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ABSTRACT
Aquatic organisms are exposed to different environmental stressors including
temperature variations, low dissolved oxygen and metals pollution that may cause
physiological perturbation attributed to altered mitochondrial function and
dysregulation of reactive oxygen species (ROS) metabolism. Therefore, it is important
to understand how these stressors act and interact to disrupt ROS homeostasis leading
to oxidative stress. The study investigated the effects of temperature, anoxiareoxygenation and cadmium (Cd) on rainbow trout (O. mykiss) liver mitochondrial ROS
(as hydrogen peroxide, H2O2) production and consumption under different bioenergetic
states. The overall hypothesis was that temperature, anoxia-reoxygenation and Cd will
stimulate ROS emission and that the combined effect of Cd and temperature or anoxiareoxygenation will heighten the individual stressor effects. The first study investigated
the effect of temperature and Cd on H2O2 emission and consumption in liver
mitochondria and showed that temperature and Cd acted cooperatively to increase the
rate of H2O2 emission. In addition, Cd imposed different H2O2 emission response
patterns depending on the concentration and substrate. Cd evoked a graded H 2O2
emission response that plateaued at 5 μM for mitochondria oxidizing glutamate-malate
but a biphasic concentration-response with a spike in H2O2 emission at 1 μM Cd
followed by a gradual diminution at higher Cd concentration during succinate
oxidation. The biphasic H2O2 emission response observed in mitochondria oxidizing
succinate was due primarily to site IIF while the saturable graded H2O2 emission in
mitochondria oxidizing glutamate-malate was consistent with the effect of Cd on site IF.
iv

However, Cd and temperature did not affect the kinetics of mitochondrial H 2O2
consumption irrespective of the bioenergetic state. The second study investigated the
biotic and abiotic factors that affect mitochondrial H2O2 emission and showed that
optimization of assay conditions is critical for quantitation of maximal H 2O2 emission.
Moreover, the study showed that NADPH oxidase 4 is a major source of H2O2 emission
in unenergized mitochondria. The third study showed that anoxia-reoxygenation
attenuated H2O2 emission while Cd evoked monotonic responses for glutamate-malate
and palmitoylcarnitine-malate, but evoked a biphasic response for succinate oxidizing
mitochondria. Anoxia-reoxygenation more severely inhibited mitochondrial respiration
with palmitoylcarnitine-malate compared with succinate or glutamate-malate. The
effect of anoxia-reoxygenation and Cd on site-specific H2O2 emission depended on
substrate and site. Contrary to the expectation, anoxia-reoxygenation blunted the
effect of Cd on mitochondria site-specific H2O2 emission. The fourth study investigated
the effect of Cd and anoxia-reoxygenation on mitochondria H2O2 emission during
glycerol 3-phosphate (G3P) oxidation and showed that Cd evoked a low concentration
stimulatory-high concentration inhibitory pattern of H2O2 emission that was blunted by
anoxia-reoxygenation. The study showed that mitochondrial glycerol phosphate
dehydrogenase activity was very low and that state 2 and state 3 respiration during
oxidation of G3P was also low. Overall, the research unveiled the mechanisms by which
temperature, anoxia-reoxygenation and Cd disrupt mitochondrial ROS metabolism, and
increased the understanding of how these stressors cause oxidative stress.
v
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CHAPTER 1
INTRODUCTION
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1.1 THESIS SCOPE
The aquatic environment is very diverse and dynamic, covers about 75% of the earth’s
surface, contains more than 50% of its biomass, and supplies more than 97% of its
water (Grant and Long, 1981; Häder et al., 2007; Chaturvedi et al., 2015). Changes in
the aquatic environment may disturb the internal milieu of native species or their
cellular/organismal performance and survival (Johnson et al., 1992). Many biotic and
abiotic factors inherent in the aquatic environment constitute stress, and may produce
specific or non-specific physiological and behavioral stress responses in the native
species (Schulte, 2014; Schreck and Tort, 2016). Abiotic factors such as temperature,
low dissolved oxygen and metals pollution (e.g., cadmium (Cd)) are of most immediate
concern to the aquatic organisms. The effects of these stressors on the aquatic
environment vis-à-vis the organisms therein have been exacerbated in recent times by
geogenic and anthropogenic activities (Sokolova and Lannig, 2008; Diaz and Breitburg,
2009; Cairns, 2013). Moreover, these three stressors often co-occur in aquatic systems
and have mitochondria as a central subcellular target (Sokolova, 2018). Thus,
temperature, anoxia and cadmium are referred to as stressors for the mitochondria
irrespective of the model used in this study being isolated mitochondria (in vitro). The
mitochondria play a critical role as the coordinating center for adaptive cellular
responses, and release ROS in addition to other signaling molecules to mitigate or
repair stress-induced damage (Sokolova, 2018). However, the interactive effects of
these stressors on the sites of mitochondrial ROS production and the ROS consumption
systems have not been fully elucidated and is the focus of this study.
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The main goal of the thesis was to investigate the interactive effects of Cd and
temperature or anoxia-reoxygenation on fish liver mitochondria ROS emission and
consumption. My thesis was that Cd will stimulate ROS due to electron leak following
inhibition of electron flux through the electron transport system (ETS) and impairment
of the antioxidant systems, and that temperature and anoxia-reoxygenation will
exacerbate the effect of Cd. First, the effects of Cd alone and in combination with
temperature on mitochondrial respiration, and ROS emission and consumption under
different bioenergetic states were evaluated. Second, the abiotic and biological factors
that affect mitochondrial ROS emission and its measurement were investigated. Third,
the mechanisms by which Cd and anoxia (followed by reoxygenation) individually, and
in combination, affect mitochondrial respiration, mitochondrial total and site-specific
ROS emission, and select components of the antioxidant system were elucidated.
1.2 Cadmium
Cd is highly toxic and carcinogenic and ranks among the top five priority metals
(Tchounwou et al., 2012). Cd is a toxic, non-essential, transition metal that has a long
biological half-life and accumulates in biological systems (Giles, 1988; McGeer et al.,
2012; Delahaut et al., 2020). It is abundant in the lithosphere occurring in mineral form
in association with zinc, lead, and copper; and is a common pollutant in aquatic
systems with concentrations ranging from 0.02 to 0.1 µgLˉ1 in seawater and < 0.002 to
1.25 µgLˉ1 in freshwater systems (McGeer et al., 2012; Abdel-Tawwab and Wafeek,
2014). Entry of Cd into the aquatic system could be through natural and anthropogenic
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processes of which the latter is of greater ecological significance (McGeer et al., 2012;
Delahaut et al., 2020). The natural processes include geological weathering and
volcanic eruptions especially in regions with Cd-rich soil/rocks while anthropogenic
processes include industrial, agricultural or urban effluents, combustion of fossil fuels,
and mining activities (Abdel-Tawwab and Wafeek, 2014; Delahaut et al., 2020; Liu et
al., 2020). Organic particles provide a large capacity for physical adsorption of ionic
species of Cd, thus, may serve as a sink through complexation with dissolved organic
carbon and a pathway for sediment-associated Cd to enter the aquatic food web
(Penttinen et al., 1998; Tao et al., 2000; Szebedinszky et al., 2001; Becker and
Copplestone, 2019).
1.2.1 Cd uptake by fish
Fish take up Cd mainly through the gills following waterborne exposure or through the
gastrointestinal tract when exposed via the diet (McGeer et al., 2012). The lanthanumsensitive voltage-independent epithelial calcium ion channel located in the
mitochondrial-rich chloride cells, the calcium-ATPase, and the sodium/calcium
exchanger are the uptake routes in the gills while the L-type voltage-gated calcium ion
channels and divalent metal transporter-1 (DMT1) are the major uptake routes for the
enteral route (McGeer et al., 2012). Following uptake, Cd transiently accumulates in
the gills before being distributed as free Cd ion or as conjugates with biomolecules such
as metallothionein- (MT) (MT-Cd), glutathione- (GSH) (GSH-Cd-GSH), and cysteine(Cys) (Cys-Cd-Cys) (Zalups and Ahmad, 2003; Wu et al., 2007). It is then carried in
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general circulation bound to albumin, transferrin, ferritin, histidine-rich glycoprotein,
and γ–globulin of plasma protein (McGeer et al., 2012). The tissue distribution of Cd is
not uniform, rather it accumulates more in visceral organs such as gonads, liver, and
kidney compared with the general body muscle (Giles, 1988; Szebedinszky et al., 2001;
Wu et al., 2007; McGeer et al., 2012). Tissue accumulation varies with the route of
uptake, with the highest Cd accumulation in the gills and kidneys for waterborne
exposure, whereas dietary exposure leads to accumulation mostly in the
gastrointestinal tract and kidneys (Szebedinszky et al., 2001). The liver is the main
organ for Cd metabolism, showing initial high levels of the metal before it is shuttled to
the kidneys for long-term storage where it shows the highest accumulation (Giles,
1988; McGeer et al., 2012). Toxicity following accumulation occurs when the
concentration of the free ion form of Cd overwhelms the mechanisms for its storage,
detoxification, and excretion (Di Toro et al., 2001). Toxicity depends on the
concentration and/or bioavailability of free Cd ions and the duration of exposure
(McGeer et al., 2012).
1.2.2 Cd-induced toxicity
Response to chronic exposure to Cd is characterized by a ‘damage-repair’ model
comprising 3 phases: an initial transient ‘shock’ phase that corresponds with the period
of physical damage primarily in the gills together with disturbances of internal
physiologic homeostasis; a recovery phase that is coincidental with biosynthetic
processes necessary for repair and correction of altered internal milieu; and lastly the
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acclimation phase (McGeer et al., 2000). Metal-binding biomolecules such as
metallothionein and glutathione are synthesized to chelate and detoxify Cd (Nzengue
et al., 2011; Huang et al., 2020). Cd is not redox-active but disrupts the homeostasis of
redox-active ions (copper, iron) and redox-inactive ions (calcium, zinc, sodium).
Symptoms of Cd toxicity include reduced appetite, lowered metabolism, reduced
activity, and loss of sodium ion (Na+) and calcium ion (Ca2+) (McGeer et al., 2000;
Szebedinszky et al., 2001).
Within cells, Cd affects many organelles, but mitochondria are the key target of Cd
(Sanni et al., 2008; Gobe and Crane, 2010; Oldani et al., 2020). Mechanisms of Cdinduced toxicity include damage to biomolecules and biomembranes, and alteration of
the function of mitochondria and other organelles. Cd traverses the outer
mitochondrial membrane (OMM) through the voltage-dependent anion channel
(VDAC) and DMT1 into the intermembrane space (IMS), then traverses the inner
mitochondria membrane (IMM) through the mitochondrial calcium uniporter (MCU) to
enter the matrix (Thévenod et al., 2020). Cd-induced mitochondrial toxicity includes
mitochondrial DNA damage and depletion, induction of apoptosis and autophagy,
mitochondrial morphological and structural alterations, impairment of the activities of
ETS enzyme complexes, and dysregulation of ROS homeostasis (Cuypers et al., 2010; Liu
et al., 2010; Zheng et al., 2016; Wu et al., 2017; Dai et al., 2020; Kwok and Chan, 2020;
Oldani et al., 2020; Thévenod et al., 2020). However, knowledge of the effect of Cd only
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or in combination with other environmental stressors such as temperature and anoxia
on mitochondrial site-specific ROS production is limited.
1.3 TEMPERATURE
The aquatic environment is subject to temporal and spatial changes in its ambient
temperature (Thornton et al., 2014; Morissette et al., 2020). Exacerbation in
temperature variability and extremes in the aquatic environment in recent times are
linked with global warming (Barbarossa et al., 2021). Global temperature has increased
by ~0.8 °C in the past century due to natural and anthropogenic factors (Hansen et al.,
2006; Post et al., 2019), and is predicted to rise by 1.5 °C by 2040 (IPCC, 2018).
Temperature extreme is one of the major pervasive stressors of aquatic organisms
(Johnston and Bennett, 1996; Halpern et al., 2008). However, temperature variations
have more adverse effects on poikilothermic aquatic organisms than increase in the
average temperature (Vasseur et al., 2014). Temperature directly affects the physiology
of most aquatic ectotherms (Long et al., 2012; Nilsson and Lefevre, 2016; Morissette et
al., 2020). Within the median tolerance limit of these ectotherms, the protein
structure, membrane properties, and enzyme structural integrity are maintained for
optimum physiologic function (Somero, 1995; Hofmann and Todgham, 2010; Chao et
al., 2020). Moreover, the rates of biochemical reactions of most fish double with
temperature increase of about 10 °C resulting in a proportionate increase in oxygen
(O2) demand (Stonehouse, 1997; Bennett and Di Santo, 2011). Thus, temperature
changes will affect locomotion, food acquisition, gene expression, growth,
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reproduction, behavior, performance, and distribution of aquatic organisms (Platt et
al., 2003; Edwards and Richardson, 2004; Peck et al., 2004; Richardson and Schoeman,
2004; Johnston, 2006; Gagliano et al., 2007; Hipfner, 2008; Place et al., 2008;
Wiedenmann et al., 2008; Angiulli et al., 2020; Little et al., 2020; Christensen et al.,
2021).
Temperature has also an indirect effect on aquatic organisms by impacting markedly on
the water quality. Temperature has a limiting effect on the concentration of dissolved
O2 in aquatic environments; thus, increasing ambient temperature contributes in
producing hypoxic environments (Altermatt et al., 2008; Diaz and Rosenberg, 2008;
Diaz and Breitburg, 2009). Increase in water temperature also increases the solubility
and toxicity of some toxic substances, especially metals such as cadmium (Bhadja and
Vaghela, 2013; Abdel-Tawwab and Wafeek, 2014). The chemical forms of metals such
as Cd are influenced by increase in temperature thereby making the free forms of these
metals more abundant (Cairns et al., 1975). It also decreases the tolerance limit of the
aquatic organisms and, at the same time, increases their permeability to toxic metals
such as Cd (Bhadja and Vaghela, 2013).
1.3.1 Physiological responses of fish to temperature variations
Temperature is regarded as the “abiotic master factor” because it modulates all
biochemical and physiological processes by influencing the structure and function of
biomolecules (Brett, 1971; Angiulli et al., 2020). Heat is fundamentally important in
thermodynamics by providing the free energy necessary to drive chemical reactions;
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thus, physiological processes are sensitive to changes in temperature (Little et al.,
2020). Fish respond to temperature variations by mounting stress responses such as
behavioral changes and activation of biochemical and physiological processes (Alfonso
et al., 2020). These processes involve defined regulatory mechanisms that are directed
at maintaining homeostasis such as modulation of gene expression, protein synthesis,
and metabolic regulation (Long et al., 2012; Hotamisligil and Davis, 2016;
Wellenreuther et al., 2019; Angiulli et al., 2020; He et al., 2020).
At the cellular level, temperature variation alters the viscosity of cytosolic and
extracellular fluids, including fluids within organelles as well as membrane fluidity and
permeability (Wellenreuther et al., 2019). It also disrupts the assembly, folding and
stability of proteins thereby modifying enzyme kinetics and channel function (Long et
al., 2012; Windisch et al., 2014; Wellenreuther et al., 2019). Additionally, temperature
change induces the synthesis of molecular chaperones and co-chaperones that function
to maintain the structure and spatial orientation of proteins, facilitate correct protein
folding, inhibit protein aggregation and facilitate the elimination of improperly folded
or damaged proteins (Kalmar and Greensmith, 2009; Madeira et al., 2013).
Chaperones such as heat shock factor 1 (HSF1) and heat shock protein 70 (HSP70) are
synthesized in response to temperature-induced stress (Iwama et al., 2004; Kalmar and
Greensmith, 2009; Long et al., 2012; Madeira et al., 2013; Shan et al., 2020). Overall,
the functional integrity and interactions between and within organelles are affected by
temperature variations (Little et al., 2020).
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Temperature variations affect mitochondrial physiology and reduce energy conversion
efficiency due to increased proton and electron leak, and altered rate or capacity for
adenosine triphosphate (ATP) synthesis (Little et al., 2020). Temperature adjusts the
fluidity and induces remodeling of the IMM thereby altering the activities of ETS
enzyme complexes (Chung et al., 2018; Little et al., 2020). Changes in the AMP:ATP
ratios mediate thermal stress response, as the build-up of AMP activates AMPactivated protein kinase (AMPK), which in turn modulates energy metabolism (Little et
al., 2020).
1.4 OXYGEN DEPRIVATION
Dissolved oxygen (DO) is a key water quality metric and the primary limiting factor of
aquatic systems, and is subject to spatial and temporal variations (Claireaux and
Chabot, 2016; Gattuso et al., 2018; Post et al., 2018). Temperature is the main abiotic
regulating parameter that determines the concentration of DO in aquatic
environments. As water temperature increases DO decreases (Post et al., 2018).
Oxygen (O2) enters aquatic systems primarily by diffusion of atmospheric O2 across the
air-water interface and secondarily during photosynthesis by aquatic organisms (Caraco
et al., 2006). However, when deoxygenation or DO demand exceeds supply the
concentration of DO decreases thereby creating hypoxic or anoxic systems. Hypoxia is a
condition of low DO concentration, while anoxia is a condition of no DO in aquatic
systems (Diaz, 2016). These may occur naturally due to geogenic activities such as
precipitation, ice and cloud cover, wind mixing, thermal stratification, or could be due
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to anthropogenic factors such as eutrophication associated with organic loading (Diaz
and Breitburg, 2009). Low DO is considered the most consequential stressor of fish
after temperature variations (Gamperl and Driedzic, 2009; Franklin, 2014); however,
fish species show a wide variation in susceptibility to low DO ranging from the anoxiatolerant to hypoxia-sensitive species (Vaquer-Sunyer and Duarte, 2008; Fagernes et al.,
2017; Gattuso et al., 2018). Due to differences in the hypoxia tolerance threshold of
fish species, the concept of environmental and functional hypoxia has been proposed
to be more biologically relevant. Environmental hypoxia describes aquatic systems with
partial pressure of O2 (PO2) that decreases the arterial blood O2 concentration to a
hypoxemic state in which physiological function is compromised, while functional
hypoxia occurs when tissue O2 demand exceeds the circulatory supply (Farrell and
Richards, 2009). However, species critical O2 tension (Pcrit), which is defined as the
environmental PO2 at which fish transitions from oxyregulating to oxyconforming
strategy may be considered a more biologically relevant metric for assessing the effect
of low levels of DO on fish (Roman et al., 2019). Low DO levels in aquatic systems have
adverse consequences to normal ecosystem structure and functioning and lead to
tissue hypoxia that deleteriously affects performance, growth, and survival of fish
(Farrell and Richards, 2009; Nati et al., 2018; Post et al., 2018; Beemelmanns et al.,
2021)
1.4.1 Responses of fish to low dissolved O2
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Fish respond to low DO by reducing their O2 consumption rates (oxyconformers) or by
maintaining constant O2 uptake independent of the DO levels (oxyregulators) (Moulton
et al., 2020; Tremblay et al., 2020). These involve different modalities ranging from
behavioral, morphologic, physiologic, and metabolic responses with which to maintain
homeostasis, preserve biologic functions and survive in hypoxic environments (Perry et
al, 2011). Behaviorally, fish may respond to low DO by moving away from areas of low
O2 or altering activity patterns to balance the metabolic energy demand with that
available from aerobic respiration such as reduction in spontaneous swimming,
reduction in reproductive efforts, reduction in feeding and growth (Sloman, 2011;
Domenici et al., 2013). These serve to promote metabolic rate suppression. In
addition, fish may adopt other means of extracting O2 such as aquatic surface
respiration, or air breathing during aerial emergence (Sloman, 2011; Turko et al., 2018;
Thomas et al., 2019). Morphologically, fish may reversibly remodel the gill structure to
enhance the efficiency of gas transfer in response to low DO. These include reduction
in thickness of gill filament epithelium, elongation of respiratory lamellae, and
expansion of the lamellar respiratory surface area; however, these come with an
ionoregulatory cost (Matey et al., 2008; Dhillon et al., 2013; Gilmour and Perry, 2018;
Turko et al., 2018).
Depending on the severity and duration of exposure to low DO, some physiologic
responses are elicited that serve to enhance O2 uptake or permit hypoxia-tolerant fish
to protect against the metabolic consequences of DO levels below P crit. Key among
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these physiologic responses to low DO are hyperventilation to increase the rate of
extraction of O2, and increases in cardiac output, hematocrit, and hemoglobin (Hb), as
well as changes in Hb-O2 affinity (Montgomery et al., 2019). However, when the
metabolic cost of supporting these physiologic processes surpasses the benefits,
anaerobic metabolism may be activated. Under these conditions, glycogen and glucose
are metabolized anaerobically to produce ATP to support energy expenditure,
however, this results in the accumulation of toxic metabolic by-products (Montgomery
et al., 2019; Thomas et al., 2019). Low DO levels activate catecholamine-induced
regulation of glucose availability by increasing the activity of the active form of
glycogen phosphorylase, inhibition of pyruvate kinase activity, and the stimulation of
glucose export from the liver to other vital organs (Wright et al., 1989). Nonetheless,
low DO levels stimulate the antioxidant system, cellular heat shock response, and
hypoxia-inducible factors (Beemelmanns et al., 2021).
1.4.2 Anoxia-reoxygenation
The expansion of oxygen-minimum zones in marine and freshwater systems, and
temperature-dependent diurnal anoxia in intertidal environments expose aquatic
organisms to environmental anoxia, which may lead to tissue anoxia (Breitburg et al.,
2018; Cox and Gillis, 2020). Anoxia is a major challenge for aquatic organisms, but the
return to normoxia also poses a significant threat especially for intertidal and coastal
aquatic organisms exposed to transients of anoxia (Kurochkin et al., 2009; Cox and
Gillis, 2020). Anoxia followed by reoxygenation, collectively referred to as anoxia13

reoxygenation, is similar to ischemia-reperfusion associated with myocardial infarction
or stroke (Kalogeris et al., 2012; Cox and Gillis, 2020). However, unlike ischemiareperfusion that has been studied mostly in mammals, information on anoxiareoxygenation in fish is still unfolding (Cox and Gillis, 2020). Anoxia-tolerant fish
respond to anoxia by suppressing metabolic rate, which involves reducing voluntary
activity, reduce ion pump activity, decrease neuronal firing, reduce protein turnover,
mitochondrial remodeling, and mitochondrial function (Bundgaard et al., 2020; Cox and
Gillis, 2020). Species that tolerate long periods of extreme anoxia depend on the ability
of the skeletal muscles to convert anaerobically produced lactic acid to ethanol that
diffuses out freely across the gills (Fagernes et al., 2017). Anoxia reduces substrate
utilization, impairs the activity of citrate synthase, reverses the activity of complex II,
and impairs or causes mitochondrial ATP synthase (F1FO-ATPase or complex V) to work
in reverse using ATP to maintain membrane potential. This results in the consumption
of ATP that initiates the cascade of events that activates the cell-death pathways
(Zhang et al., 2018; Bundgaard et al., 2020; Cox and Gillis, 2020). The effect of anoxia
on organismal health, performance, and survival is attributable to the derangement of
cellular energy metabolism. Recovery from anoxia is associated with the production of
ROS (Milton and Prentice, 2007; Cox and Gillis, 2020); however, the effect of anoxiareoxygenation remains to be fully investigated especially in anoxia-intolerant fish like
the rainbow trout.
1.5 CELLULAR ENERGY METABOLISM
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Cellular energy metabolism consists of processes involved in the conversion of external
energy sources into phosphoanhydride high-energy bonds within molecules such as
ATP, phosphocreatine, phosphoenolpyruvate, 2,3-biphosphoglycerate (Bonora et al.,
2012; Lancaster et al., 2016). Among these, ATP is the global energy molecule that is
needed for the maintenance of ionic gradient across biomembranes, signaling,
synthesis of biomolecules and other cellular activities (Lancaster et al., 2016). The
mitochondria produce about 90% of the cellular ATP and in the process consumes 8090% of O2 in the cell (Solaini et al., 2010; Pizzorno, 2014; Salin et al., 2016).
1.5.1 Mitochondrion
The mitochondrion is a very versatile, dynamic, and motile organelle that undergoes
continuous fusion and fission in response to intra- and extracellular signals (da Silva et
al., 2014; Suárez-Rivero et al., 2016). In addition to their primary role in ATP
production, mitochondria act as sensors of metabolic homeostasis and are involved in
biosynthesis and intracellular signaling (da Silva et al., 2014; Kühlbrandt, 2015).
Mitochondria have a characteristic architecture with an outer membrane and an inner
membrane separated by the aqueous IMS (Fig. 1.1). The OMM has integral proteins
including the pore-forming membrane protein (porins) that allow the free passage of
ions and small uncharged molecules, special translocases that import larger molecules,
and the apoptotic pathway proteins (Kühlbrandt, 2015; Cogliati et al., 2016). The IMM
is extensively folded forming invaginations termed cristae and surrounds the matrix (da
Silva et al., 2014; Wiedemann and Pfanner, 2017). The IMM is highly impermeable to
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ions and molecules, which can only pass through specific transporters or ion channels
that are selective for particular ions or molecules. This selectivity contributes in
maintaining an electrochemical membrane potential across the inner mitochondrial
membrane (Kühlbrandt, 2015; McStay, 2017). The IMM consists of the cristae and
inner boundary membrane (IBM) that are connected by slit-like structures known as
cristae junctions. The IBM contains the translocase inner membrane, which transfers
proteins into the matrix, and other proteins essential for correct assembly and
localization of IMM proteins (Cogliati et al., 2016). The cristae are specialized sac-like
structures that protrude into the matrix but are separated from the IMS by narrow
tubular junctions (Cogliati et al., 2016; Wolf et al., 2019). The cristae are the site of
oxidative phosphorylation (OXPHOS) and contain a suite of membrane protein
complexes that transport metabolites, transfer electrons, and pump protons to
generate electrochemical gradient across the inner membrane (Kühlbrandt, 2015;
Cogliati et al., 2016). The matrix contains mitochondrial DNA, ribosomes and is the site
of metabolic processes such as the Krebs cycle and fatty acid β-oxidation,
mitochondrial DNA replication and transcription, and protein biosynthesis (Kühlbrandt,
2015). The matrix pH (~8) is higher than IMS pH (~7), this creates a transmembrane
electrochemical gradient that drives ATP synthesis (Mitchell, 1961; Kühlbrandt, 2015;
Pala et al., 2020).
1.5.2 Mitochondrial dynamics
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Mitochondria are highly mobile and undergo continuous coordinated cycles of fission
and fusion, cristae remodeling, biogenesis and mitophagy collectively referred to as
mitochondrial dynamics. These processes fine-tune mitochondria form/function
relationship to meet the spatiotemporal intra- and extracellular challenges (Chandhok
et al., 2018; Tilokani et al., 2018; Seager et al., 2020; Ihenacho et al., 2021). Crosstalk
between mitochondria and other organelles is critical for mitochondrial and cell
function (Xia et al., 2019; Deus et al., 2020; Kuznetsov et al., 2020). Mitochondria move
along the microtubules and actin microfilaments of the cytoskeleton to interact with
other organelles (Shen et al., 2018; Xia et al., 2019). Mitochondrial fission and fusion
are important for the even distribution of mitochondria and mitochondrial components
such as cardiolipin, transfer of mitochondria to daughter cells during cell division,
energy metabolism, and the regulation of mitophagy and apoptosis (Chandhok et al.,
2018; Tilokani et al., 2018; Seager et al., 2020; Brillo et al., 2021; Ihenacho et al., 2021).
Increased ROS emission has been shown to reduce axonal mitochondrial traffic, reduce
membrane potential, and alter mitochondrial fission and fusion balance (Liao et al.,
2017; Forrester et al., 2018; Brillo et al., 2021). Increased ROS emission promotes
mitochondrial fission whereas reduction in ROS promotes mitochondrial fusion (Liao et
al., 2017; Brillo et al., 2021).
1.5.3 Mitochondrial membrane channels and transporters
Mitochondrial function and biogenesis require the import and export of a vast array of
proteins, ions, and metabolites into and out of the different mitochondrial spaces. The
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transporters and mechanisms of transport across the OMM and the IMM into or out of
these spaces differ (Becker and Wagner, 2018).
In the OMM, VDAC (also known as mitochondrial porin) is the predominant and only
channel-forming protein that allows the passage of many different small molecules into
the IMS (Becker and Wagner, 2018; Grevel and Becker, 2020). It constitutes about 50%
of the OMM protein (Thévenod et al., 2020). VDAC is a β-barrel, composed of 19 βstrands and an NH2-terminal α-helix. It has a binding site for Ca2+ and nucleotides and is
involved in many molecular interactions. The channel provides a path measuring about
1.5 x 1 nm for solute passage (Becker and Wagner, 2018). VDAC shows ion selectivity
by switching between different open or closed/half-open conformations to alternate
between anion and cation conductive states, respectively (Becker and Wagner, 2018;
Thévenod et al., 2020). Small molecules such as metabolites and nucleotides of about 5
kDa pass through the channel. NAD(P)H sensitizes the channel to voltage, stimulating it
to close, thereby, reducing the passage of ADP, ATP, and a few other macromolecules
such as tRNA and DNA (Szabo and Zoratti, 2014; Becker and Wagner, 2018). A series of
protein complexes called translocases of the outer membrane found on the OMM
transport proteins across the membrane (Szabo and Zoratti, 2014; Feng et al., 2019).
To elicit mitochondrial toxicity and ROS production, Cd enters the IMS through the
VDAC and the DMT1 on the OMM and cross the IMM through the MCU to enter the
matrix (Thévenod et al., 2019; Lee and Thévenod, 2020; Thévenod et al., 2020).
Mitochondrial ROS are either neutralized by antioxidants or are released into the
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extramitochondrial space. Exit of ROS from mitochondria limits the accumulation and
the potential for biomolecular damage, and serve to transmit signals to the
extramitochondrial compartment. Peroxiporins (which are aquaporins with biophysical
properties for the transport of H2O2) provide channels through which H2O2 exits the
matrix into the IMS (Bienert and Chaumont, 2014; Tesse et al., 2018). The IMS H2O2
traverses the OMM through the VDAC to be released into the cytosol to function as a
second messenger in signal transduction pathways (Lipper et al., 2019; Thévenod et al.,
2020), and through the plasma membrane peroxiporins to induce cell-to-cell signaling
(Bienert et al., 2007; Zangar et al., 2011; Thévenod et al., 2020).
1.5.4 Electron transport system and oxidative phosphorylation
The electron transport system (ETS) consists of 4 metalloprotein enzyme complexes (
complex I - IV) and the mobile electron carriers (ubiquinone and cytochrome c), which
are located in the cristae IMM. These enzyme complexes are involved in redox
reactions and the generation of the transmembrane electrochemical gradient that
ultimately drives the synthesis of ATP by complex V (Fig. 1.2) (Zhao et al., 2019;
Raimondi et al., 2020).
Complex I (NADH:ubiquinone oxidoreductase or NADH dehydrogenase) is the largest
and most complex of the ETS with 45 subunits. It contains two domains, the
hydrophobic membrane arm embedded in the IMM and the hydrophilic peripheral arm
that protrudes into the matrix, and is L-shaped. The hydrophilic peripheral arm
contains one flavin mononucleotide (FMN) and seven to nine iron-sulfur (Fe-S) clusters
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(Wirth et al., 2016; Zhao et al., 2019; Bridges et al., 2020). Electrons from oxidation of
matrix NADH enter the peripheral arm and are first accepted at the FMN site (site IF)
then are transferred singly along the Fe-S clusters. The terminal Fe-S cluster, N2, then
transfers the electrons to the ubiquinone binding site (site I Q) located at the junction of
the hydrophilic and hydrophobic arms, which ultimately reduce ubiquinone (Q) to
ubiquinol (QH2) (Zhao et al., 2019). The transfer of two electrons is coupled with the
pumping of 4 protons from the matrix to the IMS (Zhao et al., 2019; Bridges et al.,
2020; Raimondi et al., 2020). Complex I exists in two forms, the catalytically fully active
A-form that switches reversibly to the dormant deactive-D form in the absence of
substrate or due to hypoxia/anoxia (Wirth et al., 2016).
Complex II (succinate dehydrogenase (SDH) or succinate:ubiquinone oxidoreductase) is
the only membrane-bound enzyme in the Krebs cycle that is part of the ETS linking
metabolism with OXPHOS (Cecchini, 2003). Complex II consists of four subunits, two
hydrophilic subunits (SDHA, SDHB) and two hydrophobic subunits (SDHC, SDHD). The
two hydrophilic subunits are located in the matrix side of the IMM. The SDHA, the
flavoprotein subunit contains the catalytic domain with a covalently bound flavin
adenine dinucleotide (FAD) prosthetic group (known as site IIF), while SDHB contains
three Fe-S clusters (Cecchini, 2003; Iverson, 2013; Sharma et al., 2018; Zhao et al.,
2019). The hydrophobic subunits anchor complex II to IMM. The SDHC is associated
with the heme of the Fe-S cluster while subunit SDHD contains the Q-binding site (site
IIQ) (Cecchini, 2003; Iverson, 2013; Sharma et al., 2018; Raimondi et al., 2020; Zhao et
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al., 2019). Following oxidation of succinate, FAD is reduced to FADH2, and electrons are
then transferred through the Fe-S cluster to reduce Q. Complex II does not pump
protons into the IMS and is catalytically reversible reducing fumarate while oxidizing Q
(Iverson, 2013; Sharma et al., 2018).
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Figure 1.1: Diagram showing mitochondrial structures including outer mitochondrial
membrane, inner mitochondrial membrane, intermembrane space, cristae, matrix DNA
and ribosomes and membrane channels: voltage dependent anion channel (VDAC),
uncoupling protein (UCP), adenine nucleotide translocator (ANT), mitochondrial
potassium ATP channel (mitoKATP) and mitochondrial calcium uniporter (MCU).
(Illustration by Dr. L. Bate).

