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Abstract

Mitochondrial dysfunction is thought to play a role in the pathogenesis of a variety of disease
states, including sepsis. An acquired defect in oxidative phosphorylation potentially causes sepsis-
induced organ dysfunction. Cytochrome oxidase (CcOX), the terminal oxidase of the respiratory
chain, is competitively inhibited early in sepsis and progresses, becoming noncompetitive during
the late phase. We have previously demonstrated that exogenous cytochrome c can overcome
myocardial CcOX competitive inhibition and improve cardiac function during murine sepsis at the
24-h point. Here, we evaluate the effect of exogenous cytochrome c on CcOX activity and survival
in mice at the later time points. Exogenous cytochrome ¢ (800 j1g) or saline was intravenously
injected 24 h after cecal ligation and puncture (CLP) or sham operation. Steady-state
mitochondrial cytochrome c levels and heme ¢ content increased significantly 48 h post-CLP and
remained elevated at 72 h in cytochrome c-injected mice compared with saline injection. Cecal
ligation and puncture inhibited CcOX at 48 h in saline-injected mice. However, cytochrome c
injection abrogated this inhibition and restored CcOX Kinetic activity to sham values at 48 h.
Survival after CLP to 96 h after cytochrome c injection approached 50% compared with only 15%
after saline injection. Thus, a single injection of exogenous cytochrome c 24 h post-CLP repletes
mitochondrial substrate levels for up to 72 h, restores myocardial COX activity, and significantly
improves survival.
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INTRODUCTION

Mitochondrial dysfunction is thought to play a role in the pathogenesis of a variety of
disease states, including sepsis (1-4). An acquired defect in oxidative phosphorylation
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potentially causes sepsis-induced organ dysfunction (5). A number of electron transport
chain abnormalities have been demonstrated in a variety of tissues using sepsis and
sepsisrelated models (6-13). Diminished function of any of the electron transport complexes
can impair oxidative phosphorylation, limit aerobic adenosine triphosphate (ATP) synthesis,
and lead to bioenergetic failure (5, 14).

Cytochrome oxidase (CcOX), the terminal oxidase of the respiratory chain, uses electrons
donated by cytochrome c to reduce oxygen to water (15). Coupled with the reduction of
oxygen, CcOX pumps hydrogen ions across the mitochondrial inner membrane to the
intermembrane space to maintain the hydrogen ion gradient (15). This proton motive force is
crucial for ATP synthesis. Myocardial CcOX is inhibited during murine sepsis (8). This
inhibition is competitive and reversible early after cecal ligation and puncture (CLP) and
progresses, becoming noncompetitive and irreversible during the late phase of sepsis (8). In
addition, mitochondrial levels of the enzyme's substrate, cytochrome c, begin to decline 24 h
post-CLP just before the onset of noncompetitive inhibition (8, 16). Cytochrome oxidase
inhibition coupled with substrate limitation possibly impairs oxidative phosphorylation in
the septic heart and is a potential cause of sepsis-associated myocardial depression.

The onset of the hypodynamic phase of sepsis coincides with maximal competitive CcOX
inhibition and the initial decline in mitochondrial cytochrome ¢ (8, 16). Increasing substrate
availability during competitive enzyme inhibition can overcome inhibition and restore
enzyme velocity (17). In prior work, we demonstrated that exogenous cytochrome c gains
access to cardiomyocyte mitochondria, repletes mitochondrial levels of cytochrome c,
restores myocardial CcOX activity, and improves cardiac function 24 h post-CLP (16). It is
unknown if this effect is sustained over time. Here, we evaluate the effect of exogenous
cytochrome ¢ on myocardial CcOx activity and survival in the later time points of sepsis
after a single injection at the 24-h time point.

MATERIALS AND METHODS

Induction of Sepsis

The care of the animals in this study was in accordance with National Institutes of Health
and Institutional Animal Care and Use Committee guidelines. Under isoflurane general
anesthesia (up to 2%), 6- to 8-week-old male C57BI/6 mice (Charles River, Boston, Mass)
underwent cecal ligation and double puncture with a 23-gauge needle or sham operation as
previously described (8). All animals were administered 50 mL/kg saline (s.c.) immediately
postprocedure and every 24 h. Once awake, animals were given access to food and water ad
libitum. Mice were randomly killed at either 48 or 72 h postprocedure. Five animals per
group were studied per experiment. All animals were euthanized with 150 mg/kg of
pentobarbital (i.p.).

