production and the scavenging capacity.
4.6 Conclusions
This study revealed that anoxia-reoxygenation decreased heart mitochondrial H2O2
emission likely due to increased antioxidant enzymes activity and that mitochondrial
ROS production sites respond differently to anoxia-reoxygenation and Cu. Quantitation
of site-specific H2O2 emission following exposure to anoxia-reoxygenation, and Cu
suggested potential roles mitochondrial H2O2 in protective signaling and propagation of
oxidative stress depending on site and stress severity. We showed that generally, sitespecific H2O2 emission decreased with Q-linked substrates but increased with NAD+linked substrates in oxygen-deprived conditions. This suggests that heart mitochondrial
complex I and NAD+-linked Krebs cycle dehydrogenases are important sites of ROS
modulation upon exposure to anoxia-reoxygenation stress. In parallel, decreased H2O2
emission by QH2/Q pool sites would likely serve to prevent excessive ROS production
during anoxia and subsequent reoxygenation. Nevertheless, whether H2O2 emitted by
sites OF and IF is involved in protective anoxia/hypoxia signaling or oxidative injury
needs further investigation. Indeed, exploring the joint effects of anoxia-reoxygenation
and Cu on H2O2 emission showed that anoxia-reoxygenation can suppress heart
mitochondrial sensitivity to Cu exposure in a manner that limits Cu-induced stimulation
of ROS production. Notably, this study provides insight into mitochondrial sites that
can be targeted for developing new strategies and therapies for treating ischemic-
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reperfusion injuries and other pathologies associated with oxygen deprivation and
restoration. Assessing the joint effects of Cu and anoxia-reoxygenation on activity of
antioxidant enzymes in rainbow trout heart mitochondria may serve as an indicator of
the quality of aquatic environment. The disparate responses imposed by Cu on GPx and
TrxR underscore the compensatory relationship between GSH- and Trx-dependent
peroxidase systems and contribute to a better understanding of the inconsistent
effects of Cu on antioxidant enzymes. Lastly, the use of isolated mitochondria is a
notable limitation of this study. While assessing mitochondrial response to stressors
with isolated mitochondria offers important advantages, interaction with cytoplasmic
elements is lost and the isolation process can alter mitochondrial structural properties.
Consequently, there is a need for caution when comparing our findings to in vivo
studies or cardiac cell models.
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Chapter 5
Copper modulates heart mitochondrial H2O2 emission during oxidation of
palmitoylcarnitine and pyruvate

A version of this chapter is currently under revision
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5.1

Abstract

Although the preferred cardiac metabolic substrate for energy (ATP) generation is fatty
acids, glucose metabolism also plays an important role. However, irrespective of
substrate type, energy generation is associated with mitochondrial reactive oxygen
species (ROS) formation, that can result in oxidative stress when present in excess or
modified by stressors. To determine if preference of fat to carbohydrates metabolic
substrates predisposes cardiomyocytes to oxidative stress, we determined the total
and site-specific hydrogen peroxide (H2O2) emission in heart mitochondria oxidizing
palmitoylcarnitine or pyruvate and during exposure to copper (Cu) on H2O2 emission.
We found that the rate of H2O2 emission was higher during oxidation of
palmitoylcarnitine compared with pyruvate. Moreover, the bulk of the H2O2 emitted
during palmitoylcarnitine oxidation originated from the outer ubiquinone binding site
of complex III (site IIIQo) and the flavin site of electron transfer flavoprotein (site EF). We
found no evidence of ROS production from complex I ubiquinone-binding site (site IQ)
by reverse electron transport (RET) during oxidation of palmitoylcarnitine. Pyruvate
oxidation also drove H2O2 emission primarily from sites IIIQo; however, the flavin sites
of pyruvate dehydrogenase (site PF) and complex II (site IIF) contributed substantially.
The magnitude and pattern of effects of Cu varied depending on metabolic substrate
type and site assessed. Specifically, the effects of Cu at sites OF and IIIQo were more
pronounced in mitochondria oxidizing pyruvate than palmitoylcarnitine. Additionally,
Cu imposed a concentration-saturable effect at site PF but stimulated H2O2 emission at
site EF. Altogether, the substrate-dependent differences in the rates of H2O2 emission
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and effects of Cu underscore the theme that substrate type and points of electron
entry into the mitochondrial electron transport system determine the rate of ROS
production by the mitochondria. Knowledge of the sites of H2O2 emission by the heart
could be crucial to the understanding of the impact of ROS in cardiac dysfunction
associated with impaired substrate metabolism.
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5.2

Introduction

The heart can utilize different classes of carbon substrates to generate energy required
to meet its high metabolic demand but 60 to 90% of its energy requirement is
generated via β-oxidation of fatty acids (Stanley and Chandler, 2002; Chen and Zweier
2014; Mailloux, 2015) with 20 to 40% from oxidation of pyruvate derived from
glycolysis (Folmes and Lopaschuk, 2007; Kolwicz et al., 2013). Fatty acids and pyruvate
are ferried by transporter-proteins into the mitochondrial matrix where they are
metabolized by β-oxidation dehydrogenase enzymes and pyruvate dehydrogenase
complex (PDH), respectively, to acetyl-CoA (Alberts et al., 2002; Cortassa et al., 2019).
Acetyl-CoA is then oxidized in the Krebs cycle to liberate reducing equivalents (NADH
and FADH2) whose oxidation at sites IF and IIF, respectively, results in electron transfer
to the ubiquinone (Q) pool. Thus, fatty acids and glucose compete as a source of acetyl
CoA for the Krebs cycle and ultimately mitochondrial energy production. Importantly,
the convergence of oxidation of fat and carbohydrate metabolites at the level of
acetyl-CoA makes PDH a key regulator of metabolic flux from β-oxidation and glycolysis
into the Krebs cycle. Additionally, during β-oxidation, mitochondrial acyl-CoA
dehydrogenases transfer electrons (FADH2) through the electron-transfer flavoprotein
(ETF) system (ETF and ETF:ubiquinone oxidoreductase (ETF:QOR)) to the Q pool while
electrons (NADH) from 3-hydroxyacyl-CoA dehydrogenase enter the ETS via complex I
(Watmough and Frerman, 2010; Wang et al., 2019). The involvement of multiple
enzymes and entry points of electrons into the ETS during β-oxidation of fatty acids
increase the likelihood of electron leak at different redox sites in the ETS to partially
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reduce oxygen with the formation of ROS. Indeed, electron leakage along the ETF
system is a potential mechanism of ROS production by mitochondria oxidizing fatty
acids (Watmough and Frerman, 2010; Henriques et al., 2021).
While heart dysfunction associated with genetic- or stressor-induced impairment of
the β-oxidation pathway and the ETF system have been explored (Zhu et al., 2014; Lei
et al., 2017; Henriques et al., 2021), ROS metabolism in heart mitochondria during fatty
acid oxidation is often overlooked. However, ROS metabolism by heart mitochondria
during oxidation of carbohydrates or amino acids has been studied to a better extent
and it is known that ROS production occurs primarily from sites I F, IIF and site IIIQo
(Grivennikova et al., 2010; Chen and Zeiwer, 2014; Isei and Kamunde, 2020; Isei et al.,
2021ab). It is likely that oxidation of fatty acids promotes ROS formation not only from
sites on enzyme specific to the β-oxidation pathway but from IF, IIF and site IIIQo during
oxidation of acetyl-CoA derived for fatty acids in the Krebs cycle. Nonetheless, the
specific sites of ROS production during oxidation of fatty acids, their capacities, and
contributions to overall ROS production in heart mitochondria are yet to be
ascertained. In addition, fatty acids can stimulate ROS production in mammalian heart
mitochondria by inhibiting specific sites in the ETS (Schönfeld and Reiser, 2006;
Schönfeld and Wojtczak, 2008). For example, phytanic acid induces a rotenone-like
effect in rat heart mitochondria complex I with increased ROS production from sites
proximal to the inhibition (Schönfeld and Reiser, 2006). Furthermore, rat heart
mitochondria oxidizing palmitoylcarnitine produce high amounts of ROS in the
presence of antimycin A (St-Pierre et al., 2002; Schönfeld et al., 2010) suggesting that
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site IIIQo is important for ROS production during oxidation of fatty acids. In contrast, rat
skeletal muscle mitochondria oxidizing palmitoylcarnitine emit ROS prominently from
sites IIF (Perevoshchikova et al., 2013; Quinlan et al., 2013b). However, ROS production
by site IQ through RET to complex I during oxidation of fatty acids is debatable because
some studies (Mailloux, 2015; Guarás et al., 2016) found evidence of RET-induced ROS
production while others did not (Schönfeld and Wojtczak, 2007; Schönfeld et al., 2010;
Seifert et al., 2010). Together, findings from mammalian mitochondria suggest tissuespecific differences in the capacities of ROS production sites during oxidation of fatty
acids but little is known about species differences.
Cytosolic oxidation of glucose produces pyruvate that is transported into the
mitochondria where it is oxidized in the presence of coenzyme A, to generate NADH
and acetyl CoA. Pyruvate oxidation is catalyzed by PDH that comprises three subunits,
E1:

pyruvate

dehydrogenase,

E2:

dihydrolipoyl

transacetylase,

and

E3:

dihydrolipoamide dehydrogenase (Fisher-Wellman et al., 2013; Ambrus et al., 2015).
Besides its role in the aerobic metabolism of pyruvate, the flavin site (site P F) of the E3
subunit produces ROS (Fisher-Wellman et al., 2013; Brand, 2016; Mailloux, 2020).
Indeed, studies in mammalian mitochondria suggest that site PF produces more ROS
than redox sites in complex I during forward electron transport (FET) and RET when site
IQ is blocked with rotenone (Quinlan et al., 2014; Forrester et al., 2018; Mailloux, 2020).
Furthermore, pyruvate oxidation can cause ROS generation from site IIIQo during FET
(St-Pierre et al., 2002; Quinlan et al., 2012, 2014). In addition to being a source of ROS,
PDH is sensitive to oxidative stress that can arise following ROS production by other
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sites (Ambrus et al., 2015; Mailloux, 2015, Forrester et al., 2018) or upon exposure to
exogenous stressors such as metals (Gazaryan et al., 2002; Sheline and Choi, 2004).
Of note, alteration of the regulated relationship between fatty acids and pyruvate
metabolism has been implicated in several cardiac dysfunction (Fillmore et al., 2014;
Lopaschuk et al., 2021); however, whether this is related to impaired ROS metabolism
remain to be explored. Knowledge of the sites of ROS production in heart mitochondria
during oxidation of pyruvate and fatty acids could unmask novel metabolic control
points with potential as therapeutic targets for management of cardiac dysfunction
attributed to aberrant energy metabolism. Nevertheless, comparative quantitative
analysis of site-specific ROS production during oxidation of fatty acids and pyruvate are
rare. The available studies in rat heart (Rindler et al., 2013) and muscle (Anderson et
al., 2007) mitochondria showed that oxidation of pyruvate generates less ROS
compared with palmitoylcarnitine. Presently, there is no information on ROS
production during fatty acid and pyruvate oxidation in rainbow trout heart
mitochondria and how it is influenced by stressors.
Cu is an essential component of mitochondrial enzymes, including cytochrome c
oxidase and superoxide dismutase, but an important mitochondrial stressor when in
excess (Sappal et al., 2014; Zischka and Einer, 2018). While the heart is not the primary
site of metal accumulation, Cu concentration increases in heart of fish inhabiting
contaminated environments (Ashraf, 2005). At elevated concentrations, Cu interacts
with cellular macromolecules and mitochondria to precipitate oxidative damage by
impairing ROS metabolism (Zischka and Einer, 2018; Isei and Kamunde, 2020). We have
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shown in our previous investigations that Cu interacts with specific redox sites and
enzymes in the heart mitochondria to alter both ROS production and scavenging
systems (Isei and Kamunde, 2020; Isei et al., 2021a).
In the present study, we assessed the influence of Cu on heart mitochondrial ROS
formation during oxidation of palmitoylcarnitine and pyruvate, representing fat and
carbohydrate sources of metabolic fuel, respectively. We hypothesized that (i) heart
mitochondrial total and site-specific ROS emission will be higher during
palmitoylcarnitine oxidation compared with pyruvate because higher amounts of
NADH and FADH2 are generated and a larger number of redox sites are involved in βoxidation and (ii), site-specific ROS emission will be more sensitive to Cu during βoxidation of fatty acids because enzymes of the mitochondrial β-oxidation pathway
provide additional potential targets for Cu.
5.3

Materials and methods

5.3.1 Reagents
Rotenone, antimycin A, myxothiazol, Tris-hydrochloride (Tris-HCl), potassium
dihydrogen phosphate (KH2PO4), L-aspartic acid, adenosine triphosphate (ATP), fatty
acid-free bovine serum albumin (BSA), and dimethyl sulfoxide (DMSO) were from
Millipore Sigma (Burlington, MA, USA). Hydrogen peroxide (H2O2), L-malic acid, Lglutamic acid and L-succinic acid, sodium pyruvate, L-carnitine hydrochloride (C),
palmitoyl-DL-carnitine chloride (PC), aprotinin, horseradish peroxidase (HRP), and Cu as
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copper (II) sulfate pentahydrate (CuSO4.5H2O) were from Sigma-Aldrich Oakville (ON,
Canada). Ethylene glycol bis (β-aminoethyl ether)-N, N′-tetraacetic acid (EGTA), Triton
X-100, potassium chloride (KCl), sucrose and malonic acid were from VWR Chemicals
(OH, USA). Amplex UltraRed (AUR) was from Invitrogen Thermo Fisher Scientific, OR,
USA.
5.3.2 Animals and mitochondria isolation
Rainbow trout (250 - 300 g) obtained from Ocean Trout Farm, Brookvale, PE, Canada,
were kept in an aerated 500-l tank supplied with flow-through well-water maintained
at 11 oC at the Atlantic Veterinary College Aquatic Animal Facility. All procedures were
consistent with the Canadian Council on Animal Care Guidelines and approved by the
University of Prince Edward Island Animal Care Committee (protocol # 17-036).
Heart mitochondria were isolated at 4 °C according to our method detailed in Isei and
Kamunde (2020) and re-suspended in respiration buffer (100 mM KCl, 10 mM Tris-HCl,
25 mM KH2PO4, 2 μg/ml aprotinin, 1 mg/ml fatty acid-free BSA, pH 7.3). Protein
concentrations of mitochondrial suspensions were measured as described by Bradford,
(1976) with BSA as the standard.
5.3.3 H2O2 emission by heart mitochondria oxidizing palmitoylcarnitine or pyruvate
substrates
To determine the concentrations of substrates derived from fat and carbohydrate
metabolism that support maximal ROS production, we measured the rates of H 2O2
emission by heart mitochondria (0.25 mg protein/ml) oxidizing graded concentrations
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of (i) palmitoylcarnitine with and without 2 mM carnitine and (ii), pyruvate with and
without 5 mM malate. Thereafter, we compared H2O2 emission by mitochondria
fuelled with these substrates at optimal concentrations: 50 μM palmitoylcarnitine, 50
μM palmitoylcarnitine plus 2 mM carnitine, 0.1 mM pyruvate or 0.1 mM pyruvate plus
5 mM malate. H2O2 emission was measured using 1 U/ml horseradish peroxidase to
catalyze the oxidation of Amplex UltraRed (50 μM) to a fluorescent product, Amplex
UltroxRed (Quinlan et al., 2013a; Isei and Kamunde, 2020). Kinetic data were obtained
using a microplate fluorescence reader (Synergy™ HT BioTek, Winooski, VT) at room
temperature (23 oC) for 60 min with reads at 90 s intervals. Background fluorescence
measured in blank wells containing RB were subtracted from all sample rates.
Fluorescence data obtained thereof were converted to molar units of H2O2 with a
standard curve generated under the same conditions during each trial.
5.3.4 Site-specific H2O2 emission during palmitoylcarnitine or pyruvate oxidation
We used respiratory chain inhibitors at concentrations optimized for rainbow trout
heart mitochondria (Isei and Kamunde, 2020) to isolate specific ROS production sites
during oxidation of palmitoylcarnitine or pyruvate. The respective inhibitor
concentrations were rotenone: 4 μM, ATP: 2.5 mM, aspartate: 1.5 mM, myxothiazol: 4
μM, malonate: 5 mM, antimycin A: 2 μM.
Because palmitoylcarnitine supplies electrons to the ETS via multiples sites, blockade of
electron flow by inhibitors can result in electron redistribution and simultaneous ROS
production by several redox centers in the mitochondria. Thus, we modified inhibitor
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combinations as appropriate to minimize contamination during isolation of a particular
site of interest. With palmitoylcarnitine as substrate, H2O2 emission by site IF was
defined as H2O2 efflux measured in the presence rotenone to inhibit site IQ thereby
channelling electrons to proximal sites in the NADH/NAD+ pool and preventing reoxidation of complex I by the Q-pool. We added ATP and aspartate to inhibit
contamination by site OF of the oxoglutarate dehydrogenase complex (OGDH) (Quinlan
et al., 2013a; Brand, 2016). Because fatty acid oxidation can supply electrons directly to
Q-pool to reduce complex III, we treated the mitochondria with myxothiazol to inhibit
site IIIQo and malonate to block potential emission from site IIF. The estimated rate of
H2O2 emission by site IF was then corrected for emission by unenergized mitochondria.
Emission by site OF was defined as the difference between H2O2 emission in the
presence of rotenone, myxothiazol and malonate with and without ATP plus aspartate.
H2O2 emission by site IQ was calculated as the difference in emission rates between
mitochondria oxidizing palmitoylcarnitine plus myxothiazol and malonate, with and
without rotenone. We estimated H2O2 emission by site IIF as the rate measured in the
presence of rotenone and myxothiazol, wherein the specific capacity of site IIF was the
emission sensitive to malonate. H2O2 emission by site EF was defined as H2O2
production in mitochondria oxidizing palmitoylcarnitine in the presence of rotenone,
malonate and myxothiazol after correction for emission by unenergized mitochondria.
For H2O2 emission by site IIIQo, mitochondria were treated with antimycin A to block
site IIIQi and induce RET to site IIIQo, and malonate to block emission from site IIF.
Emission specific to site IIIQo was estimated as the H2O2 emission rate sensitive to

209

myxothiazol.
Mitochondria oxidizing pyruvate can produce ROS directly from site PF or/and OF in the
presence of rotenone due to RET (Mailloux, 2015; Brand, 2016; Mailloux et al., 2018).
In addition, FET to distal sites facilitates ROS emission from site IIIQo (St-Pierre et al.,
2002; Quinlan et al., 2012, 2014). Like other 2-oxoacid dehydrogenase complexes, PDH
is substrate-specific (Brand, 2016; Goncalves et al., 2016). Thus, uncontaminated H2O2
emission from PF was determined in mitochondria oxidizing pyruvate (0.1 mM) in the
presence of rotenone. We added ATP and aspartate to block site OF because pyruvate
can serve as a substrate for OGDH (Liu et al., 2018). The maximal capacity of site PF was
corrected for emission by unenergized mitochondria. Notably, despite the substratespecificity of site PF, we cannot rule out contributions from site IF under this condition.
Measurement of definitive contribution by site PF (and site IF) was limited by the lack of
specific inhibitor of site PF in rainbow trout heart. While CPI-3 has been used to inhibit
site PF in mammalian mitochondria (Mailloux et al., 2018) our previous study showed
that CPI-3 stimulates ROS in rainbow trout heart mitochondria indicating a non-specific
effect (Isei and Kamunde, 2020). The emission attributed to site OF was defined as the
difference between H2O2 emission in the presence of rotenone, with and without ATP
plus aspartate. To assess the emission rate specific to site IIF in mitochondria oxidizing
pyruvate, we treated the mitochondria with myxothiazol to block site IIIQo and drive
RET to proximal sites. The maximal capacity of site IIF was defined as the rate sensitive
to malonate. H2O2 emission capacity of site IIIQo was estimated as the myxothiazol
sensitive rate in the presence of malonate and antimycin A.
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Lastly, to unmask the effect of Cu on site-specific H2O2 emission, we exposed
mitochondria with isolated sites to 1, 5 and 25 µM Cu for 60 min before measurement
of H2O2 emission rate.
5.3.5 Statistics
Results are presented as means ± SEM. Data were submitted to one- or two-way
analysis of variance (ANOVA) using Minitab 19 (Minitab, Inc., State College, PA).
Normality and homoscedasticity of distribution were tested using Levene’s and
Kolmogorov-Smirnov tests, respectively. Post hoc pairwise comparisons were done
using Fisher’s LSD test and the level of significance was p < 0.05. Significantly different
means are depicted with different letters.
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5.4 Results
5.4.1 Substrates-dependent rates of H2O2 emission
With and without carnitine, palmitoylcarnitine induced a concentration-saturable
increase in the rate of H2O2 emission with maximal emission at 50 µM
palmitoylcarnitine (Fig. 5.1A). However, emission rates were higher in the presence of
carnitine

at

all

palmitoylcarnitine

concentrations,

thus

we

used

50

µM

palmitoylcarnitine plus 2mM carnitine to assess site-specific H2O2 emission with
palmitoylcarnitine as substrate. With pyruvate as substrate, the rate of H2O2 emission
peaked at 0.1 mM pyruvate and flatlined thereafter (Fig. 5.1B). Therefore, we
considered 0.1 mM pyruvate optimal for assessing H2O2 emission capacities of sites
with pyruvate as substrate. Overall, irrespective of the pyruvate concentration, the
rates of H2O2 emission were much higher during oxidation pyruvate-malate compared
with pyruvate only. H2O2 emission by unenergized mitochondria was not altered by
added carnitine (Fig. 5.2). However, the rates of H2O2 emission by mitochondria fueled
with palmitoylcarnitine (p = 0.002) or palmitoylcarnitine-carnitine (p < 0.0001) were
significantly higher compared with pyruvate. Notably, H2O2 efflux in mitochondria
oxidizing pyruvate-malate was significantly higher than pyruvate only (p < 0.0001) and
palmitoylcarnitine-carnitine (p = 0.003) (Fig. 5.2).
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Fig. 5.1. Optimization of substrate concentrations for measurement of H2O2 emission in
heart mitochondria. H2O2 emission (fluorescence intensity) by heart mitochondria in
the presence of increasing concentrations of palmitoylcarnitine with and without (2
mM) carnitine (A), and pyruvate with and without (5 mM) malate (B). Values are means
± SEM, n = 5.
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Fig. 5.2. Substrate-dependent rates of H2O2 emission in heart mitochondria. Rates of
H2O2 emission by unenergized (Unen. mitos) heart mitochondria and when fuelled with
50 μM palmitoylcarnitine (PC), 50 μM palmitoylcarnitine plus 2 mM carnitine (PCc), 0.1
mM pyruvate (Pyr) or 0.1 mM pyruvate plus 5 mM malate (PyrM). Values are means ±
SEM, n = 5, Fisher’s LSD post hoc test, p < 0.05. Bars with different letters are
significantly different.
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5.4.2 Site-specific H2O2 efflux during oxidation of palmitoylcarnitine-carnitine or
pyruvate
For H2O2 emission by NADH/NAD+ isopotential sites isolated during oxidation of
palmitoylcarnitine, the rate of H2O2 emission by site IF was significantly (p = 0.002)
higher than site OF (Fig. 5.3A-C). Notably, the estimated rate of H2O2 emission for site IQ
was negative indicating the absence of RET and increased emission from other sites
upon addition of rotenone. For QH2/Q isopotential sites assessed, the rate of H2O2
emission by site IIF was significantly lower relative to sites EF (p = 0.001) and IIIQo (p <
0.0001) (Fig. 5.3). Comparatively, the capacity of H2O2 emission by QH2/Q pool was
substantially higher than NADH/NAD+ pool for the sites assessed (Fig. 5.3C).
Specifically, H2O2 emission by site IIIQo was 6-fold and 20-fold higher than emission by
sites IF and OF, respectively. Altogether, the site-specific rate of H2O2 emission by heart
mitochondria during oxidation of palmitoylcarnitine was of the order: site IIIQo > EF >
site IF > site IIF > site OF > site IQ. With pyruvate as substrate, the measured rates of H2O2
emission by NADH/NAD+ isopotential sites showed that emission at site PF was higher
(p < 0.0001) relative to site OF (Fig. 5.4A-C). For QH2/Q isopotential sites, the rate of
H2O2 emission by site IIF was significantly (p < 0.0001) lower than that of site IIIQo. Akin
to the results obtained with palmitoylcarnitine as substrate, the rate H 2O2 of emission
from site IIIQo was substantially higher than other sites assessed. Overall, for the sites
assessed, the capacity of H2O2 emission by NADH/NAD+ sites were lower compared
with QH2/Q isopotential sites (Fig. 5.4C).