22

Figure 1.2: Diagram of the mitochondrial electron transport system showing: entry of
electrons (e-) into the ETS following the oxidation of reducing equivalents (NADH and
FADH2) to (NAD and FAD) by the flavin sites of complex I (I) and complex II (II),
respectively. Electrons are transferred from complex I and II to reduce ubiquinone (Q),
which in turn shuttles electrons to complex III (III), then complex III transfers electrons
to cytochrome c and subsequently to complex IV (IV) that ultimately reduce oxygen
(O2) to water (H2O). The transfer of electrons by complexes I, III and IV is coupled with
tranlocation of protons (H+) into the intermembrane space thereby generating
protonmotive force. The protonmotive force drives the catalytic synthesis of ATP from
ADP and Pi by complex V (Drawing by Dr. L. Bate).
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Complex III (ubiquinol:cytochrome c oxidoreductase or cytochrome bc1 complex) is a
dimer that contains three catalytically active subunits: cytochrome b (containing two
heme groups – bH and bL), cytochrome c1, and a Rieske Fe-S center (Zhao et al., 2019;
Raimondi et al., 2020). Complex III pumps 4 protons from the matrix to the IMS, which
is coupled with the transfer of electrons from QH2 to cytochrome c in a process
accomplished by the Q-cycle (Zhao et al., 2019; Raimondi et al., 2020). It has two Qbinding sites located at both ends of cytochrome b, the first is the QH2 oxidation site
(site IIIQo) located towards the IMS; the other is the Q reduction site (site IIIQi) located
towards the matrix (Brand, 2016; Zhao et al., 2019). QH2 is oxidized to ubisemiquinone
(QH-) at site IIIQo following the transfer of an electron to the Rieske Fe-S center and the
pumping of two protons into the IMS. Then the electron is transferred from the Rieske
Fe-S center to cytochrome c1, which in turn transfers it to the mobile cytochrome c.
The QH- at site IIIQo transfers the second electron to cytochrome bL, which in turn
transfers it to cytochrome bH at site IIIQi. The reduced cytochrome bH transfers an
electron to Q of site IIIQi forming QH-. To complete and propagate the Q-cycle, a second
QH2 is oxidized at IIIQo coupled with pumping two more protons into the IMS. Then an
electron is transferred to the Rieske Fe-S center, and the other electron is transferred
to cytochrome bH and ultimately reducing QH- at site IIIQi to QH2 (Zhao et al., 2019).
Complex III plays a key role in the ETS since it receives electrons from complex I and
complex II and other electron transfer pathways such as those from electron transfer
flavoprotein (ETF), glycerol 3-phosphate dehydrogenase (GPDH), sulfide-quinone
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reductase, and dihydroorotate dehydrogenase through Q and transfers them to
complex IV through cytochrome c (Fernandez-Vizarra and Zeviani, 2018; Protasoni et
al., 2020).
Complex IV (cytochrome c oxidase) transfers electrons from the mobile cytochrome c
to reduce O2 the terminal electron acceptor to H2O; it is therefore the final and ratelimiting step of the ETS, and the regulatory center of OXPHOS (Kadenbach, 2021). The
enzyme complex contains three catalytic subunits, I, II and III, with subunits II and III
located on either side of subunit I, which contains heme a3, CuB and a tyrosyl-group
(Kadenbach, 2021). Cytochrome c transfers electrons to the binuclear copper A (CuA)
site of subunit II, which in turn transfers the electrons to heme a3 of subunit I and
finally to the O2-binding site heme a3-CuB (Maghool et al., 2019; Zhao et al., 2019;
Kadenbach, 2021). The unique structure of the O2-binding site in subunit I allows the
simultaneous transfer of four electrons to O2 without the formation of ROS
(Kadenbach, 2021). Complex IV reduces O2 to H2O and pumps two protons from the
matrix to the IMS. Subunit III is primarily involved in pumping protons and stabilization
of the catalytic subunits (Maghool et al., 2019; Zhao et al., 2019).
The formation of supercomplexes (known as respirasomes) with complex I and complex
III enhances the transfer of electrons from complex I to complex III by electron
channeling through Q and reduces the production of ROS (Protasoni et al., 2020;
Kadenbach, 2021). The allosteric ATP-mediated inhibition of complex IV, which
depends on the ATP/ADP ratio, regulates the rate of ATP production (Zhao et al., 2019).
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Complex V (ATP synthase or F1FO-ATPase) consists of two functional domains, the inner
membrane-bound FO and the matrix-exposed F1 domain that are linked by a central
stalk and a peripheral stalk (Song et al., 2018; Zhao et al., 2019). Movement of protons
through the proton-conducting channel of FO domain produces a rotatory motion that
is transmitted to the catalytic head of the F1 domain through the central stalk (Zhou et
al., 2015; García-Aguilar and Cuezva, 2018; Song et al., 2018; Nesci et al., 2019).
Rotation of the catalytic head of the F1 domain results in conformational changes that
catalyze the synthesis of ATP from ADP and Pi (Zhou et al., 2015; Song et al., 2018;
Nesci et al., 2019). Complex V under pathophysiological conditions can operate in
reverse as an ion pump hydrolyzing ATP to maintain the membrane potential (ΔΨm)
(Nesci et al., 2019).
1.5.5 Mitochondrial membrane potential
The combination of mitochondrial membrane potential (ΔΨm) and the mitochondrial
pH gradient generated by ETS proton pumps is necessary to drive protons into complex
V for the synthesis of ATP (Perry et al., 2011; Zorova et al., 2018). ΔΨm is dynamic, and
in addition to having the dominant role in ATP synthesis, it also plays signaling and
regulatory roles including induction of selective elimination of dysfunctional
mitochondria, transport of ions and proteins, ROS production, and environmental
sensing (Farha et al., 2013; Brand, 2016; Zorova et al., 2018; Benarroch and Asally,
2020).
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The thermodynamic efficiency of OXPHOS is less than 100 %, some degree of
uncoupling occurs during the conversion of ΔΨm into ATP (Chapman and Loiselle,
2016; Nath, 2016). Some protons diffuse through the IMM in an unregulated process
known as basal proton leak or become dissipated in a regulated/induced process
through a dedicated set of proteins: uncoupling proteins (UCPs) and adenine
nucleotide translocases (ANTs) (Nath, 2016; Jastroch et al., 2010; Demine et al., 2019;
Zhao et al., 2019). Not all electrons in the ETS are transferred to reduce O2 due to
electron leak; together with proton leak, these contribute to reducing the efficiency of
OXPHOS (Nath, 2016; Jastroch et al., 2010; Demine et al., 2019; Zhao et al., 2019).
1.5.6 Mitochondrial ROS
Mitochondria are cellular sources and scavengers of ROS (Andreyev et al., 2015; Brand,
2016; Li et al., 2016; Munro and Treberg, 2017; Zhao et al., 2019; Mailloux, 2020). ROS
are products of incomplete reduction of O2, of which single electron leak leads to the
production of superoxide anion (O2•¯) (Murphy, 2009; Andreyev et al., 2015; Sies, 2015;
Brand, 2016). O2•¯ is water soluble, non-membrane permeant due to its negative
charge, and undergoes rapid spontaneous or enzymatic dismutation into hydrogen
peroxide (H2O2) (Zorov et al., 2014; Andreyev et al., 2015). The protonated form of
O2•¯, the hydroperoxyl radical (HO2•), is a weak acid with a pKa of 4.8 and is more
reactive than O2•¯ (Sheng et al., 2014; Panov, 2017; Wang et al., 2018). At physiologic
pH, O2•− is the predominant of the two species in aqueous solution (Sheng et al., 2014;
Panov, 2017). Generation of ROS by single electron leak is more thermodynamically
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favored compared with paired electron leaking making O2•¯ the primary ROS and the
precursor of other ROS. However, H2O2 can be primarily generated by paired electron
reduction of O2 or secondarily following the dismutation of O2•¯ by superoxide
dismutase (SOD) (Andreyev et al., 2015; Brand, 2016). H2O2 compared with O2•¯ is less
reactive, has a longer half-life, and is membrane-permeant making its measurement
easier and more definitive (Murphy, 2009; Starkov, 2010; Quinlan et al., 2013a;
Andreyev et al., 2015). The hydroxyl radical (•OH) is produced by the reduction of H2O2
by Fe2+ via the Fenton reaction (Liochev and Fridovich, 2002a; Collin, 2019). The
extreme reactivity of •OH greatly limits its direct signaling function (Fransen et al.,
2012). Other ROS include singlet oxygen (1O2), peroxyl radical (LOO•), alkoxyl radical
(LO•), lipid hydroperoxide (LOOH), peroxynitrite (ONOO¯), hypochlorous acid (HOCl),
and ozone (O3) (Klebanoff, 2005; Li et al., 2016).
1.5.7 Physiological and pathological roles of ROS
Spatial and temporal fluctuation of ROS levels creates substantial gradients within
organelles, cells and tissues that are important in the maintenance of physiological
functions. Most mitochondrial ROS are released into the matrix, but complex I sites,
site GQ and site IIIQo emit ROS predominantly into the cristae space (Orr et al., 2012;
Scialò et al., 2017; Zhao et al., 2019). Mitochondria can also migrate to deliver ROS at
target sites to alter intra- and extramitochondrial protein functions (Sena and Chandel,
2012; Bleier et al., 2015; Sies, 2017). Released H2O2 either as primary or secondary ROS
being membrane-permeant acts as a messenger molecule to modulate the function of
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specific proteins or expression level of genes by changing the redox balance. Redox
signaling is mediated by H2O2 via reversible oxidation of cysteine residues within
proteins. Oxidation of thiolate anion to the sulfenic form by H2O2 in the physiologic
nanomolar range produces allosteric changes that alter the function of the protein. The
oxidized sulfenic form can be reduced to the thiolate anion by disulfide reductases such
as glutaredoxin and thioredoxin to restore the original function of the protein (Sena
and Chandel, 2012; Schieber and Chandel, 2014; van Bergen et al., 2014). However,
accumulation of H2O2 beyond the physiologic range further oxidizes the thiolate anions
to sulfinic or sulfonic acids, which can be irreversible and result in permanent protein
damage (Sena and Chandel, 2012; Schieber and Chandel, 2014; van Bergen et al.,
2014). The mechanisms by which H2O2 within physiological levels activates signaling
pathways to regulate and maintain normal biological functions or to initiate adaptive
functions (stress response) are collectively known as redox biology (or oxidative
eustress). This is the basis for physiologic processes such as cell proliferation and
differentiation, wound healing, fertilization, circadian rhythm, immune or inflammatory
responses, hypoxia response, thermal stress response, mitophagy, apoptosis and
senescence (Metcalfe and Alonso-Alvarez, 2010; Sena and Chandel, 2012; Schieber and
Chandel, 2014; Sies, 2017). Elevated steady ROS emission disrupts redox signaling and
produces damage to biomolecules, which referred to as oxidative stress (or oxidative
distress) and is the basis for lipid peroxidation, protein oxidation, DNA damage, and
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many pathological conditions and diseases (Metcalfe and Alonso-Alvarez, 2010;
Schieber and Chandel, 2014; Sies, 2017; Juan et al., 2021).
1.5.8 Measurement of ROS
Different methods have been developed for the measurement of ROS emission using
detection systems composed of fluorescent probes such as scopoletin, phydroxyphenylacetate, homovanillic acid, 2-(2-Pyridil)-benzothiazoline, 4-(9Anthroyloxy)-2,2,6,6-tetramethylpiperidine-1-oxyl, sodium terephthalate, 4,4-difluoro5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid,
lipophilic fluorescein derivatives, dipyridamole, β-phycoerythrin, fluorescein/6carboxyfluorescein, hydroethidine, 1,3-diphenylisobenzofuran, 2,7dichlorodihydrofluorescein (DCFH), dihydrorhodamine 123, 9-[2-(3-carboxy-9,10diphenyl)anthryl]-6-hydroxy-3H-xanthen-3-one, 9,10-dimethylanthracene, coumarin-3carboxylic acid, 2-[6-(4′-hydroxy)phenoxy-3H-xanthen-3-on-9-yl]benzoic acid, cisparinaric acid, diphenyl-1-pyrenylphosphine and Amplex Red (Gomes et al., 2005).
Many of these probes have specific methodologic applications and limitations (Gomes
et al., 2005). Currently, Amplex Red or the more recent Amplex UltraRed (AUR)horseradish peroxidase (HRP) based detection systems is the more commonly used in
H2O2 assays (Andreyev et al., 2015). Among these, AUR is selective, stable at different
pH levels, and highly sensitive for H2O2. The non-fluorescent AUR is oxidized by H2O2 in
a 1:1 stoichiometric ratio to the fluorophore Amplex UltroxRed in HRP-catalyzed
reaction (Quinlan et al., 2013a ). However, most of these probes are used for isolated
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mitochondria in vitro, and do not detect ROS emission localized to specific sites but
rather measure average (bulk) emission (Cochemé et al., 2011; Andreyev et al., 2015;
Onukwufor et al., 2020). Thus, ROS detection systems that target specific subcellular
compartments/sites have been developed to provide spatiotemporal estimation of
ROS. These include genetically encoded fluorescent indicators and fluorescent proteins
such as KillerRed, SuperNova, mCherry (Andreyev et al., 2015; Onukwufor et al., 2020).
Triphenylphosphonium (TPP)-conjugated arylboronic fluorescent probe that generates
MitoB are used as mitochondria-targeted H2O2-specific probe since on administration
to the animal it accumulates in the mitochondria (Cochemé et al., 2011).
1.5.9 Sources of mitochondrial ROS
ROS are generated by multiple sites in the matrix and the complexes of the ETS in
association with substrate oxidation (Brand, 2016; Zhao et al., 2019; Mailloux, 2020).
The type and rate of ROS production from these sites differ depending on factors such
as species, tissue, substrate type and concentration, O2 concentration, redox state, and
direction of electron transfer reaction (Tahara et al., 2009; Brand, 2016; Mailloux,
2020). The sites of ROS production have been grouped into the NADH/NAD+
isopotential group and the QH2/Q isopotential group based on the electron donor
group and the redox potential they operate at (Fig. 1.3). Sites of ROS production in the
NADH/NAD+ isopotential group include 2-oxoadipate dehydrogenase complex (site AF),
branched-chain 2-oxoacid dehydrogenase complex (site BF), pyruvate dehydrogenase
complex (site PF), 2-oxoglutarate dehydrogenase complex (site OF), and sites IF and IQ of
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complex I (Brand, 2016; Mailloux, 2020). The NAD-linked dehydrogenases contain a
dihydrolipoamide dehydrogenase subunit, whose FAD leaks electrons to produce ROS
following oxidation of the corresponding substrates. These dehydrogenases show strict
substrate selectivity and do not produce ROS during reverse electrons transfer (RET)
(Brand, 2016). Thus, ROS production from sites AF, BF, PF, or OF can be quantified
following energization of isolated mitochondria with 2-oxoadipate, 3-methyl-2oxopentanoate, pyruvate, or 2-oxoglutarate, respectively, in the presence of rotenone,
and the signal corrected for ROS production from site IF (Brand, 2016). ROS production
from site IF is measured in RET for mitochondria oxidizing malate in the presence of
rotenone to block site IQ, aspartate to remove 2-oxoglutarate, and ATP to inhibit 2oxoglutarate dehydrogenase complex (Quinlan et al., 2013a; Brand, 2016). ROS
production from site IQ is measured in RET as the rotenone-sensitive component for
mitochondria oxidizing saturating concentration of succinate (Quinlan et al., 2013a;
Brand, 2016). Sites of ROS production in the QH2/Q isopotential group include site IIF,
IIIQo, GQ (the quinone-binding site of the mitochondrial isoform of glycerol 3phosphate dehydrogenase (mGPDH)), EF (the flavin-binding site of the electrontransferring flavoprotein), and DQ (the quinone-binding site of dihydroorotate
dehydrogenase). Site IIF can produce ROS during forward electron transfer reaction
(FET) and in RET, and ROS production from this site is measured as the malonatesensitive component for mitochondria oxidizing succinate (subsaturating
concentration) in FET or glycerol 3-phosphate (G3P) in RET in the presence of rotenone
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and myxothiazol to block sites IQ and IIIQo, respectively (Quinlan et al., 2012; Quinlan et
al., 2013a; Brand, 2016). Site IIIQo has a high capacity for ROS production. ROS
production from this site is measured as the myxothiazol-sensitive component for
mitochondria oxidizing saturating concentration of succinate in the presence of
rotenone plus antimycin A to block sites IQ and IIIQi, respectively (Quinlan et al., 2013a;
Brand, 2016). Site EF produces measurable rates of ROS, which can be measured when
mitochondria are energized with fatty acids (such as palmitoylcarnitine) in the presence
of carnitine or malate plus myxothiazol to inhibit site IIIQo, malonate to inhibit site IIF
and rotenone to inhibit site IQ (Quinlan et al., 2013a; Brand, 2016). The long-chain fatty
acid dehydrogenase and very long-chain fatty acid β-oxidation, two key enzymes of
fatty acid β-oxidation, have recently been identified as sources of ROS production
(Zhang et al., 2019). ROS production from site GQ can be measured for mitochondria
oxidizing G3P in the presence of calcium, myxothiazol, malonate, and rotenone
(Quinlan et al., 2012; Brand, 2016). Genetic manipulations can also be used with
substrate combinations to measure ROS production. However, the use of site-specific
inhibitors or genetic manipulation alters mitochondrial physiology and electron flux
thereby altering ROS production (Brand, 2016; Brand et al., 2016; Stefanatos and Sanz,
2018). The recently identified suppressors of site IQ electron leak (S1QELs) and
suppressors of site IIIQo electron leak (S3QELs) can be used as a pharmacological tool in
the measurement of ROS emission from sites IQ and IIIQo (Brand, 2016; Brand et al.,
2016).
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NADPH oxidase 4 (NOX4) is the most ubiquitous of the isoforms of NOX and is a major
source of ROS (Block et al., 2009; Wong et al., 2019). It localizes in the IMM and
releases ROS into the IMS and cytosol (Canugovi et al., 2019; Wong et al., 2019).

Figure 1.3: Diagram showing sources of mitochondrial ROS during oxidation of Krebs
cycle substrates (glutamate, malate or succinate); oxidation of glycerol 3-phosphate
(G3P) to dihydroxyacetone phosphate (DHAP); and β-oxidation of fatty acids
(palmitoylcarnitine plus malate). ETF-QOR: electron transfer flavoprotein
(ETF):ubiquinone oxidoreductase; OGDH: oxoglutarate dehydrogenase; MDH: malate
dehydrogenase; IDH: isocitrate dehydrogenase; GDH: glutamate dehydrogenase;
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Q/QH2: ubiquinone/ubiquinol; SUC: succinate; PCM: palmitoylcarnitine-malate; OMM:
outer mitochondrial membrane; IMM: inner mitochondrial membrane.
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The mitochondria is recognized as an important cellular source of ROS (Andreyev et al.,
2005, and 2015; Murphy, 2009) and the central hub of adaptive cellular response that
utilize ROS signaling in oxidative stress response (Sokolova, 2018). However,
information on how environmental stressors impact the sites of mitochondrial ROS
production for aquatic ectotherms is still unfolding (Onukwufor et al., 2017; Okoye et
al., 2019; Isei and Kamunde, 2020; Okoye et al., 2021a). Knowledge of sites and sources
of mitochondrial ROS will help in the understanding of mitochondrial physiology and
the mechanisms of mitochondrial ROS in redox biology, signal transductions and
oxidative stress. Moreover, such information will greatly facilitate pharmacological
interventions that target specific sites of ROS production. Furthermore, understanding
how site-specific ROS production is impacted by environmental stressors, will greatly
improve our understanding of the response mechanisms to environmental stressors,
the health implication, our predictive ability on the effects of environmental stressors,
and the search for remedies and medical interventions.
1.5.10 Mitochondrial antioxidant systems
Mitochondria have a high ROS scavenging capacity that exceeds the production
potential (Andreyev et al., 2015; Munro and Treberg, 2017; Munro and Pamenter,
2019). Mitochondrial matrix (Mn), cytosolic or intermembrane space (Cu-Zn) SOD
enzymatically dismutates O2•¯ to H2O2, which is scavenged by the energy-independent
catalase, and the energy-dependent glutathione- and the thioredoxin-dependent
peroxidases (Starkov, 2014; Zorov et al., 2014; Andreyev et al., 2015; Mailloux, 2015;
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Munro et al., 2016; Munro and Treberg, 2017; Sies et al., 2017; Munro and Pamenter,
2019). Catalase decomposes H2O2 into H2O and O2. It is important to note that the liver
has high levels of catalase, and it is the main scavenger of ROS in this tissue (Andreyev
et al., 2015; Munro and Treberg, 2017; Munro and Pamenter, 2019). The glutathione
and the thioredoxin-dependent peroxidase systems have high H2O2 scavenging capacity
in all tissue mitochondria; however, their activity requires reducing equivalents in the
form of NADPH, which is regenerated by isocitrate dehydrogenase, malate
dehydrogenase, and transhydrogenase (Andreyev et al., 2015; Spaans et al., 2015;
Munro and Pamenter, 2019). ROS emission is thus, the fraction of ROS produced that
escapes detoxification and is emitted into the surrounding milieu (Andreyev et al.,
2015).
1.6 HYPOTHESIS AND OBJECTIVES
The stressors of interest for this thesis are, Cd, temperature and anoxia-reoxygenation,
are three common and highly consequential stressors of aquatic organisms that alter
mitochondrial function and stimulate mitochondrial ROS production. However,
knowledge of the sites of mitochondrial ROS production and the effect of these
stressors is scarce. Therefore, the main objective of this thesis was to probe the
individual effects of Cd, temperature and anoxia-reoxygenation, and the interactive
effects of Cd with temperature or anoxia-reoxygenation on mitochondrial ROS
metabolism. The hypothesis is that Cd, temperature or anoxia-reoxygenation will
stimulate ROS emission and that the combined effects of Cd and temperature or
37

anoxia-reoxygenation will heighten the individual stressor effects. This hypothesis was
tested with the following objectives:
1)

Investigate the effects of Cd, temperature and anoxia-reoxygenation
individually, and the interactive effects of Cd in combination with temperature
or anoxia-reoxygenation on mitochondrial respiration, and mitochondrial ROS
emission and consumption under different bioenergetics states.

2)

Characterize the assay and biological factors that affect mitochondrial ROS
emission and quantitation.

3)

Elucidate the sites of mitochondrial ROS emission and probe the effects of Cd
alone and in combination with temperature or anoxia-reoxygenation on sitespecific ROS emission.
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CHAPTER 2

EFFECTS OF BIOENERGETICS, TEMPERATURE AND CADMIUM ON LIVER
MITOCHONDRIA REACTIVE OXYGEN SPECIES PRODUCTION AND CONSUMPTION
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2.1 ABSTRACT
A by-product of mitochondrial substrate oxidation and electron transfer to generate
cellular energy (ATP) is ROS. O2•¯ and H2O2 are the proximal ROS produced by the
mitochondria. Because low levels of ROS serve critical regulatory roles in cell physiology
while excessive levels or inappropriately localized ROS result in aberrant physiological
states, mitochondrial ROS need to be tightly regulated. While it is known that
regulation of mitochondrial ROS involves balancing the rates of production and
removal, the effects of stressors on these processes remain largely unknown. To
illuminate how stressors modulate mitochondrial ROS homeostasis, the effects of
temperature and Cd on H2O2 emission and consumption in rainbow trout liver
mitochondria was investigated. The study showed that H2O2 emission rates increase
with temperature and Cd exposure. Energizing mitochondria with glutamate-malate or
succinate increased the rate of H2O2 emission; however, Cd exposure imposed different
patterns of H2O2 emission depending on the concentration and substrate. Specifically,
mitochondria respiring on glutamate-malate exhibited a saturable graded
concentration-response curve that plateaued at 5 μM while mitochondria respiring on
succinate had a biphasic concentration-response curve characterized by a spike in the
emission rate at 1 μM Cd followed by gradual diminution at higher Cd concentrations.
To explain the observed substrate- and concentration-dependent effects of Cd, specific
mitochondrial ROS-emitting sites were sequestered using blockers of electron transfer
and then tested the effect of the metal. The results indicate that the biphasic
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H2O2 emission response imposed by succinate is due to site IIF but is further modified at
sites IQ and IIIQo. Moreover, the saturable graded H2O2 emission response in
mitochondria energized with glutamate-malate is consistent with effect of Cd on site IF.
Additionally, Cd and temperature acted cooperatively to increase mitochondrial
H2O2 emission suggesting that increased toxicity of Cd at high temperature may be due
to increased oxidative insult. Surprisingly, despite their clear stimulatory effect on
H2O2 emission, Cd, temperature and bioenergetic status did not affect the kinetics of
mitochondrial H2O2 consumption; the rate constants and half-lives for all the conditions
tested were similar. Overall, the study indicates that the production processes of
rainbow trout liver mitochondrial H2O2 metabolism are highly responsive to stressors
and bioenergetics while the consumption processes are recalcitrant. The latter denotes
the presence of a robust H2O2 scavenging system in liver mitochondria that would
maintain H2O2 homeostasis in the face of increased production and reduced scavenging
capacity.
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2.2 INTRODUCTION
Aquatic organisms commonly encounter many potentially stressful environmental
factors among which temperature and metals pollution are highly consequential
(Ivanina et al., 2008a). Although natural phenomena do cause temperature variations
and increased release of metals, anthropogenic activities are the main cause of
temperature stress and metals pollution in the environment (Sokolova and Lannig,
2008; Ivanina et al., 2008a; Cuypers et al., 2010). Among the metals, Cd is of major
concern because it is prevalent in the aquatic environment, highly toxic, and
accumulates in animal tissues (Ivanina et al., 2008a; McGeer et al., 2012). A key cellular
target for adverse effects of both Cd and thermal stress in aquatic organisms is the
mitochondria (Sokolova, 2004; Ivanina et al., 2008a; Kamunde, 2009; Onukwufor et al.,
2017) where, in addition to disrupting energy conversion, the two stressors induce
oxidative stress (Ivanina et al., 2012; Vergauwen et al., 2013; Min et al., 2014; Banh et
al., 2016; Wiens et al., 2017). Oxidative stress results when oxidants exceed
antioxidants leading to dysregulation of redox balance and damage to biomolecules
(Sies, 2015). The main processes that govern the levels of oxidants in biological systems
are the rates of their production and elimination (Tomanek, 2015; Brand, 2016). A
handful of studies have demonstrated that temperature elevation increases the rate of
mitochondrial ROS emission (Keller et al., 2004; Abele et al., 2002; Heise et al.,
2003; Iftikar and Hickey, 2013; Chung and Schulte, 2015; Banh et al., 2016; Wiens et al.,
2017). However, the mechanisms underlying the increase in ROS emission are not well
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understood albeit changes in both the activities of mitochondrial enzymes and electron
flux in the ETS have been proposed (Abele et al., 2002; Heise et al., 2006; Zukiene et al.,
2010). Similarly, although Cd is not a redox active metal, it stimulates mitochondrial
ROS production (Wang et al., 2004; Liu et al., 2009; Cuypers et al., 2010; Nair et al.,
2013) possibly as a result of impaired activities of ETS enzyme complexes (Ivanina et al.,
2008a; Onukwufor et al., 2014; Tomanek, 2015) and disruption of the antioxidant
defense system (Latinwo et al., 2006; Cuypers et al., 2010; Nemmiche, 2017). While
these earlier studies are informative, they revealed nothing about the sites responsible
for increased ROS production during exposure to Cd or thermal stress. Importantly,
changes in ROS elimination capacity are usually inferred from changes in
activity/expression of antioxidant enzymes and levels of antioxidant molecules as
opposed to direct quantification of rates of ROS consumption (Cuypers et al.,
2010; Tomanek, 2015). Additionally, because the toxicity of Cd is exacerbated by
elevated temperature (Sokolova, 2004; Cherkasov et al., 2007; Sokolova and Lannig,
2008; Ivanina et al., 2012; Vergauwen et al., 2013; Onukwufor et al., 2014), it would be
of interest to test if this increase in toxicity is associated with increased production or
reduced elimination of ROS.
ROS production in cells results from incomplete reduction of oxygen at electron donor
sites on several mitochondrial and extra-mitochondrial enzymes (Brand,
2016; Mailloux, 2018; Wong et al., 2019). Single electron reduction of molecular oxygen
results in the formation of O2•¯which undergoes dismutation to H2O2 spontaneously or
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enzymatically via reactions catalyzed by Mn-SOD and Cu-Zn-SOD. H2O2 is also directly
formed by paired electron reduction of oxygen (Andreyev et al., 2015; Brand, 2016).
Hereinafter, O2•¯ and H2O2 are used when the reactive species is known, and ROS is
used when the species is not known. The production of ROS by cells is a normal and
essential process because they (e.g., H2O2) are involved in numerous cellular functions
and regulatory networks (Sies, 2014, 2017; Mailloux, 2018). Within the mitochondria,
11-12 sites associated with enzymes of substrate catabolism and the ETS have been
shown to produce ROS (Brand, 2016). These sites are grouped into the NADH/NAD+ and
ubiquinol/ubiquinone (QH2/Q) isopotential pools depending on the electron donor
responsible for the ROS production (Andreyev et al., 2015; Brand, 2016; Wong et al.,
2019). Although the capacities for ROS production by these sites have been assessed
(Quinlan et al., 2013a; Goncalves et al., 2015; Brand, 2016; Oldford et al., 2019),
whether similar sites exist in ectothermic mitochondria and the effects of temperature
and Cd on site-specific ROS emission remain to be investigated.
To maintain physiological levels of ROS and protect against oxidative insult,
mitochondria express an elaborate multilevel antioxidant defense system consisting of
enzymes and non-enzymatic molecules (Andreyev et al., 2005, 2015; Munro and
Treberg, 2017; Mailloux, 2018). The enzymes comprise an energy-dependent group
(glutathione- and thioredoxin-dependent peroxidases) that requires reducing
equivalents from NADPH for function, and an energy-independent group (SOD and
catalase) (Andreyev et al., 2015; Munro and Treberg, 2017). Non-enzymatic
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antioxidants include endogenous molecules, e.g., glutathione and thioredoxin, and
exogenous compounds obtained nutritionally, e.g., vitamins A, C and E. The effects of
temperature and Cd on elements of antioxidant defense system have been explored in
mitochondria, cells and tissues. It was found that these stressors either increase or
decrease the activity/expression of antioxidant enzymes and levels of non-enzymatic
antioxidant molecules (30 Cuypers et al., 2010; Jomova and Valko, 2011; Tomanek,
2015; Klein et al., 2017). Hence, to determine the mechanistic causes of Cd- and
temperature-induced oxidative stress, the rates of ROS production and consumption in
separate experiments in the same batch of rainbow trout liver mitochondrial isolates
were analyzed. Moreover, assessing consumption as an integral process is more
informative than piecemeal quantification of elements of the antioxidant defense
system because it accounts for redundancies in the ROS scavenging system. The
importance of a holistic approach to assessing ROS elimination capacity is highlighted in
a recent study that did not find a correlation between changes in ROS production and
levels of glutathione or activities of reductases that support the peroxidase ROS
scavenging pathways (Banh et al., 2016).
In the present study, it was hypothesized that (i), because of its profound effect on
rates of biological processes, temperature elevation will increase the rates of
mitochondrial H2O2 production and consumption; (ii), due to its inhibitory effect on
enzymes of ETS and substrate oxidation, Cd will promote H2O2 production due to
increased electron leakage at sites upstream of the point(s) of inhibition; (iii), Cd will
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reduce the rate of H2O2 consumption due to depletion of antioxidant molecules and
inhibition of the enzymes of H2O2 scavenging pathways and (iv), relative to single
stressor, combined exposure to Cd and temperature rise will result in higher
H2O2 production and lower rates of H2O2 consumption. To test these hypotheses,
rainbow trout liver mitochondria were energized with glutamate-malate or succinate to
supply electrons to the NADH/NAD+ and QH2/Q isopotential pools, respectively.
Initially, the effect of Cd and elevated temperature on the overall ROS emission in
uninhibited mitochondria was probed and also from the NADH/NAD+ and QH2/Q
isopotential pools separated by inhibiting the ubiquinone-binding site of complex I (site
IQ) with rotenone. Thereafter, the mitochondrial ROS emitting sites were sequestered
using inhibitors (Brand, 2016) and the effects of Cd and elevated temperature on sitespecific ROS emission were tested. Lastly, the effects of temperature and Cd exposure
on the rate/kinetics of mitochondrial ROS consumption were measured under different
bioenergetic states.
2.3 MATERIALS AND METHODS
2.3.1 Fish
Female juvenile rainbow trout (155-400 g) were procured from Ocean Farms
(Brookvale, PEI, Canada) and were maintained in aerated flow-through well-water
(temperature: 11±1°C; pH 7.7) in a 250-l tank in the Aquatic Facility at the Atlantic
Veterinary College. The fish were fed daily at 1% of their body weight with commercial
trout feed (Corey Feed Mills, Fredericton, NB, Canada). The study and all the
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experimental procedures used were approved by the University of Prince Edward
Island Animal Care Committee in accordance with the Canadian Council on Animal Care
(protocol # 17-036).

2.3.2 Chemicals and reagents
Chemicals used for preparation of mitochondrial isolation and respiration buffers
included sucrose, KCl, and ethylene glycol bis (β-aminoethyl ether)-N, N′-tetraacetic
acid (EGTA), bovine serum albumin (BSA), aprotinin, KH2PO4, Tris−HCl, ATP, L-malic
acid, L-glutamic acid, L-aspartic acid, rotenone, antimycin A, myxothiazol, CdCl2,
dimethyl sulfoxide (DMSO), succinate, Triton X, H2O2, and SOD were from
MilliporeSigma (Burlington, MA, USA). AUR and HRP were from ThermoFisher
(Waltham, MA, USA).
2.3.3 Mitochondrial isolation
Mitochondrial isolation was done by differential centrifugation (Adiele et al., 2012).
Briefly, fish were sacrificed by stunning and cervical transection and the livers were
harvested and rinsed with ice-cold (≈4 °C) mitochondrial isolation buffer, MIB (250 mM
sucrose, 10 mM Tris−HCl, 10 mM KH2PO4, 0.5 mM EGTA, 1 mg/ml BSA [fatty acid free],
2 μg/ml aprotinin, pH 7.3), blotted dry and weighed. The liver samples were then finely
diced and homogenized in 1:3 (weight to volume) ratio of tissue to MIB in a 10-ml
Potter-Elvehjem homogenizer (Cole Parmer, Anjou, QC) using 4 passes of a Teflon
pestle mounted on a hand-held drill (MAS 2BB, Mastercraft Canada, Toronto) at
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200 rpm. The resulting homogenate was then centrifuged at 800g for 15 min at 4 °C.
The supernatant was collected and centrifuged at 13,000g for 10 min at 4 °C and the
resulting mitochondrial pellet was washed twice by re-suspending in MIB and
centrifuging at 11,000g for 10 min at 4 °C. The mitochondrial pellet was re-suspended
in a 1:3 (weight to volume) ratio of mitochondrial respiration buffer, MRB (10 mM
Tris−HCl, 25 mM KH2PO4, 100 mM KCl, 1 mg/ml BSA (fatty acid free), 2 μg/ml aprotinin,
pH 7.3). The protein concentration of the mitochondrial suspension was measured by
the method of Bradford (1976) with BSA as the standard. The mitochondrial
suspensions were kept on ice and aliquots were drawn and equilibrated to assay
temperatures prior to the experiments.
2.3.4 Mitochondrial H2O2 emission
Measurement of mitochondrial H2O2 emission (efflux) was done using a microplate
fluorometric assay (Sharaf et al., 2015). Here, the AUR-HRP system (20 μM AUR and 1
U/ml HRP) was used to detect H2O2 emitted by 1 mg/ml liver mitochondrial protein.
Briefly, into each microplate well (200 μl assay volume), HRP, substrates, Cd, and
inhibitors were added sequentially followed by mitochondrial suspension and finally
AUR. In this assay, the H2O2 emitted by the mitochondria converts AUR (nonfluorescent) to Amplex UltroxRed (fluorescent) in a reaction catalyzed by HRP. Upon
excitation at 530 nm Amplex UltroxRed emits fluorescence at 590 nm. The fluorescence
data were kinetically collected for 30 min with reads at 90 s intervals using a microplate
fluorescence reader (Synergy™ HT BioTek, Winooski, VT).
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2.3.4.1 Concentration-response of Cd on mitochondrial H2O2 emission
For a 200 μl microplate-well assay volume were added HRP (1 U/ml) and glutamatemalate (10 mM each) or succinate (5 mM) followed by 0, 1, 5, 10, 20, 50 or 100 μM Cd.
Thereafter mitochondrial protein (1 mg/ml) and AUR (20 μM) were added and kinetic
data of H2O2 emission were obtained at 23 and 30 °C. These temperatures are at the
upper limit for rainbow trout (Rodgers and Griffiths, 1983; Currie et al., 1998) and were
used because of limitations of our microplate reader which operates at ≥ room
temperature. Regardless, as shown in Fig. 2.1, the mitochondria maintained function
(respiration measured with Oroboros FluoRespirometer (Oroboros Instruments,
Innsbruck, Austria)) over the duration of the assays, albeit with reduced coupling,
which is a known effect of high temperature. Additionally, the possibility of Cd at the
different concentrations used altering the sensitivity of the AUR-HRP H2O2 detection
system (e.g., by inhibiting the enzyme HRP) was tested. Here, the effect of Cd (0–
100 μM) on fluorescence generated by 5 μM H2O2 in MRB was monitored with the
AUR-HRP system for 30 min with reads at 90 s intervals. The results showed minimal
(3.88–5.98%) reduction of fluorescence relative to the control (Fig. 2.2A).
Because Cd binds to buffer components including BSA and substrates, speciation
analysis was performed to estimate the free ion (Cd2+), the species responsible for
toxicity, using Visual MINTEQ (Vminteq, ver 3.1 beta by Jon Petter Gustafsson:
https://vminteq.lwr.kth.se/). The stability constants were either present in the
software database or were obtained from the SciFinder database of the American
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Chemical Society (https://www.cas.org/products/scifinder) and the National Institute
of Standards and Technology chemistry database (NIST Critically Selected Stability
Constants of Metal Complexes: version 8.0, https://www.nist.gov/srd/nist46). The
analysis revealed that 8% of the Cd added to the buffer was in the Cd 2+ form under the
experimental conditions indicating that the effective metal concentrations tested
ranged from 0.08 to 8 μM.
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GM

Figure 2.1. Effect of assay temperature on mitochondrial respiration. A: representative
tracing at 23 °C; B: Representative tracing at 30 °C. Points of additions of mitochondria
(mitos), glutamate-malate (MG) and ADP are shown with arrows. Blue tracing shows
the absolute O2 concentration, red tracing shows change O2 concentration. St = state.
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Figure 2.2. Analytical quality control tests. A: Effect of Cd on the AUR-HRP
H2O2 detection system. B: Effect of 10 μM H2O2 on mitochondrial respiration. Points of
additions of mitochondria (mitos), glutamate-malate and ADP are shown with arrows.
Blue tracing shows the absolute O2 concentration, red tracing shows change O2
concentration. St = state.
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2.3.4.2 H2O2 emission from NADH/NAD+ and QH2/Q isopotential pools
Mitochondria were energized with glutamate-malate or succinate and exposed to 1
and 20 μM Cd with and without rotenone at 23 and 30 °C. The Cd concentrations were
selected based on the unique H2O2 emission responses they evoked in the
concentration-response trial (see results) and were representative of the
concentration-response curves. Importantly, the use of rotenone in glutamate-malateor succinate-energized mitochondria separates H2O2 emission from NADH/NAD+ and
QH2/Q isopotential pools from each other and allows assessment of the emission
associated with RET.
2.3.4.3 Site-specific H2O2 emission
Individual ROS-emitting sites were sequestered using blockers of electron transfer as
described (Brand, 2016) following which the effects of 1 and 20 μM Cd on
H2O2 emission at 23 and 30 °C were tested. Complex I flavin site (IF) H2O2 emission was
measured with malate (5 mM) as the substrate, rotenone (0.5 μM) to block RET from
the QH2/Q to NADH/NAD+ isopotential pool at site IQ, aspartate (1.5 mM) to remove 2oxoglutarate, and ATP (2.5 mM) to inhibit 2-oxoglutarate dehydrogenase complex
(OGDHC) thus blocking potential contribution from the flavin site of OGDHC (site OF).
The contribution of site IQ was calculated as the difference in H2O2 emission in
mitochondria oxidizing succinate alone versus succinate with rotenone. Complex II
flavin site (IIF) H2O2 emission was measured with succinate (0.5 mM) as substrate,
rotenone, antimycin A (20 nM) to block complex III inner ubiquinone binding site (III Qi)
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and myxothiazol (4 μM) to block complex III outer ubiquinone binding site (III Qo) thus
preventing forward electron transfer into complex III. Because the ubiquinone binding
site of complex II (site IIQ) is not a known emitter of ROS (Brand, 2016), the
H2O2 measured from the sequestered complex II is mostly from site IIF. Site IIIQo was
sequestered with rotenone and antimycin A in mitochondria oxidizing succinate at high
concentration (5 mM) which suppresses ROS production from site IIF.
2.3.5 Mitochondrial H2O2 consumption
2.3.5.1. Kinetics of H2O2 consumption
The endpoint fluorometric microplate assay (Kamunde et al., 2018) was used to
measure the rate of H2O2 consumption. The assays were done at 23 and 30 °C, and
samples were equilibrated to the respective assay temperature in thermostated water
baths prior to the experiments. Briefly, liver mitochondria were diluted in MRB to
0.005 mg protein/ml for a total volume of 3 ml. H2O2 quench solution (250 μM AUR,
50 U/ml HRP, 250 U/ml of SOD) was prepared and preloaded (in a total of 20 μl) onto
microplate wells. Thereafter the 3 ml of mitochondrial suspension and MRB (blank)
were placed into an 8-chamber multichannel pipette reservoir (Bel-Art SP Scienceware,
NJ) to allow samples to be aspirated and loaded simultaneously on the microplate
using a multichannel pipette at each time point. To each sample in reservoir well, 30 μl
of 1 mM H2O2 was added to achieve a starting assay concentration of 10 μM. The
10 μM bolus of H2O2 does not impair rainbow trout liver mitochondrial respiration and
coupling (Fig. 2.2B). The samples were then quickly mixed by gentle up-and-down
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pipetting and 180 μl aliquot of each was drawn using a multichannel pipette and added
to the first column of the microplate containing the quench solution. The first aliquot
corresponds to time zero (t = 0). Subsequently, 180 μl aliquots of each sample were
taken every 120 s for 14 min and likewise added to microplate wells preloaded with the
quench solution. In this assay, upon mixing the quench solution with the sample,
residual H2O2 converts AUR to Amplex UltroxRed, which is measured with a microplate
fluorescence reader as described above. H2O2 standard curves were generated
concurrently and used to convert fluorescence to H2O2 concentration. Spontaneous
H2O2 decomposition was undetectable.
2.3.5.2 Effect of bioenergetic status and Cd on kinetics of mitochondrial
H2O2 consumption
To assess the effect of bioenergetic status and Cd on the kinetics of mitochondrial
H2O2 consumption, mitochondria were energized with glutamate-malate (10 mM of
each) or succinate (5 mM) with or without Cd (1 and 20 μM). Here, 10 μl of appropriate
Cd stock solutions were added to mitochondrial suspensions (in a total volume of 3 ml),
incubated at 23 or 30 °C for 10 min and then transferred to the 8-chamber reservoir.
Addition of H2O2 and the microplate endpoint fluorometric assay were done at 23 and
30 °C as described above.
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2.3.5.3 H2O2 consumption rate constant (k) and t½
To determine the H2O2 consumption 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.
2.3.6 Statistical analysis
For all parameters, 3 to 6 biological replicates were analyzed. The data were tested for
normality of distribution (Kolmogorov-Smirnov) and homoscedasticity (Levene’s test)
and were then submitted to 1-, 2-, or 3-way ANOVA with Tukey’s post hoc test for
pairwise comparisons of means (Statistica version 13.3, TIBCO Software, Palo Alto, CA,
USA). The level of significance was set at p < 0.05. Linear regression analysis and curve
fitting were done using SigmaPlot version 10 (Systat Software, CA, USA).
2.4 RESULTS
2.4.1 Mitochondrial H2O2 emission
2.4.1.1 Effects of temperature, energization and Cd on mitochondrial H 2O2 emission
The H2O2 emission profiles (Fig. 2.3) were similar at 23 and 30 °C and overall,
temperature (F1,204 = 17.8, p < 0.0001) significantly increased the rate of H2O2 emission.
Unenergized mitochondria exhibited low rates of H2O2 emission and Cd exposure
(F6,204 = 1.58, p = 0.15) did not alter these rates. However, energization with glutamatemalate or succinate highly significantly (F2,204 = 94.0, p < 0.0001) altered the rates of
H2O2 emission. Specifically, in glutamate-malate-energized mitochondria, Cd exposure
concentration-dependently increased H2O2 emission rates up to 5 μM and plateaued
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thereafter. The highest emission rates observed (100 μM Cd exposure) were 78 and
62% higher than the glutamate-malate control at 23 and 30 °C, respectively. In
contrast, mitochondria energized with succinate exhibited a spike in H2O2 emission rate
at 1 μM Cd that decreased concentration-dependently thereafter. The emission rates
during the spike were 50 and 40% higher relative to the succinate controls at 23 and
30 °C, respectively. Moreover, the maximally inhibited emission rates due to exposure
to 100 μM Cd were 30 and 24% lower than the succinate control at 23 and 30 °C,
respectively. The only significant interaction found was between Cd exposure and
energization (F12,204 = 2.69, p = 0.002) indicating that the effect of Cd depended on the
energization status. To elucidate the effects of Cd and energization on the
responsiveness of mitochondrial H2O2 emission to temperature elevation, the
Q10 values were calculated. The values obtained ranged from 1.16 to 2.11 and were not
significantly different among the experimental groups (F20,105 = 1.37, p = 0.15) (Fig.
2.4A).
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Figure 2.3. Cd concentration-response curves for mitochondrial H2O2 emission. A: 23 °C.
B: 30 °C. Mito: un-energized mitochondria H2O2 emission does not respond to
temperature or Cd exposure; GM: glutamate-malate -energized mitochondria exhibited
a saturable graded H2O2 emission profile; SUC: succinate-energized mitochondria
exhibited a biphasic H2O2 emission profile. Data are means ± SEM, n = 6, points with
different letters are statistically different from each other, 3-way ANOVA, HSD post
hoc test, p < 0.05.
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2.4.1.2 Effects of temperature and energization on H2O2 emission from
NADH/NAD+ and QH2/Q isopotential pools
Energization (F11,120 = 90.6, p < 0.0001) and temperature (F1,120 = 92.3, p < 0.0001)
significantly increased mitochondrial H2O2 emission rates from both NADH/NAD+ and
QH2/Q isopotential pools but the interaction term was not significant (F 11,120 = 1.42,
p = 0.17) (Fig. 2.5). Energization with glutamate-malate increased the H2O2 emission
rate by 44 and 57% relative to the un-energized control at 23 °C and 30 °C, respectively.
A similar trend was observed following energization with succinate wherein the
H2O2 emission rates increased by 58% at 23 °C and 69% at 30 °C when compared with
the un-energized mitochondria at 23 °C. Exposure of the glutamate-malate-energized
mitochondria to Cd increased the rate of H2O2 emission compared with the unenergized or glutamate-malate-energized mitochondria at both temperatures. Here,
relative to the energized control, 1 μM Cd increased the rates of mitochondrial
H2O2 emission by 86% (23 °C) and 67% (30 °C) while 20 μM Cd increased the rates by
96% (23 °C) and 78% (30 °C). In contrast, succinate-energized mitochondria exposed to
1 μM Cd showed a significant increase in H2O2 emission rate (61 and 32% at 23 and
30 °C, respectively) compared with the respective un-energized control. However, the
H2O2 emission rate in succinate-energized mitochondria exposed to 20 μM Cd did not
significantly change relative to the un-energized controls at both temperatures.
Additionally, succinate-energized mitochondria exposed to 20 μM Cd exhibited a
significantly reduced rate of H2O2 emission relative to glutamate-malate-energized
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mitochondria exposed to 1 or 20 μM Cd at either temperature. Lastly, it was expected
that rotenone would inhibit site IQ and suppress H2O2 production due to RET in
succinate-energized mitochondria but increase production in glutamate-malateenergized mitochondria due to build-up of electrons at donor sites in the
NADH/NAD+ pool. Surprisingly, rotenone did not alter the H2O2 emission rates at either
temperature for glutamate-malate- or succinate-energized mitochondria, with and
without Cd exposure. In line with these results, the Q10 values ranged from 1.13 to 1.67
and were not significantly different among the experimental groups (F 10,61 = 1.7,
p = 0.1) (Fig. 2.4B).
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Figure 2.4. Effect of Cd and bioenergetic status on H2O2 emission rate Q10 values. A:
Q10 values for concentration-response trial; B. Q10 values for overall H2O2 emission by
NADH/NAD+ and QH2/Q isopotential donor sites. There is no statistical difference
between the groups. Data are means ± SEM, n = 6, 2-way ANOVA, HSD post hoc test,
p < 0.05.
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Figure 2.5. Effect of 1 and 20 μM Cd without and with rotenone (ROT) on the rate of
H2O2 emission by mitochondria energized with glutamate-malate (GM) and succinate (SUC) at
23 and 30 °C. ROT isolates H2O2 emission by NADH/NAD+ and QH2/Q isopotential pools from
each other. Data are means ± SEM, n = 6, 2-way ANOVA, HSD post hoc test, p < 0.05.
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2.4.1.3 Effect of Cd and temperature on site-specific H2O2 emission
H2O2 emission from site IF (Fig. 2.6) mirrored the emission response in mitochondria
energized with glutamate- malate. Cd (F2,30 = 178, p < 0.0001) and temperature
(F1,30 = 199, p < 0.0001) significantly altered the H2O2 emission rate from site IF and
their interaction was significant (F2,30 = 10.7, p = 0.0003). Cd at 1 and 20 μM induced
significantly higher rates of H2O2 emission compared with the respective controls at 23
and 30 °C. For site IIF, Cd (F2,30 = 23.2, p < 0.0001) and temperature (F1,30 = 34.2,
p < 0.0001) significantly altered the H2O2 emission rate but their interaction was not
significant (F2,30 = 0.79, p = 0.46) (Fig. 2.7). Importantly, the H2O2 emission pattern of
site IIF was similar to that evoked by succinate without inhibitors. Although Cd at the
two concentrations tested evoked higher H2O2 emission rates from site IIF at 30 °C
compared with 23 °C, the percentage increase relative to the respective Cd-unexposed
control was higher at 23 °C. For site IIIQo (Fig. 2.8), temperature (F1,30 = 174 p < 0.0001)
and Cd (F2,30 = 121, p < 0.0001) significantly altered the H2O2 emission rate but their
interaction was not significant (F2,30 = 2.83, p = 0.07). Here, Cd at 1 μM led to higher
H2O2 emission rate at 23 °C compared with 30 °C, while for 20 μM it either did not
significantly alter the emission rate (23 °C) or reduced it (30 °C) relative to the
respective control.
Next the contribution of RET to the biphasic H2O2 emission response caused by Cd in
mitochondria oxidizing succinate was assessed by quantifying the rotenone-sensitive
component of H2O2 emission from site IQ. Here, both temperature (F1,30 = 8.68
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p = 0.006) and Cd (F2,30 = 14.8, p < 0.0001) increased the H2O2 emission rates due to
RET without a significant interaction (F2,30 = 3.00, p = 0.07) (Fig. 2.9). Notably, 1 μM Cd
increased the rate of H2O2 emission due to RET compared with the control while at
30 °C RET-dependent emission was not different from the control. In contrast, 20 μM
Cd did not alter RET-dependent H2O2 emission compared with the controls at both 23
and 30 °C.
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Figure 2.6. Effect of Cd and temperature on H2O2 emission from site IF. A: Emission
rates; B: Experimental conditions for sequestration of site IF. Data are means ± SEM, n =
6, bars with different letter are statistically different from each other, one-way ANOVA,
HSD post hoc test, p < 0.05.
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Figure 2.7. Effect of Cd and temperature on H2O2 emission from site IIF. A: Emission
rates; B: Experimental conditions for sequestration of site IIF. Data are means ± SEM, n
= 6, bars with different letters are statistically different from each other, one-way

