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Abstract
Mitochondrial damage is implicated in the progression of cardiac disease. Considerable evidence
suggests that proinflammatory cytokines induce oxidative stress and contribute to cardiac
dysfunction. This study was conducted to determine whether a TNF-induced increase in superoxide
( ) contributes to mitochondrial damage in the left ventricle (LV) by impairing respiratory complex
I activity. We employed an electron paramagnetic resonance (EPR) method to measure  and
oxygen consumption in mitochondrial respiratory complexes, using an oxygen label. Adult male
Sprague–Dawley rats were divided into four groups: control, TNF treatment (ip), TNF+ apocynin
(APO; 200 μmol/kg bw, orally), and TNF+ Tempol (Temp; 300 μmol/kg bw, orally). TNF was
injected daily for 5 days. Rats were sacrificed, LV tissue was collected, and mitochondria were
isolated for EPR studies. Total LV ROS production was significantly higher in TNF animals than in
controls; APO or Temp treatment ameliorated TNF-induced LV ROS production. Total
mitochondrial ROS production was significantly higher in the TNF and TNF+ APO groups than in
the control and TNF+ Temp groups. These findings suggest that TNF alters the cellular redox state,
reduces the expression of four complex I subunits by increasing mitochondrial  production and
depleting ATP synthesis, and decreases oxygen consumption, thereby resulting in mitochondrial
damage and leading to LV dysfunction.
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Neurohumoral mechanisms play important roles in the pathophysiology of cardiovascular
disease. Current treatments aimed at blocking neurohormones such as angiotensin have
considerably reduced mortality and morbidity; however, the progressive clinical course of heart
disease emphasizes the need for innovative approaches to therapy. A growing body of evidence
indicates that, along with neurohormones, proinflammatory cytokines (PICs) contribute to the
progression of heart disease [1–3]. The PICs, including tumor necrosis factor (TNF),
interleukin-1β (IL-1β), and IL-6, can induce oxidative stress and contribute to the
pathophysiology of cardiovascular disease [4–7]. TNF is the most studied cytokine; it increases
with the severity of heart disease and is of prognostic significance. TNF stimulates reactive
oxygen species (ROS) in mitochondria by altering membrane permeability and by inhibiting
the electron transport chain (ETC), thereby causing mitochondrial damage [8,9]. However, at

*Corresponding author. Fax: +1 225 578 9895. E-mail address: jfrancis@lsu.edu (J. Francis).

NIH Public Access
Author Manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2010 February 15.

Published in final edited form as:
Free Radic Biol Med. 2009 February 15; 46(4): 462–470. doi:10.1016/j.freeradbiomed.2008.10.049.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the mitochondrial level, the potential implications of chronic TNF infusion in the progression
of left ventricular (LV) dysfunction are not known.

Proper myocardial function depends on the energy produced by mitochondria, which is
primarily generated by oxidative phosphorylation and fatty acid β-oxidation [10–12]. Damage
to mitochondria results in the inability to generate energy in the form of ATP [13,14].
Overproduction of ROS also occurs as a result of this damage and contributes to cardiac
dysfunction [15–17]. Complexes I and III of the mitochondrial ETC are potent sources of
cellular superoxide; deficiencies in the ETC result in increased mitochondrial superoxide
production, which is a major cause of cellular damage [18–20]. Complex I defects are some
of the most frequent causes of ETC disorders. Mitochondrial complex I contains 46 distinct
subunits; the number of subunits directly involved in electron transport is unknown. We
explored the effects of TNF on mitochondrial complex I superoxide production in the LV and
examined four specific protein subunits of complex I, the 17-, 20-, 30-, and 39-kDa subunits,
which are known participants in oxidative phosphorylation and ATP production [21,22]. We
also examined alterations in the protein levels of these subunits in response to TNF infusion.
We used a gain-of-function strategy by blocking NAD(P)H oxidase using apocynin (APO) or
by scavenging superoxide using Tempol (Temp).

We used electron paramagnetic resonance (EPR), the most sensitive and definitive method for
quantification of oxygen consumption in mitochondria. EPR is superior to other free radical
detection methods in that it allows for the direct measurement of specific free radicals using
specific spin probes [23]. Under pathological conditions, increased oxidative stress itself can
alter oxygen levels; this might affect mitochondrial oxygen consumption. To circumvent this
problem, we developed an EPR method for measuring superoxide and oxygen consumption in
mitochondrial respiratory complexes, using the oxygen label NOX-13.1-OS. By using a gas
controller and newly synthesized nontoxic spin label, we were able to set up a physiological
oxygen concentration of 20 mm Hg [24] and to follow the consumption of oxygen during
detection of ROS. The merit of this method is that it allows us to measure superoxide
production, complex activity, and oxygen consumption in parallel using the same incubation
medium, temperature, and substrate concentration in each mitochondrial preparation.