215

To reveal possible differences in ROS metabolism during oxidation of metabolites of
fats and carbohydrates, we compared the rates of H2O2 emission from sites OF, IIF, IIIQo
during oxidation of palmitoylcarnitine and pyruvate. We also compared H2O2 emission
by the flavin sites of PDH and ETF, that is, site PF and EF, during oxidation of pyruvate or
palmitoylcarnitine, respectively (Fig. 5.5A&B). We found that the rates of emission by
sites OF, IIF and IIIQo during oxidation of palmitoylcarnitine and pyruvate were not
statistically different. However, emission by site EF was substantially (p < 0.0001) higher
than site PF.
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Figure 5.3
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Fig. 5.3. Site-specific H2O2 generation in heart mitochondria during oxidation fatty acid
substrate. Maximum capacities of sites defined using palmitoylcarnitine (50 μM
palmitoylcarnitine plus 2 mM carnitine) as substrate. A: Substrate-inhibitor(s)
combinations used to determine site-specific H2O2 emission capacities. 1–2: H2O2
emission by site OF ((1) mitochondria oxidizing palmitoylcarnitine in the presence of 4
μM rotenone, 4 μM myxothiazol and 5 mM malonate, and (2) palmitoylcarnitine in the
presence of 4 μM rotenone, 4 μM myxothiazol, 1.5 mM aspartate, 2.5 mM ATP and 5
mM malonate). 3–4: H2O2 emission by site IF ((3) mitochondria oxidizing
palmitoylcarnitine in the presence of 4 μM rotenone, 4 μM myxothiazol, 1.5 mM
aspartate, 2.5 mM ATP, 5 mM malonate, and (4) unenergized mitochondria). 5–6: H2O2
emission by site IQ ((5) mitochondria oxidizing palmitoylcarnitine in the presence of 4
μM myxothiazol and 5 mM malonate, and (6) palmitoylcarnitine in the presence of 4
μM rotenone, 4 μM myxothiazol and 5 mM malonate. 7–8: H2O2 emission by site IIF ((7)
mitochondria oxidizing palmitoylcarnitine in the presence of 4 μM rotenone and 4 μM
myxothiazol, and (8) palmitoylcarnitine in the presence of 4 μM rotenone and 4 μM
myxothiazol and 5 mM malonate). 9–10: H2O2 emission by EF ((9) palmitoylcarnitine in
the presence of 4 μM rotenone and 4 μM myxothiazol and 5 mM malonate, and (10)
and unenergized mitochondria). 11–12: H2O2 emission by site IIIQo ((11) mitochondria
oxidizing palmitoylcarnitine in the presence of 2 μM antimycin A and 5 mM malonate,
and (12) palmitoylcarnitine in the presence of 2 μM antimycin A, 5 mM malonate, and
4 μM myxothiazol). B: Maximal H2O2 emission capacities of sites OF, IF, IQ, IIF, EF, and
IIIQo in heart mitochondria oxidizing palmitoylcarnitine. Values are means ± SEM, n = 5,
Fisher’s LSD post hoc test, p < 0.05. Bars with different letters are significantly different.
C: Overall H2O2 emission by NADH/NAD+ and QH2/Q isopotential sites during
palmitoylcarnitine oxidation.
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Figure 5.4
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Fig. 5.4. H2O2 generation capacity of specific ROS production sites in heart
mitochondria during oxidation carbohydrate substrate. Maximum capacities of sites
with 0.1 mM pyruvate as substrate. A: Conditions used to determine site-specific H2O2
emission capacities. 1–2: H2O2 emission by site PF ((1) mitochondria oxidizing pyruvate
in the presence of 4 μM rotenone, 1.5 mM aspartate and 2.5 mM ATP, and (2)
unenergized mitochondria). 3–4: H2O2 emission by site OF ((3) mitochondria oxidizing
pyruvate in the presence of 4 μM rotenone, and (4) pyruvate in the presence of 4 μM
rotenone, 1.5 mM aspartate and 2.5 mM ATP). 5–6: H2O2 emission by site IIF ((5)
mitochondria oxidizing pyruvate in the presence of 4 μM myxothiazol, and (6) pyruvate
in the presence of 4 μM myxothiazol and 5 mM malonate). 7–8: H2O2 emission by site
IIIQo ((7) mitochondria oxidizing pyruvate in the presence of 2 μM antimycin A and 5
mM malonate, and (8) pyruvate in the presence of 2 μM antimycin A, 5 mM malonate,
and 4 μM myxothiazol). B: Maximal H2O2 emission capacities of sites PF, OF, IIF, and IIIQo,
in heart mitochondria oxidizing pyruvate. C: Overall H2O2 emission by NADH/NAD+ and
QH2/Q isopotential sites during pyruvate oxidation. Values in panel B are means ± SEM,
n = 4, Fisher’s LSD post hoc test, p < 0.05. Bars with different letters are significantly
different.
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5.4.3 Effect of Cu on site-specific H2O2 emission during palmitoylcarnitine-carnitine
or pyruvate oxidation
Cu increased the rate of H2O2 emission from site OF concentration-dependently with
both palmitoylcarnitine and pyruvate (Fig. 5.6). However, the effect of Cu was more
pronounced during pyruvate oxidation wherein the maximal stimulatory effect of Cu
induced by 25 µM Cu increased by 4- and 171-fold with palmitoylcarnitine and
pyruvate as substrates, respectively.
The effect of Cu on H2O2 emission by site IIF depended on substrate type. With
palmitoylcarnitine as substrate, 1 and 5 µM Cu did not alter H2O2 emission by site IIF
whereas 25 µM Cu stimulated it 3-fold (Fig. 5.7). In contrast, during pyruvate oxidation,
1 and 5 µM Cu stimulated (p < 0.0001) and inhibited (p < 0.0001) H 2O2 emission rates
by site IIF, respectively, but 25 µM Cu did not alter H2O2 emission by this site IIF (Fig.
5.7). In contrast, Cu stimulated the rate of palmitoylcarnitine-supported H2O2 emission
by site EF in a concentration-dependent manner (Fig. 5.8). Specifically, 25 µM
stimulated the rate of H2O2 emission by 3-fold relative to control without Cu. With
pyruvate as substrate, Cu imposed a concentration-saturable H2O2 emission response
by site PF. In this regard, 1 µM Cu increased (p = 0.012) the rate of H 2O2 emission
compared with control without Cu while concentrations above 1 µM did not cause
further changes in in the rate of H2O2 emission (Fig. 5.8). With palmitoylcarnitine as
substrate, Cu at 1 µM did not alter emission while 5 (p < 0.0001) and 25 µM (p <
0.0001) significantly suppressed the rates of H2O2 emission by site IIIQo. With pyruvate,
Cu induced a biphasic response on the rate of H2O2 emission from site IIIQo, whereby 1
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µM significantly (p = 0.004) increased while 5 (p < 0.0001) and 25 µM (p < 0.0001)
reduced the rate of H2O2 emission relative to control without Cu (Fig. 5.9).
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5.5

Discussion

5.5.1 Rates of H2O2 emission vary with substrate
Despite our knowledge about substrate preference and metabolic pathways of energy
production in cardiomyocytes, ROS production capacities during oxidation of different
classes of metabolic fuels is not well understood. Because fatty acids and glucose are
the principal sources of energy generation by heart mitochondria (Folmes and
Lopaschuk,

2007),

we

assessed

H2O2

emission

in

mitochondria

oxidizing

palmitoylcarnitine or pyruvate alone or in combination with carnitine or malate,
respectively,

to

represent

both

sources.

We

added

carnitine

to

foster

palmitoylcarnitine oxidation by facilitating the transfer of palmitoylcarnitine into the
mitochondria matrix and prevent the formation of inhibitory acetyl-CoA in the form of
acetylcarnitine (Seifert et al., 2010; Quinlan et al., 2013b; Perevoshchikova et al.,
2013). Rightly, our results revealed that added carnitine increased H2O2 emission in
palmitoylcarnitine-supported mitochondria demonstrating that carnitine indeed
facilitated palmitoylcarnitine transport into the mitochondria. Supplementing
mitochondria oxidizing pyruvate with malate prevents accumulation of acetyl CoA and
promotes PDH and Krebs cycle carbon flux (Salabei et al., 2014; Quinlan et al., 2014).
Additionally, while oxidation of malate by malate-dehydrogenase (MDH) generates
measurable H2O2 in rainbow trout heart mitochondria (Isei and Kamunde, 2020; Isei et
al., 2021a), it can also drive ROS production by complex I and other NAD-linked
dehydrogenases (Quinlan et al., 2013a; Brand, 2016). Altogether, our finding that
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mitochondria oxidizing pyruvate-malate emitted more H2O2 than pyruvate only or
palmitoylcarnitine might be due to contribution by MDH and/or other NADdehydrogenases besides PDH. Our finding that rainbow trout heart mitochondria
oxidizing palmitoylcarnitine without and with carnitine emitted more H2O2 than
pyruvate aligns with previous studies in rat heart mitochondria (St-Pierre et al., 2002;
Rindler et al., 2013) and permeabilized gastrocnemius muscle fibers (Fisher-Wellman et
al., 2013). This suggests that β-oxidation of fatty acids supports greater ROS formation
than carbohydrate oxidation and underscores the importance of the type of metabolic
fuel in determining the rate of ROS production by mitochondria (Kwong and Sohal,
1998; Wong et al., 2017). While the mechanisms underlying higher ROS production
during β-oxidation of fatty acids are unknown, oxidation of palmitoylcarnitine can
result in ROS formation from a larger number of redox sites than pyruvate (Schönfeld
and Wojtczak, 2008; Quinlan et al., 2011). Nevertheless, pyruvate oxidation can result
in H2O2 emission directly from PDH (site PF) or indirectly from downstream sites during
FET (Quinlan et al., 2012).
5.5.2 QH2/Q sites emitted more H2O2 than NADH/NAD+ sites with
palmitoylcarnitine-carnitine or pyruvate as substrate
The conventional approach to measure site-specific ROS emission capacities involves
the use of specific combinations of substrates and ETS inhibitors (Grivennikova et al.,
2010; Quinlan et al., 2013a; Brand, 2016; Isei et al., 2021b). An important factor
determining the contribution of specific sites to the overall ROS production capacity of
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mitochondria is the substrate type (Brand et al., 2013; Quinlan et al., 2013b; Okoye et
al., 2021). Two QH2/Q isopotential sites, IIF and IIIQo, have been demonstrated as
important sources of ROS in rat and rainbow trout heart mitochondria oxidizing
succinate (Grivennikova et al., 2010; Moreno‐Sánchez et al., 2013; Isei and Kamunde,
2020; Isei et al., 2021b), while NADH/NAD+ sites OF and IF emitted higher ROS during
oxidation of malate or glutamate-malate (St-Pierre et al., 2002; Tahara et al., 2009; Isei
et al., 2021b). However, studies on ROS production sites in heart mitochondria during
oxidation of fatty acids are rare and to our knowledge, none in rainbow trout heart
mitochondria. Of note, the NADH and FADH2 generated following 3-hydroxylacyl CoA
dehydrogenase and acyl CoA dehydrogenase catalyzed oxidation of palmitoylcarnitine,
respectively, transfer electrons to downstream site IIIQo after entering the Q-pool
through complex I and the ETF-system (Quinlan, et al., 2013b; Wang et al., 2019).
Furthermore, acetyl CoA, the terminal product of palmitoylcarnitine β-oxidation is
oxidized in the Krebs cycle resulting in the liberation of NADH and FADH 2 that are
oxidized at site IF and IIF, respectively. Thus, it is possible that multiple NADH/NAD+ and
QH2/Q sites produce ROS in heart mitochondria during oxidation of fatty acids. Indeed,
using palmitoylcarnitine as substrate with appropriate inhibitor combinations, we
found that both NADH/NAD+ and QH2/Q sites produce significant amounts of ROS in
rainbow trout heart mitochondria (Fig. 5.3). Our results are consistent with earlier
reports in rat skeletal muscle (Perevoshchikova et al., 2013; Quinlan et al., 2013b;
Wong et al., 2017) and heart mitochondria (St-Pierre et al., 2002) where substantial
H2O2 emissions were measured for sites IF, IIF and IIIQo during palmitoylcarnitine
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oxidation. Blocking site IQ with rotenone during oxidation of palmitoylcarnitine
facilitates ROS formation from NADH/NAD+ sites by RET, especially sites IF, OF and other
NAD-linked dehydrogenases (Quinlan et al., 2014; Mailloux, 2015; Isei and Kamunde,
2020). Using aspartate and ATP, we delineated H2O2 emission from sites OF and IF and
showed that site IF emitted more than OF in agreement with reports in rainbow trout
liver (Okoye et al., 2021) and rat skeletal muscle (Quinlan et al., 2013b) mitochondria.
The higher rate of emission at site IF is likely a reflection of the larger amounts of NADH
generated by activity of 3-hydroxyacyl-CoA dehydrogenase and in the Krebs cycle is
oxidized at site IF increasing the propensity for ROS production (Schönfeld et al., 2010;
Quinlan et al., 2013b). However, we found that the rate of emission from site IF with
palmitoylcarnitine was lower than the emission driven by malate (Isei et al., 2021b)
suggesting lower levels or reduction state of NADH during palmitoylcarnitine compared
with malate. Furthermore, the negative rate we found for site IQ affirms our previous
reports of lack of RET in rainbow trout heart mitochondria (Isei and Kamunde, 2020;
Isei et al., 2021b) and observations by other authors in rat heart, liver and skeletal
muscle mitochondria oxidizing palmitoylcarnitine (Schönfeld and Wojtczak, 2008;
Schönfeld et al., 2010; Perevoshchikova et al., 2013). The lack of RET to site IQ during
oxidation of palmitoylcarnitine has been attributed to simultaneous generation of
NADH and FADH2, that favours FET and limits the tendency of RET (Schönfeld et al.,
2010), a condition absent from mammalian mitochondria oxidizing succinate (Quinlan
et al., 2013a; Mailloux, 2015; Brand, 2016; Wong et al., 2017).
Aligned with findings in rainbow trout liver (Okoye et al., 2021) and rat skeletal muscle
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(Seifert et al., 2010; Perevoshchikova et al., 2013) and liver (Hoffman and Brookes,
2009), QH2/Q isopotential sites (sites IIF, EF and IIIQo) were the main sources of ROS in
the heart mitochondria oxidizing palmitoylcarnitine. Moreover, akin to findings in rat
muscle mitochondria (Quinlan et al., 2013b) we measured a high rate of H2O2 emission
from site IIF that likely results from RET following blockade of site IIIQo with
myxothiazol. Because site EF may be reduced under this condition, estimating the rate
sensitive to malonate, which blocks site IIF (Wojtovich and Brookes, 2008; Quinlan et
al., 2013a; Brand, 2016), confirms that the emission measured was specific to site IIF.
Following inhibition of sites IIIQo and site IIF with myxothiazol and malonate,
respectively, we attributed the ROS formed to site EF. Indeed, H2O2 emission by site EF
is plausible because the ETF-system is highly reduced during oxidation of
palmitoylcarnitine (Seifert et al., 2010). The rate of H2O2 emission from site EF was
higher than that of site IIF akin to findings in rat liver mitochondria (Hoffman and
Brookes, 2009). A possible explanation is the higher redox potential of ETF-system
relative to complex II that favours electron transfer from the Q-pool to the ETF during
fatty acid oxidation (Paulsen et al., 1992; Perevoshchikova et al., 2013). In addition, the
rate of complete reduction of semiquinone formed upon one electron reduction at site
EF is slower compared to site IIF (St-Pierre et al., 2002; Rosca et al., 2012) promoting
accumulation of semiquinone that produces ROS. We showed that rainbow trout heart
mitochondria oxidizing palmitoylcarnitine in the presence of antimycin-A generated
high amounts of H2O2 in agreement with previous studies in rat heart (St-Pierre et al.,
2002) and skeletal muscle (Perevoshchikova et al., 2013) mitochondria. Our finding
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that the H2O2 emission surged in the presence of antimycin-A was highly sensitive to
myxothiazol confirmed that mitochondria generate most of the H2O2 from site IIIQo
during palmitoylcarnitine oxidation (Fig. 5.3). This finding is predictable given that site
IIIQo is the converging point of electrons from the QH2/Q-pool after entry through
various pathways. Notably, the myxothiazol-insensitive H2O2 is likely from site EF due to
RET.
Although energization with pyruvate drives ROS production that is highly specific to
PDH (site PF) (Brand, 2016), RET upon addition of rotenone can stimulate H2O2 emission
from site OF (Brand, 2016; Mailloux et al., 2016). Similar to the inhibitor approach we
employed with palmitoylcarnitine, treatment with aspartate and ATP allowed us to
estimate the contribution from site OF in mitochondria oxidizing pyruvate. The results
showed that the rate of H2O2 emission by site PF was higher than that by OF in
agreement with Ambrus et al. (2015) for reconstituted human PDH and OGDH enzymes
and underscores substrate-specificity of 2-oxoacid dehydrogenase complexes. Similar
to palmitoylcarnitine, site IIIQo was dominant in mitochondria oxidizing pyruvate in
agreement with investigation in rat renal cortical tubule mitochondria oxidizing
pyruvate (Rosca et al., 2012). We found that the rate of H2O2 emission by site OF with
pyruvate as substrate was 72% lower than the rate with palmitoylcarnitine (Fig. 5.5)
likely due to more robust activation of the Krebs cycle during oxidation of fatty acids.
However, the rates of H2O2 emission from site IIF and IIIQo were 33 and 30% higher with
pyruvate relative to palmitoylcarnitine. These results indicate that RET-induced
reduction of the Q-pool upon treatment with myxothiazol or antimycin A during
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pyruvate oxidation supports emission from site IIF as opposed to site EF during
palmitoylcarnitine oxidation. However, the rate of H2O2 emission from site PF with
pyruvate was 225% lower than the rate at site EF with palmitoylcarnitine. Altogether,
our study suggests that trout heart mitochondria generate more H2O2 during oxidation
of palmitoylcarnitine compared with pyruvate, possibly due to higher reducing
equivalents generated and more potential sites of electron leak during substrate
metabolism. Additionally, the higher rates of H2O2 emission with palmitoylcarnitine
could be attributed to lower rate of H2O2 consumption relative to NAD-linked
substrates as we have previously shown (Isei et al., 2021a).
5.5.3 Effects of Cu on site-specific H2O2 emission depend on concentration and
substrate type
We assessed the effect of Cu on H2O2 emission by specific redox centers in trout heart
mitochondria energized with palmitoylcarnitine or pyruvate, representing fat and
carbohydrate sources of energy, respectively. In addition to the differences associated
with the substrate type, the magnitude and pattern of the effect of Cu varied
depending on the metabolic pathway and points of electron entry into the ETS.
Specifically, Cu exposure increased the rate of H2O2 emission from site OF during
oxidation of either palmitoylcarnitine or pyruvate akin to our previous findings with
malate as substrate (Isei et al., 2021b) and in isolated OGDH enzyme (Correa and
Stoppani, 1996; Sheline and Choi, 2004). Interestingly, while the H2O2 emission rate
with palmitoylcarnitine was higher than with pyruvate, Cu at a high concentration
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elicited higher H2O2 emission during pyruvate oxidation. These results suggest that the
sensitivity of redox sites to Cu in heart mitochondria is different and depends on
substrate. For site IIF, a notable observation was the disparate substrate-dependent
biphasic effect of Cu on the rate of H2O2 emission in which we found a low
concentration no effect-high concentration-stimulatory effect with palmitoylcarnitine
compared with low concentration stimulatory-high concentration-no effect with
pyruvate (Fig. 5.7). However, the H2O2 emission pattern imposed by Cu on site IIF
during palmitoylcarnitine oxidation was comparable to our previous finding with
succinate as substrate (Isei and Kamunde, 2020; Isei et al., 2021b). The similarity of the
effect of Cu on H2O2 emission from site IIF with Q-linked substrates (palmitoylcarnitine
and succinate) supports our thesis that Cu interacts with the ubiquinone binding
pocket of complex II resulting in RET to site IIF (Isei and Kamunde, 2020).
In addition to being sources of ROS, PDH and the ETF-system are sensitive to oxidative
modifications/damage (Ambrus et al., 2015; Mailloux 2015; Forrester et al., 2018) that
can arise upon exposure to Cu (Gazaryan et al., 2002; Sheline and Choi, 2004). We
found concentration-dependent and concentration-saturable effects of Cu on H2O2
emission during oxidation of palmitoylcarnitine and pyruvate, respectively. These
observations suggest that site EF is readily susceptible to Cu whereas site PF is
considerably resistant to the metal (Fig. 5.8). Lastly, we found that Cu (5 and 25 μM Cu)
suppressed the rate of H2O2 emission from site IIIQo with palmitoylcarnitine or pyruvate
as substrates, akin to our previous finding with succinate as substrate (Isei and
Kamunde, 2020; Isei et al., 2021b). Thus, regardless of substrate type, it appears that
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Cu interacts with specific sites in complex III to reduce electron transport for ROS
production (Isei and Kamunde, 2020).
5.6