Cytochrome c reduction

Cytochrome c¢ from bovine heart (Sigma-Aldrich Corp., St. Louis, Mo) was reduced to
ferrocytochrome c as previously described (18). Cytochrome ¢ (50 mg) was dissolved in 10
mL of 0.01 M sodium phosphate buffer (pH 7.0). The solution was reduced with 2 mg of
ascorbic acid. Excess ascorbate was dialyzed off against 0.01 M sodium phosphate buffer
(pH 7.0) for 18 to 24 h at 4°C. This technique consistently yielded a 0.5% solution.

Exogenous ferrocytochrome c injection

For each experiment, 800 jug (150 L) of reduced cytochrome c (40 mg/kg) was injected via
tail vein under isoflurane anesthesia (up to 2%) 24 h after CLP or sham operation. Sham-
injected cohorts received 150 pL of saline via tail vein.
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The 800 g dose was chosen based on previous data and preliminary work (16) (data not
shown; 400 g minimally increased mitochondrial cytochrome ¢ in septic myocardium,
whereas 800 g increased levels by almost 2-fold).

Mitochondrial isolation

As previously described, cardiac ventricles were harvested and homogenized in ice-cold H
medium (70 mM sucrose, 220 mM mannitol, 2.5 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, pH 7.4, and 2 mM EDTA) (8, 19). The homogenate was spun
at 1,5009 for 10 min at 4°C. Supernatants were removed and centrifuged at 10,0009 for 10
min at 4°C. Pellets were resuspended in H medium and centrifuged again at 10,0009 for 10
min at 4°C. Pellets were again resuspended in H medium, and mitochondrial protein
concentration was determined using the method of Lowry (8, 19, 20).

Steady-state levels of cardiac mitochondrial cytochrome ¢

Samples (10 .g) of mitochondrial protein were subjected to sodium dodecyl sulfate-
acrylamide gel electrophoresis and immunoblotting as previously described (8, 21). Blots
were labeled with a primary polyclonal antibody to bovine cytochrome ¢ (Molecular Probes,
Eugene, Ore) and secondarily exposed to donkey antirabbit immunoglobulin G (Santa Cruz
Biotechnology Inc., Santa Cruz, Calif). The signal was detected with enhanced
chemiluminescence (Amersham Pharmacia Biotech, Piscataway, NJ), and density was
measured using scanning densitometry. Five animals per group per experiment were
evaluated.

Heme c determination

Mitochondrial heme c content was calculated from the difference in spectra (dithionate/
ascorbate reduced minus air-oxidized) of mitochondria (0.5 - 1 mg) solubilized in 10%
lauryl maltoside using an absorption coefficient of 20.5 mM-1 cm-1 at 550 to 535 nm (22,
23). Five animals per group were evaluated.

CcOX steady-state kinetics

Survival

Statistics

Cytochrome oxidase kinetics were assayed by the method of Smith, in which the rate of
oxidation of ferrocytochrome c was measured by following the decrease in absorbance at
550 nm (8, 19, 20). Assays were executed in a 1-mL reaction volume containing 50 mM
PO42 (pH 7.0), 2% lauryl maltoside, and 1 g of mitochondrial protein. Ferrocytochrome ¢
was added at a concentration of 40 mM to initiate the reaction. Specific activity was
calculated from mean values of three to four measurements using 21.1 mM-1 cm-1 as the
extinction coefficient of ferrocytochrome c at 550 nm.

We followed survival in a separate cohort of animals in this two-treatment parallel-design
study to 96 h. Each animal was injected via tail vein with either 800 pug (150 pL) of reduced
cytochrome c (40 mg/kg) or equal volume of saline at 24 h after CLP or sham operation.
Twenty animals per group were evaluated based on the probability being 80% that the study
will detect a treatment difference at a two-sided 5.0% significance level if the true hazard
ratio is 3 (24).

Data are presented as mean + SD. Statistical significance was assessed using ANOVA and
post hoc Tukey test with P < 0.05. Statistical significance in the survival study was assessed
using Kaplan-Meier survival curves and Mantel-Cox log-rank test.
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Exogenous cytochrome c increases mitochondrial levels in the septic heart

To determine the effect of injected cytochrome ¢ on mitochondrial levels, we isolated
ventricular mitochondria 48 or 72 h postprocedure and performed immunoblot analysis for
steady-state levels of cytochrome c. In prior work, we demonstrated that mitochondrial
cytochrome c levels decline to 60% of baseline in the septic heart 24 h post-CLP and remain
persistently decreased (16). Although mitochondrial cytochrome c levels transiently
decrease after sham operation, they return to basal levels by 72 h. Therefore, we assigned
72-h saline-injected sham-operated controls (Sham72sal) as surrogates for baseline values
and arbitrarily set their band densities to 1.