Materials and methods
Chemicals and drugs

The spin probes 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH) and 1-
hydroxy-4-phosphono-oxy-2,2,6, 6-tetramethylpiperidine (PPH), the metal chelators
defferoxamine (DF) and diethyldithiocarbamate (DETC), Krebs–Hepes buffer (KHB), and the
oxygen label NOX-13.1-OS were obtained from Noxygen Science Transfer and Diagnostics
(Elzach, Germany). Recombinant rat TNF was obtained from Biosource (Camarillo, CA,
USA). Bovine erythrocyte superoxide dismutase (SOD), polyethylene glycol-conjugated
superoxide dismutase (PEG-SOD), APO, and Temp were obtained from Sigma–Aldrich (St.
Louis, MO, USA). All other chemicals and reagents used were of analytical grade and were
purchased from Sigma–Aldrich unless otherwise specified.

Animals
Studies were conducted using adult male Sprague–Dawley rats (n= 8 in each group), weighing
325–350 g, obtained from Harlan (Indianapolis, IN, USA). Animals were housed in
temperature-(23 ± 2°C) and light-controlled (12 h light/dark cycle) animal quarters; standard
rat chow and water were provided ad libitum. All animal experimental protocols were approved
by the Louisiana State University Institutional Animal Care and Use Committee.

Mariappan et al. Page 2

Free Radic Biol Med. Author manuscript; available in PMC 2010 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Experimental protocol
Rats were treated for 5 days with TNF (40 μg/kg body wt (bw), intraperitoneally (ip)), TNF+
APO (200 μmol/kg bw, orally), TNF+ Temp (300 μmol/kg bw, orally), or vehicle. APO-only
and Temp-only groups served as positive controls. Body weights were measured at baseline
and on day 6 (study end). Tail plethysmography was performed daily as previously described
[9]. On day 6, rats were injected with heparin (100 U/25 mg bw, ip) to prevent excessive blood
clotting. Rats were then sacrificed, and LV were separated from hearts for mitochondrial
isolation and tissue processing for EPR studies.

Echocardiography
Echocardiography was performed as previously described [25]. The Tei index (an indicator of
diastolic dysfunction) was determined from Doppler recordings of LV inflow and outflow as
described previously [26].

Isolation of LV mitochondria
LV mitochondria were isolated by differential centrifugation of heart homogenates as described
previously [9]. Mitochondrial purity was assessed by transmission electron microscopy.

Electron spin resonance studies
Total LV ROS and  production as well as mitochondrial total ROS and H2O2 production
were measured by EPR using the spin probes CMH and PPH [27], respectively. Detection of
ROS and oxygen concentrations was conducted under the following EPR settings: center field
g= 2.002, field sweep 50 G, microwave power 20 mW, modulation amplitude 1.90 G,
conversion time 10.24 ms, time constant 81.92 ms.

Preparation of LV tissue for EPR studies
Small portions (15–20 mg) of LV tissue from each animal were minced and placed into 4 wells
of a 24-well plate with 20 mM KHB containing 25 μM DF and 5 μM DETC. Tissue pieces
were then washed twice with the same buffer to remove any trace contamination and incubated
at 37°C with specific spin probes for 30 min. The incubation of tissue was terminated by placing
the plate on ice. All tissue EPR experiments measuring the concentration of oxidized CM• and
PP• were conducted at 20°C in disposable capillary tubes as previously described [27].

Total LV tissue ROS production
Tissue pieces were incubated at 37°C with CMH (200 μM) for 30 min. Aliquots of the incubated
probe medium were then taken into 50-μl glass capillary tubes (Noxygen Science Transfer and
Diagnostics) for determination of total LV ROS production.

LV tissue  production
Superoxide production was measured as previously described [27]. Briefly, tissue pieces were
incubated at 37°C with PEG-SOD (50 U/ml) for 30 min, then the spin probe CMH (200 μM)
was added for another 30-min incubation period. Aliquots of the incubated probe medium were
then taken into 50-μl glass capillary tubes for determination of total LV superoxide production.
Preincubation of tissue with PEG-SOD allows competitive inhibition of CMH by intracellular
and extracellular released . Because it is cell permeative, PEG-SOD can competitively
inhibit the  interaction in both the intracellular and the extracellular spaces, thus
allowing accurate measurement of tissue  production. For tissue  production, the values
obtained from incubation with PEG-SOD and CMH were subtracted from the values obtained
from incubation with CMH only. For determination of LV  production, the above-mentioned
EPR settings were used.