Conclusions

Fatty acid oxidation in rainbow trout heart mitochondria drives higher H2O2 emission
than pyruvate oxidation likely because a larger number of redox centers are activated
and more reducing equivalents are generated. This suggests that heart mitochondrial
preference of fatty acids to carbohydrates due to high energy yield likely comes with
greater propensity for ROS formation and oxidative damage to the heart. QH2/Q pool
sites are the dominant sites of H2O2 generation with fat and carbohydrate metabolites.
Given that elevated ROS production has been implicated in cardiac dysfunction, our
study suggests that interventions that inhibit ROS production from specific
mitochondrial sites, especially the QH2/Q pool sites, might reduce the progression of
ROS-induced cardiac dysfunction. In addition, it is possible that development of
pharmacological agents that limit and enhance fatty acids and glucose utilization,
respectively, in heart mitochondria will reduce ROS production and improve cardiac
function in ailing heart. The diverse patterns and magnitudes of effects of Cu with
regards to substrates suggest that the impact of metal exposure in heart of organisms
might correlate with substrate preference which changes based on physiological
demands.
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CHAPTER 6

GENERAL DISCUSSION AND FUTURE DIRECTIONS
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6.1

GENERAL DISCUSSION

Aquatic organisms are exposed to multiple stressors. Thus, it is important to
understand how stressors interact and lead to adverse effects in fish. Given that the
mitochondrion is a common target of stressors, I used changes in mitochondrial ROS
metabolism to integrate the joint effects of Cu with temperature rise and anoxic stress
on fish heart. Specifically, I used specific and sensitive H2O2 quantitation approach to
uncover the effect of single exposure and interaction between Cu and temperature rise
and, Cu and anoxia-reoxygenation on heart mitochondrial ROS metabolism. My
research revealed novel mechanisms whereby single and combined exposures to
stressors modulate heart mitochondrial ROS production and scavenging systems by
altering specific mitochondrial redox sites and the activity of antioxidant enzymes. I
believe the distinct effects of stressors on mitochondrial ROS metabolism that I
identified promote our understanding in mitochondrial physiology and environmental
toxicology and contribute to the knowledge about the effects of abiotic stressors in
fish.
6.1.1 Effects of Cu on mitochondrial ROS production vary depending on
temperature and substrate type
My investigation in chapter 2 revealed how Cu influences heart mitochondrial ROS
production at different temperatures. Although earlier studies demonstrated that Cu
and thermal stress singly and jointly modify mitochondrial functions (Sappal et al.,
2014, 2015), I showed how both stressors jointly alter mitochondria ROS production in
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the presence of different respiratory substrates. Specifically, I discovered that the
effects of Cu and thermal stress on heart mitochondrial ROS production depended on
Cu concentration and respiratory substrate type. I showed that heart mitochondria
oxidizing glutamate-malate were resistant to thermal stress and there was no
difference in the effects of Cu across all temperatures that I assessed. Similar effects of
thermal stress (Iftikar and Hickey, 2013) and Cu exposure (Sappal et al., 2014) have
been shown in rat heart and rainbow trout (Oncorhynchus mykiss) liver mitochondria
oxidizing glutamate-malate, respectively. However, I found unique inhibitory and
stimulatory effects of Cu at 5 and 25 μM, respectively, with succinate as the substrate
and the magnitude of effects depended on temperature. My findings highlight the
theme that mitochondrial ROS production depends on the type of substrate and the
point of entry of electrons to the mETS (Wong et al., 2017). My findings also revealed
that ambient temperature and substrate preference could influence the susceptibility
of aquatic organisms to the adverse effects of metals as previously suggested
(Golovanova, 2008).
6.1.2 Cu acts at multiple sites in the mETS to modify mitochondrial ROS production
Although Cu toxicity is generally attributed to its ability to stimulate ROS generation,
my doctoral research enhances our understanding of site-specific ROS production in
the heart mitochondria and how Cu interacts with specific redox sites in the
mitochondria to modify ROS production. Important findings in my research regarding
site-specific ROS emission in rainbow trout heart mitochondria were that,
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i)

there is no evidence of ROS production from site IQ by RET, akin to a report
in rat heart mitochondria (Moreno-Sanchez et al., 2013),

ii)

mitochondria complex II (site IIF) produces substantial ROS in contrast to
Raha and Robinson, (2000) and Murphy, (2009) and in agreement with
reports in mammalian mitochondria (Quinlan et al., 2013; Mailloux et al.,
2016; Brand, 2016, Mailloux, 2020),

iii)

the site-specific rates of emission by rainbow trout heart mitochondria were
site IIIQo > site IIF ≥ site IF > site OF > site IQ

I suggested that site-specific ROS production by the mitochondria differs depending on
the tissue and the organism. Regarding the site and mechanism of Cu effect, I showed
in chapters 2 and 4 that Cu at 1 μM interacts with specific redox center in complex III
likely close to the binding site of antimycin A, to stimulate ROS production while 5 μM
consistently suppressed H2O2 emission from all sites assessed. The discoveries of the
effects evoked by Cu at 25 μM are amongst the most fascinating highlights of my
doctoral research. I discovered that 25 μM Cu inhibited H2O2 emission by site IIIQo on
par with myxothiazol, a conventional inhibitor of site IIIQo. Similar to this effect was my
finding in chapter 3 that 1 μM Cu reduced mitochondrial H2O2 scavenging like
auranofin, a selective TrxR inhibitor. These discoveries tempted me to conclude that Cu
at 1 and 25 μM can be used as substitutes for auranofin and myxothiazol, respectively.
Another outstanding finding with 25 μM Cu was in complex II where a putative Cuatpenin A5 complex markedly increased H2O2 efflux. This finding is consistent with the
established mechanism of action of Cu-based anti-cancer drugs (Moreno-Sanchez et
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al., 2013; Kluckova et al., 2013; Guo et al., 2016). Although my discoveries are in fish,
the Cu-atpenin A5 complex could be synthesized and tested for potential to selectively
kill cancer cells as shown for other Cu complexes.
6.1.3 Cu exacerbates the inhibitory effects of thermal stress on heart mitochondrial
H2O2 scavenging
Before my doctoral research, there was no information on the effects of single and
multiple exposures to Cu and thermal stress on rainbow trout heart mitochondrial ROS
scavenging capacity. Thus, in chapter 3, I sought to reveal the contributions of
important H2O2 scavenging systems to heart mitochondrial H2O2 consumption.
Thereafter, I uncovered the single and joint effects of thermal stress and Cu exposure
on H2O2 consumption capacity. I tested the prediction that impaired H2O2 consumption
contributed to the increased ROS emission that I found following single and joint
exposure to both stressors in chapter 2. In addition, I showed that the principal H2O2
scavenging system in the heart mitochondria is the GSH-dependent peroxidase system
with significant and negligible contributions by the Trx-dependent peroxidase system
and catalase, respectively. I found that thermal stress significantly reduced the rate of
H2O2 consumption in mitochondria respiring on succinate or glutamate-malate, while
mitochondria oxidizing palmitoylcarnitine was resistant to thermal stress. The decrease
in H2O2 consumption rate suggests that thermal stress suppressed antioxidant enzyme
activity as shown in goldfish tissues (Lushchak and Bagnyukova, 2006). Cu exacerbated
the effects of thermal stress on mitochondrial H2O2 consumption especially when
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tested at the acclimation temperature (11 oC) indicating that Cu and temperature rise
impair mitochondrial H2O2 consumption via a common mechanism. I showed that the
reduced rate of H2O2 consumption likely was due to the Cu-inhibitory effect on GSH
and TrxR (Chapter 4), in agreement with an earlier report that temperature rise impairs
mammalian skeletal muscle mitochondrial GSH-dependent peroxidase pathway (Huang
et al., 2015). The interesting finding that palmitoylcarnitine-supported mitochondria
showed resistance to Cu and thermal stress singly and in binary exposures suggests a
unique adaptive response of mitochondria oxidizing fatty acids to exogenous stressors.
The mechanisms underlying this phenomenon currently are unknown.
6.1.4 Anoxia-reoxygenation suppresses mitochondrial H2O2 emission by increasing
antioxidant activity
My finding in chapter 4 that anoxia-reoxygenation suppressed H2O2 emission in
rainbow trout heart mitochondria is a key feature of my doctoral research. While there
are earlier reports showing decreased rates of ROS production following oxygen
depletion stress, most of those reports are in mitochondria from anoxia-tolerant
organisms and the hypoxia tolerant naked mole-rat (Galli et al., 2013; Galli and
Richards, 2014; Bundgaard et al., 2018, 2019; Lau et al., 2020). My finding is the first in
anoxia-sensitive rainbow trout heart mitochondria. I showed that the decreased H2O2
emission rate was associated with increased antioxidant activity, especially GSHdependent peroxidase H2O2 scavenging system. Although the mechanisms of
enhancement of antioxidant activity were not explored, it is possible that
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posttranslational modifications occurred that enhanced antioxidant activity to prevent
potential oxidative damage that conventionally arises after reoxygenation. Notably, my
findings contribute to the knowledge about mechanisms ectothermic fish utilize to
minimize oxidative stress upon exposure to oxygen depletion stress.
6.1.5 Joint effects of anoxia-reoxygenation and Cu on mitochondrial H2O2 emission
depend on substrate type and redox site explored
My report in chapter 4 demonstrates a biphasic effect of anoxia-reoxygenation on sitespecific rates of H2O2 emission in heart mitochondria. I showed that the site-specific
H2O2 emission decreased and increased respectively, with Q-linked and NAD+-linked
substrates. I speculated that decrease in emission rate is required to prevent oxidative
damage while increased H2O2 is necessary for H2O2-dependent mitochondrial signaling.
Furthermore, it had been earlier shown in fish that oxygen depletion stress suppresses
Cu-induced oxidative damage and mitochondrial dysfunction (Sappal et al., 2015;
Ransberry et al., 2016; Fitzgerald et al., 2016). My thesis unearths the sites where Cu
and anoxia-reoxygenation jointly interact to modify mitochondrial ROS production. I
showed that combined exposure to Cu and anoxia-reoxygenation widely precipitated
antagonistic effects, but an additive effect is possible depending on the substrate being
oxidized. In this regard, I discovered that anoxia-reoxygenation reduced the Cu
sensitivity of sites OF, IF, IIF and IIIQo in mitochondria oxidizing succinate or glutamatemalate. Contrarily, the effect of Cu was substantially enhanced with palmitoylcarnitine
as substrate. My findings broaden the knowledge about the interactions and impacts of
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multiple stressors on aquatic organisms and reveal that joint exposures to stressors do
not directly connote increased adverse effect in fish. Importantly, while my findings are
mostly consistent with the idea that the interaction between oxygen depletion stress
and Cu is antagonistic, my research suggests that this idea is in no way universal.
6.1.6

Fatty acid oxidation drives higher H2O2 emission in heart mitochondria than
carbohydrate (pyruvate) oxidation

I compared site-specific rates of H2O2 emission in mitochondria oxidizing substrates
representing fatty acid and carbohydrate sources of energy supply to the heart. This
study underscores the association between substrate types, point(s) of electron entry
into the mETS and mitochondrial ROS production. I uncovered that heart mitochondria
respiring on palmitoylcarnitine generate more ROS than pyruvate as substrate and that
the effects of Cu vary depending on substrate type. Of note in this chapter is my
discovery that fatty acid oxidation does not support RET-induced ROS production by
site IQ in rainbow trout heart mitochondria in agreement with previous findings in rat
heart and skeletal muscle mitochondria (Schönfeld and Wojtczak, 2007; Schönfeld et
al., 2010; Seifert et al., 2010). The consistent lack of RET in rainbow trout heart
mitochondria oxidizing succinate (chapters 2 and 4) and fatty acid substrate is an
important discovery in my research. Given that RET is associated with substantial ROS
production, I speculate that the lack of RET in rainbow trout heart mitochondria serves
to minimize the risk of oxidative stress and mitochondrial damage by ROS.
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6.1.7 Limitations of study
•

The use of isolated mitochondria offers specificity of result. In addition, there is
no need to permeabilized cell membrane with detergents such as
saponin thereby preventing the likelihood of altering OMM integrity.
Nevertheless, this model is limited by possible alterations of mETS during
homogenization and centrifugation, biased selection of mitochondria
population, and importantly, loss of interaction of mitochondria with other
organelles

•

It would have been interesting to examine data obtained when H2O2
measurements are taken at respective experimental temperature (oC: 4, 11 and
23). However, all measurements were recorded at 23

oC

because our

microplate fluorescence reader operates at room temperature and above. The
lowest temperature we could obtain is 23 oC. Nonetheless, rainbow trout
experiences and tolerates wide swings (2-30 oC) in temperature in its natural
environment. To minimize the effect of the wide temperature range,
mitochondria incubated at 4 and 11 oC were brought to assay temperature (23
oC)

and allowed to stabilize for 10 min before initiating the assay. Data

presented revealed that this procedure was effective in eliminating artifacts.
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6.2

FUTURE DIRECTIONS

The discoveries in my research contribute to the existing knowledge in mitochondria
biology and environmental toxicology and provide a template for future integrative
studies that can improve the findings of my research. For example, it will be interesting
to elucidate and compare the responses in heart mitochondria from rainbow trout
captured directly from a highly stressed aquatic ecosystem. Results from such studies
will give realistic assessment and indication of the impact of multiple stressors on fish
in the wild versus controlled conditions in the laboratory.
Lower vertebrates serve as important models for biomedical investigations that can be
cautiously extrapolated to higher animals. In this regard, the speculated Cu-atpenin A5
complex that acts like established Cu-based anticancer drugs is a unique idea I hope to
explore in future studies. I believe this complex can be synthesized and tested for the
potential to selectively kill cancer cells as shown for other Cu complexes.
While I showed that rainbow trout heart mitochondria prevent anoxia-reoxygenationinduced oxidative stress by increasing antioxidant activity, the formation of
supercomplexes that protect the mitochondria from oxygen depletion stress has been
reported in organisms that can tolerate prolonged exposure to anoxia. Whether this
contributes to the mechanism of ROS reduction in anoxia-sensitive species remains to
be established. In addition, molecular screening of Nrf2/keap1 pathway could be used
to uncover the molecular mechanism of increased antioxidant activity following
anoxia-reoxygenation exposure.
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Importantly, while isolated mitochondria are crucial for understanding mitochondrial
ROS metabolism with specificity, the model is limited by the lack of natural cellular
environment coupled with the loss of interaction of mitochondria with other
organelles. These limitations can be surmounted using permeabilized cells or tissues.
Further studies with permeabilized cardiac fibers will provide physiologically relevant
results that closely resemble the situation in the heart when exposed to Cu with
thermal and oxygen depletion stress. In addition, future combined-stressor
investigations at the whole-organism level can help in determining the behavioural
responses of fish upon joint exposure to stressors.

247

REFERENCES
Abele, D., Heise, K., Pörtner, H.O., Puntarulo, S. 2002. Temperature-dependence of
mitochondrial function and production of reactive oxygen species in the intertidal
mud clam Mya arenaria. J Exp Biol. 205: 1831-1841.
Adiele, R.C, Stevens, D., Kamunde, C. 2010. Reciprocal enhancement of uptake and
toxicity of cadmium and calcium in rainbow trout (Oncorhynchus mykiss) liver
mitochondria. Aquat Toxicol. 96: 319-327.
Adlam, V.J., Harrison, J.C., Porteous, C.M., James, A.M., Smith, R.A., Murphy, M.P.,
Sammut, I.A. 2005. Targeting an antioxidant to mitochondria decreases cardiac
ischemia-reperfusion injury. FASEB J. 19: 1088-1095.
Ahsan, M.K., Lekli, I., Ray, D., Yodoi, J., Das, D.K. 2009. Redox regulation of cell survival
by the thioredoxin superfamily: an implication of redox gene therapy in the
heart. Antioxid Redox Signal. 11: 2741-2758.
Alabaster, J.S., Herbert, D.W.M. Hemens, J. 1957. The survival of rainbow trout (Salmo
gairdnerii richardson) and perch (Perca fluviatilis l.) at various concentrations of
dissolved oxygen and carbon dioxide. Ann Appl Biol. 45: 177-188.
Alberts, B., Johnson, A., Lewis, J., 2002. The Mitochondrion: Molecular biology of the
cell. 4th edition. Garland Science, New York.
Alfonso, S., Gesto, M., Sadoul, B. 2020. Temperature increase and its effects on fish
stress physiology in the context of global warming. J Fish Biol. 1– 13.
Ali, S.S., Hsiao, M., Zhao, H.W., Dugan, L.L., Haddad, G.G., Zhou, D. 2012. Hypoxiaadaptation involves mitochondrial metabolic depression and decreased ROS
leakage. PLoS One. 7: e36801.
Aliaga, M.E., López-Alarcón, C., García-Río, L., Martín-Pastor, M., Speisky, H. 2012.
Redox-changes associated with the glutathione-dependent ability of the Cu(II)GSSG complex to generate superoxide. Bioorg Med Chem. 20: 2869-2876.
Al-Yousuf, M.H., El-Shahawi, M.S. 1999. Trace metals in Lethrinuslentjan fish from the
248

Arabian Gulf (Ras Al-Khaimah, United Arab Emirates): metal accumulation in
kidney and heart tissues. Bull Environ ContamToxicol. 3: 293-300.
Ambrus, A., Nemeria, N.S., Torocsik, B. 2015. Formation of reactive oxygen species by
human and bacterial pyruvate and 2-oxoglutarate dehydrogenase multienzyme
complexes reconstituted from recombinant components. Free Radic Biol Med.
89: 642-650.
Ambrus, A., Tretter, L., Adam-Vizi, V. 2009. Inhibition of the alpha-ketoglutarate
dehydrogenase-mediated reactive oxygen species generation by lipoic acid. J
Neurochem. 109: 222-229.
Anderson, E.J., Yamazaki, H., Neufer, P.D. 2007. Induction of endogenous uncoupling
protein 3 suppresses mitochondrial oxidant emission during fatty acid-supported
respiration. J Biol Chem. 282: 31257-31266.
Andreyev, Y., Kushnareva, E., Murphy, N., Starkov, A. 2015. Mitochondrial ROS
metabolism: 10 Years later. Biochemistry (Mosc.). 80: 517–531.
Andreyev, Y., Kushnareva, E., Starkov, A. 2005. Mitochondrial metabolism of reactive
oxygen species. Biochemistry (Mosc.). 70: 200–214.
Angiulli, E., Pagliara, V., Cioni, C. 2020. Increase in environmental temperature affects
exploratory behaviour, anxiety and social preference in Danio rerio. Sci Rep. 1:
5385.
Antunes, F., Han, D., Cadenas, E. 2002. Relative contributions of heart mitochondria
glutathione peroxidase and catalase to H2O2 detoxification in in vivo
conditions. Free Radic Biol Med. 33: 1260-1267.
Aon, M.A., Stanley, B.A., Sivakumaran, V., Kembro, J.M., O’Rourke, B., Paolocci, N.,
Cortassa, S. 2012. Glutathione/thioredoxin systems modulate mitochondrial H2O2
emission: An experimental-computational study. J Gen Physiol. 139: 479–491.
Ashraf, W. 2005. Accumulation of heavy metals in kidney and heart tissues of

249

Epinephelus microdon fish from the Arabian Gulf. Environ Monit Assess. 101: 311316.
Babot, M., Birch, A., Labarbuta, P., Galkin, A. 2014. Characterisation of the
active/deactive transition of mitochondrial complex I. Biochim Biophys Acta 1837:
1083–1092.
Bagiyan, G.A., Koroleva, I.K., Soroka, N.V. 2003. Oxidation of thiol compounds by
molecular oxygen in aqueous solutions. Russ Chem Bull. 52: 1135.
Bailey, J.R., Driedzic, W.R. 1996. Decreased total ventricular and mitochondrial protein
synthesis during extended anoxia in turtle heart. Am J Physiol. 271: R1660-R1667.
Ballinger, S.W. 2005. Mitochondrial dysfunction in cardiovascular disease. Free Radic
Biol Med. 38: 1278-1295.
Ballinger, S.W., Patterson, C., KnightLozano, C., Burow, C.A., Conklin, C.A., Hu, Z., Reuf,
J., Horaist, C., Lebovitz, R.M., Hunter, G., McIntyre, K., Runge. M.S. 2002.
Mitochondrial integrity and function in atherogenesis. Circulation. 106: 544-549.
Banh, S., Treberg, J.R. 2013. The pH sensitivity of H2O2 metabolism in skeletal muscle
mitochondria. FEBS Lett. 587: 1799–1804.
Banh, S., Wiens, L., Sotiri, E., Treberg, J.R. 2016. Mitochondrial reactive oxygen species
production by fish muscle mitochondria: Potential role in acute heat-induced
oxidative stress. Comp Biochem Physiol B Biochem Mol Biol. 191: 99-107.
Baradaran, R., Berrisford, J., Minhas, G. 2013. Crystal structure of the entire respiratory
complex I. Nature. 494: 443–448.
Batandier, C., Fontaine, E., Kériel, C. Leverve, X.M. 2002. Determination of
mitochondrial reactive oxygen species: methodological aspects. J Cell Mol Med.
6: 175-187.
Bayrhuber, M., Meins, T., Habeck, M., Becker, S., Giller, K., Villinger, S. 2008. Structure
of the human voltage-dependent anion channel. Proc Nat Acad Sci USA. 40:
15370–5.
250