Consistent with prior findings, steady-state levels of mitochondrial cytochrome ¢
significantly decreased 48 h post-CLP in saline-injected mice (CLP48sal) (Fig. 1). However,
after a single injection of exogenous cytochrome c at the 24-h point, mitochondrial levels
increased by almost 2-fold at 48 h in septic mice (CLP48cyt) compared with CLP48sal.
These levels remained significantly elevated at 72 h (CLP72cyt). Although relatively
increased compared with CLP48sal, CLP72cyt steady-state levels were not statistically
different from Sham72sal levels. This indicates that “supranormal” increases in
mitochondrial substrate secondary to exogenous cytochrome c administration are evident for
only 24 h postinjection.

There was no significant effect of exogenous cytochrome c on steady-state levels of any
sham animal. Of note, cytochrome c levels in CLP72sal mice (and CLP72cyt for that matter)
were essentially unchanged from Sham72sal levels. This may be a consequence of selection
for survivors at this point. This is because mortality after CLP is 90% at 72 h (21).
Therefore, those animals that survive to 72 h (a small minority) may do so because of
adaptive responses to sepsis. Thus, an increase in CcOX substrate, cytochrome ¢, may
represent one advantageous difference that promotes survival.

Exogenous cytochrome c restores myocardial heme c in sepsis

Cytochrome c contains a heme ¢ center conjugated to the peptide backbone. Therefore, we
measured myocardial heme ¢ content in isolated mitochondria using spectrophotometry.

Myocardial heme c content significantly decreased 48 h after CLP and sham operation in
saline-injected mice (Fig. 2). Exogenous cytochrome c injection at the 24-h point
significantly increased myocardial heme ¢ content of CLP48cyt. This increase approached
Sham72sal levels. There was no significant effect of exogenous cytochrome ¢ on the heme ¢
content in the other groups. As with steady-state levels of cytochrome c protein, heme ¢
content of both CLP72sal and CLP72cyt was unchanged from that of Sham72sal controls.
Consistent with the immunoblot data, this suggests selection for survivors and a potentially
important adaptive difference.

Exogenous cytochrome ¢ abrogates myocardial CcOX inhibition 48 h post-CLP

Prior work demonstrated that myocardial CcOX is competitively inhibited 24 h post-CLP
and noncompetitively inhibited 48 h post-CLP (8). Furthermore, exogenous cytochrome ¢
administered to septic mice restored mitochondria with excess cytochrome ¢ and overcame
CcOX inhibition at the 24-h point (16). It is unknown if this effect is sustained over time
during the late phase of sepsis when CcOX inhibition progresses and becomes
noncompetitive. Therefore, we measured CcOX activity at 48 and 72 h post-CLP after a
single injection of cytochrome c at the 24-h point.
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Consistent with prior findings, CLP inhibited myocardial CcOX at 48 h in CLP48sal as
evidenced by significantly decreased CcOX activity (Fig. 3). Injection of exogenous
cytochrome c 24 h post-CLP restored CcOX activity at 48 h to sham values and overcame
the inhibition. Exogenous cytochrome ¢ had no significant effect on CcOX activity within
sham and CLP groups at the other time points. Cytochrome oxidase activity was also not
significantly different between all sham cohorts. Although CcOX activity was significantly
improved at 72 h in both cytochrome c-injected and salineinjected CLP mice compared with
CLP48sal, enzyme velocity was significantly slower than Sham48cyt, Sham72cyt, and
CLP48cyt mice. Importantly, decreased CcOX activity in both 72-h CLP groups occurred
despite “baseline” levels of mitochondrial cytochrome ¢ and heme ¢ content. However, the
increase in activity compared with C48s is consistent with the notion of selection for
survivors and an adaptive response in these animals. Changes in CcOX activity in the 48-
and 72-h septic mice suggests CcOX inhibition can only be abrogated by excess or
“supranormal” availability of CcOX substrate, cytochrome c.

Exogenous cytochrome c improves survival in the late phase of sepsis

Changes in mitochondrial substrate levels and CcOX activity are only physiologically
significant if there is an impact on survival. Therefore, we followed survival to 96 h in a
separate cohort of animals after injection at 24 h of either cytochrome c or saline.

A single injection of exogenous cytochrome c significantly improved survival after CLP
compared with saline injection (Fig. 4). Only 15% of animals survived to 96 h after CLP in
the saline-injected group, whereas 50% survived to 96 h after CLP and cytochrome c
injection. As expected, there was no mortality in either sham group.

