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Abstract
In cells, mitochondria, endoplasmic reticulum, and peroxisomes are the major sources of reactive
oxygen species (ROS) under physiological and pathophysiological conditions. Cytochrome c (cyt
c) is known to participate in mitochondrial electron transport and has antioxidant and peroxidase
activities. Under oxidative or nitrative stress, the peroxidase activity of Fe3+cyt c is increased. The
level of NADH is also increased under pathophysiological conditions such as ischemia and
diabetes and a concurrent increase in hydrogen peroxide (H2O2) production occurs. Studies were
performed to understand the related mechanisms of radical generation and NADH oxidation by
Fe3+cyt c in the presence of H2O2. Electron paramagnetic resonance (EPR) spin trapping studies
using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were performed with NADH, Fe3+cyt c, and
H2O2 in the presence of methyl-β-cyclodextrin. An EPR spectrum corresponding to the
superoxide radical adduct of DMPO encapsulated in methyl-β-cyclodextrin was obtained. This
EPR signal was quenched by the addition of the superoxide scavenging enzyme Cu,Zn-superoxide
dismutase (SOD1). The amount of superoxide radical adduct formed from the oxidation of NADH
by the peroxidase activity of Fe3+cyt c increased with NADH and H2O2 concentration. From these
results, we propose a mechanism in which the peroxidase activity of Fe3+cyt c oxidizes NADH to
NAD•, which in turn donates an electron to O2 resulting in superoxide radical formation. A UV-
visible spectroscopic study shows that Fe3+cyt c is reduced in the presence of both NADH and
H2O2. Our results suggest that Fe3+cyt c could have a novel role in the deleterious effects of
ischemia/reperfusion and diabetes due to increased production of superoxide radical. In addition,
Fe3+cyt c may play a key role in the mitochondrial “ROS-induced ROS-release (RIRR)” signaling
and in mitochondrial and cellular injury/death. The increased oxidation of NADH and generation
of superoxide radical by this mechanism may have implications for the regulation of apoptotic cell
death, endothelial dysfunction, and neurological diseases. We also propose an alternative electron
transfer pathway, which may protect mitochondria and mitochondrial proteins from oxidative
damage.
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Introduction
In mammalian cells, mitochondria, endoplasmic reticulum, and peroxisomes are the major
sources of reactive oxygen species (ROS) under physiological and pathophysiological
conditions [1–3]. Under normal physiological conditions ~1–2% of the oxygen consumed by
the heart is converted into reactive oxygen species (ROS) [4]. In heart, ~30 % of the total
volume is occupied by mitochondria [5]. Electron leakage from the electron transport chain
in mitochondria occurs with partial reduction of oxygen with generation of ROS [6]. In
addition, sulfhydryl oxidases generate disulfide bonds with the reduction of oxygen to H2O2
in the mitochondrial intermembrane space (IMS) [7]. Cardiac ischemia leads to a decline in
mitochondrial respiratory function that can be exacerbated upon reperfusion [8]. During
ischemia (I) and reperfusion (R) in the heart, the production of reactive oxygen species
(ROS) increases [8, 9]. ROS generation also increases under pathophysiological conditions
such as diabetes, atherosclerosis, vascular and neurodegenerative diseases, and cancer [10].
The molecular mechanisms involved in the generation of ROS are not yet fully understood;
therefore, it is necessary to unravel the source(s) and molecular mechanisms involved in the
formation of ROS under pathophysiological conditions.

Under physiological conditions, NADH is a substrate for complex-I (NADH:ubiquinone
oxidoreductase) in the electron transport chain (ETC) in mitochondria [11]. In the heart, the
level of NADH increases during both ischemia and reperfusion as a consequence of
anaerobic glycolysis [12–15]. Moreover, the level of NADH also increases under
pathophysiological conditions such as diabetes and cancer [16, 17]. Recently, it was found
that the increase in NADH oxidation induces a concurrent increase in superoxide radical
production during ischemia [9]. Therefore, it is very crucial to explore the role of NADH in
the generation of ROS during both ischemia and reperfusion in heart and under
pathophysiological conditions such as diabetes.

Very recently, a study has shown that respiration-dependent detoxification of H2O2 protects
rat brain mitochondria [18]. In addition, oxidized cyt c (Fe3+cyt c) protects complex IV
against H2O2 induced oxidative damage [19]. However, the role of mitochondrial proteins
and molecular mechanisms involved in the removal of H2O2 are not fully understood.

Cytochrome c (cyt c) is a small, globular heme protein which exists in high concentration
(0.5 – 5 mM) in the inner membrane of mitochondria [20]. At least 15 % of cyt c is tightly
bound to the inner membrane and the remainder is loosely attached to the inner membrane
and can be readily mobilized [21]. Physiologically, cyt c mediates electron shuttling
between cytochrome c reductase (complex III) and cytochrome c oxidase (complex IV)
during mitochondrial respiration [21]. The loosely associated cyt c participates in electron
transport, mediates superoxide removal and prevents oxidative stress [21–23] while the
tightly bound cyt c accounts for the peroxidase activity [24]. Upon interaction with
cardiolipin, a mitochondria-specific phospholipid, cyt c has been shown to alter its tertiary
structure and gain peroxidase activity [25]. Under conditions of oxidative and nitrosative
stress, the peroxidase activity of cyt c also increases [26, 27]. Release of cyt c from the inner
mitochondrial membrane into the cytosol is a proapoptotic factor [28, 29]. In the early event
of apoptosis, the redox function of cyt c in the respiratory chain switches to a peroxidase
function [25, 30]. The increased peroxidase activity of cyt c is implicated in various
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neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease, and
amyotrophic lateral sclerosis (ALS) [31]. In order to gain a better understanding of the role
of Fe3+cyt c in oxidative damage, pathological conditions, and removal of H2O2, we have
employed the powerful, sensitive, and specific technique of electron paramagnetic resonance
(EPR) spin trapping along with UV-visible absorption spectroscopy to investigate the
oxidation of NADH and generation of free radicals by the peroxidase activity of Fe3+cyt c
and redox change of cyt c.