British Columbia Ministry of Environment and Climate Change Strategy 2019. Copper
Water Quality Guideline for the Protection of Marine Aquatic Life (Reformatted
from: British Columbia Ministry of Environments and Parks, 1987. Water Quality
Criteria for Copper). Water Quality Guideline Series, WQG-04. Prov. B.C., Victoria
B.C.
Beckman, K.B., Ames, B.N. 1998. Mitochondrial aging: open questions. Ann N Y Acad
Sci. 854: 118-127.
Beitinger, T., Bennet, W., McCauley, R. 2000. Temperature tolerances of North
American freshwater fishes exposed to dynamic changes in temperature. Environ
Biol Fishes. 58: 237-275.
Belardinelli, L., Shryock, D., Srinivas. 1995. Ionic basis of the electrophysiological actions
of adenosine on cardiomyocytes. FASEB J. 9: 359–365.
Belhadj, S.I., Najar, T., Ghram, A., Dabbebi, H., Ben M., Abdrabbah, M. 2014. Reactive
oxygen species, heat stress and oxidative-induced mitochondrial damage. A
review. Int J Hyperthermia. 30: 513–523.
Belyaeva, E.A., Sokolova, T.V., Emelyanova, L.V., Zakharova, I.O. 2012. Mitochondrial
electron transport chain in heavy metal-induced neurotoxicity: effects of
cadmium, mercury, and copper. Sci World J. 136063.
Benda, C. 1898. Uber die Spermatogenese. Arch Anal Physiol. 393–398.
Benhar, M., Shytaj, L., Stamler, S., Savarino, A. 2016. Dual targeting of the thioredoxin
and glutathione systems in cancer and HIV. J Clin Invest. 126: 1630–1639.
Berg, J.M., Tymoczko, J.L., Stryer, L. 2002. Biochemistry. 5th edition. The respiratory
chain consists of four complexes: Three proton pumps and a physical link to the
citric acid cycle. New York.
Berg, J.M., Tymoczko, J.L., Stryer, L. 2002b. Biochemistry. 5th edition. A proton gradient
powers the synthesis of ATP. New York.
Bickler, P.E., Buck, L.T. 2007. Hypoxia tolerance in reptiles, amphibians, and fishes: life
251

with variable oxygen availability. Annu Rev Physiol. 69: 145-170.
Bielski, B., Richter, P., Chan. 1975. Some properties of the ascorbate free radical. Ann.
NY Acad. Sci. 258: 231-237.
Bienert, G.P., Schjoerring, J.K., Jahn, T.P. 2006. Membrane transport of hydrogen
peroxide. Biochim Biophys Acta Biomembr. 1758: 994–1003.
Bienert, G.P., Chaumont, F. 2014. Aquaporin-facilitated transmembrane diffusion of
hydrogen peroxide. Biochim Biophys Acta. 5: 1596-1604.
Birben, E., Sahiner, U.M., Sackesen, C., Erzurum, S., Kalayci, O. 2012. Oxidative stress
and antioxidant defense. World Allergy Organ J. 5: 9–19.
Birkedal, R., Gesser, H. 2004. Effects of hibernation on mitochondrial regulation and
metabolic capacities in myocardium of painted turtle (Chrysemys picta). Comp
Biohem Physiol. 139A: 285-291.
Birkedal, R., Shiels, H.A., Vendelin, M. 2006. Three-dimensional mitochondrial
arrangement in ventricular myocytes: from chaos to order. Am J Physiol Cell
Physiol. 6: C1148-C1158.
Bleier, L., Dröse S. 2013. Superoxide generation by complex III: From mechanistic
rationales to functional consequences. Biochim Biophys Acta. 1827: 1320-1331.
Blewett, T.A., Simon, R.A., Turko, A.J., Wright, P.A. 2017. Copper alters hypoxia
sensitivity and the behavioural emersion response in the amphibious fish
Kryptolebias marmoratus. Aquat Toxicol. 189: 25–30.
Blier, P., Lemieux, H., Pichaud, N. 2014. Holding our breath in our modern world: will
mitochondria keep the pace with climate changes? Can J Zool. 92: 591-601.
Blodgett, R.C., Heuer, M.A., Pietrusko, R.G. 1984. Auranofin: a unique oral chryso
therapeutic agent. Semin. Arthritis Rheum. 13: 255-273.
Bopp, S.K., Abicht, H.K., Knauer, K. 2008. Copper-induced oxidative stress in rainbow
trout gill cells. Aquat Toxicol. 86: 197–204.
Borutaite, V., Toleikis, A., Brown, G.C. 2013. In the eye of the storm: mitochondrial
252

damage during heart and brain ischaemia. FEBS J. 280: 4999-5014.
Bradford, M.M. 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem.
72: 248-254.
Brand, M.D. 2010. The sites and topology of mitochondrial superoxide production. Exp
Gerontol. 45: 466-472.
Brand, M.D. 2016. Mitochondrial generation of superoxide and hydrogen peroxide as
the source of mitochondrial redox signalling. Free Radic Biol Med. 100: 14-31.
Brand, M.D. 2020. Riding the tiger - physiological and pathological effects of superoxide
and hydrogen peroxide generated in the mitochondrial matrix. Crit Rev Biochem
Mol Biol. 55: 592-661.
Brand, M.D., Orr, A.L., Perevoshchikova, I.V., Quinlan, C.L. 2013. The role of
mitochondrial function and cellular bioenergetics in ageing and disease. Br J
Dermatol. 169: 1-8.
Brand, M.D., Nicholls, D.G. 2011. Assessing mitochondrial dysfunction in cells. Biochem
J. 435: 297-312.
Breitburg, D., Levin, L.A., Oschlies, A. 2018. Declining oxygen in the global ocean and
coastal waters. Science. 359: 6371.
Brett, J.R. 1971. Energetic responses of salmon to temperature. A study of some
thermal relations in the physiology and freshwater ecology of sockeye salmon
(Oncorhynchus nerkd). Integr Comp Biol. 11: 99–113.
Brookes, Paul S., Yisang Y, James L. Robotham, M.W. Shey-Shing Sheu. 2004. Calcium,
ATP, and ROS: a mitochondrial love-hate triangle. Am J Physiol Cell Physiol. 287:
C817-C833.
Bundgaard, A., James, A.M., Joyce, W., Murphy, M.P., Fago, A. 2018. Suppression of
reactive oxygen species generation in heart mitochondria from anoxic turtles: the
role of complex IS-nitrosation. J Exp Biol. 217: 831-840.
253

Bundgaard, A., James, A.M., Gruszczyk, A.V., Martin, J., Murphy, M.P., Fago, A. 2019.
Metabolic adaptations during extreme anoxia in the turtle heart and their
implications for ischemia-reperfusion injury. Sci Rep 9: 2850.
Bundgaard, A., Ruhr, I.M., Fago, A., Galli, G.L. 2020. Metabolic adaptations to anoxia
and reoxygenation: New lessons from freshwater turtles and crucian carp. J Clin
Endocrinol Metab. 11: 55-64.
Bundschuh, M., Zubrod, J.P., Petschick, L.L., Schulz, R. 2020. Multiple stressors in
aquatic ecosystems: Sublethal effects of temperature, dissolved organic matter,
light and a neonicotinoid insecticide on Gammarids. Bull Environ Contam
Toxicol. 105: 345–350.
Bunik, V.I., Sievers, C. 2002. Inactivation of the 2-oxo acid dehydrogenase complexes
upon generation of intrinsic radical species. Eur J Biochem. 269: 5004-5015.
Cardey, B., Foley, S., Enescu, M. 2007. Mechanism of thiol oxidation by the superoxide
radical. J Phys Chem A. 111: 13046-13052.
Cebula, M., Schmidt, E.E., Arnér, E.S. 2015. TrxR1 as a potent regulator of the Nrf2Keap1 response system. Antioxid Redox Signal. 2: 823–853.
Cecchini, G. 2003. Function and structure of complex II of the respiratory chain. Ann rev
biochem. 72: 77-109.
Cederbaum, A.I, Wainio, W.W. 1972. Binding of iron and copper to bovine heart
mitochondria. II. Effect of mitochondrial metabolism. J Biol Chem. 247: 4604-14.
Chaffman, M., Brogden, R.N., Heel, R.C., Speight, T.M., Avery, G.S. 1984. Auranofin. A
preliminary review of its pharmacological properties and therapeutic use in
rheumatoid arthritis. Drugs. 27: 378-424.
Chance, B., Sies, H., Boveris, A. 1979. Hydroperoxide metabolism in mammalian organs.
Physiol Rev. 59: 527-605.
Chen, J., Chen, C.L., Rawale, S., Chen, C.A, Zweier, J.L., Kaumaya, P.T., Chen, Y.R. 2010.
Peptide-based

antibodies

against

glutathione-binding

254

domains

suppress

superoxide production mediated by mitochondrial complex I. J Biol Chem. 285:
3168-3180.
Chen, L., Knowlton, A.A. 2010. Mitochondria and heart failure: new insights into an
energetic problem. Minerva Cardioangiol. 58: 213-229.
Chen, N., Wu, M., Tang, G.P., Wang, H.J., Huang, C.X., Wu, X.J., He, Y., Zhang, B., Huang,
C.H., Liu, H., Wang, W.M., Wang, H.L. 2017. Effects of acute hypoxia and
reoxygenation on physiological and immune responses and redox balance of
wuchang bream (Megalobrama amblycephala Yih, 1955). Front Physiol. 8: 375.
Chen, Q., Camara, A.K, Stowe, D.F, Hoppel, C.L., Lesnefsky, E.J. 2007. Modulation of
electron transport protects cardiac mitochondria and decreases myocardial injury
during ischemia and reperfusion. Am J Physiol Cell Physiol. 292: C137-C147.
Chen, Q., Lesnefsky, E.J. 2006. Depletion of cardiolipin and cytochrome c during
ischemia increases hydrogen peroxide production from the electron transport
chain. Free Radic Biol Med. 40: 976-982.
Chen, Q., Moghaddas, S., Hoppel, C.L., Lesnefsky, E.J. 2008. Ischemic defects in the
electron transport chain increase the production of reactive oxygen species from
isolated rat heart mitochondria. Am J Physiol Cell Physiol. 294: C460-C466.
Chen, Q., Vazquez E.J., Moghaddas S., Hoppel C.L., Lesnefsky E.J. 2003. Production of
reactive oxygen species by mitochondria: central role of complex III. J Biol Chem.
278: 36027-36031.
Chen, Y.R., Zweier, J.L. 2014. Cardiac mitochondria and reactive oxygen species
generation. Circ Res. 114: 524–537.
Chen, I.C., Hill, J.K., Ohlemuller, R., Roy, D.B., Thomas, C.D. 2011. Rapid range shifts of
species associated with high levels of climate warming. Science. 333: 1024–1026.
Choi, C.Y., Choe, J.R., Shin, Y.S. 2018. Effects of waterborne copper on oxidative stress
and immune responses in red seabream, Pagrus major. Mol Cell Toxicol. 14: 291–
301.
Chouchani, E.T., Methner, C., Nadtochiy, S.M., Logan, A., Pell, V.R., Ding, S., James,
255

A.M., Cochemé, H.M., Reinhold, J., Lilley, K.S., Partridge, L., Fearnley, I.M.,
Robinson, A.J., Hartley, R.C., Smith, R.A., Krieg, T., Brookes, P.S., Murphy, M.P.
2013. Cardioprotection by S-nitrosation of a cysteine switch on mitochondrial
complex I. Nat Med. 19: 753-759.
Chow, C., Tappel, A. 1972. An enzymatic protective mechanism vs. lipid peroxidation
damage to lungs of oxygen exposed rats. Lipids 7: 518-524.
Christen, F., Desrosiers, V., Dupont-Cyr, B.A., Vandenberg, G.W., Le-François, N.R.,
Tardif, J.C., Dufresne, F., Lamarre, S.G., Blier, P.U. 2018. Thermal tolerance and
thermal sensitivity of heart mitochondria: Mitochondrial integrity and ROS
production. Free Radic Biol Med. 116: 11-18.
Chung, D.J., Bryant, H.J., Schulte, P.M. 2017. Thermal acclimation and subspeciesspecific effects on heart and brain mitochondrial performance in a eurythermal
teleost (Fundulus heteroclitus). J Exp Biol. 220: 1459–1471.
Clearwater, S.J., Farag, A.M., Meyer, J.S. 2002. Bioavailability and toxicity of diet-borne
copper and zinc to fish. Comp Biochem Physiol C Toxicol Pharmacol. 3: 269-313.
Cobley, J.N. 2020. Mechanisms of mitochondrial ros production in assisted
reproduction: the known, the unknown, and the intriguing. Antioxidants. 10: 933.
Collin, F. 2019. Chemical basis of reactive oxygen species reactivity and involvement in
neurodegenerative diseases. Int J Mol Sci. 20: 2407.
Correa, J.G. Stoppani, A.O. 1996. Catecholamines enhance dihydrolipoamide
dehydrogenase inactivation by the copper Fenton system. Enzyme protection by
copper chelators. Free Radic Biol Res. 24: 311–322
Cortassa, S., Aon, M.A., Sollott, S.J. 2019. Control and regulation of substrate selection
in cytoplasmic and mitochondrial catabolic networks. a systems biology
analysis. Front Physiol. 10: 201.
Cortassa, S., O'Rourke, B., Aon, M.A. 2014. Redox-optimized ROS balance and the
relationship between mitochondrial respiration and ROS. Biochimica et
256

biophysica acta. 1837: 287-295.
Costa, A.D., Quinlan, C.L., Andrukhiv, A., West, I.C., Jabůrek, M., Garlid, K.D. 2006. The
direct physiological effects of mitoKATP opening on heart mitochondria. Am J
Physiol Heart Circ Physiol. 290: H406-H415.
Couture, P., Kumar, P.R., 2003. Impairment of metabolic capacities in copper and
cadmium contaminated wild yellow perch (Perca flavescens). Aquat Toxicol. 64:
107-120.
Cox, G.K, Gillis, T.E. 2020. Surviving anoxia: the maintenance of energy production and
tissue integrity during anoxia and reoxygenation. J Exp Biol. 223: jeb207613.
Dallas, H.F., Ross-Gillespie, V. 2015. Sublethal effects of temperature on freshwater
organisms, with special reference to aquatic insects. Water SA. 5: 712-726.
Daniel, R.M., Danson M.J. 2013. Temperature and the catalytic activity of enzymes: A
fresh understanding. FEBS Lett. 587: 2738-2743.
Davis, R.E., Williams, M. 2012. Mitochondrial function and dysfunction: an update. J
Pharmacol Exp Ther. 3: 598-607.
De Almeida, E.A., Miyamoto, S., Bainy, A.C., de Medeiros, M.H., Di Mascio, P. 2004.
Protective effect of phospholipid hydroperoxide glutathione peroxidase (PHGPx)
against lipid peroxidation in mussels Perna perna exposed to different
metals. Mar Pollut Bull. 49: 386-392.
De Rebière de Pouyade, G., Salciccia, A., Ceusters, J., Deby-Dupont, G., Serteyn, D.,
Mouithys-Mickalad, A. 2011. Production of free radicals and oxygen consumption
by primary equine endothelial cells during anoxia-reoxygenation. Open Biochem
J. 5: 52-59.
De-Andrade Waldemarin, K.C., Alves, R.N., Beletti, M.E., Rantin, F.T., Kalinin, A.L. 2012.
Copper sulfate affects Nile tilapia (Oreochromis niloticus) cardiomyocytes
structure and contractile function. Ecotox. 21: 783–794.
Demirel, Y. 2002. Thermodynamics and biological systems. J Non-Equil Thermody. 293–
355.
257

Devaux, J., Hickey, A., Renshaw, G. 2019. Mitochondrial plasticity in the cerebellum of
two anoxia-tolerant sharks: contrasting responses to anoxia/re-oxygenation. J Exp
Biol. 222: jeb191353.
Di Nicolantonio, J.J., Mangan D., O’Keefe J.H. 2018. Copper deficiency may be a leading
cause of ischaemic heart disease. Open Heart. 5: 000784
Diaz, R.J., Breitburg, D.L. 2009. The hypoxic environment In Richards JG, Farrell AP and
Brauner CJ (eds) Hypoxia, Fish Physiology. Academic Press, Amsterdam 27: 2-23.
Diaz, R.J., Rosenberg, R. 2008. Spreading dead zones and consequences for marine
ecosystems. Science. 321:926-928.
Dikalov, S., Griendling, K.K., Harrison, D.G. 2007. Measurement of reactive oxygen
species in cardiovascular studies. Hypertension. 49: 717-727.
Djoko, K.Y, Donnelly, P.S, McEwan, A.G. 2014. Inhibition of respiratory complex I by
copper (ii)-bis complexes. Metallomics. 6: 2250-9.
Doenst, T., Nguyen, T.D., Abel, E.D. 2013. Cardiac metabolism in heart failure. Circ Res.
113: 709–724.
Dong, L. F., Jameson, V. J., Tilly, D., Cerny, J., Mahdavian, E., Marín-Hernández, A.,
Neuzil, J. 2011. Mitochondrial targeting of vitamin E succinate enhances its proapoptotic and anti-cancer activity via mitochondrial complex II. J Biol Chem. 286:
3717-3728.
Dorn, G.W., Kitsis, R.N. 2012. Programmed cardiomyocyte death in heart disease.
Muscle. 423–446.
Drechsel, D.A., Patel, M. 2010. Respiration-dependent H2O2 removal in brain
mitochondria via the thioredoxin/peroxiredoxin system. J Biol Chem. 285: 27850–
27858.
Dröse S., Brandt U. 2008. The mechanism of mitochondrial superoxide production by
the cytochrome bc1 complex. J Biol Chem. 283: 21649-54.
Dröse, S. 2013. Differential effects of complex II on mitochondrial ROS production and
258

their relation to cardioprotective pre- and postconditioning. Biochim Biophys
Acta. 1827: 578-87.
Dröse, S., Stepanova, A., Galkin, A. 2016. Ischemic A/D transition of mitochondrial
complex I and its role in ROS generation. Biochim Biophys Acta. 1857: 946-957.
Du, G., Mouithys-Mickalad, A., Sluse, F.E. 1998. Generation of superoxide anion by
mitochondria and impairment of their functions during anoxia and reoxygenation
in vitro. Free Radic Biol Med. 25: 1066–1074.
Du, S.N., Mahalingam, S., Borowiec, B.G., Scott, G.R. 2016. Mitochondrial physiology
and reactive oxygen species production are altered by hypoxia acclimation in
killifish (Fundulus heteroclitus). J Exp Biol. 8: 1130-1138.
Du, Y., Zhang, H., Lu, J., Holmgren, A. 2012. Glutathione and glutaredoxin act as a
backup of human thioredoxin reductase 1 to reduce thioredoxin 1 preventing cell
death by aurothio glucose. J Biol Chem. 287: 38210–38219.
Dzeja, P.P., Redfield, M.M., Burnett, J.C., Terzic, A. 2000. Failing energetics in failing
hearts. Curr Cardiol Rep. 2: 212-217.
Ehrhart, J., Zeevalk, G.D. 2001. Hydrogen peroxide removal and glutathione mixed
disulfide formation during metabolic inhibition in mesencephalic cultures. J.
Neurochem. 77: 1496-1507.
Ekström A, Gräns A, Sandblom E. 2019. Can´t beat the heat? Importance of cardiac
control and coronary perfusion for heat tolerance in rainbow trout. J Comp
Physiol B. 189: 757–769.
Eriksson, S.P., Weeks, J.M. 1994. Effects of copper and hypoxia on two populations of
the benthic amphipod Corophium volutator (Pallas). Aquat Toxicol. 29: 73–81.
Esposito, L.A., Kokoszka, J.E., Waymire, K.G., Cottrell, B., MacGregor, G.R., Wallace, D.C.
2000. Mitochondrial oxidative stress in mice lacking the glutathione peroxidase-1
gene. Free Radic Biol Med. 28: 754-766.
Eyckmans, M., Celis, N., Horemans, N., Blust, R., De Boeck, G. 2011. Exposure to
waterborne copper reveals differences in oxidative stress response in three
259

freshwater fish species. Aquat Toxicol. 103: 112–120.
Farrell, A., Gamperl, A., Hicks, J., Shiels, H., Jain, K. 1996. Maximum cardiac
performance of rainbow trout (Oncorhynchus mykiss) at temperatures
approaching their upper lethal limit. J Exp Biol. 199: 663-672.
Farrell, A.P., Stevens, E.D., Cech, J.J., Richards, J.G. 2011. Encyclopedia of fish
physiology: From genome to environment. Amsterdam: Elsevier/Academic Press.
Fato, R., Bergamini, C., Bortolus, M., Maniero, A. L., Leoni, S., Ohnishi, T., Lenaz, G.
2009. Differential effects of mitochondrial Complex I inhibitors on production of
reactive oxygen species. Biochimica et bio physica acta. 1787: 384–392.
Festa, R.A., Thiele, D.J. 2011. Copper: an essential metal in biology. Curr Biol. 21: R877R883.
Fillmore, N., Mori, J., Lopaschuk, G.D. 2014. Mitochondrial fatty acid oxidation
alterations

in

heart

failure,

ischaemic

heart

disease

and

diabetic

cardiomyopathy. Br J Pharmacol. 171: 2080–2090.
Fink, B.D., Yu, L., Sivitz, W.I. 2019. Modulation of complex II–energized respiration in
muscle, heart, and brown adipose mitochondria by oxaloacetate and complex I
electron flow. FASEB J. 00690R.
Fisher-Wellman, K.H., Gilliam, L.A., Lin, C.T., Cathey, B.L., Lark, D.S., Darrell Neufer, P.
2013. Mitochondrial glutathione depletion reveals a novel role for the pyruvate
dehydrogenase complex as a key H2O2-emitting source under conditions of
nutrient overload. Free Radic Biol Med. 65: 1201-1208.
Fitzgerald, J.A., Jameson, H.M., Dewar Fowler, V.H., Bond, G.L., Bickley, L.K., Uren
Webster, T.M., Bury, N.R., Wilson, R.J., Santos, E.M. 2016. Hypoxia suppressed
copper toxicity during early development in zebrafish embryos in a process
mediated by the activation of the HIF signaling pathway. Environ Sci Technol 50:
4502–4512.
Fitzgerald, J.A., Katsiadaki, I., Santos, E.M. 2017. Contrasting effects of hypoxia on
copper toxicity during development in the three-spined stickleback (Gasterosteus
260

aculeatus). Environ Pollut. 222: 433-443.
Fitzgerald, J.A., Urbina, M.G., Rogers, N.J., Bury, N.R., Katsiadaki, I., Wilson, R.W.,
Santos, E.M. 2019. Sublethal exposure to copper suppresses the ability to
acclimate to hypoxia in a model fish species. Aquat Toxicol. 217: 105325.
Folmes, C.D., Lopaschuk, G.D. 2007. Regulation of fatty acid oxidation of the heart.
In: Schaffer S.W., Suleiman MS. (eds) Mitochondria. Advances in biochemistry
in health and disease, vol 2. Springer, New York, NY.
Folt, C.L., Chen, C.Y., Moore, M.V., Burnaford, J. 1999. Synergism and antagonism
among multiple stressors. Limnol Oceanogr. 3.
Forman, H.J., Zhang, H., Rinna, A. 2009. Glutathione: overview of its protective roles,
measurement, and biosynthesis. Mol Aspects Med. 30: 1–12.
Forman, H.J., Kennedy, J. 1975. Superoxide production and electron transport in
mitochondrial oxidation of dihydroorotic acid. J Biol Chem. 250: 4322-4326.
Forman, H.J., Maiorino, M., Ursini, F. 2010. Signaling functions of reactive oxygen
species. Biochemistry. 49: 835-842.
Forrester, Steven J., Kikuchi, Daniel S., Hernandes, Marina S., Xu, Qian., Griendling,
Kathy K. 2018. Reactive oxygen species in metabolic and inflammatory signaling.
Circ Res. 122: 877–902.
Fridovich, I. 1997. Superoxide anion radical, superoxide dismutases and related
matters. J Biol Chem. 272: 18515-8517.
Fridovich, I. 1975. Superoxide dismutases. Annu Rev Biochem. 44: 147–159.
Friedman, J.R., Nunnari, J. 2014. Mitochondrial form and function. Nature. 505: 335343.
Fryxell, D.C., Hoover, A.N., Alvarez, D.A., Arnesen, F.J., Benavente, J.N., Moffett, E.R.,
Kinnison, M.T., Simon, K.S., Palkovacs. 2020. Recent warming reduces the
reproductive advantage of large size and contributes to evolutionary downsizing
in nature. Proc Biol Sci. 287: 20200608.
261

