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T he evolution to multiorgan dys-
function syndrome is a critical
determinant of mortality in sep-
tic patients, and the mecha-

nisms by which sepsis leads to organ dys-
function remain to be established. Tissue
hypoxia has long been considered the pu-
tative mechanism of multiorgan dysfunc-
tion syndrome (1). In recent decades, there
has been an intense controversy about the
benefits of tissue oxygen delivery strategies
during sepsis (2–4), and recently, it has
been shown that early intervention aimed

at increasing tissue oxygen delivery im-
proves the outcome of septic patients (5).

Although the determinants of tissue
metabolic demands in early sepsis are not
completely known, there is strong evi-
dence indicating that mitochondrial
function is affected during sepsis (6, 7).
The functional changes in mitochondria
may be, ultimately, a consequence of ei-
ther electron transport chain impairment
or loss of the membrane potential, which
may contribute to organ injury and cell
death (8–12).

During sepsis, the brain is one of the
first organs to be affected, and sepsis-
associated encephalopathy is frequent but
infrequently recognized (13, 14). An en-
cephalopathy of variable severity has been
found to occur in 9% to 71% of septic
patients and is associated with higher in-
hospital mortality (15, 16). In addition,
post mortem analysis of septic patients
revealed a high frequency of brain lesions
(17). In animal models of polymicrobial
sepsis, acute encephalopathy takes place,
and survivors present with cognitive im-
pairment that could be secondary to cen-
tral nervous system damage (18). There is
evidence suggesting that short-term oxi-
dative damage in brains of rats subjected
to cecal ligation and perforation (CLP)
could contribute to the development of
central nervous system symptoms during
the progression of sepsis (19). In fact,
brain tissues have unique characteristics
that make them especially susceptible to
damage during sepsis, such as their high
oxygen consumption rate and low levels
of antioxidant defenses (20).

Thus, in the present work, we investi-
gated mitochondrial function in the

Objective: Mitochondrial dysfunctions have been associated
with the pathogenesis of sepsis. A systematic survey of mito-
chondrial function in brain tissues during sepsis is lacking. In the
present work, we investigate brain mitochondrial function in a
septic mouse model.

Design: Prospective animal study.
Setting: University research laboratory.
Subjects: Male Swiss mice, aged 6–8 wks.
Interventions: Mice were subjected to cecal ligation and per-

foration (sepsis group) with saline resuscitation or to sham op-
eration (control group).

Measurements and Main Results: Oxygen consumption was
measured polarographically in an oximeter. Brain homogenates
from septic animals presented higher oxygen consumption in the
absence of adenosine 5'-diphosphate (state 4) compared with
control animals. The increase in state 4 respiration in animals in
the cecal ligation and perforation group resulted in a drastic
decrease in both respiratory control and adenosine 5'-diphos-
phate/oxygen ratios, indicating a reduction in the oxidative phos-

phorylation efficiency. Septic animals presented a significant
increase in the recovery time of mitochondrial membrane poten-
tial on adenosine 5'-diphosphate addition compared with control
animals, suggesting a proton leak through the inner mitochondrial
membrane. The septic group presented a general reduction in the
content of cytochromes. Moreover, the activity of cytochrome c
oxidase was specifically and significantly decreased in the brain
during sepsis. Hydrogen peroxide generation by brain mitochon-
dria from septic mice did not respond to substrates of electron
transport chain or to adenosine 5'-diphosphate, showing that
mitochondrial function may be compromised in a critical level in
the brain during sepsis.

Conclusions: The mitochondrial dysfunctions demonstrated
here indicate that uncoupling of oxidative phosphorylation takes
place in the brain of septic mice, compromising tissue bioener-
getic efficiency. (Crit Care Med 2008; 36:1925–1932)
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brains of septic mice. The data presented
here support the notion that during sep-
sis, an increase in proton permeability
across the inner mitochondrial mem-
brane takes place in the brain, reducing
the efficiency of oxidative phosphoryla-
tion due to mitochondrial uncoupling.