DISCUSSION

Impaired oxidative phosphorylation and bioenergetic failure have been proposed to underlie
sepsis-associated organ dysfunction and may lead to death (5). Historically, this has been
difficult to demonstrate because impairments in mitochondrial function have not been
readily reversible. Cytochrome oxidase, the terminal oxidase of the electron transport chain,
is crucial to aerobic ATP production. Myocardial CcOX is progressively inhibited in sepsis,
and availability of its substrate cytochrome ¢ becomes limited during the late phase of sepsis
(8, 16). Enzyme inhibition together with substrate limitation during sepsis is a potential
cause of myocardial depression and mortality during the hypodynamic phase.

In prior work, we demonstrated that injection of exogenous cytochrome ¢ 24 h post-CLP
repletes cardiac mitochondria with supranormal levels of cytochrome ¢ (16). This increase in
substrate overcomes myocardial CcOX inhibition and improves cardiac function 30 min
after injection. Here, we evaluated the effect of a single injection of cytochrome c at the 24-
h point on myocardial CcOX function and survival during the later time points. After
cytochrome c injection, mitochondrial levels of cytochrome c remained persistently elevated
48 h post-CLP compared with saline injection and sham controls. This increase, however,
was only sustained for 24 h because mitochondrial levels of cytochrome c returned to sham
values by 72 h post-CLP. Consequently, only supranormal levels of mitochondrial
cytochrome c completely overcame myocardial CcOX inhibition as evidenced by mildly
depressed CcOX activity in both 72-h septic cohorts. This indicates ongoing CcOX
inhibition during the late phase of sepsis despite baseline levels of mitochondrial
cytochrome c even in selected survivors. Therefore, it is safe to conclude that the effective
half-life of exogenous cytochrome c is less than 48 h when injected at 24 h post-CLP. The
survival data also support this conclusion.
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Although overall survival post-CLP improved after injection of cytochrome c, the greatest
effect was on survival to the 48-h point. Taken together, these data indicate that increasing
the frequency of injection of exogenous cytochrome c to every 24 h may be more beneficial
in sepsis to maintain elevated mitochondrial substrate levels and overcome ongoing CcOX
inhibition during the later time points.

The 72-h CLP cohorts deserve some special mention here. Prior evaluation of myocardial
CcOX has consistently demonstrated a progressive deterioration in steady-state levels of
mMRNA and protein of its key subunits and reduced activity in the late phase of sepsis (8). In
this study, we found maintained steady-state levels and content of mitochondrial cytochrome
c and heme c in both septic groups at 72 h compared with sham controls. Furthermore,
although CcOX was mildly inhibited in these animals compared with sham controls, CcOx
activity was significantly increased compared with CLP48sal. The combination of relatively
increased cytochrome c levels, heme ¢ content, and CcOX activity 72 h post-CLP compared
with CLP48sal mice supports the notion of selection for survivors. Furthermore, finding
increased cytochrome c and heme c in the setting of ongoing CcOX inhibition at 72 h
represent a potentially adaptive response to sepsis and support our hypothesis and findings
that increased substrate availability can overcome CcOX inhibition and promote survival.

Although we have previously evaluated cardiac function immediately after cytochrome c
injection, we did not measure myocardial function as a part of this study. In previous work,
we demonstrated that exogenous cytochrome ¢ improves cardiac contractility and relaxation
30 min after injection 24 h post-CLP (16). However, although injection of cytochrome ¢
enhanced survival into the later time points of sepsis, we cannot assume that cardiac
function is restored in the late phase as well. In addition, we cannot assume that survival
benefits after cytochrome c injection during sepsis are solely due to primary cardiac effects.
It is possible that exogenous cytochrome ¢ has systemic effects and improves extracardiac
organ function and may impart a beneficial secondary effect on cardiac function during
sepsis. Such possibilities require exploration.

Although exogenous cytochrome ¢ gained access to cardiomyocyte mitochondria, and
abrogated sepsis induced CcOx inhibition, we have not evaluated how exogenous
cytochrome c traverses the plasma membrane and gets imported into mitochondria. It is
apparent from this and prior studies that exogenous cytochrome c readily gains access to
cardiomyocyte mitochondria during sepsis but, to a lesser degree, in sham-operated and
healthy controls. This may be due to increased membrane permeability during sepsis.
Membrane integrity, an ATP-dependent process, is known to be impaired in sepsis (25-28).
Although this is one possibility, a host of other mechanisms may exist, and clearly, these
need to be explored.