Materials and methods
Materials

Oxidized cytochrome c (Fe3+cyt c, from horse heart), hydrogen peroxide (H2O2), NADH
and sodium hypochlorite (4% chlorine available in solution) were purchased from Sigma.
Diethylenetriaminepentaacetic acid (DTPA), 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO), and methyl-β-cyclodextrin (Me-β-CD) were obtained from Aldrich. Purified 5,5-
Dimethyl-1-pyrroline-N-oxide (DMPO) was purchased from Dojindo laboratories,
Kumamoto, Japan. Microcrystalline particulate of lithium phthalocyanine (LiPc) was
synthesized in our laboratory and used as an oximetry probe [32].

Preparation of the HOCl- oxidized Fe3+cyt c (M-Fe3+cyt c)
M-Fe3+cyt c was prepared as describe previously [26]. Fe3+cyt c (1 mM) was incubated with
HOCl (4 mM) at room temperature for 15 minutes. The reaction mixture was diluted ten
fold and concentrated with an Amicon Ultra-4 5000 MWCO concentrator. This process was
repeated five times to remove excess HOCl.

EPR measurements
EPR spectra were recorded using quartz flat cells at room temperature with a Bruker ESP
300 or 300E spectrometer operating at X-band with 100 kHz modulation frequency and a
TM110 cavity. Room temperature EPR spectra were recorded using the following
parameters: microwave frequency 9.779 GHz, modulation frequency 100 kHz, modulation
amplitude 1 G, microwave power 20 mW, number of scans 10, scan time 30 s, and time
constant 82 ms. EPR spectral recording began two minutes after the addition of H2O2. All
the experiments were carried out in phosphate buffer (50 mM and pH 7.4) containing 0.1
mM DTPA. Reactions were initiated by the addition of H2O2. Experiments were performed
under anaerobic conditions by preparing the reaction mixture followed by transfer to quartz
flat cell that was then sealed inside a nitrogen filled glove box.

Quantitation of the observed free radical signals was performed by computer simulation of
the spectra with comparison of the double integral of the observed signal to that of a
TEMPO standard (1 µM) measured under identical conditions [33].

EPR oximetry experiments were carried out as described previously [34].

UV-visible spectrophotometry
Optical spectra were measured on a Cary 50 Bio UV-visible spectrophotometer. The
concentration of hypochlorite (HOCl) was measured by using the molar extinction
coefficient of hypochlorite (ε292 nm = 350 M−1cm−1) in 5 mM sodium hydroxide solution at
pH 11–12 [35].

The reduction of Fe3+cyt c was carried out in phosphate buffer (50 mM and pH 7.4)
containing 0.1 mM DTPA. Reactions were initiated by the addition of H2O2. UV-visible
spectra were recorded five minutes after the addition of H2O2.
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Results
EPR spin trapping studies of the generation of superoxide radical by Fe3+cyt c in the
presence of NADH and H2O2

It has been demonstrated that Fe3+cyt c acts as a peroxidase and is involved in the
detoxification of H2O2 [24]. During peroxidase activity, Fe3+cyt c reacts with H2O2 to form
the peroxidase compound I-type intermediate, as shown in Scheme 1. The peroxidase
activity of Fe3+cyt c oxidizes various endogenous antioxidants such as ascorbate, GSH, and
NADH in the presence of H2O2, as shown in Scheme 1 [36].

The levels of NADH in the ischemic and post-ischemic reperfused hearts are higher than in
the normal heart [14]. The level of NADH decreases during post-ischemic reperfusion in the
heart [14]. To gain insight into the molecular mechanisms involved in the formation of ROS
during ischemia-reperfusion, we wanted to study the oxidation of NADH and free radical
generation by the Fe3+cyt c and H2O2 system. EPR spin trapping is a powerful technique to
study ROS formation. EPR spin trapping studies using the spin trap DMPO were carried out
to investigate the oxidation of NADH by Fe3+cyt c and H2O2. EPR specta were recorded
from Fe3+cyt c (0.1 mM) in the presence of H2O2 (0.5 mM), NADH (1 mM), DMPO (50
mM), and Me-β-CD (0.1 M) along with DTPA (0.1 mM). A prominent EPR signal was seen
corresponding to the superoxide radical adduct of DMPO (DMPO-OOH), as shown in
Figure 1A. From the EPR spectrum the calculated isotropic hyperfine values are aN = 13.49
G, aH1 = 10.78 G, and aH2 = 1.39 G, which are in agreement with reported values [37]. In
the absence of Fe3+cyt c, a trace level of DMPO-OOH signal was obtained, as shown in
Figure 1B. A very weak quartet EPR signal of intensity ratio 1:2:2:1 was obtained in the
absence of Me-β-CD, as shown in Figure 1C. From the EPR spectrum, the calculated
isotropic hyperfine coupling constant is 14.9 G (aN = aH), which corresponds to the
hydroxyl radical adduct of DMPO (DMPO-OH). To confirm that the superoxide radical is
generated in the reaction mixture, addition of superoxide radical scavenging enzyme, Cu,Zn-
superoxide dismutase (SOD1), to the reaction mixture quenched the EPR signal, as shown in
Figure 1D. In the absence of NADH, an EPR signal indicative of the direct oxidation of
DMPO to DMPO-X was obtained, as shown in Figure 1E. No EPR signal was obtained in
the absence of H2O2, as shown in Figure 1F. These results show that superoxide radical is
generated during the oxidation of NADH by the Fe3+cyt c in the presence of H2O2.

The level of ROS and NADH are increased under various pathological conditions such as
ischemia, ischemia-reperfusion, and diabetes [10, 14, 16]. EPR spin trapping studies were
carried out with varying concentrations of NADH and H2O2. The NADH concentration
dependence of superoxide radical formation is shown in Figure 2. The EPR signal intensity
increases with increasing NADH concentration (Figure 2). The plot of concentration of
DMPO-OOH vs time for various concentrations of NADH is shown in Figure 3A. A plot of
the initial rate of formation of DMPO-OOH vs concentration of NADH is linear up to 1 mM
and decreases at higher concentration of NADH (2 mM) (Figure 3B).