MATERIALS AND METHODS

Animals. Male Swiss mice (Oswaldo Cruz
Foundation breeding unit) weighing 20–25 g
were used. The animals were kept at a con-
stant temperature (25°C), with free access to
pelleted diet and water in a room with a 12-hr
light/dark cycle. Animals were maintained ac-
cording to international and local animal care
guidelines. The present protocol was approved
by the Oswaldo Cruz Foundation Animal Wel-
fare Committee.

Cecal Ligation and Perforation. CLP was
performed as previously described, with minor
modifications (21, 22). Briefly, male Swiss
mice were anesthetized with ketamine (80 mg/
kg, Ketamin, Cristália) and thiopental (30 mg/
kg, Thiopental, Cristália) diluted in sterile sa-
line and administered intraperitoneally (0.2
mL). Laparotomy was performed with a 2-cm
midline incision through the linea alba; the
cecum was exposed and carefully ligated with
sterile 3-0 silk below the ileocecal junction,
with care to avoid bowel obstruction. The ce-
cum was punctured once with an 18-gauge
needle and was then gently squeezed to empty
its content through the puncture. The cecum
was then returned to the peritoneal cavity, and
the abdominal muscle and skin incisions were
closed in layers using a 3-0 nylon suture line.
Immediately after the surgery, 0.5 mL of ster-
ile saline was administered subcutaneously to
the animals for volume resuscitation. Mice in
the sham operation group were subjected to
identical procedures, except that ligation and
puncture of the cecum were omitted. Animals
subjected to CLP developed early signs of sep-
sis, including lethargy, piloerection, and diar-
rhea. The lethality of our model was about
40% in the first 24 hrs and 60% in 144 hrs
(22). After 24 hrs, CLP mice were killed by
cervical dislocation, and brain tissues were
obtained.

Preparation of Brain Homogenates. Brains
were removed, rinsed with ice-cold homoge-
nate buffer (10 mM Tris buffer pH 7.4, 0.32 M
sucrose, and 1 mM EGTA), minced, and man-
ually homogenized in a 30-mL Teflon glass
potter with a volume of buffer adjusted to
provide a 10% (wt/vol) final concentration
(typically 4 mL) as previously described (23).
All procedures were performed on ice. Protein
content was determined by the Folin–Lowry
method using bovine serum albumin as stan-
dard (24).

Mitochondria Isolation. Mitochondria
were isolated from brain homogenates using a
method previously described in the literature
(25). The homogenate was centrifuged for 3

mins at 4,000 rpm in a Hitachi Himac SCR20B
RPR 20-2 rotor to remove cell debris. After
centrifugation, the supernatant was centri-
fuged for 10 mins at 16,000 rpm. The pellet
was resuspended in 5 mL of homogenate
buffer containing 15% Percoll and a discon-
tinuous gradient was prepared with 40% un-
der 23% and 15% Percoll. The gradient was
centrifuged at 19,000 rpm for 5 mins, and the
mitochondrial fraction between 40% and 23%
was collected and centrifuged at 14,000 rpm
for 10 mins to wash the Percoll. The pellet was
suspended in ice-cold homogenate buffer
modified with 0.32 M mannitol instead of su-
crose, plus 0.2% bovine serum albumin, fatty
acid free. Mitochondria preparation was kept
at 4°C during the whole isolation procedure,
and protein was determined by the Folin-
Lowry method, using bovine serum albumin
as a standard (24).

Oxygen Consumption Measurements. Ox-
ygen concentrations in the medium were mea-
sured polarographically using an oximeter fit-
ted with a water-jacketed, Clark-type electrode
(Yellow Springs Instrument 5300) in a 1.5-mL
reaction vessel. Oxygen consumption studies
were carried out in a respiration buffer (10
mM Tris-HCl, pH 7.4, 0.32 M mannitol, 5 mM
inorganic phosphate, 50 mM KCl, 4 mM
MgCl2, 1 mM EGTA) modified from the liter-
ature (23). Samples of brain homogenates
(650 �g/mL) were incubated with respiration
buffer inside the oximeter cuvette under stir-
ring. State 3 respiration was induced by addi-
tion of Complex I substrates pyruvate (10 mM)
and malate (10 mM), plus 100 �M adenosine
5'-diphosphate (ADP) to the closed cuvette us-
ing a Hamilton syringe. State 4 respiration
was reached when all ADP was metabolized to
adenosine triphosphate (ATP). Then, after the
first induction of state 4 respiration, 200 �M
ADP was added to the cuvette, stimulating
oxygen consumption during state 3, which
was followed by a second state 4 respiration.
Respiratory control ratio values were obtained
by dividing the rate of oxygen consumption at
state 3 by the rate of oxygen consumption at
state 4 (26). After a stable state 4 respiration,
the addition of 5 �M carbonyl cyanide p-
(trifluoromethoxy)phenylhydrazone (FCCP)
induced a maximal uncoupled response.