Mariappan et al. Page 3

Free Radic Biol Med. Author manuscript; available in PMC 2010 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Total mitochondrial ROS production
LV mitochondria from each rat (7–10 μg protein) were mixed with CMH. After addition of
CMH, aliquots of the mitochondria were taken into 50-μl glass capillary tubes [11]. Total
mitochondrial ROS production was detected using EPR under the following settings: center
field g= 2.002, field sweep 9.000 G, microwave power 20 mW, modulation amplitude 1.90 G,
conversion time 10.24 ms, time constant 81.92 ms, receiver gain 3.17×103. For the detection
of ROS production, we used the Time Scan mode with the averaging of EPR amplitude every
10 scans over 10 min. Total mitochondrial ROS production experiments were performed at
37°C under 20 mm Hg of oxygen partial pressure. The setup of the oxygen concentration in
KHB buffer was performed using the Gas-Controller NOX-E.4-GC (Noxygen Science
Transfer and Diagnostics GmbH).

Mitochondrial  and hydrogen peroxide (H2O2) production
Mitochondrial  and H2O2 production was measured using PPH as the spin probe [11,28].
Aliquots of LV mitochondria (approximately 7–10 μg protein) were probed with PPH (500
μM) alone or PPH and SOD (50 U/ml) for quantification of  production. Catalase (50 U/
ml) was added to measure H2O2 formation. PPH allows the detection of extracellular and
extramitochondrial production of  [28]. PPH reacts with  to produce a stable PP nitroxide
radical, which can be detected with EPR [11]. The PPH probe is highly sensitive (1 nM) and
requires a very small amount of mitochondria. Further, PPH is non-membrane-permeative,
which allows the measurement of mitochondrial superoxide without the interference of
oxidation by mitochondrial oxidases [11]. After adequate mixing, 50 μl of mitochondria was
taken into 50-μl glass capillary tubes. Mitochondrial  production and H2O2 production were
determined by EPR under the same settings as were used for the measurement of total
mitochondrial ROS.

Measurements of MnSOD activity
MnSOD activity was measured in isolated mitochondria using a commercially available kit
(Dojindo Molecular Technologies, Kumamoto, Japan). Protein concentration was determined
according to the Bradford method using bovine serum albumin as the standard. All assays were
run in triplicate and averaged to obtain a mean value per sample.

Enzymatic and respiratory activity of mitochondrial complexes I–IV
We have developed a method for simultaneous detection of mitochondrial oxygen
consumption, using a newly synthesized oxygen spin label (NOX-13.1-OS), and detection of
ROS using the spin probe CMH or PPH. Aliquots of mitochondria were mixed with oxygenated
KHB (20 mm Hg–pO2) containing 1 mM EGTA. Then, the oxygen spin label NOX-13.1-OS
(5 μM), CMH (200 μM), and one of the following substrates were added to the mitochondrial
suspension: 20 mM glutamate (complex I), 5 mM succinate (complex II), 5 mM pyruvate
(complex III), or 15 μM cytochrome c (complex IV). After adequate mixing, the samples were
taken into capillary tubes [29] and the enzymatic as well respiratory activity of each complex
( ) and oxygen consumption were measured using EPR. The increase in EPR
amplitude from peak 1, 2, or 4 (g= 2.0129, 2.0036, or 1.9943; see Fig. 3) corresponds with the
production of ROS ( ), and the decrease in EPR amplitude of peak 3 (g= 2.0011, Fig.
3) corresponds with consumption of oxygen. Enzymatic/respiratory activity of each
mitochondrial complex was quantified by EPR under the same settings described above.

Enzymatic activity of mitochondrial complex I under inhibitory and stimulatory conditions
Mitochondrial complexes I and III have major roles in both total ROS and  production. We
chose mitochondrial complex I for studies examining the effects of inhibition and stimulation
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on enzyme activity. The experiment was conducted in four parts. First, basal levels of enzyme
activity were measured. Second, enzyme activity was initiated using 5 mM glutamate, and
complex I enzyme activity was then measured. Third, enzyme activity was initiated with
glutamate and then inhibited with 100 pmol rotenone (ETC blocker)/mg mitochondria, and
complex I enzyme activity was then measured. Last, enzyme activity was initiated with
glutamate and inhibited with rotenone. SOD (50 U/ml) was then added to quench 
production, and measurements of complex I enzyme activity were performed.

Western blot analysis
LV mitochondrial complex I subunit protein content was determined by Western blot. The
immunoreactive proteins (anti-17-,-20-, -30-, and-39-kDa antibodies; 1:1000 dilutions) were
visualized with rabbit HRP-conjugated anti-mouse IgG (1:10,000 dilution). The band
intensities were quantified using a Bio-Rad ChemiDoc imaging system and normalized to
voltage dependent anion channel (VDAC). Densitometry analysis was performed using NIH
ImageJ software.

Assessment of ATP levels
ATP levels of LV mitochondria were measured using a luminometric assay (Apo SENSOR
assay kit; BioVision, Mountain View, CA, USA).