The H2O2 concentration dependence of superoxide radical formation is shown in Figure 4.
The EPR signal intensity increases with increasing H2O2 concentration (Figure 4). The plot
of concentration of DMPO-OOH vs time for various concentrations of H2O2 is shown in
Figure 5A. A plot of the initial rate of formation of DMPO-OOH vs concentration of H2O2
is linear up to 0.5 mM as shown in Figure 5B. These results show that formation of
superoxide radical increases with increasing levels of NADH and H2O2.

The oxygen dependence of superoxide radical formation during the oxidation of NADH by
Fe3+cyt c in the presence of H2O2 is shown in Figure 6. No EPR signal was observed in the
absence of oxygen as shown in Figure 6A. In the presence of oxygen, an EPR spectrum
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corresponding to the superoxide radical adducts of DMPO, DMPO-OOH, was obtained (see
Figure 6B). This study shows that superoxide radical generation is oxygen dependent.

EPR oximetry studies of consumption of oxygen
The EPR spectrum of lithium phthalocyanine (LiPc) exhibits a single peak which is
broadened by the presence of oxygen. The extent of broadening is a linear function of
oxygen tension so that the change in broadening can be used to monitor oxygen
consumption [34]. EPR oximetry experiments were performed for the reaction mixture
containing Fe3+cyt c (0.1 mM), NADH (1 mM), and H2O2 (0.5 mM) in phosphate buffer. A
time-dependent sharpening of the line width was observed. The EPR line width is converted
into partial pressure of oxygen using a standard calibration curve. From the known
concentration of oxygen in aqueous solvent (water), 0.265 mM [38], the partial pressure of
oxygen can also be converted into concentration units. Figure 7 shows a plot of this oxygen
consumption data as a function of time.

EPR spin trapping studies of the generation of superoxide radical by HOCl-oxidized
Fe3+cyt c (M-Fe3+cyt c) in the presence of NADH and H2O2

It has been shown that HOCl oxidizes methione-80 (M80) heme ligand in Fe3+cyt c [26].
The oxidation of the M80 heme ligand resulted in the increased peroxidase activity of
Fe3+cyt c [26]. In order to understand the role of peroxidase activity of Fe3+cyt c under
pathophysiological conditions, we used EPR spin trapping experiments to study the
oxidation of NADH and generation of superoxide radical by HOCl-oxidized Fe3+cyt c (M-
Fe3+cyt c). The initial rates of formation of DMPO-OOH by Fe3+cyt c and M-Fe3+cyt c are
shown in Figure 8. The initial rate of formation of DMPO-OOH by M-Fe3+cyt is
approximately three times higher than that of Fe3+cyt c (see Figure 8). This study
demonstrates that the increased peroxidase activity of M-Fe3+cyt c increases the oxidation of
NADH and generation of superoxide radical.

UV-visible absorption studies of reduction of Fe3+cyt c in the presence of NADH and H2O2
The above EPR spin trapping studies have shown that superoxide radical is generated during
the oxidation of NADH by Fe3+cyt c in the presence of H2O2. It has been suggested that
mitochondrial Fe3+cyt c can oxidize superoxide radical under conditions of oxidative stress
[22]. Both the superoxide radical and NAD• reduce Fe3+cyt c to Fe2+cyt c (reduced
cytochrome c) [22, 39, 40]. UV-visible spectrophotometry was used to explore the effect of
oxidation of NADH by the peroxidase activity of Fe3+cyt c on the redox change of Fe3+cyt
c, as shown in Figure 9. The UV-visible absorbance spectrum of phosphate buffer solution
of Fe3+cyt c (0.1 mM) in the wavelength range of 450–650 nm is shown in Figure 9A. No
change in absorption spectrum was observed by the addition of H2O2 (0.5 mM) to the
solution containing Fe3+cyt c (0.1 mM), as shown in Figure 9B. A weak absorption at 550
nm was observed when NADH (2 mM) was added to the solution containing Fe3+cyt c (0.1
mM), as shown Figure 9C. The absorption at 550 nm was further increased for the reaction
mixture containing Fe3+cyt c (0.1 mM), NADH (2 mM), and H2O2 (0.5 mM), as shown in
Figure 9D. This study shows that oxidation of NADH by the peroxidase activity of Fe3+cyt c
reduces Fe3+cyt c to Fe2+cyt c.

The level of ROS and NADH are increased under various pathological conditions such as
ischemia, ischemia-reperfusion, and diabetes [10, 14, 16]. UV-visible absorption
spectroscopic studies were performed with varying concentrations of NADH and H2O2. The
absorption at 550 nm, corresponding to Fe2+cyt c, was followed with various concentrations
of NADH as shown in Figure 10A. The absorption at 550 nm increases with increasing
NADH concentration and it is linear up to 2 mM, as shown in Figure 10A.
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The H2O2 concentration dependence of reduction of Fe3+cyt c is shown in Figure 10B. The
absorption at 550 nm was followed with various concentrations of H2O2. The absorption at
550 nm increases with increasing H2O2 concentration and it is linear up to 0.5 mM, as
shown in Figure 10B. These studies show that reduction of Fe3+cyt c increases with
increasing levels of NADH and H2O2.

Discussion
In this study, the EPR spin trapping experiments were carried out in the presence of Me-β-
CD to increase the half-life of the DMPO-OOH adduct. The EPR spectrum obtained for the
reaction mixture in the absence of Me-β-CD corresponds to the hydroxyl radical adduct of
DMPO, DMPO-OH (Figure 1C). The superoxide radical adduct of DMPO, DMPO-OOH,
decomposes to DMPO-OH in aqueous solution with a half-life of approximately 45 s [37]. It
has been shown that the half-life of DMPO-OOH was increased to 358 s by the addition of
Me-β-CD, which forms an inclusion complex with DMPO-OOH [37]. The EPR spectrum
corresponding to the superoxide radical adduct of DMPO, DMPO-OOH, was obtained for
the reaction mixture containing DMPO, Me-β-CD, Fe3+cyt c, NADH, and H2O2 (Figure
1A). Inclusion of the superoxide scavenging enzyme, SOD1, in the reaction mixture
abolishes the EPR signal as shown in Figure 1D. This result shows that superoxide radical is
generated in the reaction mixture containing Fe3+cyt c, NADH, and H2O2.