Gaetke, L.M., Chow-Johnson, H.S., Chow, C.K. 2014. Copper: toxicological relevance
and mechanisms. Arch Toxicol. 88: 1929-1938.
Galkin, A., Abramov, A.Y, Frakich, N., Duchen, M.R., Moncada, S. 2009. Lack of oxygen
deactivates mitochondrial complex I: implications for ischemic injury? J Biol
Chem. 284: 36055-36061.
Galkin, A., Brandt, U. 2005. Superoxide radical formation by pure complex I
(NADH:ubiquinone oxidoreductase) from Yarrowia lipolytica. J Biol Chem. 280:
30129-30135.
Galkin, A., Moncada, S. 2017. Modulation of the conformational state of mitochondrial
complex I as a target for therapeutic intervention. Interface Focus. 7: 104.
Galli, G.L., Lau, G.Y., Richards, J.G. 2013. Beating oxygen: chronic anoxia exposure
reduces mitochondrial F1FO-ATPase activity in turtle (Trachemys scripta) heart. J
Exp Biol. 216: 3283–3293.
Galli, G.L., Richards, J.G. 2014. Mitochondria from anoxia-tolerant animals reveal
common strategies to survive without oxygen. J Comp Physiol B. 184: 285-302.
Gamenick, I., Jahn, A., Vopel, K., Giere, O. 1996. Hypoxia and sulphide as structuring
factors in a macrozoobenthic community on the Baltic Sea shore: colonisation
studies and tolerance experiments. Mar Ecol Prog Ser. 144: 73e85.
Gamperl, A.K., Farrell, A.P. 2004. Cardiac plasticity in fishes: environmental influences
and intraspecific differences. J Exp Biol. 207: 2539-2550.
Garceau, N., Pichaud, N., Couture, P. 2010. Inhibition of goldfish mitochondrial
metabolism by in vitro exposure to Cd, Cu and Ni. Aquat Toxicol. 98: 107-112.
García, N., Zazueta, C., Carrillo, R., Correa, F., Chávez, E. 2000. Copper sensitizes the
mitochondrial permeability transition to carboxytractyloside and oleate. Mol Cell
Biochem. 209: 119-123.
Garrido, C., Galluzzi, L., Brunet, M., Puig, P.E., Didelot, C., Kroemer, G. 2006.
Mechanisms of cytochrome c release from mitochondria. Cell Death Differ. 13:
1423-1433.
262

Gattuso, A., Garofalo, F., Cerra, M.C., Imbrogno, S. 2018. Hypoxia tolerance in teleosts:
implications of cardiac nitrosative signals. Front Physiol. 9: 366.
Gazaryan, I.G., Krasnikov, B.F., Ashby, G.A., Thorneley, R.N., Kristal, B.S., Brown, A.M.
2002. Zinc is a potent inhibitor of thiol oxidoreductase activity and stimulates
reactive oxygen species production by lipoamide dehydrogenase. J Biol Chem.
277: 10064-10072.
Geng, Y.J. 2003. Molecular mechanisms for cardiovascular stem cell apoptosis and
growth in the hearts with atherosclerotic coronary disease and ischemic heart
failure. Ann NY Acad Sci 1010: 687-697.
Genova, M. L., Ventura, B., Giuliano, G., Bovina, C., Formiggini, G., Parenti Castelli, G.,
and Lenaz, G. 2001. The site of production of superoxide radical in mitochondrial
Complex I is not a bound ubisemiquinone but presumably iron–sulfur cluster N2.
FEBS Lett. 505: 364-368.
Gerber, L. Clow, K.A., Mark, F.C., Gamperl, A.K. 2020. Improved mitochondrial function
in salmon (Salmosalar) following high temperature acclimation suggests that
there are cracks in the proverbial 'ceiling'. Sci Rep. 10: 21636.
Gerber, L., Clow, K.A., Katan, T., Emam, M., Leeuwis, R.H., Parrish, C.C., Gamperl, A.K.
2019. Cardiac mitochondrial function, nitric oxide sensitivity and lipid
composition following hypoxia acclimation in sablefish. J Exp Biol. 222: 208074.
Gewin, V. 2010. Dead in the water. Nature 466: 812−814.
Ghose, P., Park, E.C., Tabakin, A., Salazar-Vasquez, N., Rongo, C. 2013. Anoxiareoxygenation regulates mitochondrial dynamics through the hypoxia response
pathway, SKN-1/Nrf, and stomatin-like protein STL-1/SLP-2. PLoS Genet. 9:
e1004063.
Giangregorio, N., Tonazzi, A., Console, L., Prejanò, M., Marino, T., Russo, N., Indiveri, C.
2020. Effect of copper on the mitochondrial carnitine/acylcarnitine carrier via
interaction

with

Cys136

and

pathophysiology. Molecules. 25: 820.
263

Cys155.

Possible

implications

in

Gilmore, K.L., Doubleday, Z.A., Gillanders, B.M. 2019. Prolonged exposure to low
oxygen improves hypoxia tolerance in a freshwater fish. Conserv Physiol. 7:
coz058.
Goldspink, G. 1995. Adaptation of fish to different environmental temperature by
qualitative and quantitative changes in gene expression. J Therm Biol. 20: 167–
174.
Golovanova, I.L. 2008. Effects of heavy metals on the physiological and biochemical
status of fishes and aquatic invertebrates. Inland Water Biol. 1: 93.
Gomiero, A., Viarengo, A. 2014. Effects of elevated temperature on the toxicity of
copper and oxytetracycline in the marine model, Euplotes crassus: a climate
change perspective. Environ Pollut. 194: 262-271.
Goncalves, R.L., Bunik, V.I., Brand, M.D. 2016. Production of superoxide/hydrogen
peroxide by the mitochondrial 2-oxoadipate dehydrogenase complex. Free Radic
Biol Med. 91: 247–255.
Goncalves, R.L.S., Watson, M.A., Wong, H.S., Orr, A.L., Brand, M.D. 2020. The use of
site-specific suppressors to measure the relative contributions of different
mitochondrial sites to skeletal muscle superoxide and hydrogen peroxide
production. Redox Biol. 28: 101341.
Graf, A., Trofimova, L., Loshinskaja, A., Mkrtchyan, G., Strokina, A., Lovat, M., Tylicky,
A., Strumilo, S., Bettendorff, L., Bunik, V.I. 2013. Up-regulation of 2-oxoglutarate
dehydrogenase as a stress response. Int J Biochem Cell Biol. 45: 175-189.
Gray, M.W. 2013. Brenner's Encyclopedia of Genetics. Mitochondria. 430-432.
Grivennikova, V.G., Kareyeva, A.V., Vinogradov, A.D. 2010. What are the sources of
hydrogen peroxide production by heart mitochondria? Biochim Biophys Acta.
1797: 939-944.
Grosell, M. 2012. Copper: In Homeostasis and Toxicology of Essential Metals - Fish
Physiology. Wood CM, Farrell AP, Brauner CA (eds.), Elsevier, San Diego 31A: 53-

264

133.
Grosell, M., McDonald, M., Walsh, P., Wood, C. M. 2004. Effects of prolonged copper
exposure in the marine gulf toadfish (Opsanus beta) II: Copper accumulation,
drinking rate and Na+/K+-ATPase activity in osmoregulatory tissues. Aquat Toxicol.
68: 263–275.
Grosell, M., McGeer, J.C., Wood, C.M. 2001. Plasma copper clearance and biliary
copper excretion are stimulated in copper acclimated trout. Am J Physiol. 280:
R796–R806.
Grosell, M., Wood, C.M. 2002. Copper uptake across rainbow trout gills: mechanisms of
apical entry. J Exp Biol. 205: 1179- 1188.
Grosell, M.H., Hogstrand, C., Wood, C.M. 1997. Copper uptake and turnover in both Cu
acclimated and non-acclimated rainbow trout (Oncorhynchus mykiss). Aquat
Toxicol. 38: 257-276.
Guarás, A., Perales-Clemente, E., Calvo, E., Acín-Pérez, R., Loureiro-Lopez, M., Pujol, C.,
Martínez-Carrascoso, I., Nuñez, E., García-Marqués, F., Rodríguez-Hernández, M.
A., Cortés, A., Diaz, F., Pérez-Martos, A., Moraes, C. T., Fernández-Silva, P.,
Trifunovic, A., Navas, P., Vazquez, J., Enríquez, J.A. 2016. The CoQH2/CoQ ratio
serves as a sensor of respiratory chain efficiency. Cell rep. 15: 197–209.
Guarnieri, C., Flamigni, F., Caldarera, C.M. 1980. Role of oxygen in the cellular damage
induced by re-oxygenation of hypoxic heart. J Mol Cell Cardiol. 12: 797-808.
Guderley, H. 2004. Metabolic responses to low temperature in fish muscle. Biol Rev.
79: 409-427.
Guderley, H., Pierre, J.S., Couture, P. et al. 1997. Fish Physiology and Biochemistry 16:
531.
Guderley, H., St-Pierre J. 2002. Going with the flow or life in the fast lane: contrasting
mitochondrial responses to thermal change. J Exp Biol. 205: 2237-49.
Guderley, H., Johnston I.I. 1996. Plasticity of fish muscle mitochondria with thermal
265

acclimation. J Exp Biol. 199: 1311-7.
Guo, J., Lemire, B.D. 2003. The ubiquinone-binding site of the Saccharomyces
cerevisiae succinate-ubiquinone oxidoreductase is a source of superoxide. J Biol
Chem. 278: 47629-47635.
Guo, L., Shestov, A.A., Worth, A.J., Nath, K., Nelson, D. S., Leeper, D. B., Blair, I.A. 2016.
Inhibition of mitochondrial complex II by the anticancer agent lonidamine. J Biol
Chem. 291: 42-57.
Han, D., Antunes, F., Canali, R., Rettori, D., Cadenas, E. 2003b. Voltage-dependent
anion channels control the release of the superoxide anion from mitochondria to
cytosol. J Biol Chem. 278: 5557–5563.
Han, D., Canali, R., Rettori, D., Kaplowitz, N. 2003. Effect of glutathione depletion on
sites and topology of superoxide and hydrogen peroxide production in
mitochondria. Mol Pharmacol. 64: 1136-1144.
Hand, S.C., Menze, M.A. 2008. Mitochondria in energy-limited states: mechanisms that
blunt the signaling of cell death. J Exp Biol. 211: 1829-1840.
Hans, M., Mathews, S., Mücklich, F., Solioz, M. 2015. Physicochemical properties of
copper important for its antibacterial activity and development of a unified
model. Bio interphases. 11: 018902.
Hansen, B.H., Romma, S., Garmo, O.A., Olsvik, P.A., Andersen, R.A. 2006. Antioxidative
stress proteins and their gene expression in brown trout (Salmo trutta) from
three rivers with different heavy metal levels Comp Biochem Physiol. 143: 263274.
Hao, F., Jing, M., Zhao, X., Liu, R. 2015. Spectroscopy, calorimetry and molecular
simulation studies on the interaction of catalase with copper ion. J Photochem
Photobiol. 143: 100–106.
Haque, M.N., Nam, S.E., Kim, B.M., Kim, K., Rhee, J.S. 2020. Temperature elevation
stage-specifically increases metal toxicity through bio-concentration and
266

impairment of antioxidant defense systems in juvenile and adult marine mysids.
Comp Biochem Physiol C Toxicol Pharmacol. 237: 108831.
Hatori, Y., Inouye, S., Akagi, R. 2017, Thiol-based copper handling by the copper
chaperone Atox1. IUBMB Life. 69: 246-254.
He, Q., Wang, M., Petucci, C., Gardell, S.J., Han, X. 2013. Rotenone induces reductive
stress and triacylglycerol deposition in C2C12 cells. Int J Biochem Cell Biol. 45:
2749-2755.
Heck, D.E., Shakarjian, M., Kim, H.D., Laskin, J.D., Vetrano, A.M. 2010. Mechanisms of
oxidant generation by catalase. Ann N Y Acad Sci. 1203: 120-125.
Heise, K., Puntarulo, S., Nikinmaa, M., Abele, D., Pörtner, H.O. 2006. Oxidative stress
during stressful heat exposure and recovery in the North Sea eelpout Zoarces
viviparus. J Exp Biol. 209: 353-63.
Henriques, B.J., Olsen, R., Gomes, C.M., Bross, P. 2021. Electron transfer flavoprotein
and its role in mitochondrial energy metabolism in health and disease. Gene. 776:
145407.
Hermes-Lima, M., Moreira, D.C., Rivera-Ingraham, G.A., Giraud-Billoud, M., GenaroMattos, T.C., Campos, É.G. 2015. Preparation for oxidative stress under hypoxia
and metabolic depression: Revisiting the proposal two decades later. Free Radic
Biol Med. 89: 1122-1143.
Hermes-Lima, M., Storey, J.M, Storey, K.B. 1998. Antioxidant defenses and metabolic
depression. The hypothesis of preparation for oxidative stress in land
snails. Comp Biochem Physiol B Biochem Mol Biol. 120: 437-448.
Heron, P., Cousins, K., Boyd, C., Daya S. 2001. Paradoxical effects of copper and
manganese on brain mitochondrial function. Life Sci. 68: 1575-83.
Herrero, A., Barja, G. 2000. Localization of the site of oxygen radical generation inside
the complex I of heart and nonsynaptic brain mammalian mitochondria. J
Bioenerg Biomembr. 32: 609-15.

267

Hey-Mogensen, M., Goncalves, R.L., Orr, A.L., Brand, M.D. 2014. Production of
superoxide/H2O2 by dihydroorotate dehydrogenase in rat skeletal muscle
mitochondria. Free Radic Biol Med. 72: 149-155.
Hickey, A.J., Renshaw, G.M., Speers-Roesch, B. 2012. A radical approach to beating
hypoxia: depressed free radical release from heart fibres of the hypoxia-tolerant
epaulette shark (Hemiscyllum ocellatum). J Comp Physiol B. 182: 91-100.
Hilton, Z., Clements, K.D, Hickey A.J. 2010. Temperature sensitivity of cardiac
mitochondria in intertidal and subtidal triplefin fishes. J Comp Phys B. 180: 979990.
Hoffman, D.L., Brookes, P.S. 2009. Oxygen sensitivity of mitochondrial reactive oxygen
species generation depends on metabolic conditions. J Biol Chem. 284: 1623616245.
Hogg, D.W., Pamenter, M.E., Dukoff, D.J., Buck, L.T. 2015. Decreases in mitochondrial
reactive oxygen species initiate GABAA receptor-mediated electrical suppression
in anoxia-tolerant turtle neurons. J Physiol. 593: 2311-2326.
Hollander, J.M., Thapa, D., Shepherd, D.L. 2014. Physiological and structural differences
in spatially distinct subpopulations of cardiac mitochondria: influence of cardiac
pathologies. Am J Physiol Heart Circ Physiol. 307: H1-H14.
Hosseini, M.J, Shaki, F., Ghazi-Khansari, M., Pourahmad, J. 2014. Toxicity of copper on
isolated liver mitochondria: impairment at complexes I, II, and IV leads to
increased ROS production. Cell Biochem Biophys. 70: 367-381.
Hu, C., Zhang, H., Qiao, Z., Wang, Y., Zhang, P., Yang, D. 2018. Loss of thioredoxin 2
alters

mitochondrial

respiratory

function

and

induces

cardiomyocyte

hypertrophy. Exp Cell Res. 372: 61-72.
Huang, C., Jiao, H., Song, Z., Zhao, J., Wang, X., Lin, H. 2015. Heat stress impairs
mitochondria functions and induces oxidative injury in broiler chickens. J Anim
Sci. 93: 2144–2153.

268

Hunter-Manseau, F., Desrosiers, V., Le François, N.R., Dufresne, F., Detrich, H.W.,
Nozais, C., Blier, P.U. 2019. From Africa to Antarctica: Exploring the metabolism of
fish heart mitochondria across a wide thermal range. Front. Physiol. 10: 1220.
Iftikar, F.I., Hickey, A.J.R. 2013. Do mitochondria limit hot fish hearts? understanding
the role of mitochondrial function with heat stress in Notolabrus celidotus. PLoS
ONE. 8: e64120.
Iftikar, F.I., MacDonald, J.R., Baker, D.W, Renshaw, G.M, Hickey, A.J. 2014. Could
thermal sensitivity of mitochondria determine species distribution in a changing
climate? J Exp Biol. 217: 2348-57.
Isei, M.O., Chinnappareddy, N., Stevens, D., Kamunde, C. 2021b. Anoxia-reoxygenation
alters H2O2 efflux and sensitivity of redox centers to copper in heart
mitochondria. Comp Biochem Physiol C Toxicol Pharmacol. 248: 109111.
Isei, M.O., Kamunde, C. 2020. Effects of copper and temperature on heart
mitochondrial hydrogen peroxide production. Free Radic Biol. Med. 147: 114-128.
Isei, M.O., Stevens, D., Kamunde, C. 2021a. Temperature rise and copper exposure
reduce heart mitochondrial reactive oxygen species scavenging capacity. Comp
Biochem Physiol C Toxicol Pharmacol. 243: 108999.
Jenny, J.P., Francus, P., Normandeau, A., Lapointe, F., Perga, M.E., Ojala, A.,
Schimmelmann, A., Zolitschka, B. 2016. Global spread of hypoxia in freshwater
ecosystems during the last three centuries is caused by rising local human
pressure. Glob Change Biol. 22: 1481-1489
Jensen, P.K. 1966. Antimycin-insensitive oxidation of succinate and reduced
nicotinamide-adenine dinucleotide in electron-transport particles. I. pH
dependency and hydrogen peroxide formation. Biochim Biophys Acta. 122: 157166.
Jeppesen, E., Meerhoff, M., Holmgren, K., Gonzalez-Bergonzoni, I., Teixeira-De Mello,
F., Declerck, S. 2010. Impacts of climate warming on lake fish community
269

structure and potential effects on ecosystem function. Hydro biologia. 646: 73–
90.
Jiménez, I., Speisky, H. 2000. Effects of copper ions on the free radical-scavenging
properties of reduced gluthathione: implications of a complex formation. J Trace
Elem Med Biol. 14:161–167.
Johansson, D., Nilsson, G., Törnblom, E. 1995. Effects of anoxia on energy metabolism
in crucian carp brain slices studied with microcalorimetry. J Exp Biol. 198: 853859.
Kachur, A.V., Koch, C.J., Biaglow, J.E. 1998. Mechanism of copper-catalyzed oxidation of
glutathione. Free Radic Res. 28: 259-269.
Kalinin, A.L., Costa, M.J., Rantin, F.T., Glass, M.L. 2009. Effects of Temperatur e on
Cardiac Function in Teleost Fish. In: Glass M., Wood S. (eds) CardioRespiratory Control in Vertebrates. Springer, Berlin, Heidelberg.
Kalyanaraman, B., Darley-Usmar, V., Davies, K.J., Dennery, P. A., Forman, H. J., Grisham,
M.B., Mann, G.E., Moore, K., Roberts, L.J., Ischiropoulos, H. 2012. Measuring
reactive oxygen and nitrogen species with fluorescent probes: challenges and
limitations. Free Radic Biol Med. 52: 1–6.
Kamunde C., Grosell M., Higgs D., Wood C.M. 2002a. Copper metabolism in actively
growing rainbow trout (Oncorhynchus mykiss): interactions between dietary and
waterborne copper uptake. J Exp Biol. 205: 279-90.
Kamunde, C., Clayton, C., Wood, C.M. 2002b. Waterborne vs. dietary copper uptake in
rainbow trout and the effects of previous waterborne copper exposure. Am J
Physiol Regul Integr Comp Physiol. 283: R69-R78.
Kamunde, C., MacPhail, R. 2008. Bioaccumulation and hepatic speciation of copper in
rainbow trout (Oncorhynchus mykiss) during chronic waterborne copper
exposure. Arch Environ Contam Toxicol. 54: 493–503.
Kamunde, C., Sharaf, M., MacDonald, N. 2018. H2O2 metabolism in liver and heart
270

mitochondria: low emitting-high scavenging and high emitting-low scavenging
systems. Free Radic Biol Med. 124: 135-148.
Kamunde, C.N., Wood, C.M. 2004. Environmental chemistry, physiological homeostasis,
toxicity, and environmental regulation of copper, an essential element in
freshwater fish. Austral J Ecotoxicol. 10: 1–20.
Kang, P.T., Zhang, L., Chen, C.L., Chen, J., Green, K.B., Chen, Y.R. 2012. Protein thiyl
radical mediates S-glutathionylation of complex I. Free Radic Biol Med. 53: 962973.
Kaur, M., Atif, F., Ali, M., Rehman, H., Raisuddin, S. 2005. Heat stress-induced
alterations of antioxidants in the freshwater fish Channa punctata Bloch. J Fish
Biol. 67: 1653–1665.
Kawashima, A., Sekizawa, A., Koide, K., Hasegawa, J., Satoh, K., Arakaki, T., Takenaka,
S., Matsuoka, R. 2015. Vitamin C induces the reduction of oxidative stress and
paradoxically stimulates the apoptotic gene expression in extravillous
trophoblasts derived from first-trimester tissue. Reprod sci. 22: 783–790.
Keen, A.N., Klaiman, J.M., Shiels, H.A., Gillis, T.E. 2017. Temperature-induced cardiac
remodelling in fish. J Exp Biol. 220: 147-160.
Khan, M.A., Ahmed, S.A., Catalin, B., Khodadoust, A., Ajayi, O., Vaughn, M. 2006. Effect
of temperature on heavy metal toxicity to juvenile crayfish, Orconectes immunis
(Hagen). Environ Toxicol. 21: 513-520.
Kirkman, H.N., Gaetani, G.F.1984. Catalase: a tetrameric enzyme with four tightly
bound molecules of NADPH. Proc Natl Acad Sci USA. 81: 4343-4347.
Kirkman, H.N., Rolfo, M., Ferraris, A.M, Gaetani, G. 1999. Mechanisms of protection of
catalase by NADPH. Kinetics and stoichiometry. J Biol Chem. 274: 13908–13914
Klaiman, J.M., Fenna, A.J., Shiels, H.A., Macri, J., Gillis, T.E. 2011. Cardiac remodeling in
fish: strategies to maintain heart function during temperature Change. PLoS One.
6: e24464.
271