Determination of Mitochondrial Mem-
brane Potential. Mitochondrial membrane po-
tential (��m) was measured by using the
cationic dye safranine O (Sigma), which accu-
mulates inside the negatively charged mito-
chondrial matrix and quenches its fluores-
cence signal (27). Mitochondria (0.3 mg
protein/mL) were incubated in the standard
respiration buffer supplemented with 10 �M
safranine. FCCP (5 �M) was used as a positive
control to collapse ��m. Fluorescence was
detected with an excitation wavelength of 495
nm (slit 5 nm) and an emission wavelength of
586 nm (slit 5 nm) using a Hitachi (Tokyo,
Japan) model F-3010 spectrofluorometer.
Data are reported as arbitrary fluorescence
units. Each experiment was repeated at least

three times with different mitochondrial prep-
arations isolated from Percoll gradient centrif-
ugation (25).

Visible Absorption Spectra of Mitochon-
drial Cytochromes. Estimations of cyto-
chrome content were carried out in brain ho-
mogenates by using a GBC spectrophotometer
(UV/VIS 920) at 1 sec of integration time and
data recording at each 0.85-nm interval. Ho-
mogenate protein (0.2 mg) from sham and
CLP brains was incubated in a 100 mM phos-
phate buffer containing 0.1% Triton X-100,
and the absorption light wavelength scan of
cytochromes was performed (oxidized) be-
tween 500 and 700 nm. Sodium dithionite was
added to the cuvette, and differential spectra
(reduced minus oxidized) were calculated in
the GBC Spectral Software (GBC, Australia).

Electron Transport Chain Complex Activ-
ities. The mitochondrial Complexes I–III and
IV activities were determined, as described
previously in the literature (28, 29), at 37°C.
For nicotinamide adenine dinucleotide
(NADH)–cytochrome-c reductase (Complexes
I–III) activity, brain homogenates were briefly
centrifuged for 10 secs to clarify the sample,
protein content was determined, and the sam-
ples were kept at �80°C until analysis. The
sample (about 0.3 mg of protein) was added to
100 mM phosphate buffer containing 50 �M
cytochrome c3� and 1 mM potassium cyanide
and the rotenone-sensitive NADH-cyto-
chrome-c reductase activity was determined at
550 nm. For cytochrome c oxidase (Complex
IV) activity, sample (about 0.3 mg of protein)
was added to an oximeter cuvette, the potas-
sium cyanide–sensitive oxygen consumption
induced by tetramethylparaphenylinediamine
(0.5 mM), and ascorbate (5 mM) was deter-
mined.

Hydrogen Peroxide Production in Brain
Homogenates. Hydrogen peroxide (H2O2) pro-
duction was measured using Amplex Red (Mo-
lecular Probes) and horseradish peroxidase,
based on a previously described method,
slightly modified (30). Fresh brain homoge-
nates (0.3 mg) were incubated in respiration
buffer containing 5 �M Amplex Red reagent
and 3 units/mL horseradish peroxidase. Fluo-
rescence was monitored at excitation and
emission wavelengths of 563 nm (slit 5 nm)
and 587 nm (slit 5 nm) in a Varian spectroflu-
orometer (Cary Eclipse Model). Calibration
was performed by the addition of known quan-
tities of H2O2. Succinate (10 mM) was added as
the electron donor to induce state 2 respira-
tion, leading to a polarization of ��m and
increase in H2O2 production. ADP (100 �M)
was added to the cuvette, inducing state 3
respiration and decreasing H2O2 production.
Oligomycin (1 �g/mL) was used to induce
state 4–like respiration and FCCP (5 �M) used
to induce uncoupled respiration and mini-
mum H2O2 production.

Statistical Analysis. Comparisons between
groups were done by the nonpaired Student’s
t-test or one-way analysis of variance, and a
posteriori Tukey’s test for pair-wise compari-
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sons. Differences of p � .05 were considered to
be significant. Student’s t-test, analysis of vari-
ance, and Tukey’s test were performed by
GraphPad Prism, version 4.00, for Windows
(GraphPad Software, San Diego, CA).

RESULTS

Sepsis Causes Mitochondrial Uncou-
pling in Mice Brain. Oxygen consump-
tion in brain homogenates was measured
from sham and CLP mice in two distinct
metabolic states of mitochondria: state 3,
in which respiration is coupled to ATP
synthesis, and state 4, which is defined as
the respiration not associated to ATP syn-
thesis (Fig. 1). Figure 1A shows typical
traces of oxygen consumption induced by
mitochondrial respiratory substrates in
the two experimental groups. We ob-
served that the oxygen consumption rate
after addition of ADP (state 3) was essen-
tially the same between the two experimen-

tal groups (Fig. 1A), and respiration was
completely inhibited by cyanide (data not
shown). However, after all of the ADP is
converted to ATP, the oxygen consumption
rate (state 4) was higher in CLP than in
sham animals (Fig. 1A, traces indicated by
open arrowheads). Comparison between
the respiratory rates of the two metabolic
states is shown in Figure 1B. Indeed, in
septic animals, there were no significant
changes in the state 3 respiration compared
with sham (20.016 � 2.52 vs. 21.456 �
1.54 nmol oxygen·min�1·mg�1 protein),
whereas state 4 respiration was signifi-
cantly higher in CLP animals compared
with sham animals (12.456 � 1.15 vs.
8.064 � 1.58 nmol oxygen·min�1·mg�1

protein, p � .05), suggesting an uncou-
pling of oxidative phosphorylation. The
respiratory control ratio, an index of mi-
tochondrial coupling, was significantly
reduced in septic mice compared with

sham animals (1.67 � 0.11 vs. 3.3 �
0.59) (Fig. 1C). An index of efficiency of
oxidative phosphorylation was evaluated,
the ADP/oxygen ratio, which is defined by
the number of moles of ADP phosphory-
lated to ATP per moles of oxygen con-
sumed (31). Brain homogenates of CLP
mice exhibited a reduced ADP/oxygen ra-
tio compared with sham (2.90 � 0.24 vs.
4.27 � 0.36; p � .03) (Fig. 1D). Thus, this
set of data suggest that in sepsis, the
proportion of oxygen used for respiration
that is not associated to ATP synthesis
increases in the brain as a result of an
uncoupling of oxidative phosphorylation.

Sepsis Affects the Mitochondrial Mem-
brane Potential in Mice Brain. Figure 2A
shows typical traces of fluorescence sig-
nal of the probe safranine O when Per-
coll-purified mitochondria were incu-
bated with a respiratory substrate. After
addition of succinate, there was a huge
decrease in safranine fluorescence in
both groups because of an increase in the
��m. After the addition of ADP, the flu-
orescence signal of safranine increased
transiently in both experimental groups be-
cause of a partial depolarization of ��m
coupled to ATP synthesis. However, the ex-
tent by which ��m is dissipated by the
same amount of ADP is different between
the groups, suggesting that ��m could be
dissipated in septic brain (Fig. 2B). The
recovery time of ��m on ADP addition is
higher in CLP mice compared with sham
animals (1.509 � 0.15 vs. 1.068 � 0.13 secs
of state 3·nmol ADP�1·mg�1 protein), as
shown in Figure 2B, indicating that the
mechanisms that regulate ��m and oxida-
tive phosphorylation efficiency are affected
in sepsis.

Sepsis Causes Cytochromes Depletion
and Reduced Complex IV Activity. Figure
3 shows typical light absorption spectra of
mitochondrial cytochromes. We observed a
reduction of cytochrome b (near 560 nm),
cytochrome c (near 551 nm), and cyto-
chrome a�a3 (near 604 nm) absorption in
septic animals, indicating that in sepsis,
there is a depletion of the content of cyto-
chromes. To check if the reduction in cy-
tochromes content would affect mitochon-
drial electron transfer, we determined the
activity of Complexes I–III and Complex IV
(Fig. 4). In our experimental conditions, we
did not detect differences in the activities of
Complexes I–III during sepsis (sham, 26.35 �
3.24 nmol cytochrome c·min�1·mg�1

protein; CLP, 24.00 � 0.49 nmol cyto-
chrome c·min�1·mg�1 protein) (Fig. 4A).
On the other hand, there was a clear
inhibition in Complex IV activity in the
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D, ADP/oxygen ratio (ADP:O) of mitochondria from sham (n � 13, white bars) and CLP (n � 15, gray bars)
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CLP group compared with sham (31.80 �
1.55 vs. 40.45 � 3.31 nmol
oxygen·min�1·mg�1 protein) (Fig. 4B).

Mitochondrial Hydrogen Peroxide
Generation in Septic Brain Is Reduced.
Figure 5A shows typical traces of mito-
chondrial H2O2 production both in sham

and CLP brains. We observed that basal
H2O2 production (state 1) was not differ-
ent between the experimental groups. In
brains from sham animals, succinate ad-
dition stimulated the H2O2 formation be-
cause of an increase in membrane poten-
tial in a nonphosphorylating condition

(state 2) (Fig. 5B). As expected, ADP-
induced state 3 respiration inhibited
H2O2 formation in brains from sham an-
imals (Fig. 5B) because of dissipation of
membrane potential through ATP syn-
thase activity. Interestingly, we observed
that in brains from CLP mice, H2O2 pro-
duction was not stimulated by succinate
addition (Fig. 5B). We also observed that
oligomycin-induced state 4–like respira-
tion failed to induce H2O2 generation in
CLP mice, suggesting that uncoupling of
oxidative phosphorylation impairs the
maintenance of membrane potential,
which in turn reduces H2O2 production
(Fig. 5B).

DISCUSSION

Several lines of evidence indicate a
critical role of mitochondrial dysfunction
in the pathogenesis both of acute and
chronic diseases in the brain (20). De-
spite the recent efforts to understand the
involvement of mitochondria in the de-
velopment of brain diseases, a systematic
survey of mitochondrial function in brain
tissues during sepsis is lacking. The
present article is the first demonstration
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of mitochondrial dysfunction in the brain
during sepsis, showing changes in oxygen
consumption, mitochondrial complex ac-
tivities, contents of cytochromes, mem-
brane potential, and H2O2 generation.
The data presented here are schemati-
cally summarized in Figure 6. The
changes in brain mitochondrial function
observed in our model of sepsis were es-
sentially related to an increase in proton
permeability across the inner mitochon-
drial membrane, leading to a reduction of
oxidative phosphorylation efficiency due

to mitochondrial uncoupling (Figs. 1, 2,
and 5). This can be proposed based on an
increase in oxygen consumption during
state 4 respiration (Fig. 1), increased time
of depolarization of ��m induced by
ADP (Fig. 2), and also by the reduced
capacity of mitochondria to generate
H2O2 after induction by respiratory sub-
strates (Fig. 5). Supporting these obser-
vations, an increase in the state 4 respi-
ration and a reduction in ADP/oxygen
ratio were also demonstrated by other
groups in the liver (10, 32, 33) and in the

diaphragm (34) during endotoxemia. We
observed changes in the ��m after ADP
addition, and the time of repolarization of
��m was significantly increased in CLP
animals, suggesting an increase of proton
permeability across the inner mitochon-
drial membrane, even during state 3 (Fig.
2). In agreement with these data, the
ADP/oxygen ratio in the septic brain pre-
sented a significant reduction, indicating
that, despite not affecting the rate of ox-
ygen consumption during state 3 respira-
tion, the increase in proton permeability
during state 3 respiration induced by sep-
sis affects the efficiency of oxidative phos-
phorylation (Fig. 1D). It is important to
note that a loss of ��m has been shown
to be directly associated to processes such
as mitochondrial permeability transition
(MPT), mitochondrial swelling, and apopto-
sis (35). Moreover, Adrie et al. (8) have
shown in peripheral blood monocytes of
septic patients both a loss of ��m and the
appearance of apoptosis markers, which
were related to the severity of sepsis.

The inhibition of the electron trans-
port, particularly at the Complex I site, is
a hallmark of mitochondrial dysfunction
in sepsis (9, 36), and inhibition of Com-
plex IV has also been detected in some
studies (37, 38). The impairment of the
electron flux in mitochondria results in a
reduction in oxygen utilization, which
was hypothesized as the cytopathic hyp-
oxia concept (39). However, the data pre-
sented here indicate that electron trans-
port chain function is maintained in the
septic brain, despite many reports show-
ing inhibition of state 3 respiration or
inhibition of complex activities in differ-
ent tissues (9, 10, 32, 37). Indeed, we did
not find inhibition of Complex I activity
but, instead, a reduction of approximately
30% of Complex IV activity (Fig. 4). This
inhibition of Complex IV could involve
mediators such as nitric oxide (40) and
carbon monoxide (41). Interestingly,
Brealey et al. (9) established an associa-
tion between Complex I inhibition and
sepsis severity. They also found a direct
correlation between the levels of nitric
oxide metabolites and Complex I inhibi-
tion, which may be mediated by peroxyni-
trite (28, 42). The literature has shown
that the involvement of nitric oxide or
peroxynitrite, or both, on Complex I ac-
tivity seems to be different in the brain
compared with other tissues (40). There
is a general consensus that one of the
protective components against oxidative
damage of Complex I is the presence of
reduced glutathione, an endogenous an-
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Figure 4. Inhibition of cytochrome c oxidase in sepsis. A, activity of Complexes I–III from mitochon-
drial electron transport chain were evaluated in brain homogenates (0.35 mg/mL) from sham (n � 11,
white bars) and cecal ligation and perforation (CLP; n � 9, gray bars) mice by measuring the
absorbance at 550 nm of cytochrome c (0.05 mM) reduction (cyt c red) induced by reduced
nicotinamide adenine dinucleotide (0.2 mM) inhibited by rotenone (2 �M). All of the measurements
were made in the presence of 1 mM potassium cyanide. B, activity of cytochrome c oxidase from
mitochondrial electron transport chain was evaluated in brain homogenates (0.2–0.4 mg/mL) from
sham (n � 6, white bars) and CLP (n � 9, gray bars) mice by measuring the oxygen consumption
induced by 0.5 mM tetramethylparaphenylinediamine and 5 mM ascorbate and inhibited by 1 mM
potassium cyanide (*p � .02, Student’s t-test). Data are presented as box plots with median �
maximum and minimum values for each condition. ptn, protein.

Figure 5. Hydrogen peroxide (H2O2) formation in brain homogenates from septic mice is not regulated
by respiratory substrate and adenosine 5'-diphosphate (ADP). A, representative traces of H2O2 forma-
tion in brain homogenates (0.2 mg/mL) from sham (black line) and cecal ligation and perforation
(CLP; gray line) mice were assessed fluorometrically through the oxidation of the probe Amplex Red
(2 �M) induced by succinate (suc, 10 mM). State 3 respiration was induced by addition of 1 mM ADP
and state 4–like respiration was induced by 2 �g/mL oligomycin (oligo). Carbonyl cyanide p-
(trifluoromethoxy)phenylhydrazone (FCCP, 5 �M) was added to evaluate H2O2 generation during the
uncoupled state. B, H2O2 generation in four metabolic states of mitochondria was evaluated in brain
homogenates of sham (n � 3, white bars) and CLP (n � 3, gray bars) mice (*p � .03, Student’s t-test).
Bars represent mean � SEM, and similar results were obtained with preparations from different
animals. ptn, protein.
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tioxidant molecule that is particularly
important in brain physiology (43). In
fact, brain glutathione metabolism is es-
sential to maintain mitochondrial elec-
tron transport chain complex activities
(44 – 46). Whatever the mechanism,
Kadoi and Goto (47) have shown that
nitric oxide synthase inhibitors restored
hemodynamic changes but did not lead to
an improvement of septic encephalopa-
thy. Therefore, Complex I inhibition may
not be of central importance to the de-
velopment of brain mitochondrial uncou-
pling (Figs. 5 and 6). The overall picture
of