In the absence of Fe3+cyt c in the reaction mixture, a trace level of the DMPO-OOH signal
was obtained. This EPR signal was due to the direct reaction between NADH and H2O2
(Figure 1B). This result suggests that the presence of Fe3+cyt c in the reaction mixture
catalyzes the oxidation of NADH in the presence of H2O2. In the absence of NADH in the
reaction solution, a weak intensity EPR signal with the features corresponding to DMPOX
was obtained (Figure 1E), which is due to the direct oxidation of DMPO by the peroxidase
activity of cyt c (see scheme 1) [36]. No EPR signal was obtained in the absence of H2O2 in
the reaction solution (Figure 1F). These results suggest that superoxide radical is generated
in the presence of Fe3+cyt c, NADH, and H2O2.

The EPR spectra in Figure 2 show that the intensity of the signal increases with an
increasing concentration of NADH. The formation of DMPO-OOH increases with time for
various concentrations of NADH, as shown in Figure 3A. These EPR spin trapping studies
show that the peroxidase activity of Fe3+cyt c oxidizes NADH and generates superoxide
radical. The oxidation of NADH by the peroxidase activity of Fe3+cyt c produces NAD•

[36], which in turn reacts with molecular oxygen to form NAD+ and superoxide radical, as
shown in Scheme 2 [41]. The second-order rate constant for the reaction of NAD• with O2 is
1.9 × 109 M−1s−1 [41].

A plot of the initial rate of formation of DMPO-OOH as a function of NADH concentration
is linear up to 1 mM (Figure 3B), indicating the first-order dependence on NADH
concentration. However, at higher concentrations of NADH, the initial rate of formation of
DMPO-OOH decreases. It has been shown that superoxide radical reacts with DMPO-OOH
adducts and decreases its concentration [42]. Therefore, at higher concentrations of NADH
the superoxide radical reacts with DMPO-OOH adducts decreasing the initial rate of
formation of DMPO-OOH.

The EPR spectra in Figure 4 show that the intensity of the signal increases with an
increasing concentration of H2O2. The formation of DMPO-OOH increases with time for
various concentrations of H2O2 as shown in Figure 5A. A plot of the initial rate of formation
of DMPO-OOH as a function of H2O2 concentration is linear (Figure 5B), indicating the
first-order dependence on H2O2 concentration. These EPR spin trapping studies show that
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the increased production of ROS (H2O2) increases the formation of the compound-I
intermediate of Fe3+cyt c, which oxidizes NADH to NAD•. These results show that the
increased production of ROS (H2O2) induces increased production of superoxide radicals.

Cyt c is found in high concentrations (0.5– 5 mM) in the inner membrane of mitochondria
[20]. It has been suggested that membrane bound cyt c may function as a competitive
peroxidase [43]. Cardiolipin (CL) is an acidic phospholipid found primarily in the inner
mitochondrial membrane and confers fluidity and stability to the membrane [44, 45].
Several components of the respiratory chain are critically dependent on their interaction with
cardiolipin for optimal function. [44]. Cyt c is anchored to the mitochondrial membrane
through both electrostatic and hydrophobic interactions with cardiolipin [44, 45]. The
interaction of cardiolipin with cyt c forms a CL-cyt c complex, which breaks the Met80-
Fe3+ bond and increases the accessibility of H2O2 to the active site of Fe3+cyt c [46]. As a
result of this, the peroxidase activity of CL-cyt c complex is increased more than 50-fold
[43]. It has been estimated that the second order rate constant for the peroxidase activity of
CL-cyt c complex is 200 M−1s−1 [47]. Hence, the lipophilic environment in the
mitochondria enhances the peroxidase activity of Fe3+cyt c

In normal tissues, the cellular levels of NADH have been measured in the range of 0.33 to
0.83 mM [48–50]. The level of NADH increases under starvation and pathophysiological
conditions such as ischemia (reaches 1.85 mM), ischemia-reperfusion, and diabetes [14, 16,
50]. The intracellular concentration of H2O2 is approximately 1 µM [51, 52]. In rat brain
tissue, the measured concentration of H2O2 is in the range of 2 – 4 µM [53]. Importantly, the
level of ROS increases under various pathophysiological conditions, such as ischemia,
ischemia-reperfusion, and diabetes [8, 10, 54]. Recently, it has been shown that the
generation of H2O2 by the epithelial cells at wound margin in zebrafish larvae reaches 50
µM levels [55]. With a second order rate constant of 200 M−1s−1, the peroxidase activity of
CL-cyt c can be readily detectable at H2O2 levels as low as 5−10 µM [47]. Therefore, the
potential exists for the oxidation of NADH by the peroxidase activity of Fe3+cyt c and
generation of superoxide radical under certain in vivo pathophysiological conditions.

NADH is a substrate of complex I in the electron transport chain in the mitochondria [11]. It
has been shown that the level of NADH increases during ischemia and reperfusion in
isolated rabbit heart [12]. It has also been demonstrated that the mitochondrial NADH-
oxidase activity increases during ischemia in rat and dog hearts [9, 56, 57]. The production
of superoxide radical increases with the duration of ischemia and increased oxidation of
NADH [9]. It has been proposed that the activity of the enzyme NADH-oxidase could play
an important role in the damage caused by ROS in cardiac cells during ischemic conditions
[9, 56, 57]. It has also been suggested that brief ischemia promotes superoxide radical
generation specifically within complex III–IV in the electron transport chain in the
mitochondria [9]. In addition, complex IV was activated during ischemia and suggested to
play a role in the production of superoxide radical [9]. However, the site of superoxide
radical production was not likely within complex IV [9]. Hence, questions remain regarding
the enzyme and molecular mechanism responsible for the production of superoxide radical.
In the electron transport chain, complex IV oxidizes Fe2+cyt c, a crucial step in activating its
peroxidase activity [21, 36]. Activated complex IV maintains an increased level of Fe3+cyt c
and this could enhance Fe3+cyt c catalyzed superoxide radical production. Our EPR spin
trapping study delineates a mechanism whereby stimulation of the NADH-oxidase activity
of Fe3+cyt c in the presence of H2O2 enhances superoxide radical production. Various
studies have also reported that the production of superoxide radical deregulates
mitochondria and causes apoptotic and necrotic cell death [4, 8]. These processes can
ultimately result in heart failure [4, 8]. Our EPR spin trapping study implies that NADH and
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Fe3+cyt c may play an important role in oxidative damage during and following cardiac
ischemia.