ANOVA, HSD post hoc test, p < 0.05.
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Figure 2.8. Effect of Cd and temperature on H2O2 emission from site IIIQo. A: Emission
rates; B: Experimental conditions for sequestration of site IIIQo. Data are means ± SEM,
n = 6, bars with different letters are statistically different from each other, one-way
ANOVA, HSD post hoc test, p < 0.05.
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Figure 2.9. Effect of Cd and temperature on the H2O2 emission from site IQ. A: Emission
rates; B: Experimental conditions for sequestration of site IQ. Data are means ± SEM, n
= 6, bars with different letters are statistically different from each other, one-way
ANOVA, HSD post hoc test, p < 0.05.
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2.4.1.4 Combined effects of cadmium and temperature
In mitochondria oxidizing glutamate-malate or succinate alone, combined temperature
rise and Cd exposure did not alter the rates of H2O2 emission relative to Cd alone (Fig.
2.5). When the NADH/NAD+ isopotential pool was isolated with rotenone, temperature
rise combined with low (1 μM) Cd did not alter the H2O2 emission rate; however, when
combined with high (20 μM) Cd concentration, the rate of H2O2 emission increased
relative to Cd alone. For H2O2 emission rates by isolated QH2/Q isopotential pool,
temperature rise did not alter the effects evoked by both low and high concentrations
of Cd; however, there was a strong inhibitory tendency (HSD test, p = 0.054) in the
temperature rise-high Cd combination.
For the individual sites (Fig. 2.6, Fig. 2.7, Fig. 2.8, Fig. 2.9), temperature rise enhanced
H2O2 emission rates from sites IF and IIIQo when combined with either low or high Cd
concentration. In contrast, combined temperature rise and Cd exposure did not alter
site IIF H2O2 emission rate relative to Cd exposure (low or high) alone although there
was a stimulatory trend for the high Cd concentration (HSD test, p = 0.051). Lastly,
temperature rise combined with low Cd concentration inhibited site IQ H2O2 emission
rate but did not have added effect when combined with high Cd concentration.
2.4.2 Mitochondrial H2O2 consumption
The mitochondria consumed exogenous H2O2 by a first order reaction (Fig. 2.10), with
t½ (s) and rate constants (× 10−3 s−1) ranging from 132.7 to 187.3 (Table 2.1) and 3.84–
5.45 (Table 2.2), respectively. Overall, temperature (F1,60 = 2.15, p = 0.15) and Cd
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exposure (F5,60 = 1.30, p = 0.28) did not affect the H2O2 consumption t1/2 nor was their
interaction (F5,60 = 0.17, p = 0.97) significant (Table 2.1). Similarly, temperature
(F1,60 = 1.46, p = 0.23) and Cd (F5,60 = 1.62, p = 0.16) did not alter the H2O2 consumption
rate constants nor was there a significant interaction between the two factors
(F5,60 = 0.31, p = 0.90) (Table 2.2).
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GM 23 °C

GM 30 °C

Figure 2.10. Effect of Cd and temperature on H2O2 consumption. A: Glutamate-malate
23 °C; B: Succinate 23 °C; C: Glutamate-malate 30 °C; D: Succinate 30 °C. GM:
glutamate-malate; SUC: succinate. Cd, energization and temperature did not alter the
rate of H2O2 consumption. Data are means ± SEM, n = 6, 3-way ANOVA, HSD post
hoc test, p < 0.05.
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Table 2.1. Effect of temperature, bioenergetic status and Cd on mitochondrial H 2O2
consumption half-life (t1/2) in seconds.
t1/2

t1/2

Group

Cd

mean

se

GM 23 oC

0 µM

149.2

17.17

1 µM

146.2

20 µM
GM 30 oC

Group

Cd

mean

se

SUC 23 oC

0 µM

165.7

12.97

14.49

1 µM

161.8

12.47

132.7

12.76

20 µM

160.5

18.78

0 µM

149.5

18.52

0 µM

187.3

14.29

1 µM

153.4

15.35

1 µM

176.2

17.33

20 µM

158.4

14.65

20 µM

171.8

19.09

SUC 30 oC

MG: glutamate-malate; SUC: succinate; se: standard error. Data are means ± SEM, n =
6, 3-way ANOVA, HSD post hoc test, p < 0.05.
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Table 2.2. Effect of temperature, bioenergetic status and Cd on mitochondrial H 2O2
consumption rate constants.
Rate constant (× 10-3 s-1)

Rate constant (× 10-3 s-1)

Group

Cd

mean

Se

GM 23 oC

0 µM

4.94

0.44

1 µM

4.98

20 µM
GM 30 oC

Group

mean

se

0 µM

4.32

0.30

0.51

1 µM

4.40

0.31

5.45

0.48

20 µM

4.57

0.44

0 µM

5.16

0.74

0 µM

3.84

0.31

1 µM

4.75

0.48

1 µM

4.13

0.41

20 µM

4.57

0.42

20 µM

4.30

0.48

SUC 23 oC

SUC 30 oC

Cd

MG: glutamate-malate; SUC: succinate. Data are means ± SEM, n = 6, 3-way ANOVA,
HSD post hoc test, p < 0.05.
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2.5 Discussion
2.5.1 Rainbow trout liver mitochondrial H2O2 emission is sensitive to changes in
bioenergetics, temperature stress and Cd exposure
Freshly isolated rainbow trout liver mitochondria emitted H2O2 at measurable rates
driven by oxidation of endogenous substrates. Energization of the mitochondria with
glutamate-malate or succinate increased the rates of H2O2 emission indicating that
increased availability/oxidation of substrates is associated with more leakage of
electrons delivered to the ETS to partially reduce oxygen. When glutamate and malate
are used as substrates, malate is oxidized by malate dehydrogenase (MDH) to generate
NADH and oxaloacetate. Glutamate on the other hand facilitates transamination of the
oxaloacetate to aspartate and 2-oxoglutarate but is also oxidized by glutamate
dehydrogenase (GDH) to 2-oxoglutarate. The generated NADH feeds complex I with
electrons that are subsequently transferred down the thermodynamic gradient to the
Q pool and then to complex III, ultimately to complex IV where they reduce molecular
oxygen to water. Because MDH and GDH do not produce measurable O2•¯/H2O2 (Brand,
2016), ROS emission in glutamate-malate-energized mitochondria occur from sites
within OGDHC and complex I or III (Quinlan et al., 2013a; Brand, 2016). Notably, under
these conditions complex II does not contribute to ROS production because it is
inhibited by oxaloacetate or malate (Quinlan et al., 2012). In contrast, succinate
oxidation to fumarate generates FADH2 which feeds electrons to the Q pool via
complex II. Here, in addition to ROS generation associated with forward electron
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transfer to sites in complex III, RET induces ROS production from complex I (Tahara et
al., 2009; Quinlan et al., 2012, 2013a; Brand, 2016; Young et al., 2019). Succinate has
been shown to induce higher rates of ROS production than glutamate-malate (Liu et al.,
2013; Quinlan et al., 2013a; Banh et al., 2016; Wong et al., 2019). This high rate of ROS
production is attributed to RET because it is highly sensitive to the classic site
IQ inhibitor, rotenone (Lambert and Brand, 2004; Quinlan et al., 2013a). In this study,
the rates of ROS emission in the absence of Cd exposure (without and with rotenone)
were similar for glutamate-malate- and succinate-energized mitochondria. This
departure from the expected pattern of ROS emission likely results from differences in
animal species and tissue used as source of mitochondria (Tahara et al., 2009; Slade et
al., 2017; Young et al., 2019).
When the mitochondria were exposed to Cd, glutamate-malate consistently caused
higher H2O2 emission rates than succinate (Fig. 2.3, Fig. 2.5). Because Cd is not a redoxactive metal, it is thought to induce ROS indirectly via mechanisms that disrupt redox
homeostasis including inhibition of the ETS, displacement of redox-active metals in
metalloproteins, inhibition of antioxidant enzymes, and depletion of antioxidant
molecules (Cuypers et al., 2010). Here, it appears that in mitochondria oxidizing
glutamate-malate, Cd at high concentrations blocks electron transfer but leaves some
donor sites proximal to the point(s) of inhibition unaffected, at which accumulation and
increased leakage of electrons to form ROS occur. Consistent with this idea, Cd has
been shown to inhibit respiration supported by complexes I and III in rainbow trout
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liver mitochondria (Adiele et al., 2012; Onukwufor et al., 2014 and 2015), and in
mitochondria from other species/organs (Wang et al., 2004; Ivanina et al.,
2008a; Belyaeva et al., 2012). Moreover, direct inhibition of activities of enzymes of the
ETS and Krebs cycle by Cd has been reported (Wang et al., 2004; Ivanina et al.,
2008a; Onukwufor et al., 2014). Because Cd inhibits both complex I and III, the
expectation is that the increased H2O2 emission in glutamate-malate-energized
mitochondria occurs at sites within and/or proximal to complex I. However, complex III
cannot be ruled out because it is reportedly more sensitive to Cd than complex I (Wang
et al., 2004; Ivanina et al., 2008a). Here, it is suggested that Cd blocks electron transfer
between semiquinone and cytochrome b566 (Wang et al., 2004) resulting in
semiubiquinone accumulation with ROS emission from site IIIQo. Interestingly, the
glutamate-malate rate of H2O2 emission plateaued at a relatively low level of Cd (5 μM)
(Fig. 2.3) suggesting that the sites that drive the H2O2 emission are few and/or of low
capacity or limited accessibility to Cd. It is also possible that the interplay between
consequences of ETS inhibition by Cd which promotes ROS emission but increases
proton leak thus attenuating ROS emission (Onukwufor et al., 2014; Cheng et al., 2017)
contributed to the observed H2O2 emission profile in glutamate-malate energized
mitochondria. For mitochondria oxidizing succinate, the decrease in H2O2 emission at
high Cd concentration suggests oxidation of electron donor sites in the QH 2/Q
isopotential pool which would be expected if electron transfer is impaired proximally in
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complex II. Consistent with this notion, complex II is highly susceptible to inhibition by
Cd (Jay et al., 1991; Wang et al., 2004; Ivanina et al., 2008a; Adiele et al., 2012).
Contrasting the disparate substrate-dependent effects of high Cd concentration, low
concentration (1 μM) of the cation stimulated H2O2 emission in both glutamate-malateand succinate-energized mitochondria. Because this low Cd concentration does not
inhibit respiration in our model system (Onukwufor et al., 2014), the underlying
mechanisms are unknown. Potential mechanisms could be common or specific for the
two isopotential groups of electron donor sites. Among the possible common
mechanisms is that the low concentration of Cd stimulated enzymes of substrate
oxidation (Krebs cycle dehydrogenases) and/or the ETS thus increasing electron supply
and reduction state of the ETS which increases ROS production (Brand, 2016). In this
regard, low concentrations of Cd stimulated complex I-driven respiration (Adiele et al.,
2012). The idea that low levels of Cd can stimulate mitochondrial activity is grounded in
the fact that Cd2+ is a Ca2+ mimic (Bridges and Zalups, 2005) and the latter is known to
stimulate mitochondrial dehydrogenases resulting in increased substrate oxidation and
NADH/FADH2 production (Denton, 2009). Leakage of electrons derived from the
NADH/FADH2 during their subsequent transfer along the ETS would then drive ROS
emission from sites within the NADH/NAD+ and QH2/Q groups of enzymes.
Alternatively, due to its high affinity for sulfur compounds (Helbig et al., 2008), Cd
might bind to thiols and displace Fe2+ from Fe-S clusters within subunits of complex I
and II disrupting their conformation and electron flow. Because Fe-S clusters are distal
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to the flavin site of either complex, increased H2O2 emission would occur from sites IF,
IIF or Krebs cycle dehydrogenases.
Among the isopotential group-specific mechanisms is that for glutamate-malate-driven
H2O2 emission, Cd at low concentration promotes the conversion of de-active (D)-form
of complex I to the active (A)-form, which increases respiration and protect the enzyme
against deleterious effects of hypoxia-reoxygenation (Onukwufor et al., 2017). A
greater proportion of complex I A-form would promote electron transfer from NADH
with increased reduction state of the ETS and increased ROS production. Moreover,
conversion of complex I to A form attenuates proton leak, which favors ROS emission.
For succinate-supported H2O2 emission, it is possible that low concentrations of Cd
acted in a manner similar to several anticancer drugs and cytokines that were found to
inhibit succinate:ubiquinone oxidoreductase activity of complex II without affecting the
succinate dehydrogenase activity of the complex (Lemarie et al., 2011). Analogous to
my findings, stimulation of H2O2 emission was reported in microglia mitochondria
energized with succinate following exposure to manganese at concentrations that did
not alter respiration (Liu et al., 2013). Taken together, this study unveiled Cd
concentration- and substrate-dependent mitochondrial H2O2 emission responses.
Notably, the biphasic H2O2 emission response to Cd exposure observed with succinate
is comparable to the non-monotonic responses reported for state 4 respiration under
hypoxic conditions (Onukwufor et al., 2014) and cell proliferation (Jiang et al., 2009).
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This suggests a stimulatory, perhaps even beneficial depending on context
(e.g., Onukwufor et al., 2014), effect of low concentrations of Cd in biological systems.
Next the idea that the substrate- and Cd concentration-dependent H2O2 emission
profiles observed were due to differential effects of Cd on NADH/NAD + and QH2/Q
isopotential pools was probed. Here, H2O2 emission was quantified in mitochondria
energized with glutamate-malate or succinate with and without rotenone exposed to
Cd. Rotenone blocks site IQ thus separating ROS emission by NADH/NAD+ and QH2/Q
isopotential sites from each other. Moreover, the ensuing backup of electrons results in
a highly reduced NADH/NAD+ pool with increased ROS emission from sites proximal to
site IQ (Quinlan et al., 2013a, 2014; Banh et al., 2016; Brand, 2016; Robb et al., 2018). It
was found that the effects of low and high concentrations of Cd on H2O2 emission from
NADH/NAD+ isopotential pool were similar to the effect evoked by Cd in mitochondria
oxidizing glutamate-malate (without rotenone). This suggests that the saturable graded
Cd concentration-H2O2 emission profile observed is due to effects of Cd on electron
donor sites within the NADH/NAD+ isopotential pool. Similarly, the finding that
H2O2 emission pattern of isolated QH2/Q isopotential pool mirrored that evoked by
succinate without rotenone denotes that the biphasic effect of Cd on ROS emission is
due to the effects of the metal on donor sites in the QH2/Q isopotential pool.
Accordingly, we inferred that the stimulatory effect of high concentrations of Cd on
ROS emission stems from NADH/NAD+ isopotential pool while the inhibitory effect
originates from the QH2/Q isopotential pool.
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The use of rotenone did not resolve the source of the stimulatory effect of low
concentration of Cd nor the actual sites of ROS emission. Therefore, we explored the
sites responsible for the substrate- and concentration-dependent effects of Cd on
H2O2 emission. Specific electron donor sites were sequestered with inhibitors (Brand,
2016) and then mitochondria were exposed to low (1 μM) and high (20 μM)
concentrations of Cd. First, we found that H2O2 emission from site IF mirrored the
emission response in mitochondria energized with glutamate-malate without and with
rotenone, suggesting that the saturable graded Cd concentration-response profile is
driven by site IF. This is not surprising because in this study, rotenone did not alter ROS
emission in Cd-exposed mitochondria. Here, the expectation was that matrix
dehydrogenases, specifically OGDHC, would be responsible for most of the ROS
production when site IQ is inhibited because, in the absence of Cd, site IF is deemed not
to have capacity for high rates of ROS production (Quinlan et al., 2014; Brand, 2016). In
this study, the potential contribution of OGDHC was inhibited with ATP and aspartate
(Brand, 2016), while complex III was concurrently excluded with rotenone. Therefore,
our data suggest that Cd acts at a location between site IF and IQ, possibly by binding to
thiols in the Fe-S clusters. Second, the H2O2 emission patterns of sites IQ (RET), IIF and
IIIQo were similar to the patterns evoked by succinate without and with rotenone.
Based on this similarity, we concluded that the biphasic Cd concentration-ROS emission
response primarily originates from site IIF but is modified at sites IQ and IIIQo. This is
because electrons derived from succinate oxidation initially pass via site II F before
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entering other redox centers in the QH2/Q isopotential pool to evoke ROS production
either by forward electron transfer in complex III or RET in site IQ. Accordingly, the
biphasic signature of Cd on electron flow/H2O2 emission in site IIF likely dictated the
ROS emission profiles by sites IQ and IIIQo that are downstream. This idea is, at least in
part, supported by the clearly different effect of Cd on H2O2 emission in mitochondria
energized with glutamate-malate, which is not influenced by site IIF (Quinlan et al.,
2013a).
Temperature fluctuation is an important stressor for ectotherms such as fishes whose
body temperature varies with that of their environment. Despite the increasing
importance of thermal stress due to global warming, our understanding of how
temperature affects ROS metabolism in fish remains scant. In the present study,
temperature increased the rates of mitochondrial H2O2 emission consistent with
previous reports in fish (Iftikar and Hickey, 2013; Chung and Schulte, 2015; Banh et al.,
2016; Wiens et al., 2017). However, the Q10 values were low and overall, not altered by
the treatments tested in this study, indicating low temperature sensitivity for
H2O2 emission. An additional potential cause of the low Q10 values is that the
temperature shift tested was at the edge of the upper limit for rainbow trout (Rodgers
and Griffiths, 1983; Currie et al., 1998) and proteins/membranes may not have been
functioning optimally.
Lastly, combined temperature rise and Cd exposure enhanced the rates of
H2O2 emission except in site IQ for temperature plus low Cd concentration where
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reduced emission was observed. The enhanced ROS emission possibly resulted from
the interplay between increased electron supply and Cd accumulation (both are effects
of temperature rise) and inhibition of the ETS (Cd effect) (Sokolova, 2004; Lopez et al.,
2006; Cherkasov et al., 2007; Onukwufor et al., 2016). Alternatively, temperature rise
stimulates proton leak (Onukwufor et al., 2015; Abele et al., 2002; Zukiene et al., 2010),
which typically reduces ROS production (Jastroch et al., 2010; Brand, 2016) but in the
presence of high Cd concentration the ETS would be inhibited resulting in increased or
reduced ROS emission depending on the point of entry of electrons to the ETS. For site
IQ, the inhibitory effect of low Cd concentration on H2O2 emission and the near
abolition of H2O2 emission by high Cd concentration suggest severe impairment of
complex II function when the stressors were combined. Because complex II is reported
to be the most sensitive ETS enzyme to Cd (Wang et al., 2004; Ivanina et al.,
2008a; Adiele et al., 2012), severe impact is a reasonable supposition when high Cd
concentration was combined with a temperature at the edge of the critical thermal
maxima (29.8 °C) for rainbow trout (Currie et al., 1998).
2.5.2 Rainbow trout liver mitochondrial H2O2 consumption is not responsive to
changes in bioenergetics, temperature stress and Cd exposure
Although numerous studies have focused on aspects of the mitochondrial/cellular
antioxidant defense system (Halliwell and Gutteridge, 2007; Abele et al.,
2012; Tomanek, 2015), direct measurements of mitochondrial H2O2 consumption as an
integral process and assessment of how it responds to stressors had not been done
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prior to this study. We found that mitochondria consumed exogenous H2O2 by first
order reaction consistent with previous reports (Radi et al., 1991; Starkov et al.,
2014; Treberg et al., 2015; Kamunde et al., 2018). Moreover, H2O2 consumption by
rainbow trout liver mitochondria was not affected by bioenergetic status because
catalase, an energy-independent enzyme (does not require reducing equivalents from
NADPH for activity), is the dominant ROS scavenging mechanism (Kamunde et al.,
2018).
Surprisingly, Cd at concentrations that stimulate or inhibit H2O2 production did not
alter the kinetics of H2O2 consumption. ROS consumption rates potentially can be
influenced by concurrent ROS production, activities of antioxidant enzymes or levels of
antioxidant molecules, and availability of reducing equivalents (NADPH). This study
unveiled increased (glutamate-malate) and reduced (succinate) H2O2 emission rates
upon exposure of mitochondria to Cd yet the H2O2 consumption kinetics/rates
remained unchanged. This suggests that the changes in H2O2 production were not
sufficient to alter the total amount of H2O2 because in our assay, an increase in the
amount of H2O2 in the medium would reflect as reduced consumption first order rate
constant (or increased t½). While it would be interesting to relate the rates of emission
with the “rates of consumption” of H2O2 under my test conditions, consumption is a
first order reaction (Fig. 2.10 and Table 1, Table 2) that depends on substrate (H2O2)
concentration (Starkov et al., 2014; Kamunde et al., 2018) and therefore cannot be
accurately expressed as pmol/min/mg protein to allow the comparison to be done.
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Second, Cd either increases or decreases activities of antioxidant enzymes and
antioxidant molecules (Cuypers et al., 2010; Jomova and Valko, 2011). While
activities/levels of components of the antioxidant defense system were not quantified,
they likely changed in our study but apparently not sufficiently to impact
H2O2 consumption kinetics. Third, NADPH levels increase with increased availability and
oxidation of metabolic substrates (Singh et al., 2008; Adler et al., 2014; Ciccarese and
Ciminale, 2017; Munro and Treberg, 2017) and would be expected to decrease on Cd
exposure due to impairment of substrate oxidation (Miccadei and Floridi, 1993; Wang
et al., 2004; Ivanina et al., 2008a; Adiele et al., 2012; Onukwufor et al., 2014) yet the
H2O2 consumption rate did not change. Moreover, glutathione, regarded as the first
line of defense against Cd toxicity and ROS (Singhal et al., 1987; Nemmiche, 2017),
exists at high concentrations in mitochondria (up to 14 mM) and requires severe
depletion for glutathione-dependent H2O2 scavenging enzymes to be impacted
(Andreyev et al., 2005). All of these observations lend support to the hypothesis that
there is excess antioxidant capacity in rainbow trout liver mitochondria (Kamunde et
al., 2018). Importantly, because the dominant antioxidant enzyme in rainbow trout
liver mitochondria is catalase (Kamunde et al., 2018), H2O2 consumption was not only
unresponsive to Cd exposure but also to changes in bioenergetic status. Lastly, a
dominant role of non-enzymatic molecules in ROS defense might also contribute to
unresponsiveness of the H2O2 consumption to stressors.
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Several previous studies have investigated effect of temperature change on activities of
antioxidant enzymes and levels of antioxidant molecules (Abele et al., 2002; Heise et
al., 2003; Keller et al., 2004; Leggatt et al., 2007; Tomanek, 2015; Banh et al., 2016) but
they do not reveal how ROS consumption as an integral process responds. To the best
of our knowledge this is the first study to assess the effect of temperature on kinetics
of mitochondrial ROS consumption. We found that unlike production,
H2O2 consumption was unresponsive to temperature elevation. Apparently, rainbow
trout liver mitochondria effectively scavenged increased H2O2 levels induced by
temperature elevation (and Cd exposure) without altering the rate of
H2O2 consumption indicating absence of a linkage between the ROS production and
removal mechanisms. Similarly, Banh et al. (2016) found no correlation between
H2O2 production and glutathione levels or activities of reductases that support
peroxidases of the antioxidant defense system. Taken together, the absence of changes
in rates of H2O2 consumption following exposure to Cd and temperature stress indicate
that rainbow trout liver mitochondria contain a robust ROS scavenging system capable
of effectively maintaining H2O2 balance in the face of altered rates of production.
This study demonstrated that rainbow trout liver mitochondria H2O2 production
machinery is highly responsive to changes in bioenergetics and ambient environmental
conditions suggesting it is tailored for sensing and fine-tuning redox status. Cd
appeared to act at multiple sites and induced a saturable graded H2O2 emission profile
driven primarily by site IF in mitochondria oxidizing glutamate-malate while succinate85

oxidizing mitochondria exhibited a dose-dependent biphasic H2O2 emission pattern
attributed primarily to site IIF. The biphasic H2O2 response in succinate-energized
mitochondria suggests that complex II of the ETS can regulate H2O2 levels by
suppressing or enhancing production depending on the prevailing redox conditions. In
contrast, H2O2 consumption is resistant to change suggesting that it is driven by a
robust system with excess ROS scavenging capacity designed to prevent redox
perturbations at high levels of ROS. This robust ROS consumption system may allow
maintenance of ROS homeostasis in hepatocytes which likely experience large changes
in ROS levels due to variable metabolic and detoxification activities.
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CHAPTER 3

FACTORS AFFECTING LIVER MITOCHONDRIAL HYDROGEN PEROXIDE EMISSION
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3.1 ABSTRACT
Mitochondria are key cellular sources of ROS and contain up to 12 sites on multiple
enzymes that convert O2 to O2•¯ or H2O2. Quantitation of site-specific ROS emission is
critical to understand the relative contribution of different sites and the
pathophysiologic importance of mitochondrial ROS. However, factors that affect
mitochondrial ROS emission are not well understood. In this study factors that affect
maximal total and site-specific H2O2 emission in rainbow trout liver mitochondria
energized with standard substrates were characterized and optimized. Moreover, the
source of the high H2O2 emission in unenergized rainbow trout liver mitochondria was
probed. We found that maximal mitochondrial H2O2 emission capacity depends on the
substrate being oxidized, mitochondrial protein concentration in the assay, and
composition of the detection system. Contrary to the expectation, addition of
exogenous SOD reduced H2O2 emission. Titration of conventional mitochondrial
electron transfer inhibitors over a range of conditions revealed that one size does not
fit all; inhibitor concentrations evoking maximal responses varied with substrate and
were moderated by the presence of other inhibitors. Notably, H2O2 emission in
unenergized rainbow trout liver mitochondria was suppressed by GKT136901
suggesting that it is associated with NOX4 activity. We conclude that optimization of
assay conditions is critical for quantitation of maximal H2O2 emission and would
facilitate more valid comparisons of mitochondrial total and site-specific H2O2 emission
capacities between studies, tissues, and species.
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3.2 INTRODUCTION
Mitochondria are sources and consumers of ROS in cells (Starkov, 2010; Brown and
Borutaite, 2012; Andreyev et al., 2015; Munro and Treberg, 2017). The O 2˙¯ and H2O2
are the primary ROS produced by up to 12 different sites on enzymes of the
mitochondrial ETS and substrate oxidation (Brand, 2016; Sies et al., 2017; Mailloux,
2020). O2˙¯ is moderately reactive, non-membrane permeant and is dismutated
spontaneously or enzymatically in the mitochondrial matrix and intermembrane space
to H2O2 by Mn and Cu-Zn superoxide dismutases, respectively (Zorov et al., 2014;
Andreyev et al., 2015; Mailloux, 2015). Compared with O2˙¯, the quantitation of
mitochondrial H2O2 release is easier and more definitive (Murphy, 2009; Starkov, 2010;
Andreyev et al., 2015) because H2O2 is less reactive, has a longer half-life, and is
membrane-permeant (Quinlan et al., 2013a). Numerous studies have investigated
mitochondrial and extra-mitochondrial ROS production from cells of different tissues
and animal species and have revealed the role of ROS in cellular physiological and
pathological signaling pathways (Thannickal and Fanburg, 2000; D’Autréaux et al.,
2007; Starkov, 2010; Schieber and Chandel, 2014; Forrester et al., 2018). However,
much of our current understanding of mitochondrial ROS metabolism is based primarily
on mammalian mitochondria, with limited information from other classes of animals
including fish. Mitochondria are at the core of responses to environmental cues (Eisner
et al., 2018; Manoli et al., 2018) and a better understanding of their function would be
useful in detecting, quantifying and mitigating effects of environmental change.
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Isolated mitochondria are an indispensable model for investigating ROS metabolism
(Murphy, 2009; Munro and Treberg, 2017) and exhibit high signal resolution allowing
determination of where and how ROS are produced (Stefanatos and Sanz, 2018).
Characterization and quantification of mitochondrial site-specific rates of ROS emission
are essential in understanding the role of mitochondrial ROS in cellular processes
(Andreyev et al., 2015; Quinlan et al., 2013a). Typically, site-specific inhibitors or
genetic manipulation are used to interrogate mitochondrial site-specific ROS
production. However, these approaches modify electron flux and energy metabolism
thereby altering ROS production (Andreyev et al., 2015; Brand et al., 2016; Stefanatos
and Sanz, 2018). To address the shortcomings of current pharmacological inhibitors,
suppressors of site IQ electron leak (S1QELs) and suppressors of site IIIQo electron leak
(S3QELs) have been identified. These compounds allow the manipulation and
quantitation of site-specific ROS production without impairing mitochondrial
physiology (Orr et al., 2015; Brand et al., 2016; Wong et al., 2017; Wong et al., 2019;
Brand, 2020; Fang et al., 2020; Goncalves et al., 2020) but have only been tested with
mammalian tissue mitochondria. Moreover, off-target effects and increased ROS
emission due to inhibitory effect of high concentrations of these suppressors of
electron leak (Wong et al., 2019; Goncalves et al., 2020) necessitates optimization of
their assay concentrations for accurate measurement of maximal H2O2 emission.
ROS production in liver mitochondria was reported to vary by up to 26-fold in juvenile
brown trout under identical conditions due to individual differences in antioxidant
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capacities and rates of oxidant production (Salin et al., 2015). As regulators of ROS
homeostasis, mitochondria are more poised to scavenge than emit ROS (Munro and
Treberg, 2017; Kamunde et al., 2018; Munro and Pamenter, 2019). The capacity of
mitochondrial antioxidant systems including glutathione- and thioredoxin-dependent
peroxidases, and catalase differ between tissues (Marí et al., 2009; Kamunde et al.,
2018; Mailloux, 2018), and increase as the mitochondria protein concentration in the
assay increases (Isei and Kamunde, 2020). In addition to the concentration of inhibitors
and mitochondrial protein, the composition of the detection and quantification system,
substrate type and concentration, and substrate-inhibitor combinations affect ROS
production rates and/or detection efficiency (Batandier et al., 2002; Saborido et al.,
2005; Quinlan et al., 2013a; Isei and Kamunde, 2020). While there are many probes for
ROS detection, mitochondrial H2O2 release is commonly measured fluorometrically
using Amplex Red (AR) and its more stable derivative AUR in an HRP-catalysed reaction
(Murphy, 2009; Quinlan et al., 2013a; Dikalov and Harrison, 2014; Starkov, 2014). For
accuracy and to avoid artefactual fluorescence signals, the AUR-HRP detection
system must be properly optimized for the assay condition (Dikalov et al., 2007;
Andreyev et al., 2015). Moreover, measurement of mitochondrial site-specific ROS
emission involves the use of different substrate-inhibitor combinations that must be
optimized to obtain maximal rates of ROS emission. Lastly, liver mitochondria have
been found to emit large amounts of H2O2 independent of substrate/energization
(Miwa et al., 2016; Okoye et al., 2019) but this ROS is typically never accounted for.
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While in rat the H2O2 released by unenergized liver mitochondria has been attributed
to HRP-independent conversion of AUR to the Amplex UltroxRed by carboxylesterase
(CES) (Miwa et al., 2016), another potential source of energy-independent H2O2
production is NADPH oxidases (NOX1, NOX2, and NOX4) that are found in the liver
(Dikalov, 2011; Lan et al., 2015; Liang et al., 2016), with NOX4 being localized to the
inner mitochondria membrane (Wong et al., 2019). Moreover, mitochondria isolated
by differential centrifugation can be contaminated with other cellular constituents
including the endoplasmic reticulum and plasma membrane fragments that contain
NOX.
The aim of the present study was to characterize the assay and biological factors that
affect ROS emission and quantitation in liver mitochondria. Although several studies
have quantified mitochondrial total and site-specific ROS emission (St-Pierre, et al.,
2002; Tahara et al., 2009; Orr et al., 2012; Quinlan et al., 2013a; Quinlan et al., 2013b;
Perevoshchikova et al., 2013) most of them focused on mammalian muscle
mitochondria with only a handful on fish mitochondria (Salin et al., 2015; Okoye et al.,
2019; Isei and Kamunde, 2020; Okoye et al., 2021a). Here, we first identified and
optimized conditions that affect maximal ROS emission capacity in rainbow trout liver
mitochondria oxidizing different substrates. Thereafter, we tested the hypotheses that
(i) site-specific ROS emission capacities in liver mitochondria are similar irrespective of
substrate-inhibitor combinations and (ii), inhibitor concentrations for maximal sitespecific ROS emission are similar under all assay conditions. Lastly, for more accurate
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quantification of ROS efflux specific to sites on enzymes of the ETS and substrate
oxidation, we probed the source of the high rate of H2O2 emission typically measured in
unenergized liver mitochondria (Miwa et al., 2016; Okoye et al., 2019). Here, we
hypothesize that H2O2 emission in unenergized rainbow trout liver mitochondria results
from CES-catalysed oxidation of AUR to Amplex UltroxRed and H2O2 generated by NOX
directly or via dismutation of NOX-derived O2˙¯.
3.3 MATERIALS AND METHODS
3.3.1 Animals
Juvenile rainbow trout (O. mykiss) sourced from Ocean Trout Farms, Brookvale, PE,
Canada, were kept in 250-l tanks supplied with aerated flow-through well-water
maintained at 11±1 °C and a pH of 7.7 in the Aquatic Facility at the Atlantic Veterinary
College. The fish were fed 1% of their body weight daily with trout chow (Corey Feed
Mills, Fredericton, NB, Canada). The study and all the experimental procedures were
approved by the University of Prince Edward Island Animal Care Committee and were
consistent with the Canadian Council on Animal Care Guidelines (protocol # 17-036).
3.3.2 Chemicals and reagents
AUR and KH2PO4 were from ThermoFisher (Waltham, MA, USA). EGTA, L-malic acid,
malonic acid, KCl, and sucrose were from VWR Chemicals (Radnor, PA, USA). Tris-HCl
was from EMD Chemicals Inc. (Gibbstown, NJ, USA). ADP, antimycin A, aprotinin, 1chloro-2,4-dinitrobenzene (CDNB), DMSO, BSA, H2O2, HRP, L-carnitine hydrochloride, Lglutamic acid, L-succinic acid, myxothiazol, NOX inhibitor (GKT136901), palmitoyl-DL93