Statistical analyses
Data were analyzed by ANOVA, followed by Bonferroni’s multiple comparison tests. p≤0.05
was considered significant.

Results
Echocardiography

Blood pressure measurements were obtained for all experimental animals during the 5-day
treatment period. Treatment with TNF and other drugs did not have any effect on blood pressure
parameters. Echocardiographic analysis revealed significantly decreased fractional shortening
(FS%) and significantly higher Tei index in the TNF and TNF+ APO groups compared to
controls and to TNF+ TEMP animals (p< 0.05 for all; Table 1). The changes produced by APO
were not statistically significant compared with the control group.

Total LV ROS
Total ROS production in the TNF-treated group was significantly higher than that in the control
group (p< 0.05; Fig. 1A). When the TNF+ APO and TNF+ Temp groups were compared to
the TNF-treated group, significantly lower ROS production rates were observed (p< 0.05 for
all). The lower total tissue ROS production rates in the TNF+ APO and TNF+ Temp groups
support the assertion that APO and Temp are both capable of attenuating oxidative stress.

LV  levels
Left ventricular  levels in the TNF-treated group were significantly higher than those in the
control group (p< 0.05; Fig. 1B). When the TNF+ APO and TNF+ Temp groups were compared
to the TNF-treated group, significantly decreased  production rates were observed (p< 0.05).

Purity of mitochondria
Mitochondrial purity was verified with transmission electron microscopy (Fig. 2).
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Mitochondrial total ROS production
Mitochondrial total ROS production was significantly higher in both the TNF and the TNF+
APO groups than in the control and TNF+ Temp groups (p< 0.05 for all; Fig. 3A). No
significant differences were observed between the TNF+ APO and the TNF-treated groups.
Interestingly, mitochondrial total ROS production in the TNF+ Temp group was significantly
lower than in the TNF+ APO group (p< 0.05). These results clearly suggest that APO attenuates
oxidative stress only at the cytosolic level, and not at the mitochondrial level, whereas Temp
preserves redox status at both levels.

Mitochondrial  production
Mitochondrial  levels were significantly higher in the TNF and TNF+ APO groups
compared to the control and TNF+ Temp groups (p < 0.05; Fig. 3B). No significant differences
in mitochondrial  levels were found between the control and the TNF+ Temp groups or
between the TNF and the TNF+ APO groups.

Mitochondrial H2O2 levels
H2O2 production was significantly higher in the TNF group than in the control and TNF+ Temp
groups (p< 0.05; Fig. 3C). No significant differences in complex I H2O2 production were found
among other groups.

Mitochondrial complex enzyme activity
Significant decreases in the activities of mitochondrial complexes I, II, III, and IV were
observed in the TNF and TNF+ APO groups compared to the control group (p< 0.05 for all;
Table 2A and Fig. 4). No significant differences in complex I, II, III, or IV enzyme activity
were noted between the TNF+ Temp and the control groups. Significant decreases in complex
II and III activity were also noted in the TNF+ APO group compared to the TNF+ Temp group
(p< 0.05 for both).

Stimulatory effect of glutamate on mitochondrial complex I enzyme activity
A decrease in basal complex I enzyme activity was seen in the TNF group compared to the
TNF+ Temp group (p< 0.05; Table 2B). Significant decreases in glutamate-stimulated complex
I activity were noted in the TNF and TNF+ APO groups compared to the control and TNF+
Temp groups (p< 0.05). When enzyme activity was assessed in the presence of glutamate and
rotenone, decreases in activity were seen in the TNF and TNF+ APO groups compared to the
control group, although these differences were not significant.

In the presence of glutamate+ rotenone+ SOD, a significant decrease in complex I enzyme
activity was seen in the TNF group compared with the control group (p< 0.05). A significant
increase in complex I enzyme activity was also seen in the TNF+ Temp group compared to
the TNF and TNF+ APO groups (p< 0.05).

Stimulatory effect of glutamate on mitochondrial complex I  production
A significant increase in basal complex I  production was seen in the TNF group compared
to the control and TNF+ Temp groups (p< 0.05 for all; Table 2C). The TNF+ APO group had
significantly higher levels of  than the TNF+ TEMP group (p< 0.05).

Glutamate stimulation significantly increased  production in the TNF and TNF+ APO
groups compared to the control group (p< 0.05). Conversely, significantly lower  levels
were seen in the TNF+ TEMP group compared to the TNF group (p< 0.05). In the presence of
glutamate and rotenone, a significant increase in production was seen in the TNF group
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compared to the control or TNF+ Temp group (p < 0.05 for both). In mitochondrial preparations
containing glutamate+ rotenone+ SOD, significant increases in  levels were seen in the TNF
and TNF+ APO groups compared with the control and TNF+ Temp groups (p < 0.05 for all).