The level of ROS and oxygen varies among different tissues and under various pathological
conditions such as post-ischemic reperfusion [8, 58, 59]. The level of oxygen and ROS
increases during post-ischemic reperfusion [59]. Our EPR spin trapping results in Figure 6
show that no signal was observed in the absence of oxygen (Figure 6A). However, the
introduction of oxygen in to the reaction mixture generates superoxide radical (Figure 6B).
This study shows that the oxidation of NADH by the Fe3+cyt c and H2O2 system in the
presence of oxygen generates superoxide radical. Our EPR oximetry study, Figure 7, shows
that oxygen is consumed during the oxidation of NADH by Fe3+cyt c in the presence of
H2O2. The initial rate of oxygen consumption observed was 1.53 µM/min. In corresponding
UV-visible spectroscopic study, the initial rate of formation of superoxide radical was 1.19
µM/min. Our UV-visible results suggest that most of the oxygen consumed is reduced to
form the superoxide radical.

A number of molecular mechanisms have been proposed to explain superoxide radical
generation in the post-ischemic reperfused myocardium [8, 33]. The levels of NADH in the
ischemic and post-ischemic reperfused hearts were higher than in the normal heart [12].
During post-ischemic reperfusion of the isolated heart, the levels of superoxide radical
generation and NADH were increased and decreased respectively [8, 12, 14, 33]. In
addition, the level of NAD+ was increased during post-ischemic reperfusion [12]. From this
observation, NADH was oxidized to NAD+ during reperfusion. Moreover, the level of
oxygen increases during post-ischemic reperfusion [59]. Therefore, it is essential to
understand the molecular mechanism involved in the oxidation of NADH and production of
superoxide radical during post-ischemic reperfusion. From our EPR spin trapping results, in
the presence of H2O2 and oxygen, the NADH-oxidase activity of Fe3+cyt c could be
involved in the generation of superoxide radical during post-ischemic reperfusion.

It has been reported that in isolated rat hearts that the production of nitric oxide and
superoxide radical are increased during the early period of post-ischemic reperfusion [60].
The increased production of nitric oxide reacted with superoxide radical to produce highly
reactive peroxynitrite [60]. It is known that peroxynitrite and HOCl reacts with Fe3+cyt c
and modifies the co-ordination of iron in the heme through methionine 80 (M80-Fe) [26, 27,
61]. The coordination of heme iron in Fe3+cyt c is also modified by nitrative and oxidative
stresses [26, 27, 61, 62]. Further, the modified Fe3+cyt c has increased peroxidase activity
[26, 27, 61]. Our EPR spin trapping results show that oxidation of Fe3+cyt c to M-Fe3+cyt c
by HOCl increases the oxidation of NADH and generation of superoxide radical (Figure 8).
Hence, during postischemic reperfusion the increased peroxidase activity of Fe3+cyt c could
increase the production of superoxide radical by using NADH as a substrate.

In vitro, isolated rat heart mitochondria oxidize exogenous NADH [63]. Further, the
oxidation of exogenous NADH by the liver mitochondria was increased in the presence of
exogenously added Fe3+cyt c [64, 65]. The Fe3+cyt c catalyzed the oxidation of exogenous
NADH and transferred the electron to molecular oxygen [65]. Our EPR spin trapping results
show that Fe3+cyt c in the presence of H2O2 catalyses the oxidation of NADH and produces
superoxide radical. Under physiological and pathophysiological conditions, mitochondria
produce H2O2 due to partial reduction of molecular oxygen [2]. The H2O2 produced by
mitochondria could be used by the Fe3+cyt c to oxidize NADH, producing superoxide
radical. Further, the increased oxidation of NADH by the Fe3+cyt c alters the mitochondrial
permeability transition (MPT) [65]. It was also shown that in isolated rat liver mitochondria
MPT pore opening induces ROS production in the presence of NADH [66]. In addition,
MPT pore opening inhibits the ETC complex I activity and releases cytochrome c [66].
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However, the mitochondrial enzyme involved in the oxidation of NADH and increased
production of ROS is not clearly understood. Our study shows that Fe3+cyt c catalyzes the
oxidation of NADH and production of ROS in the presence of H2O2. It has been suggested
that the Fe3+cyt c and altered MPT play a role in cellular apoptosis and death [65, 67].

Several studies have also shown that in cardiac myocytes a distinct molecular mechanism is
involved in increased ROS generation during excessive oxidative stress conditions such as
ischemia/reperfusion [68–70]. In this mechanism, mitochondria can significantly amplify a
low level of ROS in or around mitochondria as a cellular signal amplifier which is converted
into a pathological ROS signal [68, 71]. It has been shown that the mitochondrial transition
pore opening and ETC uncoupling are the main sources of increased generation of ROS
during oxidative stress [68]. The increased generation of ROS in mitochondria results in
“ROS-induced ROS-release” (RIRR) signaling [70,71]. The increased generation of ROS by
the mitochondrial RIRR signaling results in mitochondrial and cellular injury/death and fatal
arrhythmias [68, 69]. However, the molecular mechanisms involved in the increased
generation of ROS by the mitochondrial RIRR signaling are not fully understood. Our EPR
study shows that, in the presence of H2O2 (ROS), the oxidation of NADH by the Fe3+cyt c
results in the generation of superoxide radical (ROS). Hence, this RIRR activity of Fe3+cyt c
can play a major role in the mitochondrial RIRR signaling and in mitochondrial and cellular
injury/death.