Kluckova, K., Bezawork-Geleta, A., Rohlena, J., Dong, L., Neuzil, J. 2013.Mitochondrial
complex II, a novel target for anti-cancer agents. Biochim Biophys Acta. 1827:
552-64.
Koga, T., Sakata, Y., Terasaki, N. 2019. Accumulation and Analysis of Cuprous Ions in a
Copper Sulfate Plating Solution. J Vis Exp. 145: 10.
Kolwicz, S.C., Purohit, S., Tian, R. 2013. Cardiac metabolism and its interactions with
contraction, growth, and survival of cardiomyocytes. Circ Res. 113: 603-616.
Komlódi, T., Sobotka, O., Krumschnabel, G., Bezuidenhout, N., Hiller, E., Doerrier, C.,
Gnaiger, E. 2018. Comparison of Mitochondrial Incubation Media for
Measurement of Respiration and Hydrogen Peroxide Production. Methods Mol
Biol. 1782: 137–155.
Korge, P, Calmettes, G., Weiss, J.N. 2016. Reactive oxygen species production in cardiac
mitochondria after complex I inhibition: Modulation by substrate-dependent
regulation of the NADH/NAD+ ratio. Free Radic Biol Med. 96: 22-33.
Korge, P., Calmettes, G., John, S.A., Weiss, J.N. 2017. Reactive oxygen species
production induced by pore opening in cardiac mitochondria: The role of complex
III. J Biol Chem. 292: 9882-9895.
Korge, P., Calmettes, G., Weiss, J.N. 2015. Increased reactive oxygen species production
during reductive stress: The roles of mitochondrial glutathione and thioredoxin
reductases. Biochim Biophys Acta. 1847: 514-525.
Korge, P., Ping, P., Weiss, J.N. 2008. Reactive oxygen species production in energized
cardiac mitochondria during hypoxia/reoxygenation: modulation by nitric
oxide. Circ Res. 103: 873-880.
Korshunov, S.S, Skulachev, V.P, Starkov, A.A. 1997. High protonic potential actuates a
mechanism of production of reactive oxygen species in mitochondria. FEBS Lett.
416: 15-8.
Kowaltowski, A.J., de Souza-Pinto, N.C., Castilho, R.F., Vercesi, A.E. 2009. Mitochondria
272

and reactive oxygen species. Free Radic Biol Med. 47: 333-343.
Kühlbrandt, W. 2015. Structure and function of mitochondrial membrane protein
complexes. BMC Biol 13: 89.
Kudin, A.P., Bimpong-Buta, N.Y., Vielhaber, S., Elger, C.E., Kunz, W.S. 2004.
Characterization of superoxide-producing sites in isolated brain mitochondria. J
Biol Chem. 279: 4127-4135.
Kukat, C., Wurm, C.A., Spahr, H., Falkenberg, M., Larsson, N.G., Jakobs, S. 2011. Superresolution microscopy reveals that mammalian mitochondrial nucleoids have a
uniform size and frequently contain a single copy of mtDNA. Proc Natl Acad Sci
USA. 108: 13534–13539.
Kushnareva, Y., Murphy, A.N., Andreyev, A. 2002. Complex I-mediated reactive oxygen
species generation: modulation by cytochrome c and NAD(P)+ oxidationreduction state. Biochem J. 368: 545-553.
Kussmaul, L., Hirst, J. 2006. The mechanism of superoxide production by
NADH:ubiquinone oxidoreductase (complex I) from bovine heart mitochondria.
Proc Natl Acad Sci U.S.A. 103: 7607-7612.
Kwong L.K., Sohal R.S. 1998. Substrate and site specificity of hydrogen peroxide
generation in mouse mitochondria. Arch Biochem Biophys. 350: 118-126.
Lambert, A.J. Brand, M.D. 2004. Inhibitors of the quinone-binding site allow rapid
superoxide production from mitochondrial NADH:ubiquinone oxidoreductase
(complex I). J Biol Chem. 279: 39414–39420.
Larry, R.E. 2015. Tricarboxylic Acid (TCA) Cycle. Textbook of Veterinary Physiological
Chemistry (Third Edition).
Lau, G.Y, Milsom, W.K., Richards, J.G., Pamenter, M.E. 2020. Heart mitochondria from
naked mole-rats (Heterocephalus glaber) are more coupled, but similarly
susceptible to anoxia-reoxygenation stress than in laboratory mice (Mus
musculus). Comp Biochem Physiol B Biochem Mol Biol. 240: 110375.
273

Lau, G.Y., Richards, J.G. 2019. Interspecific variation in brain mitochondrial complex I
and II capacity and ROS emission in marine sculpins. J Exp Biol. 222: jeb189407.
Laukkanen, M.O. 2016. Extracellular superoxide dismutase: growth promoter or
deficiency involves copper-zinc superoxide dismutase. J Biol Chem. 284: 404-413.
Leach, R.M., Treacher, D.F. 1998. Oxygen transport-2. Tissue hypoxia. BMJ. 317: 13701373.
Leblondel, G., Allain, P. 1984. A thiol oxidation interpretation of the Cu2+ effects on rat
liver mitochondria. J Inorg Biochem. 21: 241–251.
Lee, S., Gharavi, N.M., Honda, H. 2009. A role for NADPH oxidase 4 in the activation of
vascular endothelial cells by oxidized phospholipids. Free Radic Biol Med. 250:
145-151.
Leggatt, R.A., Brauner, C.J., Schulte, P.M., Iwama, G.K. 2007. Effects of acclimation and
incubation temperature on the glutathione antioxidant system in killifish and
RTH-149 cells. Comp Biochem Physiol A Mol Integr Physiol. 146: 317-326.
Lei, L., Xiaoyi, S., Fuchang, L. 2017. Effect of dietary copper addition on lipid
metabolism in rabbits. Food Nutr Res. 61: 1348866.
Lennard, R., Huddart. 1992. Hypoxia-induced changes in electrophysiological responses
and associated calcium movements of flounder (Platichthys flesus) heart and gut.
Comp. Biochem. Physiol. A Physiol. 101: 717–721.
Lesnefsky, E.J., Chen, Q., Moghaddas, S., Hassan, M.O., Tandler, B., Hoppel, C.L. 2004.
Blockade of electron transport during ischemia protects cardiac mitochondria. J
Biol Chem. 279: 47961-47967.
Letelier, M.E., Lepe, A.M., Faúndez, M., Salazar, J., Marín, R., Aracena, P., Speisky, H.
2005. Possible mechanisms underlying copper-induced damage in biological
membranes leading to cellular toxicity. Chem Biol Interact. 151: 71–82.
Leveelahti, L., Rytkönen, K.T., Renshaw, G.M., Nikinmaa, M. 2014. Revisiting redoxactive antioxidant defenses in response to hypoxic challenge in both hypoxia274

tolerant and hypoxia-sensitive fish species. Fish Physiol Biochem 40: 183–191.
Li, Z., Graham, B.H. 2012. Measurement of mitochondrial oxygen consumption using a
Clark electrode. Methods Mol Biol. 837: 63-72.
Liljefors, T., Krogsgaard-Larsen, P., Madsen, U. 2002. Textbook of Drug Design and
Discovery, Third Edition.Taylor & Francis, London, New York.
Lippe, G., Coluccino, G., Zancani, M., Baratta, W., Crusiz, P. 2019. Mitochondrial F-ATP
synthase and its transition into an energy-dissipating molecular machine. Oxid
Med Cell Longev. 8743257.
Lismont, C., Revenco, I., Fransen, M. 2019. Peroxisomal hydrogen peroxide metabolism
and signaling in health and disease. Int J Mol Sci 20: 3673.
Liu, S, Neidhardt, E.A., Grossman, T.H., Ocain, T., Clardy, J. 2000. Structures of human
dihydroorotate

dehydrogenase

in

complex

with

antiproliferative

agents. Structure. 8: 25-33.
Liu, X., Cooper, D.E., Cluntun, A. 2018. Acetate production from glucose and coupling to
mitochondrial metabolism in mammals. Cell. 175: 502-513.e13.
Liu, Y., Fiskum, G., Schubert, D. 2002. Generation of reactive oxygen species by the
mitochondrial electron transport chain. J Neurochem. 80: 780-7.
Liu, Y., O'Rourke, B. 2001. Opening of mitochondrial KATP channels triggers
cardioprotection. Are reactive oxygen species involved? Circ Res. 88: 750-752.
Lodish, H., Berk, A., Zipursky, S.L. 2000. Molecular Cell Biology.4th edition. W.H.
Freeman; 2000.Section 16.1, Oxidation of Glucose and Fatty Acids to CO2. New
York.
Logan, D.C. 2007. The mitochondrial compartment. J Exp Bot. 58: 1225-1243.
Lopaschuk, G.D., Karwi, Q.G., Tian, R., Wende, A.R., Abel, E.D. 2021. Cardiac energy
metabolism in heart failure. Circ. Res. 128: 1487–1513.
Loschen, G., Azzi, A., Richter, C., Flohé, L. 1974. Superoxide radicals as precursors of
mitochondrial hydrogen peroxide. FEBS Lett. 42: 68-72.
275

Loschen, G., Flohé, L., Chance, B. 1971. Respiratory chain linked H2O2 production in
pigeon heart mitochondria. FEBS Lett. 18: 261-264.
Lu, J., Holmgren, A. 2014. The thioredoxin antioxidant system. Free Radic Biol Med. 66:
75–87.
Lubos, E., Loscalzo, J., Handy, D.E. 2011. Glutathione peroxidase-1 in health and
disease: from molecular mechanisms to therapeutic opportunities. Antioxid
Redox Signal. 15: 1957-1997.
Lucas, D.T., Szweda, L.I. 1999. Declines in mitochondrial respiration during cardiac
reperfusion:

age-dependent

inactivation

of

alpha-ketoglutarate

dehydrogenase. Proc Natl Acad Sci USA. 96: 6689-6693.
Lucey, N., Haskett, E., Collin, R. 2020. Multi-stressor extremes found on a tropical coral
reef impair performance. Front Mar Sci. 7: 588764.
Lushchak, V.I, Lushchak, L.P., Mota, A.A., Hermes-Lima, M. 2001. Oxidative stress and
antioxidant defenses in goldfish Carassius auratus during anoxia and
reoxygenation. Am J Physiol Regul Integr Comp Physiol. 280: R100-R107.
Lushchak, V.I. 2016. Contaminant-induced oxidative stress in fish: a mechanistic
approach. Fish Physiol Biochem. 42: 711-747.
Lushchak, V.I., Bagnyukova, T.V. 2006. Temperature increase results in oxidative stress
in goldfish tissues. Antioxidant and associated enzymes. Comp Biochem Physiol C
Toxicol Pharmacol. 143: 36–41.
Lushchak, V.I., Bagnyukova, T.V., Lushchak, O.V., Storey, J.M., Storey, K.B. 2005.
Hypoxia and recovery perturb free radical processes and antioxidant potential in
common carp (Cyprinus carpio) tissues. Int J Biochem Cell Biol. 37: 1319-1330.
Lushchak,

V.I.

2011.

Environmentally

induced

oxidative

stress

in

aquatic

animals. AquatToxicol. 101:13-30.
Maack C., Dabew E.R, Hohl M., Schäfers H.J, Böhm, M. 2009. Endogenous activation of
mitochondrial KATP channels protects human failing myocardium from hydroxyl
radical-induced stunning. Circ Res. 105: 811-817.
276

MacDonald, M.J., Brown, L.J. 1996. Calcium activation of mitochondrial glycerol
phosphate dehydrogenase restudied. Arch Biochem Biophys. 326: 79–84
Maher, R.L., Rice, M.M., McMinds, R. 2019. Multiple stressors interact primarily
through antagonism to drive changes in the coral microbiome. Sci Rep 9: 6834.
Mailloux, R.J, Young A, O'Brien M., Gill, R.M. 2018. Simultaneous measurement of
superoxide/hydrogen peroxide and NADH production by flavin-containing
mitochondrial dehydrogenases. J Vis Exp. 24: 132.
Mailloux, R.J, Gardiner, D., O’Brien, M. 2016. 2-Oxoglutarate dehydrogenase is a more
significant source of O2-/H2O2 than pyruvate dehydrogenase in cardiac and liver
tissue. Free RadicBiolMed. 97: 501–512.
Mailloux, R.J. 2015. Teaching the fundamentals of electron transfer reactions in
mitochondria and the production and detection of reactive oxygen species. Redox
Biol. 4: 381-398.
Mailloux, R.J. 2018. Mitochondrial antioxidants and the maintenance of cellular
hydrogen peroxide levels. Oxid Med Cell Longev: 7857251.
Mailloux, R.J. 2020. An update on mitochondrial reactive oxygen species
production. Antioxidants. 9: 472.
Mailloux, R.J., Craig Ayre, D., Christian, S.L. 2016b. Induction of mitochondrial reactive
oxygen species production by GSH mediated S-glutathionylation of 2oxoglutarate dehydrogenase. Redox Biol. 8: 285–297.
Mailloux, R.J., McBride, S.L., Harper, M.E. 2013. Unearthing the secrets of
mitochondrial ROS and glutathione in bioenergetics. Trends Biochem Sci. 38: 592602.
Mailloux, R.J., Xuan, J.Y., McBride, S., Maharsy, W., Thorn, S., Holterman, C.E., Kennedy,
C.R., Rippstein, P., deKemp, R., da Silva, J., Nemer, M., Lou, M., Harper, M.E.,
2014. Glutaredoxin-2 is required to control oxidative phosphorylation in cardiac
muscle by mediating deglutathionylation reactions. J Biol Chem. 289: 14812–
277

14828.
Maklashina, E., Kotlyar, A.B., Karliner, J.S., Cecchini, G. 2004. Effect of oxygen on
activation state of complex I and lack of oxaloacetate inhibition of complex II in
Langendorff perfused rat heart. FEBS Lett. 556: 64-68.
Maklashina, E., Sher, Y., Zhou, H.Z., Gray, M.O., Karliner, J.S., Cecchini, G. 2002. Effect
of anoxia/reperfusion on the reversible active/de-active transition of NADHubiquinone oxidoreductase (complex I) in rat heart. Biochim Biophys Acta. 1556:
6-12.
Makrecka, M., Svalbe, B., Volska, K., Sevostjanovs, E., Liepins, J., Grinberga, S.,
Dambrova, M. 2014. Mildronate, the inhibitor of l-carnitine transport, induces
brain mitochondrial uncoupling and protects against anoxia-reoxygenation. Eur J
Pharmacol. 723: 55–61.
Makrecka-Kuka, M., Krumschnabel G., Gnaiger E. 2015. High-resolution respirometry
for simultaneous measurement of oxygen and hydrogen peroxide fluxes in
permeabilized

cells,

tissue

homogenate

and

isolated

mitochondria.

Biomolecules. 5: 1319-38.
Malekar, V.C., Morton, J.D., Hider, R.N., Cruickshank, R.H., Hodge, S., Metcalf, V.J. 2018.
Effect of elevated temperature on membrane lipid saturation in Antarctic
notothenioid fish. Peer J. 6: e4765.
Malhotra, N., Ger, T.R., Uapipatanakul, B., Huang, J.C., Chen, K.H., Hsiao, C.D. 2020.
Review of copper and copper nanoparticle toxicity in fish. Nanomaterials. 10:
1126.
Mari, M., Morales, A., Colell, A., García-Ruiz, C., Fernández-Checa, J.C. 2009.
Mitochondrial glutathione, a key survival antioxidant. Antioxid Redox Signal. 11:
2685–2700.
Marín-Hernández, A., Gracia-Mora, I., Ruiz-Ramírez, L., Moreno-Sánchez, R. 2003. Toxic
effects of copper-based antineoplastic drugs (Casiopeinas) on mitochondrial
functions. Biochem Pharmacol. 65: 1979-89.
278

Marreiros, B.C., Calisto, F., Castro, P.J., Duarte, A.M., Sena, F.V., Silva, A.F., Sousa, F.M.,
Teixeira, M., Refojo, P. N., Pereira, M.M. 2016. Exploring membrane respiratory
chains. Biochim Biophys Acta. 1857: 1039-1067.
Mårtensson, J., Lai, J.C., Meister, A. 1990. High-affinity transport of glutathione is part
of a multicomponent system essential for mitochondrial function. Proc Natl Acad
Sci USA. 87: 7185-7189.
Matikainen, N., Vornanen, M. 1992. Effect of season and temperature acclimation on
the function of crucian carp heart. J Exp Biol. 167: 203–220.
McCarron, J.G., Wilson, C., Sandison, M.E., Olson, M.L., Girkin, J.M., Saunter, C.,
Chalmers, S. 2013. From structure to function: mitochondrial morphology, motion
and shaping in vascular smooth muscle. J Vasc Res. 50: 357-371.
Mesquita, A.F., Marques, S.M., Marques, J.C. 2019. Copper sulphate impact on the
antioxidant

defence

system

of

the

marine

bivalves Cerastoderma

edule and Scrobicularia plana. Sci Rep. 9: 16458.
Middelkoop, E., Strijland, A., Tager, J.M. 1991. Does aminotriazole inhibit import of
catalase into peroxisomes by retarding unfolding? FEBS Lett. 279: 79–82.
Miller, C.G., Holmgren, A., Arnér, E.S.J., Schmidt, E.E. 2018. NADPH-dependent and independent disulfide reductase systems. Free Radic Biol Med. 127:248-261.
Milliken, A.S., Kulkarni, C.A., Brookes, P.S. 2020. Acid enhancement of ROS generation
by complex-I reverse electron transport is balanced by acid inhibition of complexII: Relevance for tissue reperfusion injury. Redox Biol. 37: 101733.
Miranda-Vizuete, A., Spyrou, G. 2002. Genomic organization and identification of a
novel alternative splicing variant of mouse mitochondrial thioredoxin reductase
(TrxR2) gene. Mol Cells. 13: 488-492.
Miwa, S., Brand, M.D. 2005. The topology of superoxide production by complex III and
glycerol 3-phosphate dehydrogenase in Drosophila mitochondria. Biochim
Biophys Acta. 1709: 214-219.
279

Miwa, S., St-Pierre, J., Partridge, L., Brand, M.D. 2003. Superoxide and hydrogen
peroxide production by Drosophila mitochondria. Free Radic Biol Med. 35: 938948.
Molavian, H., Madani Tonekaboni, A., Kohandel, M. 2015. The synergetic coupling
among the cellular antioxidants glutathione peroxidase/peroxiredoxin and other
antioxidants and its effect on the concentration of H2O2. Sci Rep. 5: 13620.
Molony, B.W. 2001. Environmental requirements and tolerances of rainbow trout
(Oncorhynchus mykiss) and brown trout (Salmo trutta) with special reference to
Western Australia: a review. Fish Res Rep. 130.
Mookerjee, S.A., Divakaruni, A.S., Jastroch, M., Brand, M.D. 2010. Mitochondrial
uncoupling and lifespan. Mech Ageing Dev. 131: 463-472.
Mora, C., Ospina, A. 2001. Tolerance to high temperatures and potential impact of sea
warming on reef fishes of Gorgona Island (tropical eastern Pacific). Mar Biol. 139:
765-769
Moreno‐Sánchez, R., Hernández‐Esquivel, L., Rivero‐Segura, N.A., MaríHn‐ernández, A.,
Neuzil, J., Ralph, S.J., Rodríguez‐Enríquez, S. 2013. Reactive oxygen species are
generated by the respiratory complexII - evidence for lack of contribution of the
reverse electron flow in complexI. FEBS J. 280: 927-938.
Moyes, C.D., Ballantyne, J.S. 2011. Membranes and temperature: Homeoviscous
adaptation. In: Energetics, interactions with the environment, lifestyles, and
applications. Encyclopedia of fish physiology. Farrell AP (ed). Academic, NY. 17251731.
Moyes, C.D., Sharma, M.L., Lyons, C. 2002. Origins and consequences of mitochondrial
decline in nucleated erythrocytes. Biochim Biophys Acta. 1591: 11-20.
Moyo, M., Okonkwo, J.O., Agyei, N.M. 2014. Optimization of horseradish peroxidase
immobilization on glassy carbon electrode based on maize tassel-multiwalled
carbon nanotubes for sensitive copper (II) ion detection. Int J Electro chem Sci. 9:
280

1439-1453.
Mueller, A.M., Jeffrey M.G., Jody M.B., Elizabeth L.C, Kristin M.O. 2011. Interrelationship between mitochondrial function and susceptibility to oxidative stress
in red- and white-blooded Antarctic notothenioid fishes. J Exp Biol. 214: 37323741.
Muñoz-Pinedo, C., Guío-Carrión, A., Goldstein, J.C., Fitzgerald, P., Newmeyer, D.D.,
Green, D.R. 2006. Different mitochondrial intermembrane space proteins are
released during apoptosis in a manner that is coordinately initiated but can vary
in duration. Proc Natl Acad Sci U S A. 103: 11573-11578.
Munro, D., Baldy, C., Pamenter, M.E., Treberg, J.R. 2019. The exceptional longevity of
the naked mole-rat may be explained by mitochondrial antioxidant
defenses. Aging Cell. 18: e12916.
Munro, D., Banh, S., Sotiri, E., Tamanna, N., Treberg, J.R. 2016. The thioredoxin and
glutathione-dependent H2O2 consumption pathways in muscle mitochondria:
Involvement in H2O2 metabolism and consequence to H2O2 efflux assays. Free
Radic. Biol. Med. 96: 334–346.
Munro, D., Treberg, J.R. 2017. A radical shift in perspective: mitochondria as regulators
of reactive oxygen species. J Exp Biol. 220: 1170-1180.
Murphy, M.P. 2009. How mitochondria produce reactive oxygen species. Biochem J.
417: 1–13.
Mustafa, S.A., Davies, S.J., Jha, A.N. 2012. Determination of hypoxia and dietary copper
mediated sub-lethal toxicity in carp, Cyprinus carpio, at different levels of
biological organisation. Chemosphere. 87: 413–422.
Nakatani, T., Spolter, L., Kobayashi, K. 1994. Redox state in liver mitochondria in acute
copper sulfate poisoning. J Life Sci. 54: 967–974.
Ngamchuea, K., Batchelor-McAuley, R.G. 2016. The copper (ii)‐catalyzed oxidation of
glutathione. Chem Eur J. 22: 15937.