Mitochondrial MnSOD activity
Figure 5A shows MnSOD activities from control and treatment groups. MnSOD activity in
heart mitochondria was significantly decreased (3.32 ± 0.16 units/mg protein) in the TNF group
compared with the control group (5.55 ± 1.0 units/mg protein) and the TNF+ Tempol group
(4.37 ± 0.18 units/mg protein). Treatment of TNF-induced rats with Tempol restored MnSOD
activity, suggesting that Tempol treatment prevented the decrease in MnSOD activity.

Respiratory activity of mitochondrial complex I
Significantly lower levels of complex I respiratory activity were noted in the TNF group in
comparison with the control and TNF+ TEMP groups (p< 0.05; Fig. 5B). No significant
differences in oxygen consumption were found among any of the other groups.

Western blotting
To determine the effect of TNF on the mitochondrial ETC, we systematically examined the
protein levels of complex I subunits using Western blotting. Significant decreases in the
expression of mitochondrial complex I 17-, 20-, 30-, and 39-kDa subunits were observed in
the TNF and TNF+ APO groups compared to the control and TNF+ TEMP groups (p< 0.05
for all; Figs. 6A and 6B). No significant differences in protein expression of these complex I
subunits were noted between the TNF+ Temp and the control group.

ATP levels and calculated ADP/ATP ratios
Significant decreases in ATP levels were found in the TNF and TNF+ APO groups compared
to the control and TNF+ Temp groups (p< 0.05). No significant differences in ATP levels were
found among other groups (Fig. 7A). Similar trends were seen in ADP/ATP ratios (Fig. 7B).
These results suggest the presence of mitochondrial damage in the TNF and TNF+ APO groups
and reaffirm the inability of APO to penetrate the mitochondrial membrane to provide
antioxidant protection.

Discussion
In this study, we investigated the effects of TNF on mitochondrial respiratory complexes and
we observed that complex I enzymatic activity and protein levels of the complex I 17-, 20-,
30-, and 39-kDa subunits were significantly reduced with TNF administration, and that the
resultant impairment of electron transfer led to the deleterious production of superoxide in the
intracellular space; these results explain the LV dysfunction we saw in this study. The three
aims of our study were: (1) to determine if ROS produced by mitochondrial complex I would
affect tissue and mitochondrial functionality, (2) to identify the subunits of complex I affected
during TNF infusion, and (3) to evaluate the mechanism of superoxide production by the ETC
as it relates to decreased complex I activity and alterations in both oxygen consumption and
ATP synthesis.

We have previously demonstrated that TNF alters the cellular redox state, thus suggesting a
role for ROS in cardiac dysfunction [9]. The present study demonstrates that, in the LV of
hearts that exhibited decreased FS% and increased LV end-systolic diameter and volume,
mitochondrial ROS and superoxide production rates are increased, thereby affecting the ETC.
Enhanced generation of ROS, and of  in particular (Fig. 1), was observed in TNF-treated
animals, indicating the toxic effect of TNF on the antioxidant defense system of LV tissue.
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This response was further substantiated by increased mitochondrial ROS production
(especially ) and complex activity in the LV and a decrease in MnSOD activity.

Because the mitochondrial electron transport chain is the major intracellular producer of 
and H2O2, we focused on these free radicals in mitochondria. Mitochondrial  and H2O2 can
be produced by complexes I, II, and III of the ETC and released primarily toward the
mitochondrial matrix [11,30]. To determine the stimulatory site of TNF action responsible for
the increased production of , we incubated isolated LV mitochondria with various ETC
substrates and measured the activities of each mitochondrial complex. Here, we show that TNF
reacts with mitochondrial membranes and significantly inhibits the activities of complexes I,
II, III, and IV, but with less effect upon complex IV (Table 2A); this decline of individual
mitochondrial enzymes involved in energy metabolism could decrease the overall activity of
the ETC in the LV. Impairments in the LV ETC, in addition to their obvious impairment of
ATP production, may lead to an altered flow of electrons into the intracellular space and a
subsequent generation of oxidative damage due to free radicals; this process may result in LV
dysfunction. To our surprise, we found that Tempol, a  scavenger that permeates biological
membranes [31], prevented increases in mitochondrial  and H2O2 and preserved activities
of both complex I and the antioxidant enzyme MnSOD. Complex I, II, III, and IV activities
remained reduced with APO treatment, demonstrating that APO is beneficial only at the
cytosolic level; these results are consistent with data from our previous study [9]. It is possible
that TNF decreases MnSOD protein levels, thereby causing a functional decline in the
respiratory chain and increased ROS generation, coupled with an inability to efficiently
scavenge free radicals, which may perpetuate mitochondrial dysfunction. The decreased
activities of the mitochondrial respiratory complexes (CI, CII, CIII and CIV) and the decreased
MnSOD content all suggest mitochondrial damage in the TNF group. The involvement of
mitochondrial electron transport in TNF-induced ROS generation has been demonstrated in
various cell types [32–34] and in isolated mitochondria from hepatocytes. These results are
consistent with those obtained from skin fibroblasts [35] and cardiac myocytes [32].