In heart, apoptosis increases during ischemia and reperfusion [72, 73]. Mitochondria are
now recognized to play a critical role in mediating both apoptotic and necrotic cell death.
The release of cyt c is an early step in apoptosis [28, 29]. In addition, the peroxidase activity
of cyt c increases during apoptosis [61, 74]. Moreover, cardiolipin in mitochondria
undergoes early oxidation during apoptosis [47]. The oxidation of cardiolipin is catalyzed by
the CL-cyt c complex [47]. However, the oxidizing species responsible for the oxidation of
cardiolipin is not fully understood. Apoptosis is associated with a massive depletion of
NADH, as well as an increase in the generation of superoxide radical from the mitochondria
[75, 76]. The increased generation of superoxide radical by the oxidation of NADH by the
peroxidase activity of Fe3+cyt c can play a major role in apoptosis. H2O2 is not a radical and
less reactive. The oxidation of biological molecules by H2O2 is much weaker than
superoxide radical [77]. Our EPR spin trapping results suggest that the superoxide radical
may be involved in the oxidation of cardiolipin. Subsequently, the oxidized cardiolipin
facilitates the release of cyt c from mitochondria during apoptosis. Various studies also have
shown that during apoptosis superoxide radicals are generated along with cyt c release from
the mitochondria [78, 79]. Recent studies have shown that cyt c was translocated to the
cytoplasm and the nucleus in both apoptotic and nonapoptotic cells [61]. In nonapoptotic
cells, the disruption of M80-Fe ligation stimulated the translocation of cyt c to the cytoplasm
and nucleus [61]. The oxidation of the M80 heme ligand resulted in the increased peroxidase
activity of Fe3+cyt c [26, 80]. The present study shows that increased oxidation of NADH
and generation of superoxide radical by the peroxidase activity of Fe3+cyt c may have
implications for the regulation of apoptotic cell death and translocation of cyt c to the
cytoplasm and nucleus.

Diabetes affects various tissues and organs including micro- and macro-vasculature, heart,
retina, liver, kidney and peripheral nerves [81]. Hyperglycemia in diabetes results in a shift
of metabolism to the polyol/sorbitol pathway where there is an increased cytosolic NADH/
NAD+ ratio and level of ROS [16, 81]. Mitochondrial function has different implications for
diabetes in different cells and tissues [81, 82]. The increased production of NADH and ROS
are important in the pathogenesis of diabetes and its complications [16, 81]. It has been
shown that mitochondrial functions, ROS production, and its components are critically
involved in the pathophysiology of diabetes [81]. The superoxide radical production by the
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oxidation of NADH by the peroxidase activity of Fe3+cyt c suggests that this molecular
mechanism may play a role in the pathophysiology of diabetes.

Biochemical studies have demonstrated NADH-oxidase as a major source of superoxide
radical in vascular endothelium [83, 84]. In endothelial cells, the mitochondria play a major
role in the production of ROS [82]. In endothelium, the increased production of superoxide
radical results in the decreased availability of nitric oxide, which results in endothelial
dysfunction [85]. Endothelial dysfunction is a hallmark of diseases comprehensively called
endothelium-impaired function disorders, e.g. atherosclerosis, diabetes, hypertension, and
heart failure [86]. It is well established that in rat vascular endothelium the production of
superoxide radical anion is increased due to the increased oxidation of NADH [83, 84]. In a
porcine model, H2O2 treatment increases the superoxide radical production in aortic vessels
and endothelial cells [87]. In rat insulin-resistant aortas, NADH-oxidase derived superoxide
radical impairs endothelium dependent vascular relaxation [88]. Still, the enzyme(s)
responsible for the generation of superoxide radical anion using NADH as a substrate are
not fully understood. From our EPR spin trapping study, it is possible that the NADH-
oxidase activity of Fe3+cyt c in the presence of H2O2 could be one of the pathways involved
in the generation of superoxide radical anion in endothelial cells.

In a recent study, injection of Fe3+cyt c along with H2O2 led to an increase in cell death in
neuronal cells [89]. The increased peroxidase activity of Fe3+cyt c is implicated in various
neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease, and
amyotrophic lateral sclerosis (ALS) [31]. Based on our EPR spin trapping results, we
propose that the increased production of superoxide radical due to the oxidation of NADH
by the Fe3+cyt c and H2O2 system may be responsible for this increased neuronal cell death.

It has been suggested that mitochondrial Fe3+cyt c can oxidize superoxide radical under
conditions of oxidative stress [22]. Both the superoxide radical and NAD• reduce Fe3+cyt c
into Fe2+cyt c [22, 39, 40]. The absorption band at 550 nm is characteristic of the Fe2+cyt c,
which reflects the redox change of cyt c [40]. Our UV-visible spectroscopic study shows
that there was a formation of an absorption band at 550 nm for the reaction mixture
containing Fe3+cyt c, NADH, and H2O2 (Figure 9D). In the absence of H2O2 in the reaction
mixture, a weak absorption band at 550 nm was obtained (Figure 9C). This absorption band
was due to the auto-oxidation of NADH. In the absence of NADH in the reaction solution,
no change in the UV-visible absorption spectrum of Fe3+cyt c was observed (Figure 9B).
These results demonstrate that the reduction of Fe3+cyt c is increased in the presence of both
NADH and H2O2.

Under physiological conditions, in mitochondria, complex I and complex III produce ROS
[2]. In addition, sulfhydryl oxidases generate disulfide bonds with the reduction of oxygen to
H2O2 in the mitochondrial intermembrane space (IMS) [7]. H2O2, at intracellular
concentrations less than 1 µM, is involved in regulatory processes [52, 90]. Intracellular
H2O2 at concentrations above 1 µM is toxic to cells [52, 91]. In IMS there are no peroxidase
enzymes, such as catalase, to remove the H2O2 [92]. In the respiratory chain, cyt c is
necessary to keep the ROS at lower physiological levels [93]. It has been suggested that,
under usual circumstances, the peroxidase activity of Fe3+cyt c is an antioxidant, protective
enzyme helping to remove excess H2O2 [47]. Various experimental results have shown that
endogenous and exogenously added Fe3+cyt c mediate the removal of H2O2 and protect
mitochondria from oxidative damage [93–96]. It has been suggested that the peroxidase
activity of CL-cyt c may favorably compete with other mitochondrial and peroxisomal H2O2
scavenging enzymes to control H2O2 levels at the expense of intracellular reductants [47].
Interestingly, Fe3+cyt c, at higher concentrations, also protects cardiolipin and mitochondrial
enzymes such as complex IV against H2O2-induced oxidative damage [19]. In this report, it
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has been proposed that peroxidase activity is involved in the removal of H2O2 and suggested
that electron donors are necessary for the removal of H2O2 [19]. Very recently, it has been
shown that respiration-dependent detoxification of H2O2 protects rat brain mitochondria
[18]. Therefore, certain molecular reactions are necessary to protect the mitochondria from
oxidative damage as a result of production of H2O2. However, the molecular mechanisms
involved in the removal of H2O2 by mitochondria are not fully understood. Our EPR spin
trapping study shows that Fe3+cyt c removes H2O2 using NADH as an electron donor and
generates superoxide radical. A study on yeast has shown that cyt c is the most abundant
protein in the mitochondrial intermembrane space [97]. Fe3+cyt c acts as an antioxidant and
converts superoxide radical into molecular oxygen [22]. It has also been shown that the
superoxide radical and Fe3+cyt c system can function as an electron donor for complex IV
[22]. The NAD• radical, formed during the oxidation of NADH by Fe3+cyt c in the presence
of H2O2, also reduces Fe3+cyt c into Fe2+cyt c [39]. Our UV-visible spectroscopic study
shows that reduction of Fe3+cyt c increases with increasing concentration of NADH and
H2O2 (Figure 10).