281

Nicholls, D.G, Ferguson S.J. 2013. Bioenergetics 4. Respiratory chains.4 th edition. P 91157.
Niethammer, P., Grabher, C., Look, A.T., Mitchison, T.J. 2009. A tissue-scale gradient of
hydrogen peroxide mediates rapid wound detection in zebrafish. Nature. 459:
996–999.
Nilsson, G.E., Renshaw, G.M.C. 2004. Hypoxic survival strategies in two fishes: extreme
anoxia tolerance in the North European crucian carp and natural hypoxic
preconditioning in a coral-reef shark. J Exp Biol. 207: 3131–3139.
Nixon, R.L., Jackson, S.L., Cullen, J.T., Ross, A.R.S. 2019. Distribution of coppercomplexing ligands in Canadian Arctic waters as determined by immobilized
copper(II)-ion affinity chromatography. Mar Chem. 215: 103673.
Nolfi-Donegan, D., Braganza, A., Shiva, S. 2020. Mitochondrial electron transport chain:
Oxidative

phosphorylation,

oxidant

production,

and

methods

of

measurement. Redox Biol. 37: 101674.
Nouette-Gaulain, K., Malgat, M., Rocher, C., Savineau, J.P., Marthan, R., Mazat, J.P.,
Sztark, F. 2005. Time course of differential mitochondrial energy metabolism
adaptation to chronic hypoxia in right and left ventricles. Cardiovasc Res. 66: 132140.
O'Gorman, E.J., Ólafsson, Ó.P., Demars, B.O., Friberg, N., Guðbergsson, G.,
Hannesdóttir, E.R., Jackson, M.C., Johansson, L.S., McLaughlin, Ó.B., Ólafsson, J.S.,
Woodward, G., Gíslason, G.M. 2016. Temperature effects on fish production
across a natural thermal gradient. Glob Chang Biol. 22: 3206–3220.
Oikawa, S., Kawanishi, S. 1996. Site-specific DNA damage induced by NADH in the
presence of copper (II): Role of active oxygen species. Biochemistry. 35: 45844590.
Okoye C.N., MacDonald-Jay N., Kamunde C. 2019. Effects of bioenergetics, temperature
and cadmium on liver mitochondria reactive oxygen species production and

282

consumption. Aquat Toxicol. 214: 105-264.
Okoye, C.N., Stevens, D., Kamunde, C. 2021. Modulation of mitochondrial site-specific
hydrogen peroxide efflux by exogenous stressors. Free Radic Biol Med. 164: 439–
456.
Orr, A.L., Quinlan, C.L., Perevoshchikova, I.V., Brand, M.D. 2012. A refined analysis of
superoxide

production

by

mitochondrial

sn-glycerol

3-phosphate

dehydrogenase. J Biol Chem. 287: 42921-42935.
Osellame, L.D., Blacker, T.S., Duchen, M.R. 2012. Cellular and molecular mechanisms of
mitochondrial function. Best Pract Res Clin Endocrinol Metab. 26: 711-723.
Ostadal, B., Ostadalova, I., Dhalla, N.S. 1999. Development of cardiac sensitivity to
oxygen deficiency: Comparative and ontogenetic aspects. Physiol Rev: 79: 635-59.
O'Toole, T.E, Conklin, D.J., Bhatnagar, A. 2008. Environmental risk factors for heart
disease. Rev Environ Health. 23: 167-202.
Ozcan, C., Bienengraeber, M., Dzeja, P.P., Terzic, A. 2002. Potassium channel openers
protect cardiac mitochondria by attenuating oxidant stress at reoxygenation. Am
J Physiol Heart Circ Physiol. 282: H531-H539.
Pamenter, M.E. 2014. Mitochondria: a multimodal hub of hypoxia tolerance. Can J Zool.
92: 569–589.
Pamenter, M.E., Gomez, C.R., Richards, J.G., Milsom, W.K. 2016. Mitochondrial
responses to prolonged anoxia in brain of red-eared slider turtles. Biol Lett. 12:
20150797.
Pamenter, M.E., Richards, M.D., Buck, L.T. 2007. Anoxia-induced changes in reactive
oxygen species and cyclic nucleotides in the painted turtle. J Comp Physiol B. 177:
473-481.
Paradies, G., Petrosillo, G., Pistolese, M., Di Venosa, N., Federici, A., Ruggiero, F.M.
2004. Decrease in mitochondrial complex I activity in ischemic/reperfused rat
heart: involvement of reactive oxygen species and cardiolipin. Circ Res. 94: 53-59.
Paranagama, M.P, Sakamoto, K., Amino H., Awano M., Miyoshi H., Kita K. 2010.
283

Contribution of the FAD and quinone binding sites to the production of reactive
oxygen species from Ascaris suum mitochondrial complex II. Mitochondrion. 10:
158-165.
Parente, V., Balasso, S., Pompilio, G., Verduci, L., Colombo, G.I., Milano, G., Guerrini, U.,
Squadroni,

L.,

Cotelli,

F.,

Pozzoli,

O.,

Capogrossi,

M.C.

2013.

Hypoxia/reoxygenation cardiac injury and regeneration in zebrafish adult
heart. PloS one. 8: e53748.
Park, H., Ahn, I.Y., Park, K.I., Hyun, S. 2008. Response of antioxidant defence systems to
thermal stress in the Antarctic clam Laternula elliptica. Antarct. Sci. 20: 521.
Patenaude, A., Ven Murthy, M.R., Mirault, M.E. 2004. Mitochondrial thioredoxin
system: effects of TrxR2 overexpression on redox balance, cell growth, and
apoptosis. J Biol Chem. 279: 27302-27314.
Paulsen, K.E., Orville, A.M., Frerman, F.E., Lipscomb, J.D., Stankovich, M.T. 1992. Redox
properties of electron-transfer flavoprotein ubiquinone oxidoreductase as
determined by EPR– spectroelectrochemistry. Biochemistry. 31: 11755–11761.
Pena, M.M., Lee, J., Thiele, D.J. 1999. A delicate balance: homeostatic control of copper
uptake and distribution. J Nutr 129: 1251-1260.
Peng, T.I, Jou M.J. 2010. Oxidative stress caused by mitochondrial calcium overload.
Ann N Y Acad Sci. 1201: 183-188.
Peoples, J.N., Saraf, A., Ghazal, N. 2019. Mitochondrial dysfunction and oxidative stress
in heart disease. Exp Mol Med. 51: 1–13.
Perevoshchikova, I.V., Quinlan, C.L., Orr, A.L., Gerencser, A.A., Brand, M.D. 2013. Sites
of superoxide and hydrogen peroxide production during fatty acid oxidation in rat
skeletal muscle mitochondria. Free Radic Biol Med. 61: 298-309.
Perham, R.N. 1991. Domains, motifs, and linkers in 2-oxoacid dehydrogenase
multienzyme complexes: a paradigm in the design of a multifunctional protein.
Biochemistry. 30: 8501–8512.
284

Perham, R.N., Jones, D.D., Chauhan, H.J., Howard, M.J. 2002. Substrate channelling in
2-oxo acid dehydrogenase multienzyme complexes. Biochem Soc Trans. 30: 47–
51.
Peterson, M.E., Daniel, R., Danson, M.J., Eisenthal, R. 2007. The dependence of enzyme
activity on temperature: determination and validation of parameters. Biochem J.
402: 331-337.
Pham, A.N., Xing, G., Miller, C.J., Waite, T.D. 2013. Fenton-like copper redox chemistry
revisited: Hydrogen peroxide and superoxide mediation of copper-catalyzed
oxidant production. J Catal NY. 301: 54-64.
Pichaud, N., Ekström, A., Hellgren, K., Sandblom, E. 2017. Dynamic changes in cardiac
mitochondrial metabolism during warm acclimation in rainbow trout. J Exp Biol.
220: 1674–1683.
Pichaud, N., Chatelain, E.H., Ballard, J.W., Tanguay, R., Morrow, G., Blier, P.U. 2010.
Thermal sensitivity of mitochondrial metabolism in two distinct mitotypes of
Drosophila simulans: evaluation of mitochondrial plasticity. J Exp Biol. 213: 1665–
1675.
Pichaud, N., Ekström, A., Breton, S., Sundström, F., Rowinski, R., Blier, P.U. Sandblom, E.
2019. Cardiac mitochondrial plasticity and thermal sensitivity in a fish inhabiting
an artificially heated ecosystem. Sci Rep. 9: 17832.
Pilgaard, L., Malte, H., Jensen, F.B. 1994. Physiological effects and tissue accumulation
of copper in freshwater rainbow trout (Oncorhynchus mykiss) under normoxic
and hypoxic conditions. Aquat Toxicol. 29: 197–212.
Playle, R.C., Dixon, D.G., Burnison., K. 1993. Copper and cadmium binding of fish gills:
modification by dissolved organic carbon and synthetic ligands. Can J Fish Aquat
Sci. 5050: 2667- 2677.
Portner, H.O. 2002. Climate variations and the physiological basis of temperature
dependent biogeography: systemic to molecular hierarchy of thermal tolerance in
285

animals. Comp Biochem Physiol A 132: 739-761.
Pörtner, H.O., Langenbuch, M., Michaelidis, B. 2005. Synergistic effects of temperature
extremes, hypoxia, and increases in CO2 on marine animals: From Earth history to
global change. J Geophys Res. 110: C09S10.
Pourahmad, J., O'Brien, P.J. 2000. Contrasting role of Na+ ions in modulating Cu2+ or
Cd2+ induced hepatocyte toxicity. Chem Biol Interact. 126: 159-169.
Powers, S.K., Jackson, M.J. 2008. Exercise-induced oxidative stress: cellular mechanisms
and impact on muscle force production. Physiol Rev 88: 1243-1276.
Pryde, K.R., Hirst, J. 2011. Superoxide is produced by the reduced flavin in
mitochondrial complex I: a single, unified mechanism that applies during both
forward and reverse electron transfer. J Biol Chem. 286: 18056-18065.
Purohit, G.K., Mahanty, A., Suar, M., Sharma, A.P, Mohanty, B.P, Mohanty, S. 2014.
Investigating hsp gene expression in liver of Channastriatus striatus under heat
stress for understanding the upper thermal acclimation. Biomed Res Int. 381719.
Qian, L., Song, X., Ren, H., Gong, J., Cheng, S. 2004. Mitochondrial mechanism of heat
stress-induced injury in rat cardiomyocyte. Cell Stress Chaperones. 9: 281-293.
Quinlan, C.L., Orr, A.L., Perevoshchikova, I.V., Treberg, J.R., Ackrell, B.A., Brand, M.D.
2012. Mitochondrial complex II can generate reactive oxygen species at high rates
in both the forward and reverse reactions. J Biol Chem. 287: 27255–27264.
Quinlan, C.L., Perevoschikova, I.V., Goncalves, R.L., Hey-Mogensen, M., Brand, M.D.
2013. The determination and analysis of site-specific rates of mitochondrial
reactive oxygen species production. Methods Enzymol. 526: 189-217.
Quinlan, C.L., Perevoshchikova, I.V., Hey-Mogensen, M., Orr, A.L., Brand, M.D. 2013b.
Sites of reactive oxygen species generation by mitochondria oxidizing different
substrates. Redox Biol. 1: 304-312.
Quinlan, C.L., Treberg, J.R., Brand, M.D. 2011. Mechanisms of Mitochondrial Free
Radical Production and their Relationship to the Aging Process. Handbook of the
286

Biology of Aging. 47–61.
Quinlan, C.L., Goncalves, R.L., Hey-Mogensen, M., Yadava, N., Bunik, V.I, Brand, M.D.
2014. The 2-oxoacid dehydrogenase complexes in mitochondria can produce
superoxide/hydrogen peroxide at much higher rates than complex I. J Biol Chem.
289: 8312-8325.
Radi, R., Turrens, J.F., Chang, L.Y., Bush, K.M., Crapo, J.D., Freeman, B.A.

1991.

Detection of catalase in rat heart mitochondria. J Biol Chem. 266: 22028–22034.
Raha, S., Robinson, B.H. 2000. Mitochondria, oxygen free radicals, disease and
ageing. Trends Biochem Sci. 25: 502-508.
Rahman, I., Kode, A., Biswas, S.K. 2006. Assay for quantitative determination of
glutathione and glutathione disulfide levels using enzymatic recycling
method. Nat Protoc. 1: 3159–3165.
Ransberry, V.E, Blewett, T.A., McClelland, G.B. 2016. The oxidative stress response in
freshwater-acclimated killifish (Fundulus heteroclitus) to acute copper and
hypoxia exposure. Comp Biochem Physiol C Toxicol Pharmacol. 179: 11-18.
Raspi, G., Moro, A.L., Spinetti, M. 1999. p-Hydroxy mercuribenzoate as thiol-protein
modifier for simultaneous determination of glycolytic enzymes by hydrophobicinteraction chromatography. Chromatographia. 49: 47-53.
Rebl, A., Korytář, T., Borchel, A., Bochert, R., Strzelczyk, J.E, Goldammer, T., Verleih, M.
2020. The synergistic interaction of thermal stress coupled with overstocking
strongly modulates the transcriptomic activity and immune capacity of rainbow
trout (Oncorhynchus mykiss). Sci Rep. 10: 14913.
Ren, X., Zou, L., Zhang, X., Branco, V., Wang, J., Carvalho, C., Holmgren, A., Lu, J. 2017.
Redox signaling mediated by thioredoxin and glutathione systems in the central
nervous system. Antioxid Redox Signal. 27: 989–1010.
Renshaw, G.M., Kutek, A.K., Grant, G.D., Anoopkumar-Dukie, S. 2012. Forecasting
elasmobranch survival following exposure to severe stressors. Comp Biochem
287

Physiol A Mol Integr Physiol. 162: 101-112.
Richards, J.G. 2011. Physiological, behavioural and biochemical adaptations of intertidal
fishes to hypoxia. J Exp Biol. 214: 191–199.
Rigobello, M.P., Folda, A., Scutari, G., Bindoli, A. 2005. The modulation of thiol redox
state affects the production and metabolism of hydrogen peroxide by heart
mitochondria. Arch Biochem Biophys. 441: 112–122.
Rindler, P.M., Cacciola, A., Kinter, M., Szweda, L.I. 2016. Catalase-dependent H2O2
consumption by cardiac mitochondria and redox-mediated loss in insulin
signaling.Am J Physiol Heart Circ Physiol. 311: H1091–H1096.
Rindler, P.M., Plafker, S.M., Szweda, L.I., Kinter, M. 2013. High dietary fat selectively
increases catalase expression within cardiac mitochondria. J Biol Chem. 288:
1979–1990.
Roberts, R.C., Reed, V.D., Hill, W.E. 1994. Oxidation of thiols by copper (II). Phosphorus
Sulfur Silicon Relat Elem. 90: 147–154.
Robinson, B.H. 1998. Human complex I deficiency: clinical spectrum and involvement of
oxygen free radicals in the pathogenicity of the defect. Biochim Biophys Acta.
1364: 271-286.
Robins, R.G., Berg, R.B., Dysinger, D.K., Duaime, T.E., Metesh, J.J., Diebold, F.E.,
Twidwell, L.G., Mitman, G.G., Chatham , W.H., Huang, H.H., Young, C.A. 1997.
Chemical, physical and biological interactions at the Berkeley Pit, Butte, Montana.
Tailings and Mine Waste 97. Bakeman, Rotterdam.
Rogers, N.J., Urbina, M.A., Reardon, E.E., McKenzie, D.J., Wilson, R.W. 2016. A new
analysis of hypoxia tolerance in fishes using a database of critical oxygen level (P
crit). Conserv Physiol. 4: cow012.
Roh, J.L., Jang, H., Kim, E.H., Shin, D. 2017. Targeting of the glutathione, thioredoxin,
and Nrf2 antioxidant systems in head and neck cancer. Antioxid Redox Signal. 27:
106–114.
288

Rosca, M. G., Vazquez, E.J., Chen, Q., Kerner, J., Kern, T.S., Hoppel, C.L. 2012. Oxidation
of fatty acids is the source of increased mitochondrial reactive oxygen species
production in kidney cortical tubules in early diabetes. Diabetes. 61: 2074–2083.
Saborido, A., Soblechero, L., Megías, A. 2005. Isolated respiring heart mitochondria
release reactive oxygen species in states 4 and 3. Free Radic Res. 39: 921-31.
Sagan, L. 1967. On the origin of mitosing cells. J Theor Biol. 14: 225-274.
Sajib, M., Albers, E., Langeland, M. 2020. Understanding the effect of temperature and
time on protein degree of hydrolysis and lipid oxidation during ensilaging of
herring (Clupeaharengus) filleting co-products. Sci Rep. 10: 9590.
Sampaio, F.G., Boijink, C.L., Oba, E.T., dos Santos, L.R.B., Kalini, A.L., Rantin, F.T., 2008.
Antioxidant

defenses

and

biochemical

changes

in

pacu

(Piaractus

mesopotamicus) in response to single and combined copper and hypoxia
exposure. Comp Biochem Physiol. 147: 43–51.
Sandahl, J.F., Baldwin, J.J, Jenkins, Scholz, N.N. 2007. A sensory system at the interface
between urban stormwater runoff and salmon survival. Environ Sci Technol. 14:
2998-3004.
Sappal R., MacDonald N., Fast M., Stevens D., Kibenge F., Siah A., Kamunde C. 2014a.
Interactions of copper and thermal stress on mitochondrial bioenergetics in
rainbow trout, Oncorhynchus mykiss. Aquat Toxicol. 157: 10-20.
Sappal R., Macdougald M., Stevens D., Fast M.D, Kamunde C. 2014b. Copper alters the
effect of temperature on mitochondrial bioenergetics in rainbow trout,
Oncorhynchus mykiss. Arch Environ Contam Toxicol. 66: 430-40.
Sappal, R., Fast, M., Purcell, S., MacDonald, N., Stevens, D., Kibenge, F., Kamunde, C.
2016. Copper and hypoxia modulate transcriptional and mitochondrial functionalbiochemical responses in warm acclimated rainbow trout (Oncorhynchus mykiss).
Environ Pollut. 211: 291–306.
Sappal, R., Fast, M., Stevens, D., Kibenge, F., Siah, A., Kamunde, C. 2015. Effects of

289

copper, hypoxia and acute temperature shifts on mitochondrial oxidation in
rainbow trout (Oncorhynchus mykiss) acclimated to warm temperature. Aquat
Toxicol. 169: 46-57.
Saris, N.E, Skulskii, I.A. 1991. Interaction of Cu with mitochondria. Acta Chem Scand. 45:
1042-6.
Schiedek, D., Sundelin, B., Readman, J.W., Macdonald, R.W. 2007. Interactions
between climate change and contaminants. Mar Pollut Bull. 54: 1845-1856.
Schönfeld, P., Reiser, G. 2006. Rotenone-like Action of the Branched-chain Phytanic
Acid Induces Oxidative Stress in Mitochondria. J Biol Chem. 281: 7136–7142.
Schönfeld, P., Więckowski, M. R., Lebiedzińska, M., Wojtczak, L. 2010. Mitochondrial
fatty acid oxidation and oxidative stress: Lack of reverse electron transferassociated production of reactive oxygen species. Biochim Biophys Acta Bioenerg.
1797: 929–938.
Schönfeld, P., Wojtczak, L. 2007. Fatty acids decrease mitochondrial generation of
reactive oxygen species at the reverse electron transport but increase it at the
forward transport. Biochim Biophys Acta. 8: 1032-1040.
Schönfeld, P., Wojtczak, L. 2008. Fatty acids as modulators of the cellular production of
reactive oxygen species. Free Radic Biol Med. 45: 231–241.
Schreck, R., Rieber, P., Baeuerle, P.A. 1991. Reactive oxygen intermediates as
apparently widely used messengers in the activation of the NF-kB transcription
factor and HIV-1. EMBO J. 10: 2247–2258.
Scott, I., Youle, R.J. 2010. Mitochondrial fission and fusion. Essays Biochem. 47: 85-98.
Segner, H., Schmitt-Jansen, M., Sabater, S. 2014. Assessing the impact of multiple
stressors on aquatic biota: the receptor's side matters. Environ Sci Technol. 48:
7690-7696.
Seifert, E.L., Estey, C., Xuan, J.Y., Harper, M.E. 2010. Electron transport chaindependent and -independent mechanisms of mitochondrial H2O2 emission during
290

long-chain fatty acid oxidation. J Biol Chem. 285: 5748-5758.
Sharaf M.S., Stevens, D., Kamunde, C. 2017a. Mitochondrial transition ROS spike
(mTRS) results from coordinated activities of complex I and nicotinamide
nucleotide transhydrogenase. Biochim Biophys Acta Bioenerg. 1858: 955-965.
Sharaf, M.S, Stevens, D, Kamunde, C. 2017b. Zinc and calcium alter the relationship
between mitochondrial respiration, ROS and membrane potential in rainbow
trout (Oncorhynchus mykiss) liver mitochondria. Aquat Toxicol. 189: 170-183.
Sheline, C.T., Choi, D.W. 2004. Cu2+ toxicity inhibition of mitochondrial dehydrogenases
in vitro and in vivo. Ann Neurol. 55: 645-53.
Shen, Y., Wang, D., Zhao, J., Chen, X. 2018. Fish red blood cells express immune genes
and responses. Aquat Fish. 3: 14–21.
Siasos, G., Tsigkou, V., Kosmopoulos, M., Theodosiadis, D., Simantiris, S., Tagkou, N. M.,
Papavassiliou, A.G. 2018. Mitochondria and cardiovascular diseases-from
pathophysiology to treatment. Ann Transl Med. 6: 256.
Siebels, I, Dröse, S. 2013. Q-site inhibitor induced ROS production of mitochondrial
complex II is attenuated by TCA cycle dicarboxylates. Biochim Biophys Acta. 1827:
1156-1164.
Sies, H., Berndt C., Jones D.P. 2017. Oxidative Stress. Annu Rev Biochem. 20: 715-748.
Sies, H. 2014. Role of metabolic H2O2 generation: redox signaling and oxidative stress. J
Biol Chem. 289: 8735-8741.
Sies, H. 2015. Oxidative stress: a concept in redox biology and medicine. Redox Biol. 4:
180-183.
Sies, H. 2017. Hydrogen peroxide as a central redox signaling molecule in physiological
oxidative stress: Oxidative eustress. Redox Biol. 11: 613–619.

291

Slade, L., Chalker J., Kuksal N., Young A., Gardiner D., Mailloux R.J. 2017. Examination of
the superoxide/hydrogen peroxide forming and quenching potential of mouse
liver mitochondria. Biochim Biophys Acta Gen Subj. 1861: 1960-1969.
Smith, C., Jones, G.P., Lash, L.H., Lauterburg, B.H. 1996. Compartmentation of
glutathione: Implications for the study of toxicity and disease. Toxicol Appl
Pharmacol. 140: 1–12.
Smith, V.H., Joye, S.B., Howarth, R.W. 2006. Eutrophication of freshwater and marine
ecosystems. Limnol Oceanogr. 51: 351-355.
Sohal, R.S., Sohal, B.H. 1991. Hydrogen peroxide release by mitochondria increases
during aging. Mech Ageing Dev. 57: 187-202.
Sokol, R.J, Devereaux, M.W., O’Brien K. 1993. Abnormal hepatic mitochondrial
respiration and cytochrome C oxidase activity in rats with long-term copper
overload. Gastroenterology. 105: 178-187.
Sokolova, I. 2018. Mitochondrial adaptations to variable environments and their role in
animals' stress tolerance. Integr Comp Biol. 58: 519-531.
Somero, G.N. 2002. Thermal physiology and vertical zonation of intertidal animals:
Optima, limits, and costs of living. Integr Comp Biol. 42: 780-789.
Srivastava, S., Chan, C. 2007. Hydrogen peroxide and hydroxyl radicals mediate
palpitate-induced cytotoxicity to hepatoma cells: relation to mitochondrial
permeability transition. Free Radic Res. 41: 38–49.
Stanley, B.A., Sivakumaran, V., Shi, S., McDonald, I., Lloyd, D., Watson, W.H., Aon, M.A.,
Paolocci, N. 2011. Thioredoxin reductase-2 is essential for keeping low levels of
H2O2 emission from isolated heart mitochondria. J Biol Chem. 286: 33669–33677.
Stanley, W.C., Chandler, M.P. 2002. Energy metabolism in the normal and failing heart:
potential for therapeutic interventions. Heart Fail Rev. 7: 115-130.
Starkov, A.A. 2008. The role of mitochondria in reactive oxygen species metabolism and
signaling.Ann of the NY Aca Sci. 1147: 37–52.
292

Starkov, A.A. 2013. An update on the role of mitochondrial α-ketoglutarate
dehydrogenase in oxidative stress. Mol Cell Neurosci. 55: 13-16.
Starkov, A.A., Andreyev, A.Y., Zhang, S.F., Starkova, N.N., Korneeva, M., Syromyatnikov,
M., Popov, V.N. 2014. Scavenging of H2O2 by mouse brain mitochondria. J
Bioenerg Biomembr. 46: 471–477.
Starkov, A.A. 2010. Measurement of mitochondrial ROS production. Methods Mol Biol.
648: 245-255.
Steeves, G., Singh, N., Singal, P.K. 1994. Preconditioning and antioxidant defense
against reperfusion injury. Ann N Y Acad Sci. 723: 116-127.
Stepanova, A., Konrad, C., Guerrero-Castillo, S., Manfredi, G., Vannucci, S., Arnold, S.,
Galkin, A. 2019. Deactivation of mitochondrial complex I after hypoxia-ischemia in
the immature brain. J Cereb Blood Flow Metab. 39: 1790-1802.
Stone, J.R., Yang, S. 2006. Hydrogen peroxide: a signaling messenger. Antioxid Redox
Signal. 8: 243-270.
St-Pierre, J., Buckingham J.A, Roebuck S.J., Brand M.D. 2002. Topology of superoxide
production from different sites in the mitochondrial electron transport chain. J
Biol Chem. 277: 44784-90.
St-Pierre, J., Brand M.D., Boutilier, R.G. 2000. Mitochondria as ATP consumers: cellular
treason in anoxia. Proc Natl Acad Sci. 97: 8670-8674.
Switala, J., Loewen, P. 2002. Diversity of properties among catalases. Arch Biochem
Biophys. 401: 145.
Szeto, S.S.W., Reinke, S.N., Sykes, B.D., Lemire, B.D. 2007. Ubiquinone-binding site
mutations in the Saccharomyces cerevisiae succinate dehydrogenase generate
superoxide and lead to the accumulation of succinate. J Biol Chem. 37: 2751827526.
Tahara, E.B., Navarete, F.D., Kowaltowski, A.J. 2009. Tissue-, substrate-, and sitespecific characteristics of mitochondrial reactive oxygen species generation. Free
Radic Biol Med. 46: 1283-1297.
293

Tamma, G., Valenti, G., Grossini E., Donnini, S., Marino, A., Marinelli, R.A., Calamita, G.
2018. Aquaporin membrane channels in oxidative stress, cell signaling, and aging:
recent advances and research trends. Oxid Med Cell Longev. 21501847.
Tampo, Y., Kotamraju, S., Chitambar, C.R., Kalivendi, S.V., Keszler, A., Joseph, J.,
Kalyanaraman, B. 2003. Oxidative stress-induced iron signaling is responsible for
peroxide-dependent oxidation of dichlorodihydrofluorescein in endothelial cells:
role of transferrin receptor-dependent iron uptake in apoptosis. Circ Res. 92: 56–
63.
Tan, S.X., Greetham, D., Raeth, S., Grant, C.M., Dawes, I.W., Perrone, G.G. 2010. The
thioredoxin-thioredoxin reductase system can function in vivo as an alternative
system to reduce oxidized glutathione in Saccharomyces cerevisiae. J Biol
Chem. 285: 6118–6126.
Tanwar, V., Katapadi, A., Adelstein, J.M., Grimmer, J.A., Wold, L.E. 2018. Cardiac
pathophysiology in response to environmental stress: a current review. Curr Opin
Physiol. 1: 198-205.
Tarozzi, A., Morroni, F., Merlicco, A. 2009. Sulforaphane as an inducer of glutathione
prevents

oxidative

stress-induced

cell

death

in

a

dopaminergic-like

neuroblastoma cell line. J Neurochem. 111: 1161-1171.
Taylor, E.R. Hurrell, F., Shannon, R.J., Lin, T.K., Hirst, J., Murphy, M.P. 2003. Reversible
glutathionylation of complex I increases mitochondrial superoxide formation. J
Biol Chem. 278: 19603–19610.
Thu, V.T., Kim, H.K., Ha, S.H., Yoo, J.Y., Park, W.S., Kim, N., Oh, G.T., Han, J. 2010.
Glutathione peroxidase 1 protects mitochondria against hypoxia/reoxygenation
damage in mouse hearts. Pflugers Arch. 460: 55-68.
Tollefson, J. 2020. How hot will Earth get by 2100? Nature. 580: 443-445.
Tompkins, A.J., Burwell, L.S., Digerness, S.B., Zaragoza, C., Holman, W.L., Brookes, P.S.
2006. Mitochondrial dysfunction in cardiac ischemia-reperfusion injury: ROS from
complex I, without inhibition. Biochim Biophys Acta. 1762: 223-231.
294

Tondo, M., Marin-Valencia, I., Ma, Q., Pascual, J.M. 2015. Pyruvate dehydrogenase,
pyruvate carboxylase, krebs cycle and mitochondrial transport disorders.
rosenberg’s molecular and genetic basis of neurological and psychiatric disease:
291–297.
Toth, A., Meyrat, A., Stoldt, S. 2020. Kinetic coupling of the respiratory chain with ATP
synthase, but not proton gradients, drives ATP production in cristae
membranes. Proc Natl Acad Sci USA. 117: 2412-2421.
Traber, M.G., Stevens, J.F. 2011. Vitamins C and E: beneficial effects from a mechanistic
perspective. Free Radic Biol Med. 51: 1000-1013.
Treberg, J.R, Braun K., Zacharias P., Kroeker, K. 2018. Multidimensional mitochondrial
energetics: Application to the study of electron leak and hydrogen peroxide
metabolism. Comp Biochem Physiol B Biochem Mol Biol. 224: 121-128.
Treberg, J.R., Munro, D., Banh, S., Zacharias, P., Sotiri, E. 2015. Differentiating between
apparent and actual rates of H2O2 metabolism by isolated rat muscle
mitochondria to test a simple model of mitochondria as regulators of H2O2
concentration. Redox Biol. 5: 216–224.
Treberg, J.R., Quinlan, C.L., Brand, M.D. 2010. Hydrogen peroxide efflux from muscle
mitochondria underestimates matrix superoxide production-a correction using
glutathione depletion. FEBS J. 277: 2766-2778.
Tretter, L., Takacs, K., Hegedus, V., Adam-Vizi., V. 2007. Characteristics of alphaglycerophosphate-evoked H2O2 generation in brain mitochondria. J Neurochem.
100: 650-663.
Trumpower, B.L. 2002. A concerted, alternating sites mechanism of ubiquinol oxidation
by the dimeric cytochrome bc1 complex. Biochim Biophys Acta. 1555: 166-173.
Trumpower, B.L. 2013. Cytochrome bc1 Complex (Respiratory Chain Complex III).
Encyclopedia of Biological Chemistry. 593–598.

295

Turrens, J.F. 2003. Mitochondrial formation of reactive oxygen species. J Physiol. 552:
335-344.
USEPA, 2007. Aquatic life ambient freshwater quality criteria-copper 2007. Revision.
EPA-822-R-07-001.
Vaduganathan, M., Palma, G., Manerba A., Goldoni M., Triggiani M. 2016. Risk of
cardiovascular hospitalizations from exposure to coarse particulate matter
(PM10) below the European Union safety threshold. Am J Cardiol. 117: 1231-5.
Van den Thillart, G. Verbeek, R. 1991. Anoxia-induced oxygen debt of goldfish
(Carassius auratus L.). Physiol Zool. 64: 525–540.
Valko, M., Jomova, K., Rhodes, C.J. 2016. Redox- and non-redox-metal-induced
formation of free radicals and their role in human disease. Arch Toxicol. 90: 1–37.
Valko, M., Morris, H., Cronin, M. 2005. Metals, toxicity and oxidative stress. Curr. Med.
Chem. 12: 1161–1208.
Veal, E., Day, A. 2011. Hydrogen peroxide as a signaling molecule. Antioxid Redox
Signal. 15: 147-151.
Veitch, K., Hombroeck, A., Caucheteux, D., Pouleur, H., Hue, L. 1992. Global ischaemia
induces a biphasic response of the mitochondrial respiratory chain. Anoxic preperfusion protects against ischaemic damage. Biochem J. 281: 709-715.
Ventura-Clapier, R., Garnier, A., Veksler, V., Joubert, F. 2011. Bioenergetics of the
failing heart. Biochimica et biophysica acta. 1813: 1360–1372.
Verity, M.A., Gambell, J.K. 1968. Studies of copper ion-induced mitochondrial swelling
in vitro. Biochem J. 108: 289-295.
Vornanen, M., Hassinen, M., Koskinen, H., Krasnov, A. 2005. Steady-state effects of
temperature acclimation on the transcriptome of the rainbow trout heart. Am J
PhysiolRegulIntegr Comp Physiol. 289: R1177-R1184.
Vornanen, M., Tuomennoro, J. 1999. Effects of acute anoxia on heart function in
crucian carp: importance of cholinergic and purinergic control. Am J Physiol. 277:
296

R465-R475.
Votyakova, T.V, Reynolds, I.J. 2001. DeltaPsi(m)-dependent and -independent
production of reactive oxygen species by rat brain mitochondria. J Neurochem.
79: 266-277.
Wagner, M., Bertero, E., Nickel, A., Kohlhaas, M., Gibson, G.E., Heggermont, W.,
Heymans, S., Maack, C. 2020. Selective NADH communication from αketoglutarate dehydrogenase to mitochondrial transhydrogenase prevents
reactive oxygen species formation under reducing conditions in the heart. Basic
Res Cardiol. 115: 53.
Wallace, D.C. 1999. Mitochondrial diseases in man and mouse. Science. 283: 1482–
1488
Wang, R., Wang, X.T., Wu, L., Mateescu, M.A. 1999. Toxic effects of cadmium and
copper on the isolated heart of dogfish shark, Squalusacanthias. J Toxicol Environ
Health A. 57: 507-519.
Wang, W., Xia, M.X., Chen, J., Yuan, R., Deng, F.N., Shen, F.F. 2016. Gene expression
characteristics and regulation mechanisms of superoxide dismutase and its
physiological roles in plants under stress. Biochemistry. 81: 465–480.
Wang, Y., Palmfeldt, J., Gregersen, N. 2019. Mitochondrial fatty acid oxidation and the
electron transport chain comprise a multifunctional mitochondrial protein
complex. J Biol Chem. 294: 12380-12391.
Watabe, S., Makino, Y., Ogawa, K., Hiroi, T., Yamamoto, Y., Takahashi, S.Y.
1999. Mitochondrial thioredoxin reductase in bovine adrenal cortex. Its
purification, properties, nucleotide/amino acid sequences, and identification of
selenocysteine. Eur J Biochem. 264: 74–84.
Watmough, N.J., Frerman, F.E. 2010. The electron transfer flavoprotein: ubiquinone
oxidoreductases. Biochim Biophys Acta. 1797: 1910-1916.
Watson, S.B., Whitton, B.A., Higgins, S.N., Paerl, H.W., Brooks, B.W., Wehr, J.D.
297

2015. Harmful Algal blooms. Freshwater Algae of North America. 873–920.
Welker, A.F., Moreira, D.C., Hermes-Lima, M. 2016. Roles of catalase and glutathione
peroxidase in the tolerance of a pulmonate gastropod to anoxia and
reoxygenation. J Comp Physiol B. 186: 553-568.
Wilhelm, F.D. 2007. Reactive oxygen species, antioxidants and fish mitochondria. Front
Biosci. 12: 1229-1237.
Willet, K., Detry, O., Sluse, F.E. 2000. Resistance of isolated pulmonary mitochondria
during in vitro anoxia/reoxygenation. Biochimica et Biophysica Acta (BBA) –
Bioenergetics. 1460: 346–352.
Willmore, W.G., Storey, K.B. 1997. Antioxidant systems and anoxia tolerance in a
freshwater turtle Trachemys scripta elegans. Mol Cell Biochem. 170: 177-185.
Wilson, R.W., Taylor, E.W. 1993. The physiological responses of freshwater rainbow
trout, Oncorhynchus mykiss, during acutely lethal copper exposure. J Comp
Physiol. B. 163: 38–47.
Winterbourn, C.C., Hampton, M.B. 2008. Thiol chemistry and specificity in redox
signaling. Free Radic Biol Med. 45: 549-561.
Wojtovich, A.P., Brookes, P.S. 2008. The endogenous mitochondrial complex II inhibitor
malonate regulates mitochondrial ATP-sensitive potassium channels: implications
for ischemic preconditioning. Biochim Biophys Acta. 1777: 882-889.
Woodward, G., Dybkjaer, J.B., Ólafsson, J.S., Gíslason, G.M., Hannesdóttir, E.R., Friberg,
N. 2010. Sentinel systems on the razor's edge: effects of warming on Arctic
geothermal stream ecosystems. Glob Chang Biol. 16: 1979–1991.
Wong, H.S, Benoit, B., Brand, M.D. 2019. Mitochondrial and cytosolic sources of
hydrogen peroxide in resting C2C12 myoblasts. Free Radic Biol Med. 130: 140-15.
Wong, H.S., Dighe, P.A., Mezera, V., Monternier, P.A., Brand, M.D. 2017. Production of
superoxide and hydrogen peroxide from specific mitochondrial sites under
different bioenergetic conditions. J Biol Chem. 292: 16804–16809.
Wood, C.M. 2001. Toxic responses of the gill. In: Schlenck D, Benson WH (Eds) Target
298

organ toxicity in marine and freshwater teleosts. Taylor and Francis, London. 1:
1–89.
Woody, C.A., O’Neal, S. 2012. Effects of copper on fish and aquatic resources; fisheries
research and consulting: Anchorage, Alaska.
Woolway, R.I., Dokulil, M.T., Marszelewski, W., Schmid, M., Bouffard, D., Merchant,
C.J. 2017. Warming of Central European lakes and their response to the 1980s
climate regime shift. Clim Change. 142: 505–520.
Xu, W., Barrientos, T., Andrews, N.C. 2013. Iron and copper in mitochondrial
diseases. Cell Metab. 17: 319-328.
Yang, L., He, L., Zhang, J., An, S., Zhang, L. 2015. Exploring the copper (II)–aminotriazole
complex-binding sites of human serum albumin. J Biol Inorg Chem. 20: 1059–
1068.
Yin, F., Sancheti, H., Cadenas, E. 2012.Mitochondrial thiols in the regulation of cell
death pathways. Antioxid Redox Signal. 17: 1714-1727.
Yoshida, T., Watanabe, M., Engelman, D.T., Engelman, R.M., Schley, J.A., Maulik, N., Ho,
Y.S., Oberley, T.D., Das, D.K. 1996. Transgenic mice overexpressing glutathione
peroxidase are resistant to myocardial ischemia reperfusion injury. J Mol Cell
Cardiol. 28: 1759-1767.
Zaba, B.N., Harris, E.J. 1976. Uptake and effects of copper in rat liver mitochondria.
Biochem J. 160: 707-714.
Zhang, L., Yu, L., Yu, C.A. 1998. Generation of superoxide anion by succinatecytochrome c reductase from bovine heart mitochondria. J Biol Chem. 273:
33972-6.
Zhao, R.Z., Jiang, S., Zhang, L., Yu, Z.B. 2019. Mitochondrial electron transport chain,
ROS generation and uncoupling (Review). Int J Mol Med. 44: 3-15.
Zhou, B., Rong, J. 2018. Mitochondrial dysfunction in pathophysiology of heart failure.
Clin Invest. 128: 3716-3726.
299

Zhou, Y., Harrison, D.E., Love-Myers, K. 2014. Genetic analysis of tissue glutathione
concentrations and redox balance. Free Radic Biol Med. 71: 157-164.
Zhu, A., Romero, R., Petty, H.R. 2010. Amplex UltraRed enhances the sensitivity of
fluorimetric pyruvate detection. Anal Biochem. 403: 123-125.
Zhu, Q.L., Luo, Z., Zhuo, M.Q., Tan, X.Y., Sun, L.D., Zheng, J.L., Chen, Q.L. 2014. In vitro
exposure to copper influences lipid metabolism in hepatocytes from grass carp
(Ctenopharyngodon idellus). Fish Physiol Biochem. 40: 595-605.
Zischka, H., Einer, C. 2018. Mitochondrial copper homeostasis and its derailment in
Wilson disease. Int J Bio chem Cell Biol. 102: 71-75.
Zischka, H., Lichtmannegger, J., Schmitt, S., Jägemann, N., Schulz, S., Wartini, D.,
Kroemer, G. 2011. Liver mitochondrial membrane crosslinking and destruction in
a rat model of Wilson disease. J Clin Invest. 121: 1508-1518.
Zoccarato, F., Cavallini, L., Deana, R., Alexandre, A. 1990. The action of the glutathione
transferase substrate, 1-chloro-2,4-dinitrobenzene on synaptosomal glutathione
content and the release of hydrogen peroxide. Arch Biochem Biophys. 282: 244247.
Zoccarato, F., Cavallini, L., Alexandre, A. 2004. Respiration-dependent removal of
exogenous H2O2 in brain mitochondria: inhibition by Ca2+. J Biol Chem. 279: 41664174.
Zorov, D.B., Juhaszova, M., Sollott, S.J. 2014. Mitochondrial reactive oxygen species
(ROS) and ROS-induced ROS release. Physiol Rev. 94: 909-950.

300

APPENDIX A
Supplementary figures of chapter 2
Effects of copper and temperature on heart mitochondrial hydrogen peroxide
production
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Appx. A1. Effect of exogenous superoxide dismutase (SOD; 25 and 50 U/ml) on H2O2
emission by fish heart mitochondria energized with glutamate-malate (GM) or
succinate (SUC). The two concentrations of SOD tested are the most frequently used in
the Amplex UltraRed (AUR)-HRP H2O2 detection system.
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Appx. A2. Effect of Amplex UltraRed (AUR) on heart mitochondrial bioenergetics. AUR
slightly stimulates state 3 respiration (A) and does not alter state 2 respiration (B).

302

Prot. vs 1 U/ml HRP
Prot. vs 10 U/ml HRP

Fluorescence

800

600

400

200
0.125

0.25

0.5

1

[Protein] mg/ml

Appx. A3. Effect of 1 and 10 U/ml HRP on H2O2 emission (fluorescence) by graded
concentration of mitochondrial protein. A high concentration of HRP (10 U/ml)
abolishes the biphasic response observed with 1 U/ml HRP
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Appx. A4. Optimization of concentrations of inhibitors used to isolate individual sites
for H2O2 emission measurements in rainbow trout heart mitochondria. A: 4 μM
rotenone (ROT) imposed optimal inhibition of site IQ. B: 2 μM antimycin A (ANT)
resulted in the highest H2O2 emission by site IIIQo. C: 5 mM malate (MAL) resulted in
optimal inhibition of H2O2 emission by site IIF. D: 1 μM atpenin A5 (ATpe) blocked site
IIQ more effectively than 5 μM. SUC: succinate; MYX: myxothiazol).
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Appx. A5. Representative fluorescence traces for the measurement of H2O2 production
by individual sites. A: site IQ (mitochondria oxidizing 5 mM succinate alone and 5 mM
succinate in the presence of 4 µM rotenone). B: Site IF (mitochondria oxidizing 5 mM
malate alone; 5 mM malate in the presence of 4 µM rotenone; 5 mM malate in the
presence of 4 µM rotenone, 1.5 mM aspartate and 2.5 mM ATP). C: Site IIF
(mitochondria oxidizing 0.1 mM succinate in the presence of 4 µM rotenone and 4 µM
myxothiazol; 0.1 mM succinate in the presence of 5 mM malonate, 4 µM rotenone and
4 µM myxothiazol; 0.1 mM succinate in the presence of 1 µM atpenin A5, 4 µM
rotenone and 4 µM myxothiazol). D: Site IIIQo (mitochondria oxidizing 5 mM succinate
alone; 5 mM succinate in the presence of 4 µM rotenone and 2 µM antimycin A; 5 mM
succinate in the presence of 4 µM rotenone, 2 µM antimycin A and 4 µM myxothiazol).
MRB: mitochondria respiration buffer; SUC: succinate; ROT: rotenone; MYX:
myxothiazol; ATpe: atpenin A5; MAL: malate; MALO: malonate; ANT: antimycin A.
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Appx. A6. H2O2 emission by mitochondria energized with different concentrations (2.510 μM) of substrates with disabled antioxidant system (peroxidase pathway was
inhibited with 10 or 35 μM CDNB). A: succinate driven ROS emission in the presence of
10 μM CDNB. B: glutamate-malate-driven ROS emission in the presence of 10 μM
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Temperature rise and copper exposure reduce heart mitochondrial reactive oxygen
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mitochondria were incubated with Cu (1, 5 and 25 μM) for 1 h at 11 and 23 oC,
respectively, followed by addition of H2O2 (2.5 μM). Mitochondria were energized with
succinate (A) and (B), glutamate-malate (C) and (D), or palmitoylcarnitine (E) and (F).
Data are means ± SEM, n = 4. Bars with different letters are significantly different from
each other for two-way ANOVA, Fisher’s LSD post hoc test, p < 0.05.
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μM AF to inhibit TrxR, (C) 20 mM AMT to inhibit catalase, (D) 35 μM CDNB + 2 μM AF
(CDNB+AF) to simultaneously impair both peroxidase systems and, (E) 35 μM CDNB + 2
μM AF + 20 mM AMT (CDNB+AF+AMT) to inhibit all mitochondrial matrix enzymatic
H2O2 consumers. Data are means ± SEM, n = 3. Bars with different letters are
significantly different from each other for one-way ANOVA, Fisher’s LSD post hoc test,
p < 0.05.
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Appx. B3. H2O2 consumption in un-energized heart mitochondria. Mitochondria were
incubated at 11 oC for 1 h thereafter treated with inhibitors singly or in combinations
for 5 min [35 μM CDNB to deplete GSH or 2 μM AF to inhibit thioredoxin reductase
(TrxR) or 20 mM AMT to inhibit catalase or 35 μM CDNB + 2 μM AF (CDNB+AF) to
simultaneously impair both peroxidase systems, and 35 μM CDNB + 2 μM AF + 20 mM
AMT (CDNB+AF+AMT) to inhibit all mitochondrial matrix enzymatic H2O2 consumers].
The rate of consumption of exogenously added H2O2 (2.5 μM) was then measured at 2
min interval for 14 min. Data are means ± SEM, n = 3. Bars with different letters are
significantly different from each other for one-way ANOVA, Fisher’s LSD post hoc test,
p < 0.05.
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APPENDIX C
Supplementary figures of chapter 4
Anoxia-reoxygenation alters H2O2 efflux and sensitivity of redox centers to copper in
heart mitochondria
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Appx. C1: Effect of anoxia-reoxygenation complex I-driven mitochondria respiration.
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Appx. C2: Effect of anoxia-reoxygenation on GSH and GSSG concentrations in rainbow
trout heart mitochondria.
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Appx. C3: Effect of anoxia-reoxygenation and Cu exposure on superoxide dismutase
(SOD) activity in rainbow trout heart mitochondria.
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