Another important consideration is apoptosis. Cytochrome c release from mitochondria is
known to initiate the intrinsic apoptosis pathway (29). We have not evaluated if exogenous
cytochrome c causes apoptosis. Thus, the effect of exogenous cytochrome c on the
mitochondrial apoptosis pathway needs to be evaluated.

Finally, exogenous cytochrome ¢ may have an effect on reactive oxygen species (ROS).
Stimulated electron transport may result in ROS production (30). Alternatively, cytochrome
¢ may scavenge ROS. Both effects can impact on cell and organ function. Therefore, ROS
levels and production will need to be assessed in sepsis with regard to exogenous
cytochrome c.

Shock. Author manuscript; available in PMC 2014 March 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Piel et al. Page 7

CONCLUSIONS

Mitochondrial dysfunction may be a cause of sepsis-associated myocardial depression.
Cytochrome oxidase inhibition coupled with decreased cytochrome c availability is one such
defect that can impair oxidative phosphorylation in sepsis. Overcoming CcOX inhibition
with excess substrate is one strategy to restore mitochondrial function in the septic heart.
Twenty four hours post-CLP, at the onset of the late, hypo-dynamic phase of sepsis, CcOX
is competitively inhibited, and substrate begins to decrease. Exogenous cytochrome c
injected at the 24-h point readily gains access to cardiomyocyte mitochondria, repletes
mitochondria with supranormal levels of substrate, and overcomes CcOX inhibition during
sepsis. Here, we demonstrate that after the 24-h injection of cyto-chrome ¢, supranormal
levels of substrate persist until 48 h post-CLP and overcome sepsis-induced CcOX
inhibition. Although mitochondrial levels of cytochrome c return to sham levels by 72 h
post-CLP, CcOX activity is relatively improved. Importantly, a single injection of
exogenous cyto-chrome c improves survival in the late phase of sepsis.
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FIG. 1. Exogenous cytochrome c repletes cardiac mitochondria with excess substrate up to 48 h
after CLP

Septic mice and sham-operated controls underwent injection of cytochrome c or saline 24 h
postprocedure. A, A representative Western blot of mitochondrial cytochrome c (cyt c)is
shown. Sham48 and Sham72 represent sham-operated mice evaluated 48 and 72 h
postprocedure, respectively. CLP48 and CLP72 represent septic mice evaluated 48 and 72 h
post-CLP, respectively. Within each group, saline-injected cohorts (sal) and cytochrome c
injected cohorts (cyt) are depicted. B, Graphical representation of relative densities. Values
are expressed as mean T + SD. Sham72sal values were set arbitrarily to 1 (n = 5 per group).
*P < 0.05 vs. CLP48cyt, Sham72sal, Sham72cyt, CLP72sal, CLP72cyt.
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FIG. 2. Myocardial heme c content isrestored by exogenous cytochrome ¢ 48 h after CLP
Heme c content was determined from the difference in spectra (reduced minus oxidized).
Sham48 and Sham72 represent sham-operated mice evaluated 48 and 72 h postprocedure,
respectively. CLP48 and CLP72 represent septic mice evaluated 48 and 72 h post-CLP,
respectively. Saline-injected cohorts (sal) and cytochrome c-injected cohorts (cyt) are
depicted (n =5 per group). Values are mean + SD. *P < 0.05 vs. Sham72sal, CLP72sal,
CLP72cyt; TP < 0.05 vs. CLP48cyt, Sham72sal, CLP72sal, CLP72cyt.
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FIG. 3. Exogenous cytochrome c restores CcOX activity 48 h after CLP

Steady-state CcOX Kinetic activity was determined by measuring the oxidation of
ferrocytochrome c at 550 nm. Sham48 and Sham72 represent sham-operated mice evaluated
48 and 72 h postprocedure, respectively. CLP48 and CLP72 represent septic mice evaluated
48 and 72 h post-CLP, respectively. Saline-injected cohorts (sal) and cytochrome c-injected
cohorts (cyt) are depicted (n = 5 per group). Values are mean + SD. *P < 0.01 vs. all; TP <
0.001 vs. Sham72. *P < 0.05 vs. Sham48cyt, CLP48cyt, Sham72cyt.
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FIG. 4. Survival rate post-CL P improves after injection of exogenous cytochrome ¢

Survival to 96 h was followed in a separate cohort of animals after injection of either
cytochrome c or saline post-CLP and sham operation. Kaplan-Meier survival plot is
depicted. Solid line represents both saline-injected and cytochrome c-injected sham animals.
Short dashed line represents cytochrome c-injected CLP animals. Long dashed line
represents saline-injected CLP animals (n = 20 per group). *P < 0.05 vs. all; TP < 0.05 vs.
all.
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