In ETC, Fe2+cyt c donates an electron to complex IV, which reduces molecular oxygen to
water [2]. From our UV-visible spectroscopic study, Fe3+cyt c in the presence of NADH
removes H2O2 and facilitates the electron flow in ETC by scavenging superoxide radical
and NAD• and donates electrons to complex IV. In addition, Fe3+cyt c protects complex IV
from oxidative damage and supports complex IV to reduce molecular oxygen to water.
Further, these molecular reactions involved in the alternative electron transfer pathway can
protect the mitochondria from ROS induced oxidative damage. Our EPR and UV-visible
spectroscopic studies show that Fe3+cyt c in the presence of NADH may potentially play a
role in the removal of H2O2 by the mitochondria. Based on our studies and reported
literature, we propose that Fe3+cyt c in the presence of NADH is involved in the removal of
H2O2, generation of superoxide radical, and facilitation of electron flow in ETC as depicted
in Figure 11.

In conclusion, the EPR results reported here show that Fe3+cyt c in the presence of H2O2
oxidizes NADH and generates superoxide radical. Under conditions of oxidative stress, the
increased peroxidase activity of Fe3+cyt c increases the generation of superoxide radical. In
addition to complex I–III, cyt c can also be another site of mitochondrial superoxide radical
production. This work suggests that cyt c could have a novel role in the deleterious effects of
ischemia/reperfusion and diabetes. The peroxidase activity of Fe3+cyt c has important
consequences on mitochondrial and cellular function and viability. Fe3+cyt c may play a key
role in the mitochondrial “ROS-induced ROS-release (RIRR)” signaling and in
mitochondrial and cellular injury/death. Under certain conditions, Fe3+cyt c mediated
production of superoxide radical may also be involved in cell signaling pathways. The UV-
visible spectroscopic results reported here demonstrate that Fe3+cyt c in the presence of both
H2O2 and NADH is reduced to Fe2+cyt c. Hence, Fe3+cyt c in the presence of NADH also
plays a major role in the removal of H2O2 through an alternative electron transfer pathway
and protects the mitochondria and mitochondrial proteins from ROS induced oxidative
damage. These studies show that Fe3+cyt c can have dual pro- and anti-oxidant properties
and thus either a deleterious or protective role depending on the levels of NADH, H2O2, and
Fe3+cyt c. However, the biological relevance of these findings under various physiological
and pathophysiological conditions such as oxidative damage during ischemia and
reperfusion, diabetes, endothelial dysfunction, and neurological diseases remains to be
elucidated.
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Figure 1.
Room temperature EPR spectra of the superoxide radical adduct of DMPO, DMPO-OOH.
All the reactions were performed in 50 mM phosphate buffer (pH = 7.4) containing 0.1 mM
DTPA. Spectrum A: DMPO (50 mM), methyl-β-cyclodextrin (0.1 M), Fe3+cyt c (0.1 mM),
NADH (1 mM), and H2O2 (0.5 mM). Spectrum B: DMPO (50 mM), methyl-β-cyclodextrin
(0.1 M), NADH (1 mM), and H2O2 (0.5 mM). Spectrum C: DMPO (50 mM), Fe3+cyt c (0.1
mM), NADH (1 mM), and H2O2 (0.5 mM). Spectrum D: DMPO (50 mM), methyl-β-
cyclodextrin (0.1 M), Fe3+cyt c (0.1 mM), SOD1 (500 U/mL), NADH (1 mM), and H2O2
(0.5 mM). Spectrum E: DMPO (50 mM), methyl-β-cyclodextrin (0.1 M), Fe3+cyt c (0.1
mM), and H2O2 (0.5 mM). Spectrum F: DMPO (50 mM), methyl-β-cyclodextrin (0.1 M),
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Fe3+cyt c (0.1 mM), and NADH (1 mM). The observed isotropic hyperfine values of the
DMPO-OOH adducts are aN = 13.49 G, aH1 = 10.78 G, and aH2 = 1.39 G. EPR instrument
parameters used were as described in the materials and methods section.
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Figure 2.
Room temperature EPR spectra of the superoxide radical adduct of DMPO, DMPO-OOH.
All the reactions were performed in 50 mM phosphate buffer (pH = 7.4) containing 0.1 mM
DTPA. Spectrum A: DMPO (50 mM), methyl-β-cyclodextrin (0.1 M), Fe3+cyt c (0.1 mM),
NADH (0.1 mM), and H2O2 (0.5 mM). Spectrum B: DMPO (50 mM), methyl-β-
cyclodextrin (0.1 M), Fe3+cyt c (0.1 mM), NADH (0.5 mM), and H2O2 (0.5 mM). Spectrum
C: DMPO (50 mM), methyl-β-cyclodextrin (0.1 M), Fe3+cyt c (0.1 mM), NADH (1 mM),
and H2O2 (0.5 mM). Spectrum D: DMPO (50 mM), methyl-β-cyclodextrin (0.1 M), Fe3+cyt
c (0.1 mM), NADH (2 mM), and H2O2 (0.5 mM). EPR instrument parameters used were as
described in the materials and methods section.
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Figure 3.
(A) Plot of the concentration of superoxide radical adduct of DMPO (DMPO-OOH) vs time
for various concentrations of NADH. Experiments were performed with DMPO (50 mM),
methyl-β-cyclodextrin (0.1 M), Fe3+cyt c (0.1 mM), H2O2 (0.5 mM) and various
concentrations of NADH in phosphate buffer containing DTPA (0.1 mM). (B) Plot of initial
rate of formation of superoxide radical adducts of DMPO (DMPO-OOH) vs NADH
concentrations. Rates in panel B were obtained from the initial slope of the data from panel
A. EPR spectra were quantified by computer simulation of the spectra and comparison of the