We chose to focus on complex I in this study because it is the initial complex in the ETC and
is known to be a major site of  production [36–38]. We analyzed basal enzyme activity
under physiological oxygen tension and after adding glutamate, glutamate+ rotenone, and
finally glutamate+ rotenone+ SOD. We found a significant decrease in complex I activity and
an increase in complex I  levels in TNF and TNF+ APO rats. When glutamate was added
to initiate the complex I reaction, enzyme activity levels rose and  levels decreased in both
control and TNF+ Temp rats. Enzyme activity remained low and  levels remained increased
in TNF and TNF+ APO rats. The same trend was observed in the presence of glutamate+
rotenone or glutamate+ rotenone+ SOD. The decreases in activities of the TNF and TNF+ APO
groups are likely the result of TNF-induced mitochondrial damage. Further, we selected four
subunits of complex I (17-, 20-, 30-, and 39-kDa) that have known involvement in oxidative
phosphorylation, ATP production, and cellular respiration [39,40]. The decreases in complex
I activity, oxygen consumption, MnSOD activity, and ATP production seen in the TNF and
TNF+ APO groups are also the likely result of TNF-induced mitochondrial damage. The
decreased protein expression levels of each of the four subunits further suggest that TNF
negatively affects mitochondrial ETC activity. APO requires myeloperoxidase for its activation
[42] and myeloperoxidase is absent from the mitochondrial fraction; thus, the effects of the
coadministration of TNF and APO on complex I activity, ATP production, and subunit protein
expression were similar to those of TNF administration alone, indicating that APO merely acts
as a free radical scavenger system. These results suggest that TNF, along with losses of
mitochondrial ETC and antioxidant enzymes, generates more  radicals and that Tempol
prevents the loss of these enzymes, in part, by acting on complex I and its subunits in the ETC.

Mariappan et al. Page 8

Free Radic Biol Med. Author manuscript; available in PMC 2010 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



These observations are in accordance with previous studies in which inhibition of one or more
ETC enzymes led to the increased levels of  radicals [35,41].

TNF generates overproduction of ROS, particularly superoxide, which can induce opening of
the mitochondrial membrane. As a consequence, the outer membrane is disrupted, thereby
causing decreased expression of mitochondrial permeability transition pore proteins and
release of cytochrome c into the cytosol. Further, TNF present in the cytosol may penetrate the
damaged mitochondrial membrane through an unknown mechanism, causing increased
production of mitochondrial superoxide and a decrease in MnSOD activity. Mitochondrial
superoxide could then induce further production of cytosolic superoxide by NAD(P)H oxidase,
thereby initiating a ROS-induced ROS mechanism. These possible scenarios may explain how
oxidative stress damages mitochondria and impedes the flow of electrons within the respiratory
chain and how electron flow may be further decreased by TNF, which can cause release of
cytochrome c from mitochondria. Owing to the imbalance between a high electron input and
a restricted outflow, electrons may accumulate within complex I and react with oxygen to form
the superoxide anion radical and thereby cause increased mitochondrial  production and
decrease the expression of individual complex I subunits.

The myocardium is a tissue that depends almost entirely on energy production for its proper
function. Mitochondria are the major energy producers in cardiomyocytes, and therefore, the
implications of alterations in this energy production must be considered. In our study, TNF
treatment resulted in significant damage to the mitochondrial membrane and was accompanied
by a decrease in ATP production. Decreased ATP production was also associated with a
worsening of cardiac function as exhibited by a reduction in fractional shortening and an
increase in the Tei index (an indicator of diastolic dysfunction) in the TNF-treated group.
Interestingly, APO-treated rats exhibited the same degree of mitochondrial damage and
reduced ATP production in the mitochondria. These animals also had reduced fractional
shortening and increased Tei index, similar to the values seen in the TNF-treated group. In
contrast, treatment with Tempol, a membrane-permeative superoxide scavenger, reduced
mitochondrial damage, restored ATP production rates, and normalized fractional shortening
and Tei index. These findings clearly suggest that, in the myocardium, mitochondrial energetic/
ATP production rates are critical in maintaining the proper functionality of the organ and that
disruption of mitochondrial energy production results in worsened cardiac function. These data
corroborate the previous finding that overexpression of TNF in the heart, or high levels of TNF
in the circulation, contributes to cardiac dysfunction.

In summary, TNF acts on ETC complexes I, II, III, and IV and can significantly inhibit their
activities; here we show the effects of TNF on complex I in particular. This study addresses
the mechanism of decreased complex I activity in LV mitochondria after TNF infusion. Our
results provide compelling evidence that chronic TNF administration reduces the expression
of four individual complex I subunits by increasing mitochondrial  levels and
depleting ATP levels and ATP synthesis, as well as oxygen consumption, thereby resulting in
mitochondrial damage and leading to LV dysfunction.
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Fig. 1.
(A) Total ROS production in LV tissue. EPR spectra and their graphic interpretations are given.
TNF administration significantly increased total ROS production in LV tissue. APO or Temp
significantly decreased total LV ROS production. All values are presented as means ± SEM
(*p< 0.05, control vs TNF; #p< 0.05, TNF vs TNF+ APO; *$p< 0.05 TNF vs TNF+ Temp).
(B) Superoxide production in LV tissue. EPR spectra and their graphic interpretations are
given. TNF administration significantly increased total superoxide production in LV tissue.
APO or Temp significantly decreased total tissue superoxide production. All values are
presented as means ± SEM (*p< 0.05, control vs TNF; #p< 0.05, TNF vs TNF+ APO; $p<
0.05, TNF vs TNF+ Temp).
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Fig. 2.
Mitochondrial purity as determined with transmission electron microscopy.
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Fig. 3.
(A) Total ROS production in LV mitochondria. EPR spectra and their graphic interpretations
are shown. TNF administration significantly increased total ROS production in LV
mitochondria. Note the similarities between the TNFand the TNF+ APO groups. Temp
significantly decreased mitochondrial ROS. All values are presented as means ± SEM (*p<
0.05, control vs TNF; $p< 0.05, TNF vs TNF+ Temp; @p< 0.05, TNF+ APO vs TNF+ Temp).
(B) Superoxide production in LV mitochondria. Significantly higher superoxide production
was noted in the TNF group compared to the control and TNF+ Temp groups. In the graphical
representation, all values are presented as means ± SEM (*p< 0.05, control vs TNF; $p< 0.05,
TNF vs TNF+ Temp; @p< 0.05, TNF+ APO vs TNF+ Temp). (C) Hydrogen peroxide
production in LV mitochondria. Significantly lower rates of hydrogen peroxide production
were found in the TNF+ Temp and control groups compared to the TNF and TNF+ APO groups.
All values are presented as means ± SEM (*p< 0.05, control vs TNF; $p< 0.05 TNF vs TNF+
Temp; @p< 0.05, TNF+ APO vs TNF+ Temp).
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Fig. 4.
Complex I enzyme activities (total ROS production) in LV mitochondria. Note the significant
decreases in the activity levels of complex I in the TNF and TNF+ APO groups and the
restoration of activity in the TNF+ Temp group. All values are presented as means ± SEM
(*p< 0.05, control vs TNF; #p< 0.05, TNF vs TNF+ APO).
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Fig. 5.
(A) MnSOD and (B) oxygen consumption in LV mitochondria. MnSOD/oxygen consumption
was significantly lower in the TNF and TNF+ APO groups compared to the control and TNF
+ Temp groups. All values are presented as means ± SEM (*p< 0.05, control vs TNF; #p<
0.05, TNF vs TNF+ APO; $p < 0.05, TNF vs TNF+ Temp; @p< 0.05, TNF+ APO vs TNF+
Temp).
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Fig. 6.
(A) Effect of TNF on expression of mitochondrial respiratory complex I subunits. Significant
decreases in the expression of mitochondrial complex I 17-, 20-, 30-, and 39-kDa subunits were
observed in the TNF and TNF+ APO groups compared to the control and TNF+ Temp groups.
(B) Densitometry values are represented as relative intensities in mean arbitrary units
calculated from the Western blots shown in (A). All values are presented as means ± SEM
(*p< 0.05, control vs TNF; #p< 0.05, TNF vs TNF+ APO; $p< 0.05, TNF vs TNF+ Temp;
@p < 0.05, TNF+ APO vs TNF+ Temp).
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Fig. 7.
(A) ATP levels and (B) ATP/ADP ratio in LV mitochondria. TNF administration significantly
decreased ATP levels in the TNF and TNF+ APO groups compared to the control and TNF+
Temp groups. All values are presented as means ± SEM (*p< 0.05, control vs TNF; #p< 0.05,
TNF vs TNF+ APO; $p< 0.05, TNF vs TNF+ Temp; @p< 0.05, TNF+ APO vs TNF+ Temp).
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Table 1
Echocardiographic analysis of study groups

Parameter Control TNF TNF+ APO TNF+ Temp

IVSD (mm) 1.32 ± 0.04 1.71 ± 0.04* 1.56 ± 0.03 1.42 ± 0.02‡

IVSS (mm) 2.69 ± 0.13 2.67 ± 0.14 2.68 ± 0.05 2.56 ± 0.03

LVD (mm) 6.51 ± 0.07 7.72 ± 0.11* 7.34 ± 0.10 6.85 ± 0.04‡,§

LVS (mm) 2.92 ± 0.16 4.67 ± 0.06* 4.12 ± 0.01† 3.37 ± 0.08‡,§

PWD(mm) 1.41 ± 0.02 1.71 ± 0.03* 1.50 ± 0.03† 1.45 ± 0.01‡

PWS (mm) 2.53 ± 0.09 2.58 ± 0.09 2.44 ± 0.14 2.54 ± 0.14

FS% 55.19 ± 2.42 34.20 ± 1.31* 40.86 ± 0.76† 50.79 ± 1.12‡

HR 352.25 ± 13.70 342.20 ± 14.73 350.40 ± 15.3 357.0 ± 14.8

Tei 0.37 ± 0.02 0.51 ± 0.02* 0.49 ± 0.04 0.38 ± 0.02‡,§

Echocardiographic analysis revealed significantly greater left ventricular diastolic (LVD) and systolic (LVS) dimensions in TNF-treated animals. TNF
treatment also decreased fractional shortening (FS%) and increased Tei index. Cotreatment with Tempol prevented these changes. IVSD, intraventricular
septal thickness at end diastole; IVSS, intraventricular septal thickness at end systole; PWD, posterior wall thickness at end diastole; PWS, posterior wall
thickness at end systole; HR, heart rate. Values are expressed as means ± SEM.

*
p< 0.05, control vs TNF.

†
p< 0.05, TNF vs TNF+ APO.

‡
p< 0.05, TNF vs TNF+ Temp.

§
p< 0.05, TNF+ APO vs TNF+ Temp.
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Table 2

Table 2A. Mitochondrial respiratory complexes I–IV

Parameter (nM/mg protein/s) Control TNF TNF+ APO TNF+ Temp

Complex I activity 11.90 ± 1.21 3.91 ± 0.65* 4.96 ± 0.46 8.51 ± 0.99‡,§

Complex II activity 17.70 ± 0.90 9.34 ± 0.5* 10.49 ± 0.96 15.17 ± 0.94‡,§

Complex III activity 22.61 ± 1.08 12.68 ± 1.69* 12.37 ± 0.74 18.25 ± 1.97‡,§

Complex IV activity 22.05 ± 0.7 16.74 ± 0.98* 16.50 ± 1.8 20.81 ± 0.85

Table 2B. Stimulatory effect of glutamate on mitochondrial respiratory complex I–enzyme activity

Parameter (nM/mg protein/s) Control TNF TNF+ APO TNF+ Temp

Basal 8.23 ± 0.21 3.21 ± 0.22s* 3.14 ± 0.21† 7.12 ± 0.4‡,§

Glutamate 12.67 ± 0.75 5.02 ± 0.08* 6.37 ± 0.11 12.15 ± 0.28‡,§

Glutamate+ rotenone 15.55 ± 0.73 8.79 ± 0.49* 11.69 ± 1.44 17.53 ± 1.49‡,§

Glutamate+ rotenone+ SOD 24.90 ± 2.70 13.77 ± 0.54* 20.10 ± 0.99 30.32 ± 1.32‡,§

Table 2C. Mitochondrial respiratory complex I–superoxide production

Parameter (nM/mg protein/s) Control TNF TNF+ APO TNF+ Temp

Basal 5.24 ± 0.19 8.16 ± 0.17* 6.72 ± 0.06 4.37± 0.16‡,§

Glutamate 3.72 ± 0.08 7.63 ± 0.12* 7.47 ± 0.11 4.03 ± 0.22‡,§

Glutamate+ rotenone 5.73 ± 0.20 11.59 ± 0.36* 8.73 ± 0.39 4.46 ± 0.29‡,§

Glutamate+ rotenone+ SOD 3.71 ± 0.18 7.13 ± 0.12* 7.27 ± 0.21 4.19 ± 0.20‡,§

Enzyme activity of mitochondrial respiratory complexes I–IV. Mitochondria were probed with CMH and one of the following substrates was added: 20
mM glutamate (complex I), 5 mM succinate (complex II), 5 mM pyruvate (complex III), or 15 μM cytochrome c (complex IV). Values are expressed as
means ± SEM.

Mitochondrial complex I activity under inhibitory and stimulatory conditions. Values are expressed as means ± SEM.

*
p< 0.05, control vs TNF.

†
p< 0.05, TNF vs TNF+ APO.

‡
p< 0.05, TNF vs TNF+ Temp.

§
p< 0.05, TNF+ APO vs TNF+ Temp.

Mitochondrial complex I superoxide production. Values are expressed as means ± SEM.
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