carnitine chloride, PMSF, rotenone, S1QEL1.1, S3QEL2, SOD (as Cu/Zn-SOD from bovine
erythrocytes) and Triton X-100 were from Sigma-Aldrich Corp. (St. Louis, MO, USA).
3.3.3 Liver mitochondrial isolation
Fish liver mitochondria isolation was by differential centrifugation (Okoye et al., 2019).
Briefly, the fish (~240 g) were sacrificed by decapitation following stunning by a
cephalic blow. The liver was immediately exsected and rinsed with ice-cold
mitochondrial isolation buffer (MIB: 250 mM sucrose, 10 mM Tris-HCl, 10 mM KH2PO4,
0.5 mM EGTA, 1 mg/ml BSA [fatty acid free], 2 μg/ml aprotinin, pH 7.3), dried and
weighed. Working on ice, the liver was minced and homogenized in a 1:3 (weight to
volume) ratio of tissue to MIB in a 7.5-ml Potter-Elvehjem homogenizer (Cole Parmer,
Anjou, QC) with a Teflon pestle mounted on a hand-held drill (MAS 2BB, Mastercraft
Canada, Toronto) at 200 rpm. The homogenate was transferred into 1.5-ml centrifuge
tubes and centrifuged at 800 g for 15 min. The resulting supernatant containing the
mitochondrial fraction was harvested and centrifuged at 13,000 g for 10 min. The
supernatant was decanted, and the mitochondrial pellet was washed 3 times by resuspending in MIB and centrifuging at 11,000 g for 10 min. The final mitochondrial
pellet was resuspended in a 1:3 (weight to volume) ratio of mitochondrial respiration
buffer, MRB (10 mM Tris-HCl, 25 mM KH2PO4, 100 mM KCl, 1 mg/ml BSA (fatty acid
free), 2 μg/ml aprotinin, pH 7.3). The homogenization and resuspension procedures
were done on ice, while centrifugations were at 4 oC. The protein concentration of the
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mitochondrial suspension was determined by the method of Bradford (1976) after lysis
with 0.02% Triton X-100.
3.3.4 Detection system for mitochondrial H2O2 emission
Mitochondrial ROS emission was measured fluorometrically as H2O2 using the AUR-HRP
detection system in which non-fluorescent AUR is oxidized to the fluorophore Amplex
UltroxRed (similar to resorufin) by H2O2 released by the mitochondria in a reaction
catalyzed by HRP. Here, into the microplate wells (200 μl assay volume), HRP,
substrates, and modulators of ROS production were added followed by the
mitochondrial suspension and lastly AUR. The fluorescence (excitation λ = 530 nm;
emission λ = 590 nm) was monitored for 30 min using a microplate fluorescence reader
(SynergyTM HT BioTek, Winooski, VT) with reads at 90 s intervals at 23 °C. Background
fluorescence produced in blank wells containing MRB only was subtracted from all
fluorescence readings of samples/standards. Linear equations derived from standard
curves with known H2O2 concentration generated concurrently were used to convert
fluorescence intensities to pmol of H2O2.
3.3.5 Assessing factors affecting the efficiency and efficacy of the H 2O2 emission
detection system
To determine the optimal conditions for H2O2 quantification, the rates of H2O2 emission
were measured for graded concentrations of mitochondrial protein energized with 2
mM succinate, 5 mM glutamate-malate, or 25 μM palmitoylcarnitine plus 5 mM
malate. Next, the AUR concentration for maximal fluorescence using the optimized
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concentration of mitochondrial protein was measured. Potential effect of AUR on
mitochondrial respiration and ROS production was also tested using O2k
fluorespirometry system (Oroboros Instruments, Innsbruck, Austria). Then the effect of
graded concentrations of HRP at different concentrations of succinate with the optimal
mitochondrial protein was probed. Lastly, because exogenous SOD is typically included
in the H2O2 detection system to enhance the dismutation of O2˙¯, the effect of SOD
addition on the rate of H2O2 emission by mitochondria energized with glutamatemalate, succinate, or palmitoylcarnitine-malate was tested.
3.3.6 Effect of substrate type and concentration on quantification of mitochondrial
H2O2 emission
Optimization of the substrate concentrations is necessary to accurately quantify rates
of ROS emission in isolated mitochondria (Saborido et al., 2005). The concentrations of
succinate, glutamate-malate, and palmitoylcarnitine-malate that supported maximal
mitochondrial respiration (O2 consumption) and H2O2 emission was determined
simultaneously using O2k fluorespirometer. To determine the substrate concentrationdependence of H2O2 emission, we measured the rates of H2O2 emission by
mitochondria oxidizing different concentrations of the substrates (glutamate-malate,
succinate and palmitoylcarnitine) using our optimized AUR-HRP detection system with
the microplate reader. Because palmitoylcarnitine alone induced low rates of H2O2
emission, the effects of adding carnitine (2 mM) or malate (5 mM) on H2O2 emission
was explored. Indeed, for mitochondrial oxidation of palmitoylcarnitine, carnitine or
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malate is required as co-substrate to facilitate the reduction of NAD(P) by removing
acetyl-CoA (Quinlan et al., 2012; Perevoshchikova et al., 2013).
3.3.7 Determination of concentrations of inhibitors for the quantification of maximal
site-specific H2O2 emission capacities
The primary goal here was to unveil the maximal rates of ROS emission by different
sites responsible for H2O2 emission during oxidation of three metabolic substrates
commonly used in studies using isolated mitochondria. We are cognisant that for
sequestration of sites as the primary objective, appropriate substrates and inhibitors
are determined a priori as in Brand (2016). For glutamate-malate (5 mM each) and
palmitoylcarnitine (25 μM) plus malate (5 mM) that supply electrons to complex I,
addition of rotenone blocks complex I site IQ resulting in a RET-induced increase in H2O2
emission from the site IF and Krebs cycle dehydrogenases. With succinate (5 mM) and
highly reduced Q pool, RET-induced H2O2 emission from site IQ is blocked by the
addition of rotenone. Therefore, to determine the optimal concentration of rotenone
to block site IQ in mitochondria energized with glutamate-malate the effect of different
concentrations of rotenone only was tested. For succinate and palmitoylcarnitinemalate the effect of different concentrations of rotenone with site III Qo blocked with
myxothiazol was tested.
For mitochondria energized with glutamate-malate or succinate, Q is reduced by
electron flux through complex I or II, respectively. With palmitoylcarnitine-malate, Q
can be reduced by electrons supplied directly through electron transferring
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flavoprotein:ubiquinone oxidoreductase (ETF:QOR) and complex I or indirectly through
complexes I and II secondary to the oxidation of fatty acetyl-CoA. Thus, with these
substrates, electrons are supplied to complex III and hence can stimulate H 2O2 emission
from site IIIQo. For mitochondria energized with different substrates, the concentrations
of rotenone and antimycin A were optimized separately. In addition, H2O2 emission was
measured using different concentration combinations of rotenone and antimycin A.
Thereafter, the sensitivity of H2O2 emission to myxothiazol was tested using the
rotenone-antimycin A concentration combination that evoked the maximal ROS
emission response. Because myxothiazol is a specific inhibitor of site IIIQo, the
sensitivity test confirms ROS production by this site.
Studies using mammalian mitochondria have shown that succinate induces ROS
production by RET from complex I but inhibits ROS production by complex II at typical
concentrations used for respiration (Quinlan et al., 2012; Brand, 2016). Therefore, the
concentration of succinate that stimulated maximal H2O2 emission was optimized for
site IIF isolated by adding rotenone to block site IQ and abolish H2O2 emission due to
RET and myxothiazol to block site IIIQo. Thereafter, the optimum concentration for site
IIF inhibitor, malonate, was determined for mitochondria energized with 0.1 mM
succinate, the optimal concentration determined for site IIF H2O2 emission. For
mitochondria oxidizing 0.1 mM succinate in the presence of rotenone plus myxothiazol,
potential contribution of complex II ubiquinone-binding site (site IIQ) to the H2O2
emission was tested with atpenin A5 (AA5), a site IIQ specific inhibitor.
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To quantitate H2O2 emission in isolated liver mitochondria without the redistribution of
electrons and impairment of respiration caused by classical site-specific inhibitors, we
tested the efficacy of S1QEL1.1 and S3QEL2 in suppressing H2O2 emission from site IQ
and IIIQo, respectively. Here, we measured the H2O2 emission response to different
concentrations of S1QEL1.1 and S3QEL2 to determine the concentrations that
maximally suppress H2O2 release without off-target effects.
Lastly, the source of the high rate of H2O2 emission in unenergized rainbow trout liver
mitochondria was probed. To test the potential contribution of artefactual
fluorescence due to oxidation of AUR by CES, we assessed the effect of different
concentrations of PMSF (CES inhibitor) on the emission response in unenergized and
energized liver mitochondria. NOX are major extra-mitochondrial sources of ROS (O2˙¯
and H2O2) production although NOX4 is localized to the mitochondria in some tissues
including the liver. Moreover, mitochondria isolated by differential centrifugation can
be contaminated with other cellular structures that contain NOX. Therefore, we
assessed the potential contribution of NOX to H2O2 emission using the NOX1/4
inhibitor, GKT136901.
3.3.8 Statistics
For all parameters, 3 to 6 biological replicates were analyzed. The data are presented as

means ± SEM unless otherwise stated. The data were tested for normality of
distribution and homoscedasticity using Kolmogorov-Smirnov and Levene’s tests,
respectively, and thereafter submitted to one- or two-way analysis of variance
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(ANOVA) using Minitab 18 (Minitab, Inc., State College, PA, USA). Post hoc pairwise
comparisons were done using Fisher’s LSD test and the level of significance was set at p
< 0.05. Significantly different means are indicated by different letters in the figures.
3.4 RESULTS
3.4.1 The composition of AUR-HRP detection system affects the efficiency of H2O2
detection
Using a detection system comprising 25 μM AUR and 5 U/ml HRP, the fluorescence
intensity (indicative of H2O2 emission) generated by graded concentrations of liver
mitochondrial protein energized with 2 mM succinate showed a biphasic
concentration-response curve (Fig. 3.1A). The fluorescence intensity increased with
mitochondrial protein concentration (F4,25 = 44.2, p < 0.0001) attaining a maximal effect
at 1 mg/ml protein and declined thereafter with increasing protein concentration.
Notably, the fluorescence intensity measured with 1 mg/ml mitochondrial protein was
significantly higher than for all the other concentrations tested. For mitochondria
oxidizing 5 mM glutamate-malate, the fluorescence intensity increased significantly
(F4,15 = 69, p < 0.0001) with increasing mitochondrial protein concentration (Fig. 3.1B).
Similarly, during oxidation of 25 μM palmitoylcarnitine plus 5 mM malate, the
fluorescence intensity increased significantly (F4,15 = 113, p < 0.0001) with increase in
mitochondrial protein concentration (Fig. 3.1C). Because AUR is an extrinsic chemical
fluorophore that might be toxic at high concentrations, it is imperative to use
concentrations that detect maximal H2O2 emission without compromising
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mitochondrial function (Makrecka-Kuka et al., 2015). Here, for 1 mg/ml mitochondrial
protein oxidizing 2 mM succinate with 5 U/ml HRP in the detection system, we found
that the fluorescence intensity varied significantly with AUR concentration (F 6,35 = 14.8,
p < 0.0001) (Fig. 3.2A). Interestingly, the response pattern was biphasic with the
fluorescence intensity peaking at 50 μM AUR and decreasing thereafter with increasing
AUR concentration. Importantly, AUR concentrations up to 200 μM did not affect state
3 or 4 respiration or ROS production using the O2k fluorespirometer (data not shown).
Because the fluorescence intensity produced with 25 and 50 μM AUR were similar, 25
μM was used in this study.
Titration of HRP and succinate for 1 mg/ml mitochondria protein (Fig. 3.2B) showed
that the fluorescence intensity increased with both the concentrations of HRP (F4,75, =
275, p < 0.0001) and succinate (F4,75 = 46, p < 0.0001). There was a significant
interaction between HRP and substrate (succinate) (F16,75= 2.6, p < 0.003) indicating
that the fluorescence intensity due to increased HRP concentration depended on the
concentration of the substrate and vice versa.
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Figure 3.1. Effect of mitochondrial protein concentration on H2O2 emission.
Optimization of mitochondrial protein concentration for measurement of H2O2
emission (fluorescence intensity) for mitochondria oxidizing 2 mM succinate (A), 5 mM
glutamate-malate (B) or 25 mM palmitoylcarnitine-malate (C). The detection system
contained 25 μM AUR and 5 U/ml HRP. Data are means ± SEM, one-way ANOVA,
Fisher's LSD post hoc test, p < 0.05.
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Figure 3.2. Effect of composition of AUR-HRP detection system on detection and
quantitation of H2O2 emission. Optimization of AUR concentration for H2O2 emission
measurement with optimized (1 mg/ml) mitochondrial protein energized with 2 mM
succinate; n = 6 (A). Titration of HRP and succinate for measurement of H2O2 emission
using 1 mg/ml mitochondrial protein; n = 4 (B). Data are means ± SEM, one- or two-way
ANOVA, Fisher's LSD post hoc test, p < 0.05.
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Surprisingly, SOD addition to the assay reduced H2O2 emission (Fig. 3.3). For
mitochondria oxidizing glutamate-malate (Fig. 3.3A) addition of 10-100 U/ml of SOD to
the assay reduced H2O2 emission by 15-23% (F4,15 = 15.6, p < 0.0001). Similarly, addition
of SOD reduced H2O2 emission by 15-21% (F4,15 = 10.7, p < 0.0001) during oxidation
succinate (Fig. 3.3B) and by 18-21% (F4,15 = 11, p < 0.0001) during oxidation of
palmitoylcarnitine-malate (Fig. 3.3C). Therefore, exogenous SOD was not added to the
detection system in our model.
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Figure 3.3. Effect of SOD on H2O2 emission. H2O2 emission was quantified after addition
of different concentrations of SOD to 1 mg/ml mitochondrial protein oxidizing 5 mM
glutamate-malate (A), 5 mM succinate (B), and 25 µM palmitoylcarnitine plus 5 mM
malate (C). The detection system contained 25 U/mL AUR and 5 U/ml HRP. Data are
means ± SEM, n = 4, one-way ANOVA, Fisher's LSD post hoc test, p < 0.05.
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3.4.2 Patterns and rates of H2O2 emission and state 2 respiration in trout liver
mitochondria vary with substrate type and concentration
Simultaneous measurement of mitochondrial state 2 respiration and H2O2 emission
using O2k fluorespirometer showed that H2O2 emission rate increased sharply with
increasing glutamate-malate up to 1 mM and stabilized thereafter (Fig. 3.4A). In
contrast, state 2 respiration rate increased progressively with increasing glutamatemalate concentration, albeit more steeply at substrate concentrations < 2.5 mM. For
succinate, the H2O2 emission rate showed a steep and linear increase at low
concentrations (< 0.5 mM), peaked at 2.5 mM, and decreased at higher concentrations
(Fig. 3.4B). Thus, succinate exhibited a biphasic H2O2 emission response with the
highest emission at 1 – 2.5 mM. In contrast, state 2 respiration increased sharply up to
2 mM and thereafter maintained a slow upward trend with increasing succinate
concentrations. Lastly, in the presence of 5 mM malate, palmitoylcarnitine evoked a
biphasic H2O2 emission response with a peak at 5 μM while state 2 respiration
increased gradually with increasing palmitoylcarnitine (Fig. 3.4C).
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Figure 3.4. Effect of substrate concentrations on mitochondrial state 2 respiration and
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of glutamate-malate (A), succinate (B), and palmitoylcarnitine plus malate (C) on rates
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With the optimized AUR-HRP detection system, we probed the effect of substrate
concentration on H2O2 emission response using the microplate assay. With glutamatemalate we found a significant (F8,36 = 27, p < 0.0001) concentration-dependent increase
in the rate of H2O2 emission that intensified at substrate concentrations > 1 mM (Fig.
3.5A). For succinate, we found a biphasic pattern of H2O2 emission response curve
comparable to that obtained with O2k (Fig. 3.5B). Here, 1 mM succinate evoked the
highest rate of H2O2 emission which was significantly (F9,30 = 8, p < 0.0001) higher
compared with concentrations ≤ 0.1 or ≥ 10 mM. Optimization of palmitoylcarnitine
concentration for H2O2 emission was done in the absence and presence of either 5 mM
malate or 2 mM carnitine. We found that the rates of H2O2 emission were comparable
for the three conditions we tested but palmitoylcarnitine-malate induced a marginally
better response when compared with palmitoylcarnitine with and without carnitine
(Fig. 3.5C). Thus, 25 μM palmitoylcarnitine and 5 mM malate for was selected for the
assays.
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Titration of glutamate-malate, n = 5 (A), succinate, n = 3 (B), and palmitoylcarnitine (C)
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ANOVA, Fisher's LSD post hoc test, p < 0.05.
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3.4.3 Factors affecting site-specific rates of H2O2 emission
We first probed the effect of varying the concentrations of inhibitors used to sequester
specific sites on the rates of H2O2 emission in mitochondria oxidizing different
substrates at optimal concentrations. For rotenone, the concentration (F4,45 = 4.9, p =
0.002) and substrate (F2,45 = 27.8, p < 0.0001) significantly affected the rate of H2O2
emission and their interaction was significant (F8,45 = 14.3, p < 0.0001) (Fig. 3.6A). With
glutamate-malate, rotenone elicited a concentration-dependent increase in the rate of
H2O2 emission with the highest concentration (8 μM) that was tested causing the
highest emission. For succinate, there was a concentration-dependent decrease in H2O2
emission with a tendency to stabilize after 2 μM, while with palmitoylcarnitine-malate
there was a concentration-dependent increase which plateaued after 2 μM. Based on
these results, 4 μM rotenone was used to inhibit site IQ in mitochondria oxidizing
glutamate-malate, succinate and palmitoylcarnitine-malate. For glutamate-malate, we
argued that the increased risk of off-target effects outweighed the increased H2O2
emission at higher rotenone concentrations. Regardless, further investigations are
necessary to better understand the effect of rotenone on H2O2 emission in
mitochondria oxidizing glutamate-malate. For antimycin A, the concentration (F3,36 =
71.7, p < 0.0001) and substrate (F2,36 < 9.0, p = 0.001) significantly affected the rate of
H2O2 emission and their interaction was significant (F6,36 < 5.4, p < 0.0001) (Fig. 3.6B).
Here, antimycin A induced a concentration-dependent increase in H2O2 emission that
plateaued after 2 μM for glutamate-malate and succinate while with
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palmitoylcarnitine-malate it peaked at 2 μM and decreased thereafter. Thus 2 μM
antimycin A evoked maximal H2O2 emission response for all the 3 substrates that were
tested and was used to inhibit site IIIQi.
We then probed if the use of combinations of inhibitors to sequester ROS emission
sites alters the optimal concentrations determined (above) for inhibitors singly. For
glutamate-malate-energized mitochondria, titrating rotenone and antimycin A
simultaneously showed a significant effect of rotenone (F4,60 = 59.5, p < 0.0001) and
antimycin A (F3,60 = 200.7, p < 0.0001) and their interaction was significant (F12,60 = 2.6,
P < 0.007) (Fig. 3.7A). We found that 4 and 8 μM rotenone stimulated the highest and
comparable rates of H2O2 emission at both 2 and 4 μM antimycin A. The H2O2 emission
response on concurrent titration of rotenone and antimycin A for succinate energized
mitochondria showed a significant effect of rotenone (F4,60 = 9.0, p < 0.0001) and
antimycin A (F3,60 = 41.6, p < 0.0001) but their interaction was not significant (F12,60 =
1.1, P = 0.4) (Fig. 3.7B). Here rotenone produced a concentration-dependent inhibition
of H2O2 emission with different concentrations of antimycin A. The combination of 2
µM antimycin and 4 µM rotenone was deemed optimal for stimulation (glutamatemalate) and inhibition (succinate) of RET-driven H2O2 emission at site IQ, respectively.
With palmitoylcarnitine-malate, titrating rotenone and antimycin A against H2O2
emission showed a significant effect of rotenone (F4,60 = 645, p < 0.0001) and antimycin
A (F3,60 = 3491, p < 0.0001) and their interaction was significant (F12,60 = 391, p < 0.0001)
(Fig. 3.7C). Here, 2 μM antimycin A and 2 μM rotenone stimulated peak H2O2 emission.
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Figure 3.6. Optimization of inhibitor concentrations for maximal mitochondrial sitespecific H2O2 emission. Effect of rotenone, n = 5 (A) and antimycin A, n = 4 (B) on H2O2
emission by mitochondria oxidizing different substrates. GM, SUC and PCM indicate
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Test of the sensitivity of H2O2 emission to myxothiazol in the presence of rotenone and
antimycin A for mitochondria oxidizing different substrates showed a significant effect
of substrate (F2,36 = 24.8, P < 0.0001) and myxothiazol (F3,36 = 6.5, p = 0.001), but the
interaction was not significant (F6,36 = 1.8, P = 0.1) (Fig. 3.8A). For mitochondria
oxidizing glutamate-malate in the presence of 2 μM antimycin A alone, 1 μM
myxothiazol produced the highest inhibition (14%) of H2O2 emission. For mitochondria
oxidizing succinate in the presence of 2 μM antimycin A and 4 μM rotenone, 2 μM
myxothiazol produced maximal inhibition (25%) of H2O2 emission. For mitochondria
oxidizing palmitoylcarnitine-malate in the presence of 2 μM antimycin A and 4 μM
rotenone, 1 μM myxothiazol produced maximal inhibition (only 5%) of H2O2 emission.
Succinate concentration for measurement of maximal H2O2 emission was determined
using sequestered site IIF because a high concentration of succinate is known to inhibit
emission from this site in mammalian skeletal muscle mitochondria (Quinlan et al.,
2012; Makrecka-Kuka et al., 2015; Brand, 2016) and fish cardiac muscle mitochondria
(Isei and Kamunde, 2020). Measurement of H2O2 emission by isolated site IIF showed a
significant (F12,39 = 110, p < 0.0001) effect of succinate concentration with a biphasic
response pattern and peak emission at 0.1 mM succinate (Fig. 3.8B).
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Figure 3.8. Effect of inhibitor combinations and substrates on mitochondrial H2O2
emission. Titration of myxothiazol in the presence of 2 µM antimycin A (AMA) for
mitochondria oxidizing glutamate-malate (GM) and 4 µM rotenone (ROT) plus 2 µM
AMA for mitochondria oxidizing succinate (SUC) and palmitoylcarnitine-malate (PCM)
(A). Effect of SUC concentration on mitochondrial H2O2 emission in the presence of ROT
4 mM and 2 mM myxothiazol (B). Data are means ± SEM, n = 4, one- or two-way
ANOVA, Fisher's LSD post hoc test, p < 0.05.
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Malonate exerted a concentration-dependent (F9,40 = 45.6, p < 0.0001) inhibition of
H2O2 emission by site IIF with the highest inhibition (99.7%) observed with 5 mM
malonate (Fig. 3.9A). In contrast, maximum (27%) reduction (F5,30 = 41.3, p < 0.0001) in
H2O2 emission for mitochondria oxidizing 0.1 mM succinate in the presence of
rotenone plus myxothiazol was produced by 5 mM AA5 (Fig. 3.9B). H2O2 emission from
site IIIQo is typically quantified during oxidation of saturating concentrations of
succinate. To rule out potential contribution of site IIIQo to site IIF and elucidate the
concentration of succinate that evokes maximal emission from site IIIQo, the sensitivity
of H2O2 emission to 2 μM myxothiazol was measured in mitochondria oxidizing graded
concentrations of succinate (data not shown). We found that the pattern of H2O2
emission driven by 0.1 mM succinate was not sensitive to myxothiazol.
The H2O2 emission response patterns to S1QEL1.1 and S3QEL2 were substratedependent (Fig. 3.10). S1QEL1.1 evoked a non-significant (F9,30 = 2, p = 0.08)
concentration-dependent increase in the rate of H2O2 emission for mitochondria
oxidizing glutamate-malate (Fig. 3.10A). For mitochondria oxidizing succinate, S1QEL1.1
caused a significant (F9,30 = 8.5, p < 0.0001) concentration-dependent decrease in the
rate of H2O2 emission (Fig. 3.10B). For mitochondria oxidizing palmitoylcarnitinemalate, S1QEL1.1 elicited a non-significant (F9,30 = 0.6, p = 0.8) concentrationdependent increase in the rate of H2O2 emission (Fig. 3.10C).
S3QEL2 at concentrations between 2.5 – 50 μM significantly reduced the rate of H2O
emission in mitochondria oxidizing glutamate-malate (F9,30 = 13, p < 0.0001) (Fig.
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3.10D). A higher concentration (100 μM) of S3QEL2 tended to increase H2O emission.
For mitochondria oxidizing succinate, S3QEL2 did not alter (F9,30 = 0.8, p = 0.6) the rate
of H2O emission (Fig. 3.10E). For mitochondria oxidizing palmitoylcarnitine-malate,
S3QEL2 significantly (F9,30 = 11.5, p < 0.0001) reduced the rate of H2O emission, most
evidently at concentrations between 10 and 50 μM (Fig. 3.10F).
PMSF did not significantly alter the rate of H2O emission in unenergized mitochondria
(F9,30 = 0.2, p = 1.0) (Fig. 3.11A) or mitochondria energized with glutamate-malate (F9,30
= 0.6, p = 0.8) (Fig. 11B), succinate (F9,30 = 0.6, p = 0.8) (Fig. 3.11C), or
palmitoylcarnitine-malate (F9,30 = 0.2, p = 1.0) (Fig. 3.11D). In contrast, GKT136901
(NOX1/4 inhibitor) exerted a significant concentration-dependent reduction in the rate
of H2O emission for unenergized and energized mitochondria. Specifically, GKT136901
reduced (F6,21 = 11, p < 0.0001) H2O2 emission in unenergized mitochondria, with
maximal (66%) reduction elicited by 50 μM of the inhibitor (Fig. 3.11E). GKT136901 also
reduced H2O2 emission in mitochondria energized with glutamate-malate (F6,21 = 3.6, p
= 0.01) (Fig. 3.11F), succinate (F6,21 = 6.1, p = 0.001) (Fig. 3.11G), and palmitoylcarnitinemalate (F6,21 = 7.7, p < 0.0001) (Fig. 3.11H). Maximal reductions in H2O2 emission of 33,
44 and 57% were evoked by 50 μM GKT136901 for mitochondria energized with
succinate, glutamate-malate, and palmitoylcarnitine-malate, respectively.
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3.5 DISCUSSION
3.5.1 Efficiency of H2O2 detection depends on the composition of the AUR-HRP
detection system
H2O2 emission during oxidation of glutamate-malate and palmitoylcarnitine-malate
increased monotonically with mitochondria protein concentration in agreement with
Boveris and Chance (1973) for pigeon heart mitochondria oxidizing palmitoylcarnitine
or succinate plus glutamate in the presence of antimycin A and an uncoupler. However,
we observed a biphasic mitochondrial protein concentration-response pattern with
peak H2O2 emission at 1 mg protein/ml during succinate oxidation. Biphasic response
patterns of H2O2 emission with increasing mitochondrial protein concentration have
previously been reported in trout heart mitochondria (Isei and Kamunde, 2020), rat
heart mitochondria oxidizing pyruvate and malate or succinate plus rotenone (Saborido
et al., 2005) and in digitonin permeabilized human embryonic kidney cells oxidizing
pyruvate and malate or succinate (Makrecka-Kuka et al., 2015). This response is
suggested to result from preferential increase in ROS scavenging capacity with
increasing protein concentration because mitochondrial scavenging capacity is much
greater than the production capacity (Makrecka-Kuka et al., 2015; Munro and Treberg,
2017; Isei and Kamunde, 2020). In this regard, inhibition of H2O2 scavenging by
depletion of glutathione straightened the protein concentration-response curve
comparable to the finding in rainbow trout heart mitochondria (Isei and Kamunde,
2020). Moreover, at higher mitochondrial protein concentrations alteration of optical
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properties of the medium may occur (Makrecka-Kuka et al., 2015). In addition, we
explored the possibility that an imbalance between mitochondrial protein
concentration and the detection system explains the biphasic response. Here, titration
of AUR using 1 mg/ml of mitochondrial protein and 5 U/ml HRP showed a biphasic
response curve, with the highest fluorescence intensity at 50 μM of AUR. Although AUR
is regarded as a stable, sensitive, and specific probe for measuring H2O2 emission, it is
not devoid of artifacts (Seifert et al., 2010; Zhu et al., 2010; Dikalov and Harrison, 2014;
Miwa et al., 2016). An assay concentration of 50 μM (manufacturer’s recommendation)
has indeed been shown to result in robust fluorescence (Hickey et al., 2012;
Krumschnabel et al., 2015; Makrecka-Kuka et al., 2015); however, AUR-induced
impairment of mitochondrial function and reduced detection efficiency were observed
at concentrations greater than 30 μM (Makrecka-Kuka et al., 2015). In this study, AUR
concentrations up to 200 μM did not affect rainbow trout liver mitochondrial
respiration (data not shown) akin to a recent report in heart mitochondria of the same
species (Isei and Kamunde, 2020). Regardless, our results show that with 5 U/ml HRP
and at higher AUR concentration (100 – 200 μM), the fluorescence intensity decreased
suggesting that HRP was the limiting factor in the oxidation of AUR to the fluorophore
Amplex UltroxRed (Rezende et al., 2018).
Titration of HRP and succinate showed a substrate- and HRP-dependent increase in
fluorescence intensity. However, the rate of fluorescence change was not proportional
to the increase in the concentration of HRP because changes at lower concentrations
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(<10 U/ml) of HRP induced greater changes in fluorescence per unit HRP than higher
concentrations. This is consistent with the notion that the fluorescent product of the
reaction, Amplex UltroxRed, allosterically inhibits HRP (Piwonski et al., 2012). This study
showed that 25 μM AUR and 5 U/ml HRP are the optimal concentrations of probe and
enzyme for the detection and quantitation of H2O2 emission with up to 1 mg/ml
rainbow trout liver mitochondrial protein. The use of 25 μM reduces the risk of adverse
effects on mitochondrial physiology and auto-oxidation of AUR at higher
concentrations (Dikalov and Harrison, 2014; Makrecka-Kuka et al., 2015) while the use
of 5 U/ml HRP avoids limitation imposed on the detection system by lower
concentrations of the enzyme (Isei and Kamunde, 2020).
Typically, SOD is added to the AUR-HRP detection system to facilitate dismutation of
O2˙¯ emitted externally from the mitochondria to H2O2 thereby maintaining the
stoichiometry of the reaction and preventing peroxynitrite formation that might lead to
autoxidation of AUR (Seifert et al., 2010; Dikalov and Harrison, 2014; Young et al.,
2017). Moreover, SOD reduces the likelihood of inhibition of HRP via its reaction with
O2˙¯ to form compound III, oxyperoxidase (Halliwell and Gutteridge, 2015). High levels
of different isoforms of SOD that effectively dismutate O2˙¯ to H2O2 have been reported
in mitochondrial compartments (Okado-Matsumoto and Fridovich, 2001; Murphy,
2009; Fischer et al., 2011). Surprisingly, we found that addition of SOD reduced
fluorescence intensity. While this finding is difficult to reconcile with the expectation, it
appears that the addition of SOD to isolated rainbow trout liver mitochondria resulted
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in (i) inhibition of HRP leading to reduced oxidation of AUR to Amplex UltroxRed, (ii)
increased consumption of H2O2 by competitive processes, (iii) oxidation of Amplex
UltroxRed to nonfluorescent or less fluorescent products, or (iv) reduced availability of
O2˙¯ for conversion to H2O2. Among these possibilities, previous empirical data and
computational modeling have shown that excess SOD can reduce H2O2 production by
decreasing the steady-state O2˙¯ level (Teixeira et al., 1998; Gardner et al., 2002;
Liochev and Fridovich, 2002b; Liochev and Fridovich, 2007). Moreover, excess SOD
reduces H2O2 production by competing with processes that convert O2˙¯ to H2O2 at
higher stoichiometric yields. In this regard, dismutation of 1 molecule of O2˙ by SOD
produces 0.5 molecules of H2O2 but other reactions, e.g., with 4Fe-4S clusters in
aconitase, produce 1 or more molecules of H2O2 per molecule of O2˙¯ (Liochev and
Fridovich, 2002b; Liochev and Fridovich, 2007; Murphy, 2009).
3.5.2 Patterns and rates of H2O2 emission and respiration in trout liver mitochondria
depend on substrate type and concentration
We found that increasing the concentration of glutamate-malate increased
mitochondrial state 2 respiration and H2O2 emission consistent with previous findings
in rainbow trout liver (Sharaf et al., 2015; Sharaf et al., 2017) and cardiac mitochondria
(Isei and Kamunde, 2020). The increase in the rate of H2O2 emission with increasing
glutamate-malate concentration indicates increased reduction state of the ETS
(Cortassa et al., 2014). For succinate, the rate of O2 consumption and H2O2 emission
increased steeply at concentrations < 0.5 mM, with the rate of H2O2 emission
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decreasing while respiration continued to increase albeit at a lower rate at
concentrations ≥ 2.5 mM. The decrease in the rate of H2O2 emission at higher succinate
concentrations suggests increased occupancy of site IIF of complex II and thus reduced
reduction state of the ETS (Quinlan et al., 2012).
Oxidation of long-chain fatty acids such as palmitoylcarnitine generates NADH and
FADH2 at multiple points, which in turn supply electrons to multiple ETS enzymes:
complex I, complex II, and the ETF:QOR. Carnitine or malate is added as a co-substrate
to prevent the buildup of acetyl-CoA (Perevoshchikova et al., 2013; Quinlan et al.,
2013a; Ojuka et al., 2016). Additionally, carnitine facilitates the transport of
palmitoylcarnitine into the mitochondrial matrix. In my assay, the addition of carnitine
did not significantly alter the rate of H2O2 emission. In contrast, Seifert et al. (2010)
found that addition of carnitine during palmitoylcarnitine oxidation reduced the rate of
H2O2 emission in mice liver mitochondria, which, together with our results, does not
support the use of carnitine as a co-substrate in this assay. In this study, the addition of
5 mM malate induced a marginally higher rate of H2O2 emission, with 25 μM
palmitoylcarnitine supporting the highest emission. The finding of no significant
increase in the rate of H2O2 emission with increasing concentration of
palmitoylcarnitine contrasts with Seifert et al. (2010) who found significantly higher
H2O2 emission with 18 μM palmitoylcarnitine.
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3.5.3 Factors affecting site-specific rates of H2O2 emission
Rotenone is a specific inhibitor of site IQ (Brand, 2010; Treberg et al., 2011) and its
modulatory effect on ROS release was found to be concentration- (Li et al., 2003) and
substrate-dependent (Brand, 2010). For substrates like glutamate-malate that supply
NADH to complex I, inhibition of site IQ with rotenone causes RET-induced increase in
ROS emission from upstream sites (such as site IF and OF) due to the increased
reduction of these sites (Brand, 2010; Brand, 2016). Our findings show that increasing
the concentration of rotenone during glutamate-malate oxidation resulted in
progressive increase in H2O2 emission. A similar finding was reported by Li et al. (2003)
in HL-60 cells and mitochondria isolated from them. In contrast, oxidation of succinate
reduces Q and generates a high protonmotive force that drives electrons
thermodynamically uphill to complex I. Our results show that rotenone (4 μM) greatly
reduced the rate of H2O2 emission during succinate oxidation indicating that it prevents
RET-induced H2O2 emission from site IQ. Similar findings have previously been reported
but with lower rotenone concentrations for mitochondria from different mammalian
tissues: 0.5 μM for rat brain, heart, and liver (Liu et al., 2002; Gyulkhandanyan and
Pennefather, 2004) and 2.5 μM for mouse liver (Miwa et al., 2016). Rotenone impairs
cell respiration and ATP production (Li et al., 2003; Kushnareva et al., 2002) and
maximal stimulation of ROS emission occurs at levels corresponding to those that
almost completely inhibit respiration (Kushnareva et al., 2002). Our study showed that
4 μM rotenone is optimal for inhibiting site IQ in mitochondria oxidizing succinate or
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palmitoylcarnitine-malate but with glutamate-malate ≥ 4 μM is required for maximal
stimulation of H2O2 emission. In agreement with our findings, 4 μM rotenone is used to
block this site IQ in mammalian skeletal muscle mitochondria oxidizing succinate
(Treberg et al., 2011; Quinlan et al., 2013a).
Complex III plays key roles in mitochondrial energy transduction including transferring
electrons between the QH2/Q couple and cytochrome c and pumping protons from the
matrix into the intermembrane space (Muller et al., 2002). Within complex III, only site
IIIQo is known to produce ROS at measurable rates, and it is blocked with myxothiazol
(Muller et al., 2002; Brand, 2016). To measure maximal ROS emission capacity from site
IIIQo, antimycin A is used to block site IIIQi to cause electrons to backup and the
component of ROS emission sensitive to myxothiazol is the contribution from the site
(Starkov and Fiskum, 2001; Quinlan et al., 2013a; Brand, 2016). Our data show that for
mitochondria energized with glutamate-malate or succinate, the rates of H2O2 emission
plateaued at antimycin A concentrations ≥2 μM. For palmitoylcarnitine-malate, the rate
of H2O2 emission was highest with 2 μM antimycin A and decreased significantly at
higher concentration. These findings indicate that 2 μM antimycin A is the optimal
concentration to block site IIIQi consistent with the suggested concentration for
measurement of maximal rates of ROS production from site IIIQo in mammalian skeletal
muscle mitochondria (Quinlan et al., 2013a).
The titration of rotenone and antimycin A validated 2 μM as the optimal concentration
of antimycin A for inhibition of site IIIQi for mitochondria oxidizing succinate in the
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presence of 2 – 4 μM rotenone, and palmitoylcarnitine-malate or succinate in the
presence of 2 μM rotenone. Titration of myxothiazol for maximal inhibition of H 2O2
emission from site IIIQo was done in mitochondria oxidizing succinate and
palmitoylcarnitine-malate in the presence of 4 μM rotenone and 2 μM antimycin A. For
glutamate-malate, rotenone was not used because it would block FET at site IQ
depriving Q and ultimately complex III of electrons. While a concentration-dependent
inhibition of ROS emission from site IIIQo by myxothiazol has been reported (Raha et al.,
2000), we found a biphasic response with maximal inhibition of H2O2 emission caused
by 1 μM myxothiazol for glutamate-malate and palmitoylcarnitine-malate, and 2 μM
for succinate. Increasing the concentration to 4 μM stimulated higher rates of H 2O2
emission for all the 3 substrates tested. It is worth noting that high concentrations of
myxothiazol impair complex I, necessitating the use of low concentrations that
preferentially impair only site IIIQo (Esposti et al., 1993; Starkov and Fiskum, 2001).
Surprisingly, my data show that the optimal concentration of myxothiazol for inhibition
of ROS emission from site IIIQo depends on the substrate being oxidized.
Succinate oxidation occurs at the flavin site of complex II, and H2O2 production by the
enzyme depends on the occupancy of the site, the reduction state of the enzyme, and
the redox poise of the ETS (Quinlan et al., 2012). We observed peak H2O2 production by
complex II (site IIF) with 0.1 mM succinate consistent with recent findings in fish heart
mitochondria (Isei and Kamunde, 2020) but contrasting with 0.4 mM that produced the
peak H2O2 production by site IIF in mammalian skeletal muscle mitochondria (Quinlan
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et al., 2012). The lower rates of H2O2 emission with low (< 0.1 mM) succinate
concentration may be attributed to limited supply of electrons, while succinate
occupancy of site IIF at higher concentrations blocks access of oxygen to the site
thereby impairing ROS production (Quinlan et al., 2012; Brand, 2016). Site IIF is
competitively inhibited by malonate (Quinlan et al., 2012; Anastacio et al., 2013) and in
this study, 5 mM malonate produced maximal inhibition (99.7%) of H2O2 emission from
site IIF. In agreement with our findings, previous studies found (i) complete inhibition of
H2O2 production from site IIF of skeletal muscle mitochondria of rats with 1 mM
malonate (Quinlan et al., 2012), (ii) 97 % inhibition of H2O2 emission from site IIF with 5
mM malonate in fish heart mitochondria (Isei and Kamunde, 2020), and (iii) 79 %
inhibition of H2O2 emission in mice cardiac mitochondria site IIF with 8 mM malonate
(Anastacio et al., 2013). Additionally, near-complete inhibition of succinate oxidation by
5 mM malonate has been reported in the bovine cardiac mitochondria (Jones and Hirst,
2013). Thus, at an appropriate concentration depending on species and tissue,
malonate appears to completely stop succinate oxidation by complex II, subsequently
inhibiting succinate-driven H2O2 emission. In addition to site IIF, ROS (O2˙¯ and H2O2)
production by site IIQ has been reported in different tissues and species (Guo and
Lemire, 2003; Paranagama et al., 2010; Siebels and Dröse, 2013). Our findings show
that mitochondria oxidizing succinate (5 mM) in the presence of rotenone and
myxothiazol, addition of AA5 (5 μM) reduced H2O2 emission by 27% compared with 40
– 50% in mammalian skeletal muscle mitochondria (Quinlan et al., 2012). While at face
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value this indicates ROS emission by site IIQ, Quinlan et al. (2012) showed that binding
of AA5 at site IIQ inhibits site IIF, which indirectly decreases ROS production from site IIF.
Regardless, this study showed that 5 μM AA5 is the optimum concentration for
blocking site IIQ in rainbow trout liver mitochondria.
In mitochondria oxidizing glutamate-malate or palmitoylcarnitine-malate, the
progressive increase in H2O2 emission caused by S1QEL1.1 suggests that this compound
may not be effective in suppressing H2O2 emission from site IQ in FET. This observation
is consistent with the assertion that SIQELs suppress ROS production from site I Q during
RET (Wong et al., 2019), which is the dominant ROS generating reaction at site I Q
(Treberg et al., 2011; Goncalves et al., 2020). Indeed, in mitochondria oxidizing
succinate we found that S1QEL1.1 at ≥ 5 μM suppressed RET-driven H2O2 emission
from site IQ by 42%. This aligns with a previous study that reported suppression of ROS
production from site IQ by 40 – 85% in rat muscle mitochondria oxidizing succinate by
S1QELs at 10 μM (Brand et al., 2016). We further assessed the effect of S1QEL1.1 on
H2O2 emission during succinate oxidation in the presence of myxothiazol and during
oxidation of palmitoylcarnitine-malate in the presence of myxothiazol plus malonate.
Here S1QEL1.1 suppressed H2O2 emission from site IQ by 29%. For palmitoylcarnitinemalate S1QEL1.1 did not significantly alter the rate of H2O2 emission. Thus, S1QEL1.1 is
effective in suppressing H2O2 emission from site IQ in the presence of pharmacological
ETS inhibitors during oxidation of succinate but not palmitoylcarnitine-malate.
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The maximal suppression of H2O2 emission from site IIIQo by S3QEL2 was 15% at a
concentration of 10 μM in mitochondria oxidizing glutamate-malate and 11% at 50 μM
for oxidation of palmitoylcarnitine-malate. This is lower than the ~25% H2O2 production
attributable to site IIIQo during oxidation of glutamate-malate and palmitoylcarnitinemalate in mammalian skeletal muscle mitochondria (Orr et al., 2015). While succinatedriven H2O2 emission from site IIIQo was not significantly suppressed by S3QEL2 at 50
μM, the observed 9% inhibition is lower than the 16% suppression reported for
mammalian skeletal muscle mitochondria (Orr et al., 2015). S3QELs suppress emission
from site IIIQo independent of antimycin A (Orr et al., 2015) that is usually added in
assay to measure H2O2 emission from site IIIQo. We, therefore, measured H2O2 emission
from IIIQo in the presence of antimycin A for mitochondria oxidizing glutamate-malate
in the presence of rotenone, and antimycin A for mitochondria oxidizing succinate or
palmitoylcarnitine-malate. Here, we found that 10 μM S3QEL2 suppressed H2O2
emission from site IIIQo by 25% in mitochondria oxidizing glutamate-malate and by 39%
during succinate oxidation. Similarly, Orr et al (2015) reported 43% suppression of H2O2
emission by S3QEL2 when the contribution from site IQ was abolished with rotenone.
However, for mitochondria oxidizing palmitoylcarnitine-malate in the presence of
rotenone plus antimycin A, S3QEL increased the rate of H2O2 emission. Off-target
effects resulting in increased H2O2 release have been reported for S1QELs and S3QELs
at high concentrations including inhibition of electron transport through complexes I
and III, respectively (Wong et al., 2019; Goncalves et al., 2020). This highlights the
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importance of optimization of assay conditions for the measurement of H2O2 emission
for each species and tissue.
The rate of H2O2 emission by unenergized rainbow trout liver mitochondria is high and
accounts for 36 – 80% of the emission after energization depending on the substrate
(Okoye et al., 2019; Okoye et al., 2021a). We thus, probed the source of H2O2 emission
that is independent of substrate oxidation. We found no evidence of CES-induced AUR
oxidation in rainbow trout liver mitochondria contrasting Miwa et al. (2016) for rat liver
mitochondria suggesting species differences in mitochondrial CES activity. In this
regard, CES activity in rainbow trout liver was reported to be four times lower
compared with rat liver (Barron et al., 1999).
Excluding mitochondrial sources, NADPH oxidases (NOX1, NOX2, and NOX4) are the
major ROS-emitting enzymes found in the liver (Dikalov, 2011; Lan et al., 2015; Liang et
al., 2016). NOX4 associates with the inner mitochondria membrane, interacts with sites
IQ and IIIQo, and releases ROS to the cytosolic side (Wong et al., 2019; Fang et al., 2020;
Goncalves et al., 2020). I found that the NOX1/NOX4 inhibitor, GTK136901, suppressed
H2O2 emission by 66% in unenergized trout liver mitochondria and by 33-57% following
energization with different substrates. Consistent with the findings of this study,
Hirschhäuser et al. (2015) reported that GTK136901 imposed a concentrationdependent decrease in H2O2 emission in mice cardiac mitochondria while Wong et al.
(2019) found 20 and 47% suppression of H2O2 emission in rat skeletal muscle
mitochondria and C2C12 myoblasts, respectively. More recently, Fang et al. (2020)
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reported that GTK136901 inhibited H2O2 emission in diverse cell lines by 60%.
However, this inhibitor did not alter H2O2 release from mice renal mitochondria
(Hirschhäuser et al., 2015). In this study, the GTK136901 concentration-response
relationship showed maximal suppression of H2O2 emission at 50 μM with higher
concentrations increasing the emission, albeit not significantly. This is likely due to
interference with fluorescence detection by high concentrations of GTK136901 as
previously been reported (Dao et al., 2020; Goncalves et al., 2020).
In conclusion, this study showed that biological and assay factors influence
fluorescence detection efficiency during quantitation of mitochondrial H 2O2 emission
using the AUR-HRP system. The mitochondrial protein concentration-H2O2 emission
response pattern depends on the composition of the detection system and the
substrate type. However, the range of concentration of AUR and HRP for optimal ratio
is finite because high concentrations of AUR can alter the optical properties of the
detection system and impair mitochondrial function, while low concentrations of AUR
and HRP constitute a detection system that can easily be outpaced by the scavenging
system. The concentrations of inhibitors used to sequester specific mitochondrial redox
sites to quantify their maximal H2O2 emission capacities depend on the substrate being
oxidized and are further modified when used in combination. Thus, optimization of
assay conditions for measurement of maximal mitochondrial H2O2 emission capacities
with the AUR-HRP system is essential. Lastly, the high rate of H2O2 emission typical of
unenergized rainbow trout liver mitochondria is attributable to NOX-dependent ROS
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production. Accounting for the signals associated with NOX activity would unveil the
actual H2O2 production linked to the ETS and substrate oxidation in liver mitochondria.
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CHAPTER 4

MODULATION OF MITOCHONDRIAL SITE-SPECIFIC HYDROGEN PEROXIDE EFFLUX BY
EXOGENOUS STRESSORS

A version of this chapter has been published with slight modification as:
Okoye, C.N., Stevens, D. and Kamunde C., 2021. Modulation of mitochondrial sitespecific hydrogen peroxide efflux by exogenous stressors. Free Radic. Biol. Med. 164,
439-456.
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4.1 ABSTRACT
O2 deprivation and metals are common environmental stressors and exposure of
aquatic organisms to them can induce oxidative stress by disrupting cellular ROS
homeostasis. Mitochondria are a major source of ROS in the cell wherein a dozen sites
located on enzymes of the ETS and substrate oxidation produce O2•¯ or H2O2. Sites
located on ETS enzymes can generate ROS by FET and RET reactions; however,
knowledge of how exogenous stressors modulate site-specific ROS production is
limited. We investigated the effects of anoxia-reoxygenation and Cd on H2O2 emission
in fish liver mitochondria oxidizing glutamate-malate, succinate or palmitoylcarnitinemalate. We found that anoxia-reoxygenation attenuates H2O2 emission while the effect
of Cd depends on the substrate, with monotonic responses for glutamate-malate and
palmitoylcarnitine-malate, and a biphasic response for succinate. Anoxia-reoxygenation
exerts a substrate-dependent inhibition of mitochondrial respiration that is more
severe with palmitoylcarnitine-malate compared with succinate or glutamate-malate.
Additionally, specific mitochondrial ROS-emitting sites were sequestered using blockers
of electron transfer and the effects of anoxia-reoxygenation and Cd on H2O2 emission
were evaluated. Here, we found that site-specific H2O2 emission capacities depend on
the substrate and the direction of electron flow. Moreover, anoxia-reoxygenation
altered site-specific H2O2 emission rates during succinate and glutamate-malate
oxidation whereas Cd imposed monotonic or biphasic H2O2 emission responses
depending on the substrate and site. Contrary to our expectation, anoxia139

reoxygenation blunted the effect of Cd. These results suggest that the effect of
exogenous stressors on mitochondrial oxidant production is governed by their impact
on energy conversion reactions and mitochondrial redox poise. Moreover, direct
increased ROS production seemingly does not explain the increased adverse effects
associated with combined exposure of aquatic organisms to Cd and low DO levels.
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4.2 INTRODUCTION
The hydrolysis of ATP releases energy for cellular activities and survival. The majority of
ATP in aerobic organisms is generated by mitochondria through oxidative
phosphorylation, a finely coordinated energy conversion process (Mitchell, 1961;
Senior, 1988; Guzy and Schumacker, 2006; Chen and Zweier, 2014; Pamenter et al.,
2016). Oxidative phosphorylation involves the transfer of electrons from reducing
equivalents (NADH and FADH2) generated via substrate oxidation in the Krebs cycle,
glycolysis and β-oxidation through enzyme complexes of the ETS to reduce O2, the
terminal electron acceptor. The transfer of electrons during this process is coupled with
translocation of protons by complex I (NADH-ubiquinone oxidoreductase), complex III
(ubiquinol-cytochrome c oxidoreductase) and complex IV (cytochrome c oxidase) from
the matrix across the inner mitochondrial membrane. This generates a protonmotive
force that powers the synthesis of ATP by complex V (ATP synthase) (Mitchell, 1961;
Senior, 1988; Schultz and Chan, 2001; Brand and Nicholls, 2011; Mourier and Larsson,
2011). However, redox centers in the ETS proximal to complex IV can leak electrons
that partially reduce O2 to form ROS. O2•¯ and H2O2 are the proximal ROS produced by
up to 12 different sites on enzymes mainly in the ETS and the TCA cycle of mammalian
mitochondria (Brand, 2016; Mailloux, 2020). The O2•¯ is highly reactive, non-membrane
permeant, and is rapidly dismutated spontaneously or enzymatically by the
mitochondrial matrix (Mn) or intermembrane space (Cu–Zn) superoxide dismutase to
H2O2 (Zorov et al., 2014; Mailloux, 2015; Mailloux, 2018). Notably, mitochondria
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generate ROS by FET and RET reactions depending on the metabolic substrate being
oxidized, the redox poise of the donor site and the protonmotive force (Zorov et al.,
2014; Scialò et al., 2017; Robb et al., 2018; Mailloux, 2020).
The 12 mitochondrial sites of ROS production have been categorized into NADH/NAD+
isopotential group and QH2/Q isopotential group based on the electron donor group
and redox potential they operate at (Brand, 2016; Mailloux, 2020). In mitochondria
energized with glutamate-malate, malate is oxidized to oxaloacetate by malate
dehydrogenase to generate NADH, and glutamate transaminates the oxaloacetate to
aspartate and 2-oxoglutarate. Additionally, some of the glutamate is oxidized by
glutamate dehydrogenase to 2-oxoglutarate. The aspartate and 2-oxoglutarate are
then exchanged for glutamate and malate, respectively, by their respective antiporters.
The net effect of these reactions is removal of oxaloacetate thereby maximizing NADH
generation by malate dehydrogenase (Brand, 2016). The electrons supplied by NADH are
first accepted and oxidized by the FMN site of complex I (site IF). Thereafter, they
tunnel through the 7 iron-sulfur (Fe–S) centers of complex I to the quinone-binding site
(site IQ) from where they are transferred to the mobile Q and ultimately to complex III
in FET (Gnaiger, 2011; Quinlan et al., 2013a; Zorov et al., 2014; Bleier et al., 2015;
Brand, 2016; Scialò et al., 2017;). With glutamate-malate energization, sites IF, and
IQ produce ROS, but the proximal glutamate and malate dehydrogenases do not
produce ROS at measurable rates in FET (Kudin et al., 2004; Quinlan et al., 2013a;
Brand, 2016; Scialò et al., 2017). When site IQ is blocked (e.g., with rotenone), the
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ensuing RET results in buildup of NADH and reduction of upstream redox centers with
increased generation of ROS (Zorov et al., 2014; Bleier et al., 2015; Scialò et al., 2017).
In mitochondria energized with succinate, the covalently bound FAD is reduced to
FADH2 by complex II during oxidation of succinate to fumarate. Electron flux in FET
occurs from FADH2 (site IIF) through 3 Fe–S clusters to the quinone-binding sites (site
IIQ) to reduce Q (Quinlan et al., 2012; Zorov et al., 2014; Sharma et al., 2018). During
succinate oxidation ROS can be generated in both the FET and RET reactions. In FET,
ROS are produced by sites IIF (Quinlan et al., 2012; Quinlan et al., 2013a; Sharma et al.,
2018) and from other sites downstream of complex II. However, in the presence of high
membrane potential and highly reduced Q pool, electrons flow by RET to site I Q (Orr et
al., 2012; Quinlan et al., 2012; Zorov et al., 2014; Bleier et al., 2015; Scialò et al., 2017;
Stepanova et al., 2017) and site IIF (Wong et al., 2017). Lastly, in mitochondria
energized with palmitoylcarnitine-malate, the fatty acid enters mitochondria via
carnitine-acylcarnitine translocase and is converted to palmitoyl-CoA. The palmitoylCoA goes through a cascade of four enzymes of which the mitochondrial acyl-CoA
dehydrogenase transfers electrons (from the fatty acyl CoA) to the FAD prosthetic
group of the dehydrogenase. The reduced dehydrogenase (FADH2) then donates
electrons to electron ETF, an electron carrier of the ETS, that in turn transfers them
through a non-covalently bound FAD cofactor to Q through the ETF-ubiquinone
oxidoreductase (ETF:QOR). Hydroxyacyl-CoA dehydrogenase catalyzes the second
dehydrogenation reaction that uses NAD+ as the electron acceptor to generate NADH.
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The NADH supplies electrons to complex I that in turn transfers them to Q. Additionally,
acetyl-CoA, the end product of β-oxidation of fatty acids, condenses with oxaloacetate
to form citrate that fuels the TCA cycle (St-Pierre et al., 2002; Seifert et al., 2010;
Perevoshchikova et al., 2013; Augustin et al., 2018) to generate additional reducing
equivalents in the form of NADH and FADH2. Thus, mitochondrial β-oxidation of fatty
acids feeds electrons directly and indirectly to both the NADH/NAD + and QH2/Q pools
with potential for ROS production at multiple redox centers on enzymes of the ETS, TCA
cycle and β-oxidation. At present, our understanding of how environmental stress
modulates ROS production from specific sites in the mitochondria during oxidation of
diverse carbon fuels that introduce electrons at different points of the ETS is limited.
Oxygen deprivation and metals are common environmental stressors that disrupt
cellular mechanism of ROS homeostasis. Natural and anthropogenic depletion of
dissolved O2 in aquatic systems is on the increase and imposes stress on native species
(Gewin, 2010; Friedrich et al., 2014). During O2 deprivation (hypoxia or anoxia),
mitochondrial FIF0-ATPase (complex V) works in reverse, hydrolyzing ATP to maintain
the protonmotive force and thus depletes ATP. In addition, succinate accumulates,
activities of ETS enzymes and electron flux decrease, and ROS production increases
(Pamenter et al., 2016; Dröse, 2013; Zhang et al., 2018; Devaux et al., 2019).
Importantly, upon reoxygenation, there is a massive ROS burst putatively from complex
I and complex III in RET and FET reactions, respectively, driven by oxidation of succinate
that accumulates during hypoxia/anoxia (Chen et al., 2007; Dröse, 2013; Mailloux,
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2020). RET-induced ROS production from complex I is important for adaptive signaling
while ROS from complex III plays key roles in hypoxia sensing via hypoxia-inducible
factors (Guzy and Schumacker, 2006; Mailloux, 2015; Robb et al., 2018; Mailloux,
2020). Although inordinate ROS production by mitochondria during hypoxia/anoxiareoxygenation is implicated in oxidative stress (Szczepanek et al., 2012), knowledge of
the specific mitochondrial sites responsible for production of the ROS and their relative
contribution remain of interest particularly in anoxia-sensitive species.
Hypoxia/anoxia in the aquatic environment often co-occurs with other stressors such
as metals (Kennish, 1994; Fitzgerald et al., 2019). Cd is ubiquitous in the lithosphere
and is a common highly toxic environmental pollutant (Klaassen et al., 2009; McGeer et
al., 2012; Tchounwou et al., 2012). Mitochondria are important subcellular sites of Cd
toxicity (Kamunde, 2009) and exposure of these organelles to the metal is known to
impair activities of enzymes of the ETS resulting in dysregulation of energy conversion,
impaired ROS homeostasis, redox imbalance, and oxidative stress (Adiele et al., 2012;
Onukwufor et al., 2014; Onukwufor et al., 2017; Okoye et al., 2019). However, much
remains unknown about site-specific ROS production in mitochondria oxidizing
different carbon fuels during anoxia-reoxygenation and exposure to Cd.
In the present study, we probed how anoxia-reoxygenation and Cd modulate ROS
production (as H2O2 emission) in liver mitochondria from trout, a hypoxic sensitive
species, oxidizing different substrates. Initially, H2O2 emission rates in mitochondria
energized with different metabolic substrates (glutamate-malate, succinate or
145

palmitoylcarnitine) that introduce electrons at different points in the ETS were
measured before and after anoxia-reoxygenation and exposure to Cd. Thereafter,
specific mitochondrial ROS-emitting sites were sequestered using inhibitors of electron
transfer, and the effects of anoxia-reoxygenation and/or Cd on site-specific
H2O2 emission were tested. Our hypotheses were, (i) the patterns and rates of
mitochondrial H2O2 emission evoked by anoxia-reoxygenation and Cd will be the same
regardless of the substrate being oxidized and the specific site of origin in the ETS; (ii)
site-specific H2O2 emission will depend on the direction of electron transfer; (iii) anoxiareoxygenation and Cd will increase ROS emission during FET but decrease it during RET,
and (iv) Cd will exacerbate anoxia-reoxygenation-induced H2O2 emission independent
of metabolic substrate and ETS site of origin.
4.3 MATERIALS AND METHODS
4.3.1 Animals
Female juvenile rainbow trout (O. mykiss) were procured from Ocean Farms,
Brookvale, PE, Canada. The fish were held in a 250-l tank with aerated flow-through
well-water in the Aquatic Facility at the Atlantic Veterinary College. The water
temperature and pH were 11±1 °C and 7.7, respectively, and contained (in mg/l):
Ca2+ 63.9, Na+ 142.8, K+ 2.74, Mg2+ 36.7, Cl− 314.7, with hardness and alkalinity (as
CaCO3) of 310.7 and 153, respectively. The fish were fed daily at 1% of their body
weight with trout feed (Corey Feed Mills, Fredericton, NB, Canada) and weighed
240.8 ± 92 g at the time of sampling. The study and all the experimental procedures
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were approved by the University of Prince Edward Island Animal Care Committee in
accordance with the Canadian Council on Animal Care (protocol # 17–036).

4.3.2 Chemicals and reagents
Sucrose, KCl, L-malic acid, malonic acid, and EGTA were from VWR Chemicals (Radnor,
PA, USA). Tris-HCl was from EMD Chemicals Inc. (Gibbstown, NJ, USA). AUR and KH2PO4
were from ThermoFisher (Waltham, MA, USA). Cd as CdCl2·2.5H2O, BSA, aprotinin,
Triton X-100, HRP, L-glutamic acid, L-succinic acid, palmitoyl-DL-carnitine chloride
(PC), L-carnitine hydrochloride, ADP, rotenone, myxothiazol, antimycin A, DMSO, H2O2,
SOD were from Sigma-Aldrich Corp. (St. Louis, MO, USA).

4.3.3 Isolation of liver mitochondria
Liver mitochondria were isolated by differential centrifugation (Adiele et al., 2010).
Here, fish were stunned by a cephalic blow and sacrificed by decapitation. The liver was
then resected and rinsed with ice-cold (~4 °C) MIB (250 mM sucrose, 10 mM Tris-HCl,
10 mM KH2PO4, 0.5 mM EGTA, 1 mg/ml BSA [fatty acid free], 2 μg/ml aprotinin, pH 7.3),
blotted dry and weighed. The liver was finely diced and homogenized in 1:3 (weight to
volume) ratio of tissue to MIB in a 10-ml Potter-Elvehjem homogenizer (Cole Parmer,
Anjou, QC) using 4–5 passes of a Teflon pestle mounted on a hand-held drill (MAS 2BB,
Mastercraft Canada, Toronto) at 200 rpm. The homogenate was centrifuged at
800 g for 15 min and the supernatant was centrifuged at 13,000 g for 10 min. The
resulting mitochondrial pellet was washed 3 times by re-suspending in MIB and
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centrifuging at 11,000 g for 10 min. The final mitochondrial pellet was resuspended in a
1:3 (weight to volume) ratio of MRB (10 mM Tris-HCl, 25 mM KH2PO4, 100 mM KCl,
1 mg/ml BSA (fatty acid free), 2 μg/ml aprotinin, pH 7.3). All the centrifugations were
done at 4 °C, while homogenization and resuspension procedures were done on ice.
The protein concentration of the mitochondrial suspension was measured by the
method of Bradford (1976) after lysis with 0.02% Triton X-100.

4.3.4 Mitochondrial H2O2 emission detection
Mitochondrial ROS emission was measured fluorometrically as H2O2 efflux using AURHRP detection system. Here, the H2O2 emitted by 1 mg/ml of mitochondrial protein
oxidizes the non-fluorescent AUR to the fluorophore Amplex UltroxRed (excitation
λ = 530 nm; emission λ = 590 nm) in a reaction catalyzed by HRP. The fluorescence was
measured using a microplate fluorescence reader (Synergy™ HT BioTek, Winooski, VT)
for 30 min with reads at 90 s intervals at room temperature (23 °C). The fluorescence
intensities obtained were converted to H2O2 concentrations based on H2O2 calibration
curves generated concurrently. Background fluorescence produced by MRB alone was
subtracted from all fluorescence readings of samples/standards.

4.3.5 Modulation of H2O2 emission by anoxia-reoxygenation and Cd in mitochondria
oxidizing different substrates
Unless stated otherwise, the concentrations of substrates and inhibitors used
throughout the study are provided when the substrates and inhibitors are first
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mentioned. To probe the effect of anoxia-reoxygenation on H2O2 emission,
mitochondrial suspensions were diluted to 2 mg protein/ml and dispensed into
chambers of O2k fluorespirometer. The mitochondria were energized with glutamatemalate (5 mM each), succinate (5 mM), or palmitoylcarnitine (25 μM) and malate
(5 mM) (palmitoylcarnitine-malate) to impose state 2 respiration, with subsequent
addition of ADP evoking state 3 respiration. Following depletion of the added ADP, the
mitochondria transitioned to state 4 respiration and O2 in the chambers was allowed to
deplete, thus creating anoxia. To reduce the time required to achieve anoxia, the ADP
bolus added allowed O2 in the chamber to be consumed during state 3. Only
mitochondria with respiratory control ratio (RCR) of ≥3 were used for H 2O2 emission
studies. To study H2O2 emission by FET during oxidation of succinate, mitochondria
were energized with 0.1 mM succinate. Here, 0.1 mM succinate did not support robust
state 3 respiration; therefore, nitrogen was bubbled into the chambers of O2k
fluorespirometer to displace O2. Mitochondria were then maintained under anoxic
conditions for 5, 15, or 30 min following which the chambers were reoxygenated by
removing the stoppers. Subsequently, the mitochondria were aspirated into centrifuge
tubes and thereafter into 96-well microplates (at final assay concentration of 1 mg
protein/ml) for the measurement of H2O2 emission rates using the AUR-HRP detection
system. The pre- and post-anoxia-reoxygenation state 3 and 4 respiration rates and
RCR were compared to determine the effect of the procedure on mitochondrial
function.
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To investigate the effect of Cd on mitochondria H2O2 emission, 1 mg/ml of liver
mitochondrial suspensions were added to microplate wells containing glutamatemalate, succinate, or palmitoylcarnitine-malate followed by addition of 0, 1 and 20 μM
Cd. The Cd concentrations were selected based on the unique H2O2 emission responses
they evoke (Okoye et al., 2019). The assay was then allowed to equilibrate for 5 min
and H2O2 emission was measured for 30 min using the AUR-HRP detection system as
described above.

4.3.6 Modulation of site-specific H2O2 emission by anoxia-reoxygenation and Cd
To elucidate the effects of anoxia-reoxygenation and/or Cd on specific ROS-producing
sites, the sites were sequestered and determined their maximum capacities for
H2O2 emission. Initially, the NADH/NAD+ and QH2/Q pools were separated using
rotenone (4 μM) in mitochondria energized with glutamate-malate or
palmitoylcarnitine-malate, substrate combinations that supply electrons to the
NADH/NAD+ and Q pools. Rotenone blocks site IQ and in principle is expected to impose
RET with H2O2 emission from sites on complex I and potentially TCA cycle
dehydrogenases.
To better understand the sites of ROS production during oxidation of substrates that
reduce the NADH/NAD+ pool, a combination of malate and established inhibitors were
used to definitively isolate uncontaminated site IF (Mailloux, 2015; Brand, 2016). Here,
H2O2 emission by site IF was quantified in mitochondria energized with 5 mM malate
only and then with glutamate-malate or palmitoylcarnitine-malate. Because malate
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dehydrogenase does not produce ROS at a measurable rate, H2O2 emission in
mitochondria oxidizing malate plus rotenone in the presence of aspartate (1.5 mM) to
remove 2-oxoglutarate and ATP (2.5 mM) to concurrently inhibit oxoglutarate
dehydrogenase complex (OGDHC) (Brand, 2016), is attributable to site IF. Similarly, with
glutamate-malate, the addition of rotenone blocks site IQ and imposes RET to site IF and
ultimately to sites on TCA cycle substrate dehydrogenases. Because glutamate
dehydrogenase does not produce ROS at a measurable rate, and the TCA cycle
dehydrogenases known to produce ROS have strict substrate selectivity (Brand, 2016),
the H2O2 emission measured under this condition in the presence of aspartate and ATP
is attributable to site IF (Fig. 4.1A). In mitochondria energized with palmitoylcarnitinemalate, in addition to aspartate and ATP, malonate (5 mM) and myxothiazol (2 μM)
were added to inhibit site IIF and IIIQo, respectively (Fig. 4.1B). The contribution of site
OF to H2O2 emission was determined as the difference in the emission rate between
mitochondria oxidizing, (i) malate or glutamate-malate plus rotenone without and with
ATP plus aspartate, and (ii) palmitoylcarnitine-malate plus rotenone, malonate and
myxothiazol without and with ATP plus aspartate.
H2O2 emission by site IQ was measured in mitochondria oxidizing saturating
concentration of succinate (5 mM) as the difference between the emission rate evoked
by succinate alone and succinate plus rotenone (Fig. 4.1C). Under this condition,
potential H2O2 production by site IIF is inhibited by the high concentration of succinate
(Quinlan et al., 2012; Brand, 2016). In principle, site IQ can contribute to ROS
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production in mitochondria oxidizing glutamate-malate or palmitoylcarnitine-malate by
FET and RET (when sites IIIQo or IIIQi are inhibited) but measuring it requires the use of
suppressors of site IQ electron leak that do not impair the ETS and alter its reduction
state.
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Figure 4.1. Isolation of sites OF, IF and IQ in mitochondria oxidizing different
substrates. Isolation of sites OF and IF in mitochondria oxidizing glutamate-malate (GM)
(A) and palmitoylcarnitine-malate (PCM) (B). Isolation of site IQ in mitochondria
oxidizing succinate (SUC) (C). Black solid arrows indicate open electron transfer
pathways while black broken arrows indicate inhibited electron transfer pathways. Red
solid lines indicate site of inhibitor action. Red broken lines indicate sensitivity tests
(without/with inhibitor). ROT: rotenone; MYX: myxothiazol and MALO: malonate; MDH:
malate dehydrogenase; IDH: isocitrate dehydrogenase; GDH: glutamate
dehydrogenase; OGDH: oxoglutarate dehydrogenase.
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The maximal H2O2 emission by site IIF in mitochondria oxidizing glutamate-malate was
determined as the malonate-sensitive emission in the presence of myxothiazol to block
site IIIQo (Fig. 4.2A). However, it is also possible that on inhibition of site IIIQo and IIF,
electrons funnel to complex I and induce H2O2 emission from sites IQ, IF and other sites
in the NADH/NAD+ pool. For mitochondria oxidizing palmitoylcarnitine-malate,
H2O2 emission from site IIF was measured as the emission sensitive to malonate in the
presence of rotenone to prevent flux of electrons through site I Q, and myxothiazol to
block site IIIQo (Fig. 4.2B). However, redistribution of electrons to induce ROS
production from other sites in the QH2/Q pool cannot be ruled out under this
condition. A more definitive determination of H2O2 emission from site IIF was
accomplished in the FET reaction as the malonate-sensitive component in mitochondria
oxidizing sub-saturating (0.1 mM) concentration of succinate in the presence of
rotenone and myxothiazol (Fig. 4.2C).
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Figure 4.2. Isolation of site IIF in mitochondria oxidizing different substrates. Isolation of
site IIF in mitochondria oxidizing glutamate-malate (GM) (A), palmitoylcarnitine-malate
(PCM) (B) and succinate (SUC) (C). Black solid arrows indicate open electron transfer
pathways while black broken arrows indicate inhibited electron transfer pathways. Red
solid lines indicate site of inhibitor action. Red broken lines indicate sensitivity tests
(without/with inhibitor). ROT: rotenone; MYX: myxothiazol and MALO: malonate; MDH:
malate dehydrogenase; IDH: isocitrate dehydrogenase; GDH: glutamate
dehydrogenase; OGDH: oxoglutarate dehydrogenase.
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All the substrates tested reduce the Q pool and potentially can stimulate ROS
production from site IIIQo. In mitochondria energized with glutamate-malate,
H2O2 emission from site IIIQo was determined as the myxothiazol-sensitive component
in the presence of malonate and antimycin A to block sites IIF and IIIQi, respectively (Fig.
4.3A). However, redistribution of electrons under this condition can induce ROS
production from other sites within both the NADH/NAD + and QH2/Q pools, contributing
to the myxothiazol-insensitive fraction. For mitochondria oxidizing succinate,
measurement of H2O2 emission from site IIIQo requires saturating concentration (5 mM)
of the substrate that not only provides the electrons but blocks H 2O2 emission from site
IIF, antimycin A (2 μM) to block site IIIQi, and rotenone to block site IQ. Under this
condition, electrons are channelled to site IIIQo and H2O2 emission from this site is the
fraction sensitive to myxothiazol (Fig. 4.3B). For measurement of H2O2 emission by site
IIIQo in mitochondria oxidizing palmitoylcarnitine-malate, site IIIQi was blocked with
antimycin A to impose RET, while sites IIF and IQ were blocked with malonate and
rotenone, respectively. Under this condition H2O2 emission by site IIIQo is the
component sensitive to myxothiazol (Fig. 4.3C).
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Figure 4.3. Isolation of sites IIIQo and EF in mitochondria oxidizing different
substrates. Isolation of site IIIQo in mitochondria oxidizing glutamate-malate (GM) (A),
succinate (SUC) (B) and palmitoylcarnitine-malate (PCM) (C). Isolation of site EF in
mitochondria oxidizing palmitoylcarnitine-malate (PCM) (D). Black solid arrows indicate
open electron transfer pathways while black broken arrows indicate inhibited electron
transfer pathways. Red solid lines indicate site of inhibitor action. Red broken lines
indicate sensitivity tests (without/with inhibitor). ROT: rotenone; MYX: myxothiazol;
MALO: malonate; AMA: antimycin A; MDH: malate dehydrogenase; IDH: isocitrate
dehydrogenase; GDH: glutamate dehydrogenase; OGDH: oxoglutarate dehydrogenase.
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H2O2 emission by the ETF (site EF) was determined in mitochondria energized with
palmitoylcarnitine-malate in the presence of rotenone, malonate, and myxothiazol to
block sites IQ, IIF, and IIIQo, respectively (Fig. 4.3D). Although we attributed the
H2O2 emission under this condition to site EF, emission by other sites within both the
NADH/NAD+ and QH2/Q pools cannot be ruled out due to redistribution of electrons
induced by blockade of the ETS.
Lastly, effects of anoxia-reoxygenation and Cd on site-specific H2O2 emission were
measured with the specific sites sequestered as described above. Here, mitochondria
were subjected to 0, 5, 15, and 30 min of anoxia followed by reoxygenation and
thereafter exposed to 0, 1, and 20 μM Cd for 30 min.
4.3.7 Statistics
For all parameters, 3 to 6 biological replicates were analyzed. The data are presented
as means ± SEM unless otherwise stated. The data were tested for normality of
distribution and homoscedasticity using Kolmogorov-Smirnov and Levene's tests,
respectively, and thereafter submitted to one- or two-way analysis of variance
(ANOVA) using Minitab 19 (Minitab, Inc., State College, PA, USA). Post hoc pairwise
comparisons were done using Fisher's LSD test and the level of significance was set at
p < 0.05. Significantly different means are indicated by different letters in the figures.
4.4 RESULTS
4.4.1 Effect of anoxia-reoxygenation and Cd on H2O2 emission in mitochondria
oxidizing different substrates
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First the effect of anoxia-reoxygenation on mitochondrial functional integrity was
tested by measuring respiration (state 3 and 4 ṀO2) and RCR before and after the
procedure (Fig. 4.4A-C). Mitochondrial state 3 ṀO2 post-anoxia exposure and
reoxygenation were 26, 49 and 79% lower compared with the pre-anoxia rates for
glutamate-malate, succinate and palmitoylcarnitine-malate, respectively (Fig. 4.4D).
Anoxia-reoxygenation inhibited state 4 ṀO2 driven by succinate and palmitoylcarnitinemalate by 14 and 30% respectively, while that of glutamate-malate was marginally
increased by an insignificant 4% (Fig. 4.4E). Aligned with the changes in state 3 and 4
ṀO2, the RCR was reduced for all the substrates post-anoxia and reoxygenation, more
severely for palmitoylcarnitine-malate (70%) and succinate (61%) than glutamatemalate (27%) (Fig. 4.4F).
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Figure 4.4. Effect of anoxia on mitochondrial function (respiration). A: Representative
tracings of mitochondrial oxygen consumption before and after 5 (A), 15 (B) and 30 (C)
min of anoxia followed by reoxygenation. ST2: state 2; ST3: state 3; ST4: state 4; mito:
mitochondria; GM: glutamate-malate; ADP: adenosine diphosphate; A: anoxia; R:
reoxygenation). Quantitative data for state 3 (D) and state 4 (E) respiration, and the
respiratory control ratio, RCR (F) in mitochondria energized with succinate (SUC),
glutamate-malate (GM) and palmitoylcarnitine-malate (PCM) following the anoxiareoxygenation procedure. Asterisk (*) indicates that % inhibition/reduction data were
analyzed statistically separately from the respiration data.
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Next, the H2O2 emission rate was measured in unstressed mitochondria oxidizing
glutamate-malate, succinate, and palmitoylcarnitine-malate. We found a significant
effect of substrate (F2,12 = 10.6, p = 0.002) in which glutamate-malate (5 mM each) and
succinate (5 mM) evoked comparable and significantly higher H2O2 emission rates than
palmitoylcarnitine-malate (Fig. 4.5A). Contrary to our prediction, anoxia-reoxygenation
significantly reduced the rate of H2O2 emission (F3,48 = 3.38, p = 0.026) (Fig. 4.5B).
Furthermore, the rate of H2O2 emission depended on the type of substrate (F2,48 = 28.0,
p < 0.0001) but the interaction (F6,48 = 0.84, p = 0.54) between substrate and anoxiareoxygenation was not significant. Cd (F2,36 = 90.6, p < 0.0001) and substrate
(F2,36 = 23.7, p < 0.0001) significantly altered the rate of H2O2 emission, and their
interaction (F4,36 = 60.4, p < 0.0001) was significant. However, unlike anoxiareoxygenation that reduced H2O2 emission, Cd exposure imposed a substratedependent pattern of H2O2 emission. Specifically, Cd evoked a concentrationdependent increase in H2O2 emission with glutamate-malate and a biphasic response
with succinate, with the low concentration of the metal stimulating a higher rate of
H2O2 emission. With palmitoylcarnitine-malate, an increase in H2O2 emission with a
plateau was observed (Fig. 4.5C).
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Figure 4.5. Effect of anoxia-reoxygenation and Cd on H2O2 emission in mitochondria
oxidizing different substrates. Substrate-dependent mitochondrial H2O2 emission (A).
H2O2 emission by mitochondria energized with different substrates following 0, 5, 15,
and 30 min anoxia-reoxygenation (B). H2O2 emission by mitochondria energized with
different substrates following Cd (0, 2 and 20 μM Cd) exposure for 30 min (C). SUC, GM
and PCM indicate glutamate-malate, succinate and palmitoylcarnitine-malate,
respectively. Data are means ± SEM, n = 5, one-way ANOVA, Fisher's LSD post hoc test,
p < 0.05.
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4.4.2 Site-specific rates of H2O2 emission
To quantify the rate of H2O2 emission from specific sites along the ETS, pharmacological
agents were used to sequester or inhibit the electron donor sites as described for
mammalian mitochondria (Perevoshchikova et al., 2013; Quinlan et al., 2013a; Quinlan
et al., 2013b; Starkov, 2014; Brand, 2016; Mailloux, 2020). The conditions, and
quantified H2O2 emission rates for applicable sites in mitochondria energized with
glutamate-malate are shown in Fig. 4.6A, and Fig. 4.6B, respectively. The addition of
rotenone to block site IQ imposed a significant increase in H2O2 emission by RET. This
H2O2 could have arisen from multiple sites in the NADH/NAD + pool (site IF and sites on
TCA cycle substrate dehydrogenases). However, the strict substrate selectivity of TCA
cycle dehydrogenases (Brand, 2016) and their minimal capacity to produced ROS by
RET suggests that in the absence of addition of specific substrates, only site O F is likely
to emit H2O2 at a significant rate because 2-oxoglutarate, the substrate for OGDHC, is
generated by glutamate dehydrogenase or via transamination of glutamate. Indeed,
the addition of aspartate (to remove 2-oxoglutarate) and ATP (to inhibit OGDHC)
eliminated the contribution of site OF with the remaining emission being attributed to
IF. When malonate was added in the presence of myxothiazol, there was an increase in
H2O2 emission resulting in a negative calculated rate of H2O2 emission for malonate
sensitive component (putative site IIF) (Fig. 4.6B). This suggests that electrons were
redistributed to induce H2O2 emission at other sites on TCA cycle enzymes and/or
enzymes responsive to Q pool reduction state. With antimycin A-induced RET and
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malonate to block site IIF, a significant part of the H2O2 emission was sensitive to
myxothiazol (33% reduction) indicating it originated from site IIIQo. Comparatively, for
mitochondria energized with glutamate-malate, the greater proportion of the
H2O2 emitted appears to originate from site IIIQo with contribution from complex I sites
and site OF but not IIF (Fig. 4.6B).
The addition of rotenone resulted in a 40% reduction (p < 0.0001) in H2O2 emission,
accounting for emission from site IQ by RET (Fig. 4.7A&B). Additionally, in the presence
of rotenone and antimycin A, 52% of the H2O2 emission was sensitive to myxothiazol
indicating site IIIQo was the source (Fig. 4.7A&B). Interestingly, the maximal
H2O2 emission by site IIF determined as the malonate sensitive component during
oxidation of sub-saturating (0.1 mM) concentration of succinate in the FET reaction was
much higher than emission from site IQ or IIIQo. Overall, H2O2 emission capacities of
applicable sites in mitochondria oxidizing succinate were of the order: site IIF > site
IIIQo > site IQ (Fig. 4.7B).
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Figure 4.6. Site-specific rates of H2O2 emission in mitochondria oxidizing glutamatemalate. A: Conditions used to quantify site-specific H2O2 emission capacities for
mitochondria oxidizing glutamate-malate. 1-2: H2O2 emission by site OF (mitochondria
oxidizing 5 mM glutamate-malate in the presence of 4 μM rotenone (1) and
mitochondria oxidizing 5 mM glutamate-malate in the presence of 4 μM rotenone,
1.5 mM aspartate and 2.5 mM ATP (2)). 3-4: H2O2 emission by site IF (mitochondria
oxidizing 5 mM glutamate-malate in the presence of 4 μM rotenone, 1.5 mM aspartate
and 2.5 mM ATP (3) and unenergized (4)). 5-6: H2O2 emission by putative site
IIF (mitochondria oxidizing 5 mM glutamate-malate in the presence of 2 μM
myxothiazol (5) and 5 mM glutamate-malate in the presence of 2 μM myxothiazol and
5 mM malonate (6)). 7-8: H2O2 emission by site IIIQo (mitochondria oxidizing 5 mM
glutamate-malate in the presence of 5 mM malonate and 2 μM antimycin A (7) and
5 mM glutamate-malate in the presence of 5 mM malonate, 2 μM antimycin A and
2 μM myxothiazol (8). B: Maximal site-specific H2O2 emission capacities for
mitochondria oxidizing 5 mM glutamate-malate. The negative value for putative
IIF indicates that addition of malonate increased H2O2 emission due to redistribution of
electrons; the expected result of a positive malonate sensitivity test is decreased
emission. Data are means ± SEM, n = 5, one-way ANOVA, Fisher's LSD post hoc test,
p < 0.05.
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Figure 4.7. Site-specific rates of H2O2 emission in mitochondria oxidizing succinate. A:
Conditions used to quantify site-specific H2O2 emission capacities in mitochondria
oxidizing succinate. 1-2: H2O2 emission by site IF (1: mitochondria oxidizing 5 mM
succinate and 2: 5 mM succinate in the presence of 4 μM rotenone). 3-4: H2O2 emission
by site IIF (3: mitochondria oxidizing 0.1 mM succinate in the presence of 4 μM
rotenone and 2 μM myxothiazol without and with MALO). 5-6: H2O2 emission by site
IIF (5: mitochondria oxidizing 5 mM succinate in the presence of 4 μM rotenone and
2 μM antimycin A and 6: 5 mM succinate in the presence of 4 μM rotenone, 2 μM
antimycin A and 2 μM myxothiazol). B: Maximal site-specific H2O2 emission capacities
for mitochondria oxidizing succinate. Data are means ± SEM, n = 5, one-way ANOVA,
Fisher's LSD post hoc test, p < 0.05.
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The conditions for measuring site-specific H2O2 emission in mitochondria oxidizing
palmitoylcarnitine-malate are shown in Fig. 4.8A. The addition of rotenone increased
the rate of H2O2 emission by 129% suggesting ROS production by sites in the
NADH/NAD+ pool or from sites on enzymes responsive to Q pool reduction state. To
narrow down the source of this ROS, we used malonate (to inhibit site IIF) and
myxothiazol (to inhibit site IIIQo) without and with aspartate plus ATP (to inhibit site OF).
We found that the addition of malonate and myxothiazol reduced H 2O2 emission by 3%
and 27%, respectively, indicating minimal and significant contribution of site II F and
IIIQo, respectively. Notably, the addition of aspartate and ATP in the presence of
malonate and myxothiazol caused a 34% reduction indicative of the contribution of site
OF, with the remaining 66% being attributed to site IF. Lastly, we attributed the
H2O2 emission in presence of rotenone, malonate and myxothiazol to site EF, albeit with
possible contamination by other sites due to redistribution of electrons on addition of
inhibitors. Based on the conditions in Fig. 4.8A, the site-specific H2O2 emission during
palmitoylcarnitine-malate oxidation were site IIIQo ≥ EF ≥ site IF ≥ site OF ≥ site IIF (Fig.
4.8B).
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Figure 4.8. Site-specific rates of H2O2 emission in mitochondria oxidizing
palmitoylcarnitine-malate. A: Conditions used to quantify site-specific H2O2 emission
capacities. 1-2: H2O2 emission by site OF (oxidation of 25 μM palmitoylcarnitine and
5 mM malate in the presence of 4 μM rotenone, 5 mM malonate and 2 μM myxothiazol
(1) and 25 μM palmitoylcarnitine and 5 mM malate in the presence of 4 μM rotenone,
1.5 mM aspartate, 2.5 mM ATP, 5 mM malonate and 2 μM myxothiazol (2)). 3-4:
H2O2 emission by site IF (oxidation of 25 μM palmitoylcarnitine and 5 mM malate in the
presence of 4 μM rotenone, 1.5 mM aspartate, 2.5 mM ATP, 5 mM malonate and 2 μM
myxothiazol (3) and unenergized mitochondria (4)). 5-6: H2O2 emission by site
IIF (oxidation of 25 μM palmitoylcarnitine and 5 mM malate in the presence of 4 μM
rotenone and 2 μM myxothiazol (5) and 25 μM palmitoylcarnitine and 5 mM malate in
the presence of 4 μM rotenone, 2 μM myxothiazol, and 5 mM malonate (6)). 7-8:
H2O2 emission by site IIIQo (oxidation of 25 μM palmitoylcarnitine and 5 mM malate in
the presence of 5 mM malonate and 2 μM antimycin A (7) and 25 μM
palmitoylcarnitine and 5 mM malate in the presence of 5 mM malonate in the presence
of 2 μM antimycin A and 2 μM myxothiazol (8)). 9-10: H2O2 emission by EF (oxidation of
25 μM palmitoylcarnitine and 5 mM malate in the presence of 4 μM rotenone, 5 mM
malonate and 2 μM myxothiazol (9) and unenergized mitochondria (10)). B: Maximal
site-specific H2O2 emission capacities for mitochondria oxidizing 25 μM palmitoylcarnitine and 5 mM malate. Data are means ± SEM, n = 5, one-way ANOVA, Fisher's
LSD post hoc test, p < 0.05.
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4.4.3 Effect of anoxia-reoxygenation and Cd on site-specific H2O2 emission
For mitochondria oxidizing glutamate-malate (Fig. 4.9A), anoxia-reoxygenation
(F3,48 = 11.1, p < 0.0001) and Cd (F2,48 = 29.6, p < 0.0001) altered the rate of
H2O2 emission from NADH/NAD+ pool (mainly sites IF and OF). Moreover, the
interaction of anoxia-reoxygenation and Cd was significant (F6,48 = 2.37, p < 0.04).
Specifically, Cd concentration-dependently stimulated H2O2 emission from
NADH/NAD+ pool and 5 min anoxia-reoxygenation enhanced the effect of Cd.
Increasing the duration of anoxia-reoxygenation resulted in re-establishment of the
normoxic H2O2 emission rates except for mitochondria exposed to 1 μM Cd that
exhibited a negative calculated emission rate suggesting increased H2O2 emission from
other sites due to redistribution of electrons. For mitochondria oxidizing
palmitoylcarnitine-malate, Cd (F2,48 = 29.4, p < 0.0001) altered the rate of
H2O2 emission from the NADH/NAD+ pool in which 1 μM suppressed while 20 μM
stimulated emission (Fig. 4.9B). In contrast, anoxia-reoxygenation suppressed
(F3,48 = 3.85, p = 0.015) the rate of H2O2 emission, most clearly in mitochondria exposed
to 1 μM Cd but did not alter the response pattern relative to the normoxic condition.
The interaction of anoxia-reoxygenation and Cd was not significant (F6,48 = 0.19,
p = 0.92).
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Figure 4.9. Effect of anoxia-reoxygenation and Cd on the NADH pool rates of
H2O2 emission. A: H2O2 emission from NADH pool in mitochondria oxidizing glutamatemalate; B: H2O2 emission from NADH pool in mitochondria oxidizing palmitoylcarnitine
-malate. Data are means ± SEM, one-way ANOVA, Fisher's LSD post hoc test, p < 0.05.
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In mitochondria oxidizing malate, glutamate-malate and palmitoylcarnitine-malate, the
use of aspartate plus ATP and substrate-appropriate inhibitors allowed us to calculate
H2O2 emission from site OF under all the exposure conditions we tested. For
mitochondria oxidizing malate both anoxia-reoxygenation (F3,48 = 63.9, p < 0.0001) and
Cd (F2,48 = 3.19, p = 0.03) reduced the rate of H2O2 emission from site OF and their
interaction was significant (F6,48 = 11.3, p < 0.0001). Notably, the negative calculated
rates of H2O2 emission imposed by Cd suggest stimulation of ROS production from
other sites, particularly at the high (20 μM) Cd concentration. Our data also show that
anoxia-reoxygenation reduced the emission stimulated by Cd from other sites (Fig.
4.10A). With glutamate-malate, anoxia-reoxygenation (F3,48 = 96, p < 0.0001) and Cd
significantly (F2,48 = 5.67, p = 0.006) altered the rates of H2O2 emission from site OF and
their interaction significant (F6,48 = 8.9, p < 0.0001). Here, anoxia-reoxygenation
attenuated the stimulatory effect of Cd on H2O2 emission from site OF (Fig. 4.10B). In
mitochondria oxidizing palmitoylcarnitine-malate Cd significantly (F2,48 = 219,
p < 0.0001) altered the rates of H2O2 emission from site OF; however, the overall effect
of anoxia-reoxygenation was not significant (F3,48 = 2.01, p < 0.125) because it had
disparate effects on the emission caused by low and high Cd concentrations.
Additionally, the interaction of anoxia-reoxygenation and Cd site OF H2O2 emission was
significant (F6,48 = 8.9, p < 0.0001). Notably, Cd particularly at 20 μM, inhibited
H2O2 emission from site OF but stimulated high rates of emission from other sites (Fig.
4.10C).
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Figure 4.10. Effect of anoxia-reoxygenation and Cd on the rates of H2O2 emission
from. site OF. H2O2 emission from OF in mitochondria oxidizing malate only (A),
glutamate-malate (B) and palmitoylcarnitine-malate (C). Data are means ± SEM, oneway ANOVA, Fisher's LSD post hoc test, p < 0.05.
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For site IF in mitochondria oxidizing malate, anoxia-reoxygenation (F3,48 = 414,
p < 0.0001) and Cd (F2,48 = 52, p < 0.0001) altered the rate of H2O2 emission, and the
interaction of anoxia-reoxygenation and Cd was significant (F6,48 = 20, p < 0.0001).
Specifically, Cd at 20 μM stimulated high rates of H2O2 emission while low
concentration (1 μM) of the metal did not alter H2O2 emission. The effect of anoxiareoxygenation depended on the duration of anoxia wherein 5 min exacerbated, 15 min
attenuated, and 30 min did not alter the stimulatory effect of Cd on the rates of
H2O2 emission (Fig. 4.11A). H2O2 emission from site IF in mitochondria oxidizing
glutamate-malate was stimulated by both anoxia-reoxygenation (F3,48 = 6.6, p = 0.001)
and Cd (F2,48 = 350, p < 0.0001) but their interaction was not significant (F6,48 = 1.9,
p = 0.1). Specifically, anoxia-reoxygenation heightened the Cd-induced concentrationdependent stimulation of H2O2 emission especially following 5 and 30 min of anoxia
(Fig. 4.11B). Similarly, in mitochondria energized with palmitoylcarnitine-malate,
anoxia-reoxygenation (F3,48 = 5.4, p = 0.003) and Cd significantly (F2,48 = 451, p < 0.0001)
altered the rate of H2O2 emission by site IF, without a significant (F6,48 = 1.2, p = 0.33)
interaction. Here, 20 μM Cd stimulated high rates of H2O2 emission from site IF and
anoxia-reoxygenation attenuated the effect of Cd (Fig. 4.11C).
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Figure 4.11. Effect of anoxia-reoxygenation and Cd on site IF rates of H2O2 emission. A:
H2O2 emission from site IF in mitochondria oxidizing malate alone; B: H2O2 emission
from site IF in mitochondria oxidizing glutamate-malate; and C: H2O2 emission from site
IF in mitochondria oxidizing palmitoylcarnitine-malate. Data are means ± SEM, one-way
ANOVA, Fisher's LSD post hoc test, p < 0.05.
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The rate of H2O2 emission by site IQ in mitochondria oxidizing 5 mM succinate (Fig.
4.12A) was suppressed (F3,48 = 27.2, p < 0.0001) by anoxia-reoxygenation while Cd
exerted a significant (F2,48 = 91.2, p < 0.0001) biphasic response with 1 μM stimulating
and 20 μM suppressing the rate of H2O2 emission. Additionally, the interaction of
anoxia-reoxygenation and Cd on the rate of H2O2 emission was significant (F6,48 = 3.88,
p = 0.003) indicating that the effect of Cd depended on the duration of anoxia. The
negative H2O2 emission rate in mitochondria exposed to 20 μM Cd indicates that the
rate of ROS production from other sites under this condition exceeded the rate of
production from site IQ. Importantly, anoxia-reoxygenation apparently stimulated ROS
production from other sites or suppressed site IQ resulting in the more negative
calculated rates of H2O2 emission relative to the normoxic rates. The maximal rate of
H2O2 emission by site IIF was measured in mitochondria oxidizing a sub-saturating
concentration (0.1 mM) of succinate because higher concentrations of succinate inhibit
the site (data not shown). The results show that Cd (F 2,36 = 215, p < 0.0001) imposed a
biphasic (low concentration stimulation-high concentration inhibition) H2O2 emission
pattern from site IIF (Fig. 4.12B). In contrast, anoxia-reoxygenation (F2,36 = 63.9,
p < 0.0001) reduced H2O2 emission by site IIF, with the degree of inhibition increasing
with the duration of anoxia. Moreover, the interaction of anoxia-reoxygenation and Cd
on H2O2 emission by site IIF was significant (F6,36 = 8.76, p < 0.0001) indicating that the
effect of Cd depended on the duration of anoxia. In mitochondria oxidizing
palmitoylcarnitine-malate H2O2 emission from site IIF (malonate sensitive fraction) was
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minimal and was not significantly altered by Cd exposure (F2,48 = 0.00, p = 0.99), anoxiareoxygenation (F3,48 = 1.05, p = 0.38) or their interaction (F6,48 = 1.44, p = 0.22).
However, Cd tended to stimulate emission from other sites, resulting in the negative
computed H2O2 emission rates (Fig. 4.12C).
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Figure 4.12. Effect of anoxia-reoxygenation and Cd on sites IQ and IIF rates of
H2O2 emission. A: H2O2 emission from site IQ in mitochondria oxidizing succinate; B:
H2O2 emission from site IIF in mitochondria oxidizing succinate; and C: H2O2 emission
from site IIF in mitochondria oxidizing palmitoylcarnitine-malate. Data are
means ± SEM, one-way ANOVA, Fisher's LSD post hoc test, p < 0.05.
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H2O2 emission by site IIIQo in mitochondria oxidizing glutamate-malate was not altered
by Cd exposure (F2,48 = 2.34, p = 0.107) but was reduced by anoxia-reoxygenation
(F3,48 = 4.33, p = 0.009) without a significant interaction (F6,48 = 1.44, p = 0.22) of the
two factors (Fig. 4.13A). With succinate as substrate Cd (F2,48 = 128, P < 0.0001)
significantly increased the rate of H2O2 emission. Anoxia-reoxygenation had an overall
non-significant effect (F3,48 = 2.53, p < 0.07) because it stimulated H2O2 emission in
mitochondria exposed to 1 μM Cd and inhibited it in mitochondria exposed to 20 μM
Cd. The interaction of Cd and anoxia-reoxygenation on site IIIQo H2O2 emission with
succinate was significant (F6,48 = 15.1, p < 0.0001) (Fig. 4.13B). For mitochondria
oxidizing palmitoylcarnitine-malate, H2O2 emission by site IIIQo was significantly altered
by anoxia-reoxygenation (F3,48 = 7.3, p < 0.001) and Cd (F2,48 = 11.2, p = 0.009), but their
interaction was not significant (F6,48 = 1.21, p = 0.319). Here, exposure to Cd alone
caused a concentration-dependent increase in H2O2 emission but when combined with
anoxia-reoxygenation the response was biphasic (low concentration inhibition-high
concentration stimulation) (Fig. 4.13C).
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Figure 4.13. Effect of anoxia-reoxygenation and Cd on site IIIQo rates of H2O2 emission.
A: H2O2 emission from site IIIQo in mitochondria oxidizing malate-glutamate; B:
H2O2 emission from site IIIQo in mitochondria oxidizing succinate; C: H2O2 emission from
site IIIQo in mitochondria oxidizing palmitoylcarnitine-malate. Data are means ± SEM,
one-way ANOVA, Fisher's LSD post hoc test, p < 0.05.
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The rate of H2O2 emission by site EF in mitochondria oxidizing palmitoylcarnitine-malate
(Fig. 4.14A) was dose-dependently stimulated by Cd (F2,48 = 28.3, p < 0.0001) but was
neither altered by anoxia-reoxygenation (F3,48 = 0.17, p = 0.91) nor their interaction
(F6,48 = 0.003, p = 1).
Lastly, the rates of H2O2 emission from site IIF in mitochondria oxidizing glutamatemalate calculated as the malonate-sensitive component were negative (“plus
malonate” values were higher than the respective “without malonate” values) under all
the conditions we tested. This indicates that concurrent addition of malonate and
myxothiazol during mitochondrial oxidation of glutamate-malate stimulated ROS
production from other sites that masked and exceeded any emission that may have
accrued from site IIF. We therefore subtracted “without malonate” from “plus
malonate” values and present the data as H2O2 emission from “other sites” (Fig. 4.14B).
This emission was not affected by anoxia-reoxygenation (F3,48 = 1.98, p = 0.13) but was
significantly increased by Cd (F2,48 = 5.67, p = 0.006). Moreover, the interaction of
anoxia-reoxygenation and Cd on H2O2 emission from “other sites” in mitochondria
oxidizing glutamate-malate was not significant (F6,48 = 1.04, P = 0.41).
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Figure 4.14. Effect of anoxia-reoxygenation and Cd on the rates of H2O2 emission
from. EF and “other sites”. A: H2O2 emission from EF in mitochondria oxidizing
palmitoylcarnitine-malate and B: H2O2 emission from “other sites” in mitochondria
oxidizing glutamate-malate. Data are means ± SEM, one-way ANOVA, Fisher's LSD post
hoc test, p < 0.05.
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4.5 DISCUSSION
ROS are involved in critical cellular signaling pathways; however, when in excess they
have been implicated in multiple pathological states due to redox imbalance and
oxidative biomolecular damage (Tahara et al., 2009; Brand, 2020). While mitochondria
are regarded as a major source of intracellular ROS, the effect of environmental stress
on mitochondrial ROS regulation has not been adequately investigated. We probed the
effect of O2 depletion followed by reoxygenation and Cd exposure on H2O2 emission in
fish liver mitochondria oxidizing diverse carbon fuels. We showed that anoxiareoxygenation inhibited mitochondrial respiration most severely during
palmitoylcarnitine-malate oxidation and attenuated H2O2 emission most severely
during glutamate-malate oxidation. In contrast, Cd imposed a monotonic increase in
H2O2 emission during glutamate-malate and palmitoylcarnitine-malate oxidation, and a
biphasic response during succinate oxidation. Notably, sites IIIQo, IIF and the EF had the
highest H2O2 emission capacities in unstressed mitochondria depending on the
substrate being oxidized. Moreover, Cd stimulated, while anoxia-reoxygenation
blunted, site-specific H2O2 emission except for site IF (enhanced by 5 min anoxiareoxygenation) with glutamate-malate as substrates and EF (unresponsive to anoxiareoxygenation). Overall, a preponderance of our data show that anoxia-reoxygenation
inhibited mitochondrial respiration and H2O2 emission irrespective of substrate
suggesting a common mechanism of action. This common mechanism is likely
depletion of cardiolipin by anoxia/hypoxia-reoxygenation (Petrosillo et al., 2003;
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Paradies et al., 2004) that impairs ETS enzymes. However, the variable magnitude of
the responses indicates a role of substrate-specific mechanisms as well. In contrast, the
effect of Cd on H2O2 emission was substrate- and site-specific indicating that Cd
affected mitochondrial targets differently. Notably, our study suggests that the
increased adverse effects commonly associated with combined exposure to Cd and
O2 deprivation in aquatic organisms (Kurochkin et al., 2009; Ivanina et al., 2012;
Sokolova, 2018) may not be due to direct stimulation of mitochondrial ROS production
and resulting oxidative stress. Although we studied the effects of environmental
stressors in vitro using isolated mitochondria and did not consider other cellular
processes that may impact mitochondrial H2O2 emission, the first step in elucidating
the contribution of mitochondria ROS emission in cells and in vivo is to characterize the
maximal capacities of all sites that potentially can produce ROS (Goncalves et al., 2016).
4.5.1 Effect of anoxia-reoxygenation and Cd on H2O2 emission is substrate dependent
Our findings in unstressed mitochondria are consistent with the theme that
mitochondrial H2O2 emission depends on the carbon fuel being oxidized, tissue and
animal species (Tahara et al., 2009; Oldford et al., 2019). It is therefore not surprising
that the effects of anoxia-reoxygenation and Cd on mitochondrial H2O2 emission also
depended on the metabolic substrate. Although hypoxia or anoxia reduces availability
of O2, a prerequisite for production of ROS, reoxygenation following the O2 deprivation
affects mitochondrial physiology and ROS production via multiple mechanisms
(Abramov et al., 2007; Korge et al., 2008; Ghose et al., 2013; Onukwufor et al., 2014;
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Ivanina et al., 2016; Onukwufor et al., 2017; Zhang et al., 2018). Anoxia was reported to
cause severe ΔΨm dissipation without altering the function of ETS complexes (ROS are
not produced due to lack of O2 and oxidative enzyme damage does not occur). In
contrast, hypoxia causes persistent impairment of the ETS complexes (ROS are
produced under hypoxia and oxidatively damage enzymes), partial respiratory
inhibition, and mild dissipation of ΔΨm that collectively prime mitochondria for a burst
of ROS upon reoxygenation (Korge et al., 2008; Granger and Kvietys, 2015). The
reduced rate of H2O2 emission we found following anoxia-reoxygenation is consistent
with the expected effect of anoxia and aligns with earlier findings in neuronal cells
(Milton et al., 2007) and heart mitochondria (Korge et al., 2008; Bundgaard et al.,
2018). Increasing the duration of anoxia progressively reduced the rate of
H2O2 emission upon reoxygenation for glutamate-malate (complex I substrate) and
palmitoylcarnitine-malate (in part supplies electrons to complex I) but not succinate
(complex II substrate) suggesting that the response is mediated by complex I.
Comparatively, anoxia-reoxygenation suppressed H2O2 emission to a greater extent in
succinate-energized than glutamate-malate- or palmitoylcarnitine-energized
mitochondria. Similar to our findings, Korge et al. (2008) reported a lower rate of
H2O2 production during succinate oxidation compared with glutamate-malate in rabbit
cardiac mitochondria following anoxia-reoxygenation. The lower rate of H2O2 emission
possibly results from inhibition of site IIF by high succinate concentration. Notably,
succinate has been reported to accumulate to the millimolar concentration range in
194

mitochondria following hypoxia/anoxia (Starkov, 2008; Zhang et al., 2018), and
hypoxia/anoxia induces succinate-like inhibition of complex II (Fedotcheva et al., 2006;
Wojtovich and Brookes, 2008). Regardless of the underlying mechanism(s), suppression
of ROS generation would protect against oxidative biomolecular damage upon
reoxygenation.
Cd modulated mitochondrial H2O2 emission differently depending on the substrate. In
mitochondria energized with glutamate-malate, the rate of H2O2 emission increased
with increasing Cd concentration consistent with our recent study (Okoye et al., 2019).
NADH formed during oxidation of glutamate-malate supplies electrons to complex I to
reduce Q that in turn reduces complex III. Inhibition of complex I and III by Cd in
rainbow trout liver mitochondria (Adiele et al., 2012; Onukwufor et al., 2014;
Onukwufor et al., 2015) has been suggested to be responsible for the profile of
H2O2 emission during glutamate-malate oxidation (Okoye et al., 2019). In this regard,
Cd has a high affinity for sulfur compounds and can displace Fe2+ from iron-sulfur
clusters between sites IF and IQ thereby impairing complex I function and promoting
ROS production (Helbig et al., 2008; Chmielowska-Bąk et al., 2013; Okoye et al., 2019).
For complex III, Cd inhibits electron flux between semiquinone and
cytochrome b566 resulting in the accumulation of unstable semiubiquinone with
increased ROS production in glutamate-malate-energized mitochondria (Wang et al.,
2004; Okoye et al., 2019). The biphasic concentration-dependent increase in
H2O2 emission seen in mitochondria oxidizing succinate is aligned with our recent
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report (Okoye et al., 2019) and is not unique to H2O2 emission, having previously been
reported for proliferation of human embryo lung fibroblast cells (1 μM stimulatory and
10 μM inhibitory) and HEK293 cells (0.5 μM stimulatory and 50 μM inhibitory) (Hao et
al., 2009; Jiang et al., 2009). Intriguingly, Cd induced a stimulatory monotonic profile of
H2O2 emission in mitochondria energized with palmitoylcarnitine-malate suggesting
that complex I sites (just like with glutamate-malate) may be responsible for this
response. Moreover, fatty acids have been reported to impair complex I and III, and
induce the opening of mitochondrial permeability transition pore, thereby increasing
the rate of ROS production (Schönfeld and Wojtczak, 2007; Tominaga et al., 2008).
Therefore, it is possible that Cd and palmitoylcarnitine acted jointly to inhibit complex I
and augment H2O2 emission in mitochondria respiring on palmitoylcarnitine-malate.
4.5.2 Site-specific rates of H2O2 emission in mitochondria oxidizing different
substrates
In mitochondria energized with glutamate-malate, site IF emitted measurable ROS by
FET. Rotenone increases the reduction state of the NADH pool leading to increased
H2O2 production from site IF by RET in mitochondria oxidizing glutamate-malate
(Treberg et al., 2011; Quinlan et al., 2013a; Sharma et al., 2018). Similarly, in our study,
the addition of rotenone increased the rate of H2O2 emission from sites OF and IF.
However, our results do not support the existence of RET-induced H2O2 emission from
site IIF measured as the malonate-sensitive emission in mitochondria oxidizing
glutamate-malate in the presence of myxothiazol. This suggests that myxothiazol196

induce RET channels electrons to more thermodynamically favorable sites in the Q pool
other than IIF or that malate under this condition inhibits site IIF (Quinlan et al., 2013b).
However, a sub-saturating concentration of succinate (0.1 mM) and 25 μM
palmitoylcarnitine supported H2O2 emission in FET that was highly sensitive to
malonate indicating site IIF origin. Lastly, mitochondrial substrates except those that
feed electrons directly to complex III (e.g., duroquinol) or complex IV (e.g., N,N,N′,N′Tetramethyl-p-phenylenediamine) ultimately reduce the Q pool and therefore
potentially can induce ROS production in complex III. Currently, only site III Qo of
complex III is known to produce O2•¯ and H2O2 and is blocked by myxothiazol (Turrens
et al., 1985; Raha et al., 2000; Muller et al., 2002; Brand, 2016). In our study, antimycin
A-induced surge in H2O2 emission in mitochondria oxidizing glutamate-malate was
highly sensitive to myxothiazol confirming production from site IIIQo. Moreover, the
maximal rate of H2O2 emission by site IIIQo in rainbow trout liver mitochondria was
greater than for the other sites, unlike rat skeletal muscle mitochondria in which sites
IF and IIIQo contribute equally (Quinlan et al., 2013a).
The sites of ROS production in mitochondria oxidizing succinate depend on succinate
concentration (Dröse and Brandt, 2008; Quinlan et al., 2012; Quinlan et al., 2013a;
Quinlan et al., 2013b; Brand, 2016). Consistent with previous studies in mitochondria
from different species and tissues (Quinlan et al., 2012; Brand, 2016; Isei and Kamunde,
2020), we measured a robust rate of H2O2 emission in mitochondria oxidizing a subsaturating concentration (0.1 mM) of succinate that was clearly from site IIF because it
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was highly sensitive to malonate. In contrast, a substantial fraction of H2O2 emission
during oxidation of a saturating concentration (5 mM) of succinate was sensitive to
rotenone, indicating site IQ origin by RET in agreement with previous reports (Tahara et
al., 2009; Treberg et al., 2011; Quinlan et al., 2012; Brand, 2016). Surprisingly, RETdriven ROS production from site IQ was not observed in rainbow trout cardiac
mitochondria (Isei and Kamunde, 2020) indicating a tissue-specific difference. Site
IIIQo is a major source of ROS production in mitochondria oxidizing succinate (Bleier and
Dröse, 2013; Quinlan et al., 2013; Brand, 2016; Okoye et al., 2019; Isei and Kamunde,
2020). In my study, the capacity of H2O2 emission by site IIIQo was ~2.5 times lower than
that of site IIF contrasting with higher emission from site IIIQo in rainbow trout heart
mitochondria (Isei and Kamunde, 2020).
In mitochondria energized with palmitoylcarnitine-malate, H2O2 emission from sites
OF and IF by RET resulted from increased reduction state of the NADH pool as
previously shown (Treberg et al., 2011; Perevoshchikova et al., 2013; Quinlan et al.,
2013a; Quinlan et al., 2013b). Furthermore, palmitoylcarnitine-malate oxidation
supported substantial H2O2 emission from sites IF, EF and IIIQo while emission by site
IIF was low. The finding that site IIIQo accounted for the highest H2O2 emission in
mitochondria energized with palmitoylcarnitine-carnitine is consistent with earlier
studies on skeletal muscle mitochondria (Perevoshchikova et al., 2013; Quinlan et al.,
2013a; Quinlan et al., 2013b). However, the high and low H2O2 emission capacities of
sites EF and IIF, respectively, are novel to fish liver mitochondria but we cannot rule out
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contamination of site EF by sites on enzymes of the TCA cycle and β-oxidation under the
conditions I used to sequester the site. Taken together, the site-specific H2O2 emission
depended on the substrate and direction of electron transfer, with evidence of RETinduced H2O2 emission for site IF, IQ, and IIIQo.
4.5.3 Effects of anoxia-reoxygenation and Cd on site-specific rates of H2O2 emission
In mitochondria energized with glutamate-malate, Cd stimulated H2O2 emission from
multiple sites in the NADH/NAD+ pool. Although TCA cycle dehydrogenases exhibit
strict substrate selectivity, it appears that in addition to site IF, site OF also emits H2O2 in
mitochondria energized with glutamate-malate. This is possible because 2oxoglutarate, the substrate that drives the OGDHC, is generated via oxidation and
transamination of glutamate (Brand, 2016). This finding is consistent with our recent
study (Okoye et al., 2019) that demonstrated that the OGDHC contributes to
H2O2 emission during glutamate-malate oxidation. In mitochondria energized with
palmitoylcarnitine-malate, Cd imposed a biphasic pattern (low concentration
inhibition-high concentration stimulation) of H2O2 emission from the NADH/NAD+ pool
suggesting that the metal modulates H2O2 emission from site IF and TCA cycle
dehydrogenases in a concentration-dependent manner. Additionally, anoxiareoxygenation progressively reduced H2O2 emission from the NADH/NAD+ pool in
mitochondria energized with palmitoylcarnitine-malate that, together with the anoxiainduced suppression of respiration, suggests that the activities of enzymes involved in
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β-oxidation of fatty acids and the ETF were more severely impaired with increasing
duration of anoxia.
The OGDHC links the TCA cycle to mitochondrial energy transduction and cell
transcription machinery (Qi et al., 2011; Bailey et al., 2020). In intact mitochondria, the
flavin site of the OGDHC (site OF) produces ROS at a high rate in FET but not in RET, and
the enzyme is susceptible to ROS (Tretter and Adam-Vizi, 2005; Brand, 2016). However,
the purified enzyme does produce ROS in RET when oxidizing NADH (Tretter and AdamVizi, 2004; Mailloux et al., 2016; Mailloux, 2020). In our study, H2O2 emission from site
OF was determined mathematically as the fraction sensitive to aspartate plus ATP in
mitochondria oxidizing malate, glutamate-malate or palmitoylcarnitine-malate.
Because 2-oxoacid dehydrogenase complexes have strict substrate selectivity and do
not emit much ROS by RET in intact mitochondria (Brand, 2016), the oxidation of these
substrates possibly generated sufficient 2-oxoglutarate in the TCA cycle to drive
OGDHC. We found that H2O2 emission by site OF was highly inhibited by anoxiareoxygenation irrespective of substrate. In contrast, Cd stimulated H2O2 emission from
site OF in mitochondria oxidizing glutamate-malate but not malate or
palmitoylcarnitine-malate. Thus, during glutamate-malate oxidation, Cd appears to
stimulate the dihydrolipoamide dehydrogenase (E3) subunit of OGDHC leading to
increased oxidation of NADH and production of ROS as reported for Zn (Gazaryan et al.,
2002). Indeed, stimulation of dihydrolipoamide dehydrogenase activity by Cd has been
reported, albeit for reduction of ubiquinone (Xia et al., 2001). With malate or
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palmitoylcarnitine-malate, our data suggest that high Cd concentration (20 μM)
stimulated emission from other sites as evidenced by the negative calculated emission
rates. This H2O2 emission apparently exceeded any that may have originated at site OF.
The potential “other” sources of ROS under this condition include sites on TCA cycle
dehydrogenases or enzymes of β-oxidation. Taken together, while the underlying
mechanisms remain to be determined, our data suggest that Cd and anoxiareoxygenation alter NADH reduction state because the NADH/NAD + ratio is the most
important regulator of ROS emission by OGDHC (Tretter and Adam-Vizi, 2004).
H2O2 emission from site IF was modulated differently by anoxia-reoxygenation and Cd
depending on the substrate. In mitochondria energized with malate only or glutamatemalate, Cd stimulated H2O2 emission from site IF. Moreover, the stimulatory effect of
Cd on site IF H2O2 emission was exacerbated by 5 min (malate) and 5 and 30 min
(glutamate-malate) of anoxia-reoxygenation. Absence of O2 causes accumulation of the
deactive, dormant (D) form of complex I (Geronkova et al., 2013; Dröse et al., 2016;
Galkin and Moncada, 2017; Onukwufor et al., 2017). In the D-form, complex I
undergoes a conformational change with structural rearrangement of subunits of the
ubiquinone-binding pocket that restricts access of the ubiquinol head group to the
terminal 4Fe–4S cluster thus disrupting electron transfer (Geronkova et al., 2013; Dröse
et al., 2016). This is functionally comparable to rotenone-inhibited active (A) form of
complex I (Zickermann et al., 2015; Dröse et al., 2016). Therefore, anoxiareoxygenation in mitochondria oxidizing malate only or glutamate-malate imposes
201

rotenone-like RET-induced increase in ROS production due to over-reduction of
upstream redox centers. In this study, except for 15 min, anoxia-reoxygenation
increased the rate of H2O2 emission. This response can be attributed to diminution of
FET due to anoxia-induced conversion of complex I to the D-form because during
oxidation of malate or glutamate-malate H2O2 emission from redox centers proximal to
site IQ would increase on addition of rotenone. However, we observed higher
H2O2 emission from site IF during oxidation of malate only compared with glutamatemalate, suggesting that glutamate attenuates the stimulatory effect of Cd. A plausible
explanation of this effect is the binding of Cd to glutamate thus reducing the
concentration of biologically active free Cd that is responsible for stimulating
H2O2 emission. Significant H2O2 emission measured for site IF during oxidation of
palmitoylcarnitine-malate can be attributed to increased reduction of NADH as
reported for murine skeletal muscle mitochondria (Perevoshchikova et al., 2013).
However, with palmitoylcarnitine-malate potential contribution from sites on enzymes
β-oxidation cannot be ruled out. The concentration-dependent stimulation of
H2O2 emission imposed by Cd on site IF in mitochondria energized with
palmitoylcarnitine-malate is similar to the response in glutamate-malate-energized
mitochondria albeit with higher stimulation by 20 μM Cd in the former. However, the
inhibitory effect of anoxia-reoxygenation on H2O2 emission by site IF with
palmitoylcarnitine-malate contrasts with the stimulatory effect observed with malate
only or glutamate-malate.
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With succinate as substrate, Cd evoked a biphasic low concentration stimulatory-high
concentration inhibitory effect on site IQ H2O2 emission via RET consistent with our
recent findings (Okoye et al., 2019). Anoxia-reoxygenation did not alter the
H2O2 emission response pattern induced by Cd on site IQ but attenuated the emission
rate severely to the extent that for 20 μM Cd exposure emission concurrently
stimulated from other sites masked and exceeded emission by site IQ. Dröse et al.,
(2016) reported that RET to complex I sites during succinate oxidation was almost
completely inhibited by lack of O2 due to the conversion of the A-form of complex I to
the D-form. Thus, the decreased H2O2 emission from site IQ in succinate-oxidizing
mitochondria exposed to anoxia-reoxygenation could be attributed to diminished
reduction state of complex I redox centers consequent to attenuation of RET.
Consistent with Okoye et al. (2019), Cd evoked a biphasic H2O2 emission pattern from
site IIF in mitochondria energized with succinate. Anoxia-reoxygenation did not alter
the biphasic pattern of H2O2 emission response but it progressively inhibited emission
from site IIF with increasing duration of anoxia. O2 deprivation causes succinate
accumulation (Sahni et al., 2018; Zhang et al., 2018; Devaux et al., 2019) that inhibits
site IIF and is likely responsible for the attenuation of H2O2 emission observed. For
mitochondria oxidizing palmitoylcarnitine-malate, the capacity for H2O2 emission by
site IIF was low and appeared to be variably affected by contribution from other sites
under my test conditions. Specifically, Cd appeared to increase H2O2 emission from
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other sites thereby masking the low emission rate from site IIF while anoxiareoxygenation appeared to reduce the H2O2 emission induced from other sites by Cd.
H2O2 emission from site IIIQo under normoxia was stimulated by Cd in agreement with a
previous report in guinea-pig brain mitochondria (Wang et al., 2004). For glutamatemalate, the effect of Cd on site IIIQo was blunted by anoxia-reoxygenation possibly due
to diminished reduction state of the Q pool with lessened electron transfer to site
IIIQo as a result of conversion of complex I to the D-form. Notably, Cd stimulated a much
higher rate of H2O2 emission from site IIIQo during succinate oxidation compared with
glutamate-malate or palmitoylcarnitine-malate. Although the stimulatory effect of Cd
on H2O2 emission from site IIIQo during succinate oxidation was attenuated by anoxiareoxygenation, the response pattern was not altered relative to normoxia. Anoxiareoxygenation also blunted the effect of Cd on H2O2 emission in mitochondria
energized with palmitoylcarnitine-malate, with some tested conditions showing
negative computed rates suggesting increased H2O2 emission by other sites. Because
O2 deprivation is reported to reduce mitochondrial fatty acid oxidation (Huss et al.,
2001; Gerber et al., 2019), a possible mechanism underlying the attenuation of
H2O2 emission from site IIIQo by anoxia in mitochondria energized with
palmitoylcarnitine-malate could be diminished availability of reducing equivalents.
Moreover, Cd stimulated greater H2O2 emission from site IIIQo compared with the other
sites, particularly during oxidation of succinate, while anoxia-reoxygenation attenuated
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H2O2 emission from site IIIQo with all the substrates tested. These findings highlight the
non-specific and substrate-dependent effects of anoxia and Cd, respectively.
H2O2 emission by the site EF was highly susceptible to Cd but recalcitrant to anoxiareoxygenation. During mitochondrial β-oxidation of fatty acids, H2O2 emission was
reported to originate from ETF-ETF:QOR (Tahara et al., 2009; Perevoshchikova et al.,
2013; Quinlan et al., 2013b) and acyl-CoA dehydrogenase (Kakimoto et al., 2015; Zhang
et al., 2019) but other sites possibly contribute when electron transfer is inhibited, e.g.,
by environmental stressors. The sensitivity of H2O2 emission from the ETF to Cd can be
explained by inhibition of enzymes of the ETS and mitochondrial β-oxidation by Cd
(Wojtovich and Brookes, 2008; Adiele et al., 2012; Onukwufor et al., 2014; He et al.,
2019) that can increase RET and reduction status of redox centers consequently
altering ROS production. Anoxia-reoxygenation on the other hand severely impaired
mitochondrial respiration supported by palmitoylcarnitine-malate consistent with the
high O2 requirement for β-oxidation of fatty acids (Hawley, 2001), but did not alter
H2O2 emission by the ETF. It is likely that inhibition of enzymes of the ETS, TCA cycle
and mitochondrial β-oxidation following anoxia-reoxygenation had both stimulatory
and suppressive effects on ROS production depending on the site, resulting in no net
change in global mitochondrial H2O2 emission.
The malonate sensitivity test in mitochondria oxidizing glutamate-malate in the
presence of myxothiazol to determine the contribution of site IIF resulted in negative
(calculated) H2O2 emission rates for all conditions tested. This indicates that emission
205

increased instead of decreased upon addition of malonate and suggests stimulation of
H2O2 emission at other sites that masked any contribution of site IIF or inhibition of
emission from site IIF by malate (Quinlan et al., 2013b). We found that Cd imposed a
biphasic H2O2 emission pattern on this H2O2 emission from “other sites” indicating that
low and high concentrations of the metal modulate mitochondrial ROS-producing sites
differently as recently shown (Okoye et al., 2019). Potential sources of this
H2O2 emission include sites IQ and IF, TCA cycle dehydrogenases, and sites responsive to
Q reduction state excluding IIIQo.
In conclusion, this study showed that rainbow trout liver mitochondrial respiration and
H2O2 emission during oxidation of diverse carbon fuels were susceptible to
environmental stressors. The impact of anoxia-reoxygenation on respiration was most
severe in mitochondria energized with palmitoylcarnitine-malate suggesting that the
high requirement for O2 for β-oxidation of fatty acids makes the process highly
vulnerable to O2 deprivation. The changes in respiration caused by anoxiareoxygenation were associated with reduced mitochondrial total and site-specific
H2O2 emission, during glutamate-malate oxidation. This effect may be explained by deactivation of complex I by anoxia with preferential impairment of NADH-dependent
electron flux. Cd imposed concentration- and substrate-dependent H2O2 emission
responses with disparate effects on site-specific H2O2 emission suggesting variable
mechanisms of action at different locales in the mitochondria. Anoxia-reoxygenation
for the most part blunted global mitochondrial and site-specific H2O2 emission during
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FET and RET. Surprisingly, increased direct mitochondrial H2O2 emission does not
appear to be a core explanation for the increased adverse effects associated with
combined exposure to Cd and anoxia-reoxygenation in biological systems. Future
studies should probe the potential role of oxidative stress due to H 2O2 accumulation
secondary to stressor-induced impairment of ROS scavenging systems.
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CHAPTER 5

ANOXIA-REOXYGENATION MODULATES CADMIUM-INDUCED LIVER MITOCHONDRIAL
REACTIVE OXYGEN SPECIES EMISSION DURING OXIDATION OF GLYCEROL 3PHOSPHATE
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5.1 ABSTRACT
Aquatic organisms are frequently exposed to multiple stressors including low DO and
metals such as Cd. Reduced O2 concentration and Cd exposure alter cellular function in
part by impairing energy metabolism and dysregulating ROS homeostasis. However,
little is known about the role of mGPDH in ROS homeostasis in fish and its response to
environmental stress. We measured mGPDH activity and probed the effects of anoxiareoxygenation and Cd on ROS (as H2O2) emission in rainbow trout liver mitochondria
during oxidation of G3P. Trout liver exhibited low mGPDH activity that supported a low
respiratory rate but substantial H2O2 emission rate. Cd evoked a low concentration
stimulatory-high concentration inhibitory H2O2 emission pattern that was blunted by
anoxia-reoxygenation. At specific redox centers, Cd suppressed H2O2 emission from site
IQ, but stimulated emission from sites IIIQo and GQ. In contrast, anoxia-reoxygenation
stimulated H2O2 emission from site IQ following 15 min exposure and augmented Cdstimulated emission from site IIF after 30 min exposure but did not alter the rate of
H2O2 emission from site IIIQo and GQ. Additionally, Cd neither altered the activities of
catalase, glutathione peroxidase, or thioredoxin reductase nor the concentrations of
total glutathione, reduced glutathione, or oxidized glutathione. Overall, my study
indicates that oxidation of G3P drives ROS production from mGPDH and complexes I, II
and III, and Cd directly modulates redox sites but not antioxidant defense systems to
alter mitochondrial H2O2 emission.
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5.2 INTRODUCTION
Depletion of DO in aquatic systems driven by natural and anthropogenic processes
results in reduced O2 delivery to tissues in resident organisms (Breitburg et al., 2018;
Cox and Gillis, 2020). Tissue O2 deprivation severely affects mitochondria, organelles
that use O2 as the terminal electron acceptor during ATP production by oxidative
phosphorylation. Moreover, decreased O2 supply alters the activity of enzymes of the
ETS and has been reported to cause reduction or reversal of complex V (F1F0-ATPase)
activity (St-Pierre et al., 2000; Galli et al., 2013; Onukwufor et al., 2014; Dröse et al.,
2016; Galkin and Moncada, 2017). The hypoxia/anoxia-induced decrease in
mitochondrial function results in accumulation of succinate due to reduced Krebs cycle
activity and complex II reversal (Zhang et al., 2018; Devaux et al., 2019). Following reoxygenation, oxidation of the accumulated succinate reduces ubiquinone (Q), which in
the presence of high protonmotive force causes electrons to flow against the
thermodynamic gradient to complex I and complex II by RET, to stimulate ROS
production (Quinlan et al., 2012; Moreno-Sánchez et al., 2013; Robb et al., 2018;
Onukwufor et al., 2019; Scialò et al., 2020). RET-induced ROS release from the Qbinding site of complex I (site IQ) depends on the activity of the enzyme complex, which
in turn is sensitive to O2 wherein reduced O2 concentration lowers the rate of RETinduced H2O2 emission from site IQ (Hoffman and Brookes, 2009; Stepanova et al.,
2019a). Additionally, reduced O2 concentration shifts the equilibrium between the
active (A-) and the deactive dormant (D-) forms of complex I in favor of the D-form that
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is incapable of reducing Q but protects against ROS burst upon reoxygenation
(Maklashina et al., 2004; Dröse et al., 2016). During oxidation of NADH-linked
substrates by the A-form of complex I, electrons flow down the thermodynamic
gradient in forward electron transport (FET) through the FMN-binding site (site IF), the
iron-sulfur clusters and site IQ to reduce Q. In contrast, the D-form of the enzyme
produces a rotenone-like inhibition of site IQ that leads to over-reduction of upstream
redox centers and ROS emission from site IF and proximal dehydrogenases (Dröse et al.,
2016). However, unlike complex I that switches reversibly to the D-form following
anoxia exposure, complex II remains active but the activity switches from succinate
dehydrogenase to fumarate reductase thereby affecting the direction of electron flow
and ROS production (Paddenberg et al., 2003; Maklashina et al., 2004). While reduced
O2 concentration lowers ROS emission from sites IQ and IF (Hoffman and Brookes,
2009), ROS emission from the outer Q-binding site of complex III (site IIIQo) increases
during hypoxia but decreases during anoxia exposure (Chandel et al., 2000; Guzy et al.,
2005). Furthermore, decreased O2 concentration induces changes in the structural
integrity of complex III and disrupts electron flow through complexes I and II (Guzy et
al., 2005; Korge et al., 2017).
While the key ETS enzymes and their capacity to generate ROS appear to be sensitive
to O2, knowledge of the effect of hypoxia/anoxia on several other mitochondrial
enzymes associated with ETS mGPDH is limited. The mGPDH is located on the cytosolic
side of mitochondrial inner membrane and serves as a component of the ETS and the
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glycerol phosphate shuttle (Mráček et al., 2013). The physiological substrate for
mGPDH, G3P is produced from glycerol released from triglycerides after lipolysis or
synthesized from glucose through the glycolytic pathway and is common to both lipid
and carbohydrate metabolism. Typically, G3P is oxidized by mGPDH to
dihydroxyacetone phosphate (DHAP), which in turn is reduced by soluble cytosolic
glycerol 3-phosphate dehydrogenase (cGPDH) to G3P, and in the process regenerates
NAD+ consumed during glycolysis (Orr et al., 2014). During this cyclic process mGPDH is
the rate-limiting step and transfers two electrons from the cytosol directly to Q (Orr et
al., 2012; Mráček et al., 2013; Orr et al., 2014; Liu et al., 2018). The electrons then flow
in the thermodynamically favorable FET to reduce complex III. However, when the
inner ubiquinone-binding site of complex III (site IIIQi) is blocked (with antimycin A),
RET-induced ROS production is stimulated from site IIIQo (Orr et al., 2012; Mráček et al.,
2013; Brand, 2016). Moreover, in the presence of high protonmotive force and highly
reduced Q, electrons can flow in RET to sites IQ and IIF where ROS emission is
stimulated (Quinlan et al., 2012; Brand, 2016). Thus, G3P is an ideal substrate for
simultaneous investigation of ROS emission from sites in complexes I, II and III because
its oxidation supplies electrons to redox sites on these enzymes depending on the
redox status and protonmotive force, and leads to ROS production from the
ubiquinone-binding site (site GQ) of mGPDH (Quinlan et al., 2012; Quinlan et al., 2013b;
Brand, 2016). Indeed, the ROS production capacity from mGPDH is very high and
comparable with that for complex III (Mráček et al., 2013). Interestingly, ROS
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production during oxidation of G3P is high even in tissues with low mGPDH expression
(Orr et al., 2012; Mráček et al., 2013) suggesting that this enzyme may be a significant
source of ROS in many tissues under both physiological and pathological states. In this
regard, mGPDH has been reported to play key roles in mitochondrial biogenesis and
function, cellular metabolic adaptation, and its ROS production provides a proliferative
signal in tumorigenesis (Pecinová et al., 2020; Qu et al., 2021).
The majority of the studies on ROS production in vertebrates during oxidation of G3P
have been done using isolated mitochondria from mammalian tissues including guinea
pig brain (Tretter et al., 2007) and rat liver, heart, brain, skeletal muscle, and brown
adipose tissue (Mráček et al., 2009; Orr et al., 2012; Quinlan et al., 2012 and 2013b; Orr
et al., 2014; Mráček et al., 2014), with limited information on other species. Notably,
ROS emission by fish liver mitochondria during oxidation of G3P and how it responds to
environmental stress has not been investigated. However, my recent study found that
anoxia-reoxygenation and Cd altered liver mitochondrial total and site-specific H2O2
emission during oxidation of glutamate-malate, succinate, and palmitoylcarnitinemalate (Okoye et al., 2021a). It is therefore of interest to probe the effect of these
stressors on mitochondrial ROS emission during oxidation of G3P, especially Cd that,
acting as a calcium (Ca) mimic, can stimulate mitochondrial dehydrogenases.
Cd-induced dysregulation of mitochondrial ROS homeostasis may arise from direct
alteration of ROS release from specific sites or impairment of the antioxidant defense
systems (Wang et al., 2013; Sies et al., 2017; Okoye et al., 2019 and 2021a). The
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primary ROS produced by mitochondria are O2˙¯ and H2O2, with the former being
rapidly converted to H2O2 either spontaneously or enzymatically by Mn-SOD in the
matrix and Cu-Zn-SOD in the intermembrane space. The H2O2 is then scavenged by
glutathione- and thioredoxin-dependent peroxidases and catalase (Starkov, 2014;
Andreyev et al., 2015; Mailloux, 2015; Munro et al., 2016; Munro and Treberg, 2017;
Sies et al., 2017). The H2O2 that escapes the scavenging systems diffuses or is
transported via aquaporins (Bienert et al., 2007; Tamma et al., 2018) to the cytosol or
the surrounding medium for isolated mitochondria. Thus, the rate of H 2O2 efflux from
mitochondria depends on not only the rate of production at redox sites but the activity
of the antioxidant enzyme systems. Furthermore, because the ROS scavenging capacity
exceeds the production capacity (Munro and Treberg, 2017; Kamunde et al. 2018), it is
feasible that altered activity of the antioxidant systems has a significant effect on the
rate of H2O2 efflux from mitochondria. Therefore, it is of interest to probe how
stressors modulate mitochondrial antioxidant system to alter H2O2 emission during
oxidation of G3P.
In this chapter, we first demonstrated the presence of mGPDH on rainbow trout liver
mitochondria. Thereafter, we probed the effects of anoxia-reoxygenation and Cd on
mitochondrial total and site-specific H2O2 release during oxidation of G3P, and the
effect of Cd on the mitochondrial antioxidant systems. We hypothesized that (i) G3P
oxidation by mGPDH will drive ROS production in FET or RET from multiple sites on ETS
enzymes, (ii) anoxia will reduce, while Cd will stimulate the rates of mitochondrial H 2O2
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emission, (iii) the effect of anoxia-reoxygenation and Cd on site-specific rates of H2O2
emission will differ depending on the site and (iv), Cd will impair activities of the
antioxidant systems thus increasing mitochondrial total and site-specific H2O2 emission.
5.2. MATERIALS AND METHODS
5.2.1 Chemicals and reagents
AUR, Ca as CaCl2, 2,6-dichlorophenolindophenol (DCPIP), formaldehyde,
metaphosphoric acid (MPA), KH2PO4, dibasic potassium phosphate (K2HPO4), potassium
hydroxide (KOH), and potassium periodate were from ThermoFisher (Waltham, MA,
USA). AA5 was from BioVision Inc. (Milpitas, CA, USA). EGTA, malonic acid, KCl, sucrose,
and glutathione reductase (GR) were from VWR Chemicals (Radnor, PA, USA). Tris-HCl
was from EMD Chemicals Inc. (Gibbstown, NJ, USA). ADP, antimycin A, aprotinin,
auranofin, Cd, DMSO, 5,5’-dithiobis(2-nitrobenzoic) acid (DTNB), EDTA, BSA, oxidized Lglutathione (GSSG), reduced L-glutathione, glutathione peroxidase, glycerol phosphate
disodium salt hydrate (50% β-isomer and 50% racemic-α-isomer (G3P)), H2O2, HRP,
myxothiazol, NADPH, GKT136901, PMSF, 4-amino-3-hydrazino-5-mercapto-1,2,4triazole (purpald), rotenone, 5-sulfosalicylic acid dihydrate (SSA), S1QEL1.1, S3QEL2,
sodium azide, SOD, triethanolamine (TEA), tert-butylhydroperoxide (TBH), Triton X-100,
and 2-vinylpyridine were from Sigma-Aldrich Corp. (St. Louis, MO, USA).
5.2.2 Animals and liver mitochondrial isolation
Juvenile rainbow trout (O. mykiss) were obtained from Ocean Trout Canada, Brookvale,
PE, Canada. The fish were kept in 250-l tank supplied aerated flow-through well-water
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at 11±1 °C and pH of 7.7 in the Aquatic Facility of the Atlantic Veterinary College. The
fish were fed at 1% of their body weight daily with commercial trout chow (Corey Feed
Mills, Fredericton, NB, Canada) and weighed ~ 240 g. Liver mitochondria were isolated
by differential centrifugation as described by Okoye et al. (2021b) and the protein
concentration of the final mitochondrial suspension was determined by the method of
Bradford (1976) after lysis with 0.02% Triton X-100. The study and all the experimental
procedures were approved by the University of Prince Edward Island Animal Care
Committee following the Canadian Council on Animal Care Guidelines (protocol #17036).
5.2.3 Mitochondrial H2O2 emission detection
Mitochondrial H2O2 efflux was measured fluorometrically as described by Okoye et al.
(2021b) using AUR-HRP detection system. Briefly, the H2O2 released by the
mitochondria oxidizes the non-fluorescent AUR (25 μM AUR) in the surrounding
medium to the fluorophore Amplex UltroxRed in HRP (5 U/ml)-catalyzed reaction. The
fluorescence generated by the Amplex UltroxRed (ex 530 nm; em 590 nm) was then
measured kinetically for 30 min with reads at 90 s intervals using a microplate
fluorescence reader (SynergyTM HT BioTek, Winooski, VT). H2O2 standard curves
generated in parallel were used to convert fluorescence intensities to H2O2
concentration after correcting for background fluorescence.
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5.2.4 Optimization of mitochondria protein and G3P concentration for measurement
of H2O2 emission
Assay conditions for quantitation of H2O2 emission by isolated rainbow trout liver
mitochondria oxidizing G3P were optimized. First, we titrated liver mitochondrial
protein concentrations at different concentrations of HRP to determine the optimal
protein concentration. Second, H2O2 released by the optimal mitochondrial protein
concentration oxidizing different concentrations of G3P was measured. Next, the effect
of the addition of exogenous SOD on the rate of H2O2 emission was measured.
5.2.5 Contributions of artefactual fluorescence due to carboxylesterase and NOX in
the measurement of ROS emission
High fluorescence intensity in was observed in unenergized mitochondria, we therefore
investigated the possibility of artefactual fluorescence due to CES-induced oxidation of
AUR in the assay contributing to the high fluorescence intensity. Here, the effect of
PMSF, a CES inhibitor was tested on H2O2 emission in unenergized and G3P-energized
mitochondria. NOX, specifically NOX4, is localized to mitochondria and associates with
complex I and complex III, and contributes to H2O2 emission in liver mitochondria
(Block et al., 2009; Ago et al., 2010). Therefore, the effect of GKT136901 on H2O2
emission in liver mitochondria oxidizing G3P was evaluated.
5.2.6 mGPDH activity in rainbow trout liver
Here, the rate of G3P- and succinate-supported respiration without ADP (state 2) and
with addition of ADP (state 3) was measured using Oxygraph 2k Oroboros
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fluorespirometer (O2k fluorespirometer) system (Oroboros Instruments, Innsbruck,
Austria). Next the effect of addition of Ca on G3P-driven mitochondrial respiration was
tested. The activity of mGPDH is allosterically activated by Ca and also by Cd acting as
a Ca mimic (Rauchová et al., 1985; Orr et al., 2012); hence, the effect Cd on mGPDH
activity was tested. Liver mGPDH activity was determined spectrophotometrically as
G3P:DCPIP oxidoreductase as described by Pecinová et al. (2020). Here, mitochondrial
protein samples were diluted to 0.5 mg/ml with assay buffer containing 50 mM KCl, 10
mM Tris-HCl, 1 Mm EDTA, 0.5 μM Ca and 1 mM KCN, pH 7.4. Then the samples were
incubated with Cd (0, 1 or 20 µM) for 60 min on ice. The reaction was started by
addition of 25 mM G3P and 0.1 mM DCPIP. The rate of change in absorbance was
measured using a spectrophotometer (Spectramax Plus 384, Molecular Devices,
Sunnyvale, CA) at 610 nm for 5 min at 10 s intervals. Thereafter, mGPDH activity was
calculated as the rate of DCPIP reduction assuming an extinction coefficient of 20.1
mM-1 cm-1 for DCPIP.
5.2.7 Effect of anoxia-reoxygenation and Cd on mitochondria H2O2 emission
To investigate the effect of anoxia-reoxygenation on H2O2 release, 2 mg/ml
mitochondrial suspension was dispensed into the O2k fluorespirometer cuvettes.
Because 25 mM G3P did not support robust state 3 respiration for rapid consumption
of oxygen, anoxic conditions in the O2k fluorespirometer cuvettes was created by
bubbling with nitrogen. The mitochondria were then maintained under anoxic
conditions for 5, 15, or 30 min at 15 °C after which the cuvettes were reoxygenated by
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removing the stoppers. Thereafter, the mitochondria were aspirated into centrifuge
tubes and subsequently into 96-well microplates at a final assay concentration of 1
mg/ml protein for the measurement of H2O2 emission rates (Okoye et al., 2021a). Here,
normoxic and anoxic-reoxygenated mitochondrial suspensions were added to
microplate wells containing 25 mM G3P followed by addition of 0, 1 and 20 μM Cd. The
reaction mixture was allowed 5 min to equilibrate and H2O2 emission was measured for
30 min at 23 °C using the AUR-HRP detection system.
5.2.8 Effect of anoxia-reoxygenation and Cd on liver mitochondria site-specific H2O2
emission
To probe the effects of anoxia-reoxygenation and Cd on mitochondrial site-specific
H2O2 release, we isolated relevant sites and measured their maximal rates of H2O2
emission. During oxidation of G3P, ROS emission can be stimulated from multiple sites
including IQ, IIF, IIIQo and GQ. Therefore, H2O2 emission by site IQ was measured as the
difference between the emission rate elicited by mitochondria oxidizing G3P in the
presence of myxothiazol and malonate without and with rotenone. Here, myxothiazol
and malonate block sites IIIQo and IIF, respectively, with the highly reduced Q and high
protonmotive force driving RET to site IQ. The emission from site IQ was then calculated
as the rotenone sensitive component (Fig. 5.1A). Complex II has 2 potential ROSgenerating sites, the proximal flavin site (site IIF) and distal ubiquinone-binding site (site
IIQ), which are specifically blocked with malonate and AA5, respectively. Thus, the
emission from site IIF was measured as the difference between the emission rate
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elicited by mitochondria oxidizing G3P in the presence of myxothiazol and rotenone,
and mitochondria oxidizing G3P in the presence of myxothiazol and rotenone plus
malonate (Fig. 5.1B). While it is assumed that site IIQ does not emit measurable rates of
ROS based on studies using mammalian skeletal muscle (Quinlan et al., 2012), we
nonetheless tested if H2O2 emission by mitochondria oxidizing G3P in the presence of
myxothiazol, malonate, and rotenone is sensitive to AA5 (Fig. 5.1C). H2O2 emission by
site IIIQo was measured as the myxothiazol-sensitive component in the presence of
antimycin A, rotenone, and malonate to block sites IIIQi, IQ, and IIF, respectively (Fig.5.
2A). For site GQ, H2O2 production was measured as the difference between the
emission evoked by mitochondria oxidizing G3P in the presence of rotenone,
myxothiazol plus malonate, and unenergized mitochondria (Fig. 5.2B). The combined
effects of anoxia (0, 5, 15, or 30 min) followed by reoxygenation and Cd (0, 1, or 20 μM)
on mitochondrial site-specific H2O2 emission were measured with the sites isolated as
outlined above.
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Figure 5.1: Isolation of sites IQ, IIF and IIQ in mitochondria oxidizing G3P. Site IQ (A):
myxothiazol (MYX) and malonate (MAL) were used to inhibit sites IIIQo and IIF,
respectively thus driving electrons to sites IQ and emission from this site was
determined as the rotenone (ROT)-sensitive component. MYX and ROT were used to
inhibit sites IIIQo and IQ, respectively thus driving electrons to sites complex II and
emission from site IIF was determined as the malonate sensitive component (B); while
emission from site IIQ was determined as the atpenin A5 (AA5) sensitive component in
the presence of MAL (C). Solid black arrows indicate open electron transfer path while
broken blue arrows indicate electron transfer path after inhibition. Red solid lines
indicate site of inhibitor action. Red broken lines indicate sensitivity tests (without/with
inhibitor). G3P: glycerol 3-phosphate; DHAP: Dihydroxyacetone phosphate.
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Figure 5.2: Isolation of sites IIIQo and GQ in mitochondria oxidizing G3P. Site IIIQo (A):
Rotenone (ROT), malonate (MAL) and antimycin A (AMA) were used to inhibit sites I Q,
IIF and IIIQi respectively thus driving electrons to IIIQo, and emission from this site was
determined as the myxothiazol (MYX) sensitive component. Site GQ (B): emission from
GQ was determined as the difference in mitochondria oxidizing G3P with sites I Q, IIF and
IIIQo inhibited and unenergized mitochondria. Solid black arrows indicate open electron
transfer path while broken blue arrows indicate electron transfer path after inhibition.
Red solid lines indicate site of inhibitor action. Red broken lines indicate sensitivity tests
(without/with inhibitors).
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The use of pharmacological inhibitors in the measurement of site-specific H2O2
emission results in impairment of respiration and redistribution of electrons. S1QEL1.1
and S3QEL2 are used to measure H2O2 emission by sites IQ and IIIQo without the
impairment of respiration and redistribution of electrons associated with the use of
pharmacological inhibitors, but they may produce off-target effects at high
concentrations. We therefore, measured the H2O2 emission response to different
concentrations of S1QEL1.1 and S3QEL2 to determine the concentrations that
maximally suppress H2O2 emission without off-target effects. Thereafter, we tested the
efficacy of S1QEL1.1 and S3QEL2 in suppressing H2O2 emission from site IQ and IIIQo,
respectively, compared with classical inhibitor combinations for mitochondria oxidizing
G3P.
5.2.9 Effect of Cd on liver mitochondria antioxidant systems
Catalase activity was measured by the method of Kisadere et al. (1997) based on its
peroxidatic activity. In this assay, formaldehyde produced by the reaction of catalase
with methanol in the presence of H2O2 was measured colorimetrically with Purpald (4amino-3-hydrazino-5-mercapto-1,2,4-triazole) as the chromogen. Purpald reacts
specifically with formaldehyde produced in the assay to form a bicyclic heterocycle that
changes from colorless to purple. Briefly, mitochondrial samples were diluted to 0.05
mg protein/ml and formaldehyde standards (5 – 75 μM) were prepared with 100 mM
KH2PO4 buffer. Then 3 μg of samples or standard were added to the wells of 96-well
microplate followed by the reaction mixture (3.8 mM H2O2, 43% methanol, 120 mM
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KH2PO4). After 15 min incubation at room temperature (RT), 9.4 mM Purpald (23 mM
Purpald in 2 M KOH) was added and then incubated further for 15 min at RT on a
shaker. Thereafter the reaction was stopped by adding 7.5 mM potassium periodate
and absorbance was read at 540 nm (Spectramax Plus 384, Molecular Devices,
Sunnyvale, CA). The catalase activity of each sample was calculated using the standard
curve.
Liver mitochondria glutathione peroxidase (Gpx) activity was measured as described by
Munro et al. (2016) with some modifications. Briefly, the mitochondria samples were
first lysed with Triton X-100 and thereafter diluted to 5 mg/ml with assay buffer (100
mM potassium phosphate and 0.1 mM EDTA, pH 7.0). Next the samples were
incubated with Cd (0, 1 and 20 µM) for 60 min on ice. Subsequently, 0.25 mM NADPH,
2 mM GSH and 0.25 mM GR were added to the samples and positive controls (Gpx 0.02
U/ml). Lastly, 0.5 mM TBH was added to initiate the reaction following pre-incubation
of the reaction mixture at RT for 5 min in the presence of GSH to activate the enzyme.
The rate of change in absorbance was measured using a spectrophotometer
(Spectramax Plus 384, Molecular Devices, Sunnyvale, CA) at 340 nm for 10 min at 10 s
intervals. Gpx activity was calculated as the difference between rates for the
mitochondria samples and mitochondria-free controls (blanks) assuming an extinction
coefficient of 6.22 mM-1cm-1 for NADPH.
Thioredoxin reductase (TrxR) activity was measured as the auranofin-sensitive
component of TNB formation as described by Munro et al. (2016) with a few
225

modifications. In this assay, 5 mg/ml mitochondria were first lysed with Triton X-100 in
an assay buffer containing 100 mM potassium phosphate and 10 mM EDTA (pH 7.0).
The samples were next incubated with Cd (0, 1 and 20 µM) for 60 min on ice.
Thereafter, 0.2 mM NADPH and 5 mM DTNB were added to the reaction mixture in the
absence and presence of auranofin (0.5 µM) and incubated in the dark for 10 min at RT.
The reduction of DTNB was measured at 412 nm for 20 min at 20 s intervals using a
spectrophotometer (Spectramax Plus 384, Molecular Devices, Sunnyvale, CA). The
DTNB reduction rates were calculated assuming an extinction coefficient of 13.6 mM-1
cm-1 for the reduced product (TNB). The rate for each sample in the presence and
absence of the auranofin was calculated separately and TrxR activity was calculated as
the difference between the two.
Total glutathione and GSSG concentrations were measured by the modified Tietze’s
method (Rahman et al., 2006; Massarsky et al., 2017; Borowiec and Scott, 2020). Here,
GSH reacts with DTNB to produce the TNB chromophore and oxidized glutathione-TNB
adduct. The formation of TNB is proportional to the concentration of GSH in the assay.
The glutathione-TNB adduct is reduced by GR in the presence of NADPH to recycle GSH.
Mitochondrial protein was diluted to 2 mg/ml in KPE buffer (16 mM KH2PO4, 84 mM
K2HPO4, 4.89 mM EGTA, 4% MPA, 0.6% SSA; pH 7.5) and incubated on ice for 20 min,
thereafter aliquots of the supernatant were recovered after centrifugation at 18000 g
for 20 min at 4 °C. For measurement of total glutathione, 0 – 1 nM of reduced
glutathione (standards) and samples were incubated in DTNB/GR reaction mixture (1.5
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mM DTNB, 0.98 U GR in KPE buffer) for 30 s. The reaction was initiated by adding 36
μM NADPH and change in absorbance (∆A412nm) was measured for 5 min at 10 s
intervals with a spectrophotometer (SpectraMax, Molecular Devices, CA) using Softmax
Pro 5.2 software (Molecular Devices). For the measurement of GSSG, 100 μl of the
fresh aliquots of the supernatant were incubated with 10 mM 2-vinylpyridine at RT for
60 min to derivatize GSH. Excess 2-vinylpyridine was neutralized following incubation
with 1% TEA for 10 min. In DTNB/GR reaction mixture (1.5 mM DTNB, 0.98 U GR in KPE
buffer) 0 – 1 nM of oxidized glutathione (standards) and samples were incubated for 30
s. The reaction was initiated by adding 36 μM NADPH and change in absorbance
(∆A412nm) was measured for 5 min at 10 s intervals with a spectrophotometer
(Spectramax Plus 384, Molecular Devices, Sunnyvale, CA). Total glutathione and GSSG
concentrations for each sample were calculated using the standard curves generated
concurrently. The concentration of reduced glutathione was calculated by subtracting
the concentration of GSSG from total glutathione.
5.2.10 Statistics
For all parameters 3 to 5 biological replicates were analyzed. The data are presented as
means ± SEM unless otherwise stated. Normality of distribution and homoscedasticity
were tested using Kolmogorov-Smirnov and Levene’s tests, respectively. Thereafter the
data were subjected to 1- or 2-way analysis of variance (ANOVA) using Minitab 19
(Minitab, Inc., State College, PA, USA). Post hoc pairwise comparisons were done using
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Fisher’s LSD test, p < 0.05. In the figures, significantly different means are depicted by
different superscripts.
5.3 RESULTS
5.3.1 Optimization of assay composition for the measurement of H2O2 emission
Titration of liver mitochondrial protein and G3P showed a monotonic increase in the
fluorescence intensity with increasing protein concentration (F5,90 = 446, p < 0.0001) at
all the levels of G3P (F4,90 = 9.7, p < 0.0001) tested (Fig. 5.3A). The interaction term was
not significant (F20,90 = 1.2, p = 0.3). With 1 mg/ml mitochondria protein, increasing G3P
concentration increased the H2O2 emission (F11,48 = 13, p = 0.0001) (Fig. 5.3B).
Surprisingly, the addition of exogenous SOD did not alter the fluorescence intensity in
mitochondria oxidizing G3P (Fig. 5.3C).
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Figure 5.3: Assay condition for the measurement of H2O2 emission. Effect of
mitochondrial protein concentration on H2O2 emission (fluorescence intensity) at
different concentration of G3P, n = 4 (A). Titration of glycerol 3-phosphate for
measurement of maximal H2O2 emission with 1 mg/ml mitochondrial protein, n = 4 (B).
Quantitation of H2O2 emission following addition of different concentrations of
superoxide dismutase to 1 mg/ml mitochondrial protein oxidizing 25 mM glycerol 3phosphate, n = 3 (C). Data are means ± SEM, one- or two-way ANOVA, Fisher's LSD post
hoc test, p < 0.05.
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5.3.2 Contribution of carboxylesterase and NOX activities to H2O2 emission
Addition of PMSF did not alter the rate of H2O2 emission by unenergized mitochondria
(F9,30 = 0.2, p = 1.0) or mitochondria oxidizing G3P (F9,30 = 0.3, p = 1.0) (Fig. 5.4A). In
contrast, GKT136901, NOX1/4 inhibitor, produced a concentration-dependent
reduction in the rate of H2O2 emission in both unenergized (F6,21 = 28.0, p < 0.0001) and
G3P-energized (F6,21 = 9.0, p < 0.0001) mitochondria (Fig. 5.4B). Specifically, GKT136901
at the highest tested concentration (50 μM) inhibited H2O2 emission by 66 and 40% for
unenergized and G3P-energized mitochondria, respectively. Oxidation of G3P by
rainbow trout liver mitochondria did not support robust state 2 or state 3 respiration
even with addition of Ca compared with succinate-supported respiration (Fig. 5.5A).
The percentage increase in respiration following transition from state 2 to state 3 for
mitochondria oxidizing G3P is 2.3 times that of succinate. Cd did not alter the activity of
liver mGPDH activity (F2,15 = 0.6, p = 0.57) (Fig. 5.5B).
5.3.3 Effect of anoxia-reoxygenation and Cd on mitochondria H2O2 emission
Exposure to Cd (F2,36 = 16.8, p < 0.0001) or anoxia-reoxygenation (F3,36 = 11.2, p <
0.0001) significantly altered the rate of H2O2 emission but their interaction was not
significant (F6,36 = 1.1, p = 0.4) (Fig. 5.6). Notably, anoxia-reoxygenation (5 and 15 min)
attenuated the stimulation of H2O2 emission by 1 μM Cd but exacerbated the effect of
20 μM Cd.
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5.3.4 Mitochondrial site-specific rates of H2O2 emission during oxidation of G3P
For isolation of the sites of H2O2 emission during oxidation of 25 mM G3P, 4 μM
rotenone, 5 mM malonate, 5 μM AA5, 2 μM myxothiazol, and 2 μM antimycin A were
validated as optimum inhibitor concentration for rainbow trout liver mitochondria. The
conditions used to quantify site-specific maximal H2O2 emission capacities are shown in
Fig. 5.7A. The addition of rotenone in the presence of myxothiazol plus malonate, and
of AA5 or malonate in the presence of rotenone and myxothiazol did not alter the rates
of H2O2 emission. However, the addition of myxothiazol in the presence of rotenone,
malonate, and antimycin A significantly decreased the rate of H2O2 emission (53%
inhibition; p < 0.0001). Lastly, we measured H2O2 emission for site GQ as the difference
in emission for mitochondria oxidizing G3P in the presence of rotenone, malonate plus
myxothiazol, and unenergized mitochondria. Overall, the H2O2 emission capacities of
applicable sites in rainbow trout liver mitochondria oxidizing G3P were of the order:
site IIIQo > GQ > IQ = IIF = IIQ (Fig. 5.7B).
The concentration-response curve of S1QEL1.1 showed no change in H2O2 emission for
mitochondria oxidizing 25 mM G3P in the absence of inhibitors (F 9,30 = 1.5, p = 0.2) (Fig.
5.8A). However, in the presence of malonate plus myxothiazol to block sites IIF and IIIQo,
S1QEL1.1 significantly (F9,30 = 3.8, p = 0.003) reduced the rate of H2O2 emission (Fig.
5.8B). S3QEL2 significantly (F9,30 = 4.7, p = 0.001) altered the rate of H2O2 emission,
producing increased rate of H2O2 emission at 100 μM (Fig. 5.9A). The addition of
antimycin A stimulated much higher rates of H2O2 emission. In the presence of
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rotenone, malonate, and antimycin A, pharmacological inhibitor-combination that
isolates site IIIQo, S3QEL2 significantly reduced (F9,30 = 48.0, p < 0.0001) the rate of H2O2
emission (Fig. 5.9B). Using the optimal concentrations of S1QEL1.1 (5 μM) and S3QEL2
(50 μM) we compared their efficacy for suppression of H2O2 production with that of
rotenone and myxothiazol for isolated sites IQ and IIIQo, respectively. The results
showed that S1QEL1.1 in the absence or presence of inhibitors suppressed H2O2
emission by a level comparable to that of rotenone for isolated site IQ (Fig. 5.10A-B).
For site IIIQo, suppression of H2O2 emission with S3QEL2 in the absence or presence of
inhibitors was significantly lower (F2,12 = 174, p < 0.0001) compared with that evoked by
myxothiazol (Fig. 5.11A-B).
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Figure 5.7: Site-specific rates of H2O2 emission in mitochondria oxidizing 25 mM G3P. A:
Conditions for the measurement of site-specific maximal H2O2 emission capacities in
mitochondria oxidizing G3P. 1 – 2: H2O2 emission by site IQ (difference between H2O2
emission during oxidation of G3P in the presence of myxothiazol and malonate (1) and
in the presence of myxothiazol, malonate and rotenone (2)). 3 – 4: H2O2 emission by
site IIQ (difference between H2O2 emission during oxidation of G3P in the presence of
myxothiazol, rotenone and malonate (3) and in the presence of myxothiazol, rotenone,
malonate and atpenin A5 (4)). 5 – 6: H2O2 emission by site IIF (difference between H2O2
emission during oxidation of G3P in the presence of myxothiazol and rotenone (5) and
in the presence of myxothiazol, rotenone and malonate (6)). 7 – 8: H2O2 emission by
site IIIQo (difference between H2O2 emission during oxidation of G3P in the presence of
rotenone, malonate and antimycin A (7) and in the presence of rotenone, malonate,
antimycin A and myxothiazol (8)). 9 – 10: H2O2 emission by site GQ (difference between
H2O2 emission during oxidation of G3P in the presence of rotenone, malonate and
myxothiazol (9) and unenergized mitochondria (10)). B: Site-specific H2O2 emission
capacities during oxidation of G3P. Data are means ± SEM, n = 4, one-way ANOVA,
Fisher's LSD post hoc test, p < 0.05.
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Figure 5.8: Effect of S1QEL1.1 on mitochondrial H2O2 emission. A: Responsiveness to
S1QEL1.1 (difference between H2O2 emission during oxidation of 25 mM G3P and in the
presence of different concentrations of S1QEL1.1), n = 3. B: Responsiveness to
S1QEL1.1 for isolated site IQ (difference between H2O2 emission during oxidation of G3P
in the presence of malonate and myxothiazol and in the presence of malonate,
myxothiazol and different concentrations of S1QEL1.1.) n = 3. Data are means ± SEM,
one-way ANOVA, Fisher's LSD post hoc test, p < 0.05.
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Figure 5.9: Effect of S3QEL2 on mitochondrial H2O2 emission. A: Responsiveness to
S3QEL2 (difference between H2O2 emission during oxidation of 25 mM G3P and in the
presence of different concentrations of S1QEL2) n = 3. B: Responsiveness to S3QEL2 for
isolated site IIIQo (difference between H2O2 emission during oxidation of G3P in the
presence of rotenone and malonate and in the presence of rotenone, malonate and
different concentrations of S3QEL2) n = 5. Data are means ± SEM, one-way ANOVA,
Fisher's LSD post hoc test, p < 0.05.
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Figure 5.10: Comparison of effects of S1QEL1.1 and rotenone on H2O2 emission from
site IQ. A: Conditions for measuring the suppression of H2O2 emission from site IQ with
S1QEL1.1 compared with rotenone inhibition in mitochondria oxidizing 25 mM G3P. 1 –
2: Rotenone sensitive H2O2 emission from site IQ (difference between emission during
oxidation of G3P in the presence of myxothiazol and malonate (1) and in the presence
of myxothiazol, malonate and rotenone (2)). 3 – 4: S1QEL1.1 sensitive H2O2 emission
from site IQ (difference between emission during oxidation of G3P (3) and in the
presence of S1QEL1.1 (4)). 5 – 6: S1QEL1.1 sensitive H2O2 emission from isolated site IQ
(difference between emission during oxidation of G3P in the presence of myxothiazol
and malonate (5) and in the presence of myxothiazol, malonate and S1QEL1.1 (6)). B:
Comparison of the S1QEL1.1-sensitive H2O2 emission from site IQ in the absence or
presence of inhibitors with rotenone sensitve emission from isolated site IQ. Data are
means ± SEM, n = 6, one-way ANOVA, Fisher's LSD post hoc test, p < 0.05.
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Figure 5.11: Comparison of effects of S3QEL2 and myxothiazol on H2O2 emission from
site IIIQo. A: Conditions for measuring the suppression of H2O2 emission from site IIIQo
with S3QEL2 compared with myxothiazol inhibition in mitochondria oxidizing 25 mM
G3P. 1 – 2: Myxothiazol sensitive H2O2 emission from site IIIQo (difference between
emission during oxidation of G3P in the presence of rotenone and malonate (1) and in
the presence of rotenone, malonate myxothiazol (2)). 3 – 4: S3QEL2 sensitive H2O2
emission from site IIIQo (difference between emission during oxidation of G3P (3) and in
the presence of S3QEL2 (4)). 5 – 6: S3QEL2 sensitive H2O2 emission from isolated site
IIIQo (difference between emission during oxidation of G3P in the presence of rotenone
and malonate (5) and in the presence of rotenone, malonate and S3QEL2 (6)). B:
Comparison of the S3QEL2-sensitive H2O2 emission from site IQ in the absence or
presence of inhibitors with myxothiazol-sensitive emission from isolated site IIIQo. Data
are means ± SEM, n = 5, one-way ANOVA, Fisher's LSD post hoc test, p < 0.05.
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5.3.5 Modulation of site-specific rates of H2O2 emission by anoxia-reoxygenation and
Cd
The effects of anoxia-reoxygenation and Cd on H2O2 emission for mitochondria
oxidizing G3P depended on the site. For site IQ, Cd (F2,36 = 32, p < 0.0001) and anoxiareoxygenation (F3,36 = 5.4, p = 0.004) significantly altered the rate of H2O2 emission, but
their interaction was not significant (F6,36 = 1.9, p = 0.1) (Fig. 5.12A). Specifically, Cd (1
μM) suppressed the rate of H2O2 emission from site IQ in normoxic mitochondria and
following 15 or 30 min anoxia-reoxygenation exposure. Here, the negative calculated
rates of H2O2 indicate that emission from other sites under these conditions exceeded
the emission from site IQ but this effect was abolished by 5 min anoxia-reoxygenation.
Furthermore, while 15 min anoxia-reoxygenation increased the rate of H2O2 emission
for mitochondria not exposed to Cd, 30 min anoxia-reoxygenation acted cooperatively
with 20 μM Cd to suppress H2O2 emission from site IQ.
Cd (F2,36 = 10.7, p < 0.0001) significantly altered the rate of H2O2 emission putatively by
site IIQ, but the effect of anoxia-reoxygenation (F3,36 = 2.9, p = 0.05) and their
interaction (F6,36 = 1.7, p = 0.14) were not significant (Fig. 5.12B). Notably, 20 μM Cd
stimulated H2O2 emission from site IIQ but this was abolished by 5 min of anoxiareoxygenation. Here, the negative calculated rates of H2O2 emission indicate emission
from sites other than site IIQ. For site IIF, Cd (F2,36 = 26.6, p = 0.0001) significantly
altered the rate of H2O2 emission with 1 μM Cd stimulating higher rates compared with
the control (Fig. 5.12C). Anoxia-reoxygenation did not alter (F3,36 = 1.5, p = 0.2) the rate
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of H2O2 emission but the interaction of Cd and anoxia-reoxygenation was significant
(F6,36 = 3.4, p = 0.01), wherein 30 min anoxia-reoxygenation heightened the stimulatory
effect of 1 μM Cd on H2O2 emission. In contrast, 20 μM Cd and anoxia-reoxygenation
suppressed H2O2 emission from site IIF, but stimulated emission from other sites.
For complex III, both Cd (F2,36 = 44, p < 0.0001) and anoxia-reoxygenation (F3,36 = 3.3, p
= 0.03) significantly altered the rate of H2O2 emission from site IIIQo (Fig. 5.13A) but
their interaction was not significant (F6,36 = 0.4, p = 0.9). These responses were to a
large degree driven by the stimulatory effects 20 μM Cd on H2O2 emission. Lastly, Cd
significantly (F2,36 = 59, p < 0.0001) increased the rate of H2O2 emission from site GQ,
with 1 μM tending to stimulate higher rates of H2O2 emission compared with 20 μM of
the metal (Fig. 5.13B). Anoxia-reoxygenation (F3,36 = 2.3, p = 0.09) did not alter the
pattern or rate of H2O2 emission by site GQ and the interaction of anoxia-reoxygenation
and Cd (F6,36 = 0.5, p = 0.77) was not significant.
5.3.6 Effect of Cd on mitochondrial antioxidant systems
Cd did not alter the activities of catalase, Gpx, or TrxR (Table 5.1) or the concentrations
of total glutathione, GSSG, or reduced glutathione (Table 5.2).
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Figure 5.12: Effect of anoxia-reoxygenation and Cd on H2O2 emission from sites IQ, IIF
and IIQ during oxidation of 25 mM G3P. H2O2 emission from sites IQ (A), IIQ (B), and IIF
(C). Data are means ± SEM, n = 4, one-way ANOVA, Fisher's LSD post hoc test, p < 0.05.
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Figure 5.13: Effect of anoxia-reoxygenation and Cd on H2O2 emission from sites IIIQo,
and GQ in mitochondria oxidizing 25 mM G3P. H2O2 emission from site IIIQo (A), and site
GQ (B). Data are means ± SEM, n = 4, one-way ANOVA, Fisher's LSD post hoc test, p <
0.05.
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Table 5.1. Effect of Cd on mitochondrial catalase, glutathione peroxidase and
thioredoxin reductase activities.
Cd concentration (μM)
0

1

20

Catalase (μmol/min/mg protein)

7.74±0.24

7.85±0.32

7.59±0.27

Gpx (nmol/min/mg protein)

3.00±0.13

3.38±0.20

3.84±0.37

TrxR (nmol/min/mg protein)

0.45±0.15

0.43±0.11

0.41±0.14

Data are means ± SEM, n = 4, two-way ANOVA, Fisher's LSD post hoc test, p < 0.05. Gpx:
glutathione peroxidase; TrxR: thioredoxin reductase.
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Table 5.2. Effect of Cd on mitochondrial total glutathione, reduced glutathione and
oxidized glutathione concentrations.
Cd concentration (μM)
0

1

20

Total glutathione (nmol/min/mg protein)

49.03±3.74

45.49±3.01 47.38±2.05

Reduced glutathione (nmol/min/mg protein)

22.91±3.59

20.72±2.03 22.59±1.55

Oxidized glutathione (nmol/min/mg protein)

26.12±0.98

24.77±1.04 24.79±1.06

Data are means ± SEM, n = 4, two-way ANOVA, Fisher's LSD post hoc test, p < 0.05.
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5.4 DISCUSSION
5.4.1 Assay composition affects H2O2 emission quantitation
The concentration of mitochondrial protein in the assay is one of the major factors that
affect the measured rate of H2O2 emission. Notably, determination of optimal
mitochondrial protein concentration for the quantitation of H2O2 release during G3P
oxidation is important because the content of mGPDH in the liver is low (Mráček et al.,
2009 and 2013). The H2O2 emission was observed to increased with increasing
mitochondrial protein concentration contrasting the reports of biphasic concentrationresponse for rainbow trout cardiac mitochondria oxidizing glutamate-malate or
succinate (Isei and Kamunde, 2020) and rat cardiac mitochondria oxidizing pyruvatemalate or succinate in the presence of rotenone (Saborido et al., 2005). As we reported
previously (Okoye et al., 2019), unenergized liver mitochondria produced relatively high
levels of H2O2 that increased progressively with increasing G3P concentration
consistent with Tretter et al. (2007) and Mráček et al. (2014) for mitochondria isolated
from guinea pig brain and rat brown adipose tissue, respectively. In general, increasing
substrate concentration in the assay increases mitochondrial redox and
electrochemical gradients thereby increasing ROS emission (Cortassa et al., 2014).
Moreover, oxidation of high substrate concentrations supplies more electrons to the
ETS and increases mitochondrial membrane potential thereby promoting RET-induced
ROS generation (Tretter et al., 2007; Brand, 2016). In different tissues, mGPDH has
been reported to generate equal amounts of O2˙¯ towards the matrix and
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intermembrane space (Mráček et al., 2009; Quinlan et al., 2012). Surprisingly, the
addition of exogenous SOD to facilitate conversion of the O2˙¯ generated towards the
intermembrane space to H2O2 did not enhance the fluorescence intensity suggesting
that there is sufficient Cu-Zn-SOD in the intermembrane space to efficiently
disproportionate the O2˙¯ released externally. Consistent with our finding, addition of
exogenous SOD during oxidation of G3P did not increase the rate of H2O2 emission
from mitochondria isolated from rat or guinea-pig brain (Patole et al., 1986; Tretter et
al., 2007) or brown adipose tissue (Mráček et al., 2009).
5.4.2 Contributions of carboxylesterase and NOX to ROS emission
Unenergized unstressed rainbow trout liver mitochondria showed a high rate of H2O2
emission consistent with our earlier findings (Okoye et al., 2019). Similarly, Miwa et al.
(2016) reported a high rate of H2O2 emission in unenergized rat liver mitochondria and
attributed it to artifactual oxidation of Amplex Red by CES. Our data show that CES did
not contribute to the high H2O2 emission in trout liver mitochondria, probably due to
the lower (four times less) CES activity in rainbow trout liver compared with rat liver
(Barron et al., 1999). Next, we tested if NOX4, which is localized in mitochondria and/or
contamination by other NOX isoforms from plasma membrane, nucleus, and
endoplasmic reticulum during mitochondrial isolation (Block et al., 2009; Ago et al.,
2010; Frazziano et al., 2014; Liang et al., 2016) contribute to the high rate of H2O2
emission in the absence of substrates. We found that GKT136901, an inhibitor of
NOX1/4 (Laleu et al., 2010; Wong et al., 2019), at the highest tested concentration (50
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μM) inhibited the rate of H2O2 emission in unenergized mitochondria by 66% and by
40% during oxidation of G3P. Thus, the high rate of H2O2 emission in unenergized liver
mitochondria may, in part, be attributable to NOX activity.
The activity of mGPDH is regulated by Ca2+ binding to the EF-hand domain that
increases the enzyme affinity for G3P (Rauchová et al., 1985; Orr et al., 2014). We
tested the effect of Cd on mGPDH activity because Cd2+ acts as a Ca2+ mimic at binding
sites on proteins due to their similar hydrated ionic radii (Thévenod et al., 2020). Cd at
concentrations within 1—1.5 mmol/l has been reported to activate hamster brown
adipose tissue mGPDH but at higher concentration (3—4 mmol/l) inhibited the
respiratory rate (Rauchová et al., 1985). In contrast with the Cd-induced activation of
hamster brown adipose tissue mGPDH (Rauchová et al., 1985), Cd (1 or 20 μM) did not
alter mGPDH-driven respiration in rainbow trout liver mitochondria in this study. This
difference may be due to the relatively low Cd concentrations we tested and the high
activity of mGPDH reported for adipose brown tissue compared with the low activity in
liver (Taleux et al., 2009). Moreover, consistent with the low mGPDH activity, we found
that state 2 and state 3 respiration during G3P oxidation is about 4 and 8 times lower
respectively, compared with succinate. Comparable with our finding, Tretter et al.
(2007) reported lower rates of O2 consumption with 40 mM G3P in guinea pig brain
mitochondria compared with the rates obtained with 5 mM succinate.
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5.4.3 Effect of Cd and anoxia-reoxygenation on mitochondrial H2O2 emission during
G3P oxidation
To the best of our knowledge this is the first study to assess the effect of Cd and
anoxia-reoxygenation on mitochondrial H2O2 emission during oxidation of G3P. We
found that Cd imposed a low concentration stimulatory-high concentration inhibitory
pattern of H2O2 emission like the biphasic response observed during oxidation of
succinate but dissimilar to the monotonic pattern with glutamate-malate (Okoye et al.,
2019 and 2021a). In contrasts, 5 min anoxia-reoxygenation reduced H2O2 emission akin
to Okoye et al. (2021a) for mitochondria oxidizing glutamate-malate or
palmitoylcarnitine-malate and Korge et al. (2008) for rabbit cardiac mitochondria
oxidizing glutamate-malate or succinate. The anoxia-reoxygenation induced reduction
in H2O2 emission likely resulted from dissipation of mitochondrial membrane potential
as reported for mitochondria oxidizing glutamate-malate or succinate (Korge et al.,
2008). Additionally, anoxia-reoxygenation blunted the stimulatory effect of 1 μM Cd on
H2O2 emission but exacerbated the inhibitory effect of 20 μM Cd (following 5 or 15 min
anoxia-reoxygenation) contrasting the increased H2O2 release induced by Cd and 5 min
hypoxia-reoxygenation in trout liver mitochondria oxidizing glutamate-malate
(Onukwufor et al., 2017). Taken together, our findings in this study aligns with the
theme that the modulatory effect of anoxia-reoxygenation on mitochondrial H2O2
production is substrate-, tissue-, and species-dependent (Korge et al., 2008; Cox and
Gillis et al., 2020; Okoye et al., 2021a).
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5.4.4 Site-specific rates of H2O2 emission
During oxidation of G3P, Q is reduced and electrons flow in FET to stimulate ROS
production from site IIIQo. However, in the presence of a high mitochondrial membrane
potential, RET to sites IQ, IIF, and GQ can induce ROS generation from these sites
(Tretter et al., 2007; Mráček et al., 2009 and 2013; Quinlan et al., 2013b; Brand, 2016).
We found that isolated site IQ in mitochondria oxidizing G3P emits measurable amounts
of H2O2 in RET consistent with previous studies with mitochondria from guinea pig and
mouse brain (Tretter et al., 2007; Stepanova et al., 2019b) and rat skeletal muscle (Orr
et al., 2012; Quinlan et al., 2013b). In contrast, site IQ did not emit H2O2 during
oxidation of G3P in mitochondria isolated from murine brain, kidney, heart, skeletal
muscle, and liver (Kwong and Sohal, 1998; Tahara et al., 2009). This suggests speciesand tissue-specific differences in mitochondrial H2O2 emission from site IQ during
oxidation of G3P.
While site IIF is known to generate H2O2 at high rates in FET and RET (Quinlan et al.,
2012), emission by site IIQ is controversial but has been reported in Saccharomyces
cerevisiae (Guo and Lemire, 2003), Ascaris suum submitochondrial particles
(Paranagama et al., 2010) and bovine cardiac mitochondria (Siebels and Dröse, 2013).
We did not find evidence of H2O2 emission from site IIQ during oxidation of G3P by
trout liver mitochondria. The calculated negative value for putative site IIQ indicates
that the emission increased upon addition of AA5 (site IIQ inhibitor) suggesting
stimulation of emission from other open sites due to redistribution of electrons. This
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aligns with earlier reports that site IIQ does not emit measurable amounts of H2O2 in
fish cardiac mitochondria oxidizing succinate (Isei and Kamunde, 2020). In contrast, our
findings show that unstressed trout liver mitochondria site IIF emits H2O2 at a
measurable rate in RET during oxidation of G3P like mitochondria from mammalian
tissues (Orr et al., 2012; Quinlan et al., 2012).
In this study, the addition of antimycin A during G3P oxidation stimulated a high rate of
H2O2 emission from site IIIQo (myxothiazol-sensitive) consistent with previous reports
(Kwong and Sohal, 1998; Tretter et al., 2007; Mráček et al., 2009 and 2013). The higher
capacity of H2O2 emission by site IIIQo compared with other sites contrasts with our
earlier report for liver mitochondria oxidizing succinate in which site II F emitted at a
higher rate than all the other sites (Okoye et al., 2021a). However, it is comparable with
the higher rate from site IIIQo relative to other sites in fish cardiac mitochondria
oxidizing succinate (Isei and Kamunde, 2020) and liver mitochondria oxidizing
glutamate-malate (Okoye et al., 2021a).
Site GQ in mammalian skeletal muscle mitochondria emits H2O2 at measurable rates
(Orr et al., 2012, 2014); here, we show for the first time that site GQ in fish liver
mitochondria emits H2O2 at a high rate. The H2O2 emission capacity for site GQ has been
reported to be lower than that of other sites in rat muscle mitochondria (Orr et al.,
2012); however, we found that the H2O2 emission capacity of site GQ is higher than that
of sites IQ and IF. The physiological role of the high amounts of H2O2 produced by site GQ
in rainbow trout liver mitochondria remains to be determined.
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We found that suppression of ROS production from site IQ with S1QEL1.1 was more
effective when the site was sequestered with traditional pharmacological inhibitors.
This finding may be due to increased membrane potential when the electron flux is
blocked. S1QEL1.1 (10 μM) in the presence of inhibitors suppressed H2O2 emission by
23% during G3P oxidation, which is lower compared with 40 – 85% reported for rat
skeletal muscle mitochondria oxidizing succinate (Brand et al., 2016). With S3QEL2,
suppression of H2O2 emission from site IIIQo was effective only when the site was
isolated. Increased H2O2 emission with S3QEL2 at 100 μM in the absence of inhibitors
may be due to off-target effects as reported at high concentrations of S3QEL2
(Goncalves et al., 2020). The addition of antimycin A in the presence of rotenone plus
malonate during oxidation of G3P stimulated high rates of H2O2 emission that was
responsive to S3QEL2 indicating that the emission is RET-induced from site IIIQo.
However, comparison of the myxothiazol-sensitive H2O2 emission from isolated site
IIIQo with that sensitive to S3QEL2 shows that myxothiazol is more effective in inhibiting
H2O2 emission from this site.
5.4.5 Effect of anoxia-reoxygenation and Cd on site-specific rates of H2O2 emission
In this study, Cd at a low concentration (1 μM) suppressed H2O2 emission contrasting
the biphasic low concentration stimulatory-high concentration inhibitory effect on site
IQ for mitochondria oxidizing succinate (Okoye et al., 2021a). The difference in site IQ
H2O2 emission pattern indicates that substrates moderate Cd-induced effect at the site
differently. Notably, our observation that anoxia-reoxygenation altered the pattern and
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rates of Cd-induced H2O2 emission from site IQ supports the notion that H2O2 emission
by this site is highly sensitive to changes in O2 concentration (Hoffman and Brookes,
2009; Dröse et al., 2016; Galkin and Moncada, 2017). Moreover, O2 depletion results in
the reversible conversion of the active (A) form of complex I to the dormant (D) form in
which subunits of the ubiquinone-binding pocket are structurally rearranged thereby
disrupting electron transfer and inhibiting ROS production from site I Q (Gorenkova et
al., 2013; Dröse et al., 2016). Thus, the increase in H2O2 emission upon reoxygenation
following 15 min anoxia can be attributed to the conversion of the D-form of complex I
to the A-form that emits ROS. Akin to the increase in H2O2 emission observed following
15 min anoxia-reoxygenation exposure, Gorenkova et al. (2013) reported an increase in
ROS production after 20 min of anoxia.
Cd caused a biphasic pattern of H2O2 emission from site IIF comparable to the low
concentration stimulatory-high concentration inhibitory H2O2 emission pattern we
observed during oxidation of succinate (Okoye et al., 2021a). However, the magnitude
of the biphasic response was lower for G3P-oxidizing mitochondria compared with
succinate-oxidizing mitochondria indicating greater sensitivity of succinate driven H2O2
emission to Cd. Moreover, anoxia-reoxygenation augmented the stimulatory effect of
low Cd concentration on H2O2 emission in contrast to the reduction it exerted on site IIF
in mitochondria oxidizing succinate (Okoye et al., 2021a). Taken together, this study
shows that the typical biphasic H2O2 emission response pattern evoked by Cd on site IIF
in FET with succinate (Okoye et al., 2019 and 2021a) is reproducible in RET with G3P,
258

suggesting that this is a distinctive response of the site to Cd exposure. Site IIQ has been
reported to contribute to ROS emission in A. suum muscle submitochondrial particles
(Paranagama et al., 2010) and bovine cardiac mitochondria (Siebels and Dröse, 2013).
Here, test of site IIQ as a potential source of H2O2 emission showed that it does not emit
H2O2 at a measurable rate. Indeed, the calculated rates of H2O2 emission upon addition
of AA5 were negative suggesting stimulation of H2O2 emission at other sites. Aligned
with this finding, Quinlan et al. (2012) demonstrated that site IIQ does not emit H2O2 at
measurable rates in skeletal muscle mitochondria.
The H2O2 emission pattern by site IIIQo, in which high (20 μM) Cd concentration
stimulated while low (1 μM) concentration did not alter the rate of H2O2 emission
aligns with the pattern reported for rainbow trout liver mitochondria oxidizing
succinate under normoxia (Okoye et al., 2021a). Similarly, 10 μM Cd stimulates ROS
emission from site IIIQo in guinea pig brain mitochondria oxidizing 2,3-dimethoxy-5methyl-6-decyl−1,4-benzoquinol (Wang et al., 2004). It has been proposed that Cd
stimulates ROS emission from site IIIQo by causing incomplete reduction of O2 due to
single-electron transfer from the unstable semiubiquinone that accumulates when
antimycin A blocks electron flow from semiubiquinone to cytochromes b566 and b562
(Wang et al., 2004; Tretter et al., 2007; Branca et al., 2020a and 2020b). Cd at 1 μM did
not alter the rate of H2O2 emission from site IIIQo in mitochondria oxidizing G3P
suggesting that at a low concentration Cd does not promote univalent transfer of
electrons from the unstable semiubiquinone to O2. Furthermore, Cd induced a
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monotonic H2O2 emission response from site IIIQo akin to other substrates under
normoxia (Okoye et al., 2019 and 2021a). Lastly, anoxia-reoxygenation did not alter the
rate of H2O2 emission from site IIIQo indicating that unlike complex I and II, H2O2
generation from complex III during G3P oxidation is not sensitive to depletion of O 2.
This is a baffling finding that requires further study considering that H2O2 produced
from site IIIQo is deemed critical in oxygen/hypoxia sensing (Klimova and Chandel, 2008;
Sommer et al., 2020).
H2O2 emission from site GQ is attributed to unstable semiubiquinone (Mráček et al.,
2013). Here, we show that Cd evoked a biphasic pattern of H2O2 emission from site GQ,
wherein a low (1 μM) concentration stimulated higher H2O2 emission compared with a
high (20 μM) concentration of the metal. In contrast, exposure to anoxia-reoxygenation
did not alter the rate of H2O2 emission suggesting that electron flux at this site was not
impaired by O2 depletion and its subsequent re-introduction. Aligned with our finding,
ischemia-reperfusion did not alter the rate of H2O2 emission by mGPDH in rat liver
submitochondrial particles oxidizing G3P (Cahova et al., 2015). Overall, this study
shows that G3P oxidation by mGPDH supports ROS emission from multiple sites on ETS
enzymes and Cd and anoxia-reoxygenation modulate the H2O2 emission differently
depending on the site, Cd concentration, and anoxia duration.
5.4.6 Effect of Cd on antioxidant systems
Because Cd but not anoxia-reoxygenation stimulated mitochondrial total H2O2 emission
(Fig. 5.6), we explored the idea that Cd alters components of liver mitochondria
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antioxidant defense systems. In this regard, we recently showed that the rate of H2O2
consumption (a holistic measure of antioxidant defense) in rainbow trout liver
mitochondria is not sensitive to Cd (Okoye et al., 2019). However, the possibility that
activities of some pathways increased while others decreased resulting in no net
change in the rate of H2O2 consumption was not ruled out. Here, our assessment of the
effect of Cd on specific components of the H2O2 consumption systems revealed that
catalase, the major H2O2 scavenging pathway in rainbow trout liver mitochondria
(Kamunde et al., 2018) was not affected. Similarly, Cd did not alter Gpx activity in
agreement with previous findings in liver mitochondria from rat (Latinwo et al., 2006)
and eel (Ahn et al., 2020). However, reduced mitochondrial Gpx activity following Cd
exposure has been reported in HEK293 cells (Mao et al., 2011), crab gills (Wang et al.,
2013) and clam hepatopancreas (Huang et al., 2020). Likewise, our measurement of
TrxR activity to assess the mitochondrial Trx-dependent pathway showed a lack of
effect of Cd contrary to increased mitochondrial TrxR activity reported in mussel
(Hanana et al., 2019). Taken together, our results and previous studies suggest that (i)
the activities and susceptibility of antioxidant defense enzymes to Cd vary with tissue,
(ii) the concentration of Cd and/or the duration of exposure we tested were not
sufficient to alter activities of trout liver mitochondria antioxidant defense enzymes
and (iii), trout liver mitochondria antioxidant enzymes are resistant to Cd.
Next, we probed if Cd alters levels of mitochondria GSH, the predominant intracellular
antioxidant tripeptide that not only maintains the peroxidase pathways in reduced
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functional state but is central to the control of mitochondrial redox status and defense
of cells against metals toxicity. While we found that Cd did not alter the concentration
of total glutathione, GSSG, or reduced glutathione, results from previous studies are
variable. For example, analogous to our findings, Cd did not alter GSSG concentration in
crab hepatopancreas (Wang et al., 2008). However, increased GSSG levels were
reported in a rat renal proximal tubular cell line (Nair et al., 2015) and mouse neuronal
cells (Figueiredo-Pereira et al., 1998) due to Cd-driven oxidation of GSH to GSSG. It is
worth noting here that GSH is synthesized in the cytosol and imported into the
mitochondrial matrix, and the oxidized form, GSSG, is not readily exported from the
matrix (Ribas et al., 2014; Branca et al., 2020a). Therefore, in cells and tissues, Cd can
alter GSH/GSSG levels either by either impairing the synthetic pathway or forming
covalent complexes (Cd-GSH) following binding to thiols of the cysteinyl moiety
(Figueiredo-Pereira et al., 1998; Ivanina et al., 2008b; Wang et al., 2008; Srikanth et al.,
2013; Huang et al., 2020), whereas in isolated mitochondria only the complexation
mechanism is feasible. Thus, effect of Cd on GSH/GSSG levels in cells and tissue
homogenates may not be directly applicable to isolated mitochondria. Overall, all the
components of antioxidant defense system in trout liver mitochondria we tested
appear to be resistant to Cd in affirmation of presence a robust antioxidant defense
system in these organelles (Okoye et al., 2019).
In conclusion, our study shows that the high rate of H2O2 emission in unenergized
rainbow trout liver mitochondria is in part due to NOX activity and should be
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considered when comparing native rates of mitochondrial H2O2 emission with other
tissues. Rainbow trout liver mitochondria exhibited low mGPDH activity that drove a
correspondingly low respiratory rate but a high rate of ROS emission during G3P
oxidation. Importantly, mitochondria H2O2 emission stimulated by Cd exposure was
attenuated by anoxia-reoxygenation during oxidation of G3P suggesting that mGPDH is
sensitive to low O2 concentration and metals exposure. Whereas anoxia-reoxygenation
stimulated H2O2 emission from site IQ and augmented H2O2 emission caused by Cd at
site IIF, Cd evoked a concentration-dependent site-specific H2O2 emission response
without altering mitochondrial antioxidant systems. Thus, Cd likely increases the rate of
liver mitochondrial H2O2 efflux through direct action on sites of O2˙¯/H2O2 production as
opposed to impairment of H2O2 scavenging systems. Notably, the high rate of H2O2
emission evoked by Cd on sites IIIQo and GQ may play key roles in cellular signaling and
oxidative stress because these sites emit H2O2 to both sides of the mitochondrial inner
membrane. Overall, the modulatory effects of Cd and anoxia-reoxygenation on sitespecific ROS emission during G3P oxidation underscores a potential role of mGPDH in
regulating cellular oxidative stress response associated with adverse environmental
conditions.
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CHAPTER 6

GENERAL DISCUSSION AND FUTURE DIRECTIONS
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6.1 GENERAL DISCUSSION
Environmental stressors cause physiological disturbances in aquatic organisms that
alter respiration and ROS metabolism at the subcellular, cellular and organismal levels.
The mitochondria are the main hub of energy production and adaptive stress response,
and the central subcellular target of temperature stress, low DO and Cd toxicity. In my
thesis research I investigated the single and combined effect of temperature, anoxia
(followed by reoxygenation) and Cd on mitochondrial O2 consumption, ROS emission
and consumption using very sensitive techniques. My research characterized
mitochondrial ROS emission capacities of the different ROS emission sites under
different bioenergetics states and unveiled previously unknown effects of these
stressors individually and in combination on total and site-specific ROS emission, and
on the ROS consumption systems.
6.1.1 Temperature exacerbates Cd concentration-dependent ROS emission
In Chapter 2, I unveiled unique substrate- and concentration-dependent Cd-induced
alterations of ROS emission patterns. Cd has been previously reported to stimulate ROS
emission following energization with complex I or II electron donors, NADH and
succinate, respectively (Wang et al., 2004). However, the primary sites of ROS emission
proximal to site IIIQo were not elucidated. Different sites within matrix and ETS play
critical roles in redox biology, O2 sensing, apoptosis and hypoxia signaling (Tretter and
Adam-Vizi, 2005; Zorov et al., 2014; Brand, 2016; Mailloux, 2020) thus, unveiling the
effects of Cd and temperature mitochondrial site-specific ROS emission is important in
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understanding the mechanisms of stressor-induced oxidative stress and oxidative stress
response. I showed that for mitochondria oxidizing malate-glutamate, Cd produced a
saturable graded concentration-response curve that plateaued at 5 μM. Interestingly,
for succinate-oxidizing mitochondria Cd produced a biphasic concentration-response
curve characterized by a spike in ROS emission at 1 μM followed by gradual diminution
at higher Cd concentrations. Cd-induced ROS emission is attributable to inhibition of
complexes I, II and III (Wang et al., 2004; Adiele et al., 2012; Onukwufor et al., 2014)
indicating that Cd stimulates ROS emission through disparate means depending on
substrate-type and the entry point of electrons into the ETS.
I demonstrated that the stimulatory effect of high (20 μM) Cd on ROS emission for
mitochondria oxidizing glutamate-malate emanates from within the NADH/NAD+
isopotential pool. It appears that Cd acts at a location between sites IF and IQ. Whereas
the inhibitory effect of 20 μM Cd stems from within the QH2/Q isopotential pool for
mitochondria oxidizing succinate. I found that the biphasic ROS emission pattern
evoked by Cd for succinate oxidizing mitochondria originated from site IIF, and it
dictates the emission pattern at sites IQ (in RET) and IIIQo (in FET). I observed that
temperature acted cooperatively with Cd to increase ROS emission from sites IF, IIF and
IIIQo.
Lastly, in this chapter I demonstrated that liver mitochondrial ROS consumption
processes were unresponsive to temperature and Cd exposure irrespective of the
substrate type. Overall, in this chapter, I showed that the ROS production processes of
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rainbow trout liver mitochondria are more responsive to stressors and bioenergetics
while the consumption systems are more resistant.
6.1.2 Biotic and abiotic factors affect H2O2 emission
Biotic factors including species, sex and tissue source of mitochondria as well as the
concentration of mitochondrial protein, and abiotic factors such as presence and
concentration of inhibitors affect H2O2 emission (Batandier et al., 2002; Saborido et al.,
2005; Quinlan et al., 2013a; Starkov, 2014; Andreyev et al., 2015; Mailloux, 2020).
Earlier reports described the effects of abiotic factors using mostly mammalian
mitochondrial model; mine was the first to investigate how these abiotic factors affect
H2O2 emission using fish liver mitochondria oxidizing different substrates. I found with
succinate energization, increasing mitochondrial protein concentration produced a
biphasic pattern of H2O2 emission aligning with the reports of Saborido et al. (2005) and
Isei and Kamunde (2020), but a monotonic pattern with energization using glutamatemalate or palmitoylcarnitine-malate. I found that inhibitor concentrations producing
the maximal H2O2 emission response varied with substrate and were moderated by the
presence of other inhibitors. I conclude that optimization of assay conditions is crucial
for quantitation of the maximal mitochondrial H2O2 emission and that the high rate of
H2O2 emission is attributable to emission coming from NOX4.
6.1.3 Anoxia-reoxygenation blunts the effect of Cd on mitochondrial H2O2 emission
In Chapter 4, I investigated how anoxia-reoxygenation and Cd interact to modulate liver
mitochondrial respiration and H2O2 metabolism. I found that O2 deprivation most
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severely inhibited β-oxidation of fatty acids compared with oxidation of glutamatemalate or succinate. While previous studies reported increased ROS emission following
hypoxia-reoxygenation or ischemia-reperfusion (Onukwufor et al., 2014; Ivanina et al.,
2016; Zhang et al., 2018), I found that anoxia-reoxygenation attenuated H2O2 emission.
I characterized the H2O2 emission capacities of the different ROS emitting sites for
mitochondria oxidizing glutamate-malate, succinate or palmitoylcarnitine-malate, and
showed that site IIIQo has the highest capacity for H2O2 emission for mitochondria
oxidizing glutamate-malate or palmitoylcarnitine-malate. However, for mitochondria
oxidizing succinate, site IIF has the highest capacity for H2O2 emission aligning with the
report of Quinlan et al. (2012). Furthermore, my study unveiled the effect of anoxiareoxygenation) and Cd on mitochondrial site-specific H2O2 emission. To the best of my
knowledge, my findings are the first to elucidate the effect of anoxia-reoxygenation
and Cd on mitochondrial site-specific ROS emission. I found that anoxia-reoxygenation
attenuated H2O2 emission from sites OF, IQ, IIF and IIIQo for mitochondria oxidizing
different substrates, but stimulated H2O2 emission from site IF for mitochondria
oxidizing malate alone or glutamate-malate. Interestingly, the pattern of Cd-evoked
H2O2 emission depended on the substrate, site, concentration, and the effect is blunted
by anoxia-reoxygenation. Specifically, Cd produced a monotonic pattern of H2O2
emission for sites IF, IIIQo, EF for the different substrates but a biphasic pattern for sites
OF with malate only or glutamate-malate, and IQ and IIF for mitochondria oxidizing
succinate.
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6.1.4 Modulation of H2O2 emission by Cd and anoxia-reoxygenation during oxidation
of G3P
In chapters 3 and 5 I investigated the sources of the high rate of H2O2 emission in
unenergized unstressed liver mitochondria, I found no evidence of CES-induced AUR
oxidation contributing to the high rate of H2O2 emission. Rather, I found that NOX4
contributed greatly to the high rate of H2O2 emission independent of substrate
oxidation. This aligns with the high rate of ROS emission attributed to NOX4 in rat
skeletal muscle mitochondria (Wong et al., 2019) and in different cell lines (Fang et al.,
2020). Moreover, Cd produce disparate ROS emission response patterns with different
substrates, thus to eliminate the effect of substrates G3P was used to study the sitespecific H2O2 emission response since it supplies electrons to in FET to site IIIQo and in
RET to sites IQ and IIF. ROS emission from these sites is known to play key roles in redox
sensing, hypoxia or O2 sensing and downstream signaling (Mailloux, 2020). My study
showed that energization with different respiratory substrates including glutamatemalate, succinate, palmitoylcarnitine-malate and G3P increased the rate of
mitochondrial H2O2 emission. However, unlike energization with glutamate-malate,
succinate or palmitoylcarnitine-malate, I found that energization with G3P did not
support robust state 2 and state 3 respiration. I therefore, investigated the activity level
of mGPDH in rainbow trout liver and found very low activity, which was not affected by
the addition of either Ca or Cd. However, in mitochondria oxidizing G3P, Cd stimulated
a biphasic low concentration stimulatory-high concentration inhibitory H2O2 emission
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response pattern similar to the pattern evoked by Cd in mitochondria oxidizing
succinate. The Cd-stimulated H2O2 emission was blunted by anoxia-reoxygenation for
mitochondria oxidizing G3P similar to the response when oxidizing succinate. My study,
to the best of my knowledge, is the first to investigate the effect of Cd and anoxiareoxygenation on site-specific H2O2 emission for liver mitochondria oxidizing G3P. I
found Cd suppressed H2O2 emission from site IQ, but stimulated H2O2 emission from
sites IIF, IIIQo and GQ. Anoxia-reoxygenation stimulated H2O2 emission from site IQ, and
heightened the emission from site IIF, but the emission from sites IIIQo and GQ was
unresponsive to anoxia-reoxygenation. I tested if the Cd-stimulated H2O2 emission was
due to impairment of components of the antioxidant system and found that the
activities of the scavenging enzymes (catalase, Gpx, TrxR) were not altered by Cd.
Moreover, the level of total glutathione, oxidized glutathione and reduced glutathione
were not altered by Cd. I conclude that the oxidative stress induced by Cd is more due
to direct stimulation of H2O2 emission rather than impairment of H2O2 consumption
system.
6.2 FUTURE DIRECTIONS
My thesis highlighted how environmental stressors, Cd, temperature and O2
deprivation modulate ROS homeostasis under different bioenergetics states. The
unveiling of the effects of these stressors on site-specific H2O2 emission could benefit
from additional research to elucidate how H2O2 emission stimulated from different
sites acting as a second messenger may be involved in different signaling pathways.
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This is important especially for sites OF and IIIQo that play key roles in O2/hypoxia
signaling. Moreover, further studies are needed to investigate the possible deleterious
effect of H2O2 emission stimulated by these stressors on mitochondrial proteins and
membrane lipids, which will help elucidate the pathophysiology of oxidative stress.
Modulation of site-specific H2O2 emission by these stressors on sites isolated using
combinations, different respiratory substrates, and pharmacologic inhibitors could
benefit from additional studies using different methods or protocols in quantification
of site-specific H2O2 emission. The use of optogenetics or genetic manipulations would
allow better investigation of stressor-induced dysregulation of ROS emission and the
downstream signal transduction simultaneously without artefacts caused by
redistribution of electrons or impairment of mitochondrial function when using
pharmacological inhibitors. Furthermore, investigation of the effects of these stressors
at a higher biological level of organisation including cells and whole organisms will be
more physiologically relevant. Though my studies uncovered interesting effects of Cd
on simultaneous measurement of respiration and ROS emission in primary
hepatocytes, which I could not conclude and include in this Thesis due to time
limitation; whole organism studies will provide more holistic endpoints.
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