double integral of the observed signal with that of a TEMPO standard (1 µM) measured
under the identical conditions. Data represent means ± S.E (n = 3).
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Figure 4.
Room temperature EPR spectra of the superoxide radical adduct of DMPO, DMPO-OOH.
All the reactions were performed in 50 mM phosphate buffer (pH = 7.4) containing 0.1 mM
DTPA. Spectrum A: DMPO (50 mM), methyl-β-cyclodextrin (0.1 M), Fe3+cyt c (0.1 mM),
NADH (1 mM), and H2O2 (0.05 mM). Spectrum B: DMPO (50 mM), methyl-β-cyclodextrin
(0.1 M), Fe3+cyt c (0.1 mM), NADH (1 mM), and H2O2 (0.1 mM). Spectrum C: DMPO (50
mM), methyl-β-cyclodextrin (0.1 M), Fe3+cyt c (0.1 mM), NADH (1 mM), and H2O2 (0.25
mM). Spectrum D: DMPO (50 mM), methyl-β-cyclodextrin (0.1 M), Fe3+cyt c (0.1 mM),
NADH (1 mM), and H2O2 (0.5 mM). EPR instrument parameters used were as described in
the materials and methods section.
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Figure 5.
(A) Plot of the concentration of superoxide radical adduct of DMPO (DMPO-OOH) vs time
for various concentrations of H2O2. Experiments were performed with DMPO (50 mM),
methyl-β-cyclodextrin (0.1 M), Fe3+cyt c (0.1 mM), NADH (1 mM), and various
concentrations of H2O2 in phosphate buffer containing DTPA (0.1 mM). (B) Plot of initial
rate of formation of superoxide radical adducts of DMPO (DMPO-OOH) vs H2O2
concentrations. Rates in panel B were obtained from the initial slope of the data from panel
A. EPR spectra were quantified by computer simulation of the spectra and comparison of the
double integral of the observed signal with that of a TEMPO standard (1 µM) measured
under the identical conditions. Data represent means ± S.E (n = 3).
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Figure 6.
Room temperature EPR spectra of the superoxide radical adduct of DMPO, DMPO-OOH.
All the reactions were performed in 50 mM phosphate buffer (pH = 7.4) containing 0.1 mM
DTPA. The reaction mixture contains DMPO (50 mM), methyl-β-cyclodextrin (0.1 M),
Fe3+cyt c (0.1 mM), NADH (1 mM), and H2O2 (0.5 mM). Spectrum A: The reaction
mixture was prepared inside the nitrogen filled glove box. Spectrum B: The reactants were
taken out from the glove box and the reaction mixture was prepared under room air. EPR
instrument parameters used were as described in the materials and methods section.
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Figure 7.
Plot of the oxygen consumption in phosphate buffer containing Fe3+cyt c (0.1 mM), NADH
(1 mM), and H2O2 (0.5 mM) using the EPR oximetry probe LiPc. Line width from the EPR
spectra were converted into partial pressure of oxygen using the calibration formula of pO2
= (Line width G − 0.1748)/0.005684. EPR instrument parameters used were microwave
frequency 9.775, modulation frequency 100 kHz, modulation amplitude 0.1 G, microwave
power 1 mW, number of scans 1, scan time 10.5 s, and time constant 82 ms. The partial
pressure of oxygen was converted into dissolved concentration based on the solubility of
oxygen in water at room air of 0.265 mM [38].
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Figure 8.
Oxidation of Fe3+cyt c to M-Fe3+cyt c by HOCl increases the initial rate of formation of
superoxide radical adducts of DMPO (DMPO-OOH). The preparation of M-Fe3+cyt c is
described in the materials and methods section. EPR spin trapping experiments were
performed with DMPO (50 mM), methyl-β-cyclodextrin (0.1 M), Fe3+cyt c/M-Fe3+cyt c
(0.1 mM), NADH (1 mM), and H2O2 (0.5 mM) in phosphate buffer containing DTPA (0.1
mM). A: Fe3+cyt c. B: M-Fe3+cyt c. EPR spectra were quantified by computer simulation of
the spectra and comparison of the double integral of the observed signal with that of a
TEMPO standard (1 µM) measured under the identical conditions. Initial rates were
calculated and mean ± S.E shown in graph (n = 3).
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Figure 9.
UV-visible absorption spectra of cyt c in phosphate buffer, pH 7.4. Experiments were
performed with Fe3+cyt c, NADH, and H2O2. Reactions were initiated by the addition of
H2O2. Spectra were recorded five minutes after mixing all the reactants. A: Fe3+cyt c (0.1
mM), B: Fe3+cyt c (0.1 mM) and H2O2 (0.5 mM), C: Fe3+cyt c (0.1 mM) and NADH (2
mM), D: Fe3+cyt c (0.1 mM), NADH (2 mM), and H2O2 (0.5 mM).
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Figure 10.
The effect of NADH and H2O2 on the reduction of Fe3+cyt c in phosphate buffer, pH 7.4.
Experiments were performed with Fe3+cyt c, NADH, and H2O2. Reactions were initiated by
the addition of H2O2. UV-visible absorption spectra were recorded five minutes after mixing
all the reactants. A: Fe3+cyt c (0.1 mM), NADH (0.1 – 2 mM), and H2O2 (0.5 mM). B:
Fe3+cyt c (0.1 mM), NADH (1 mM), and H2O2 (0.05 – 0.5 mM). Data represent means ±
S.E (n = 3).
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Figure 11.
Proposed model of cytochrome c mediated removal of H2O2, oxidation of NADH,
generation of superoxide radical, and alternative electron transfer pathway in mitochondria.
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Scheme 1.
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Scheme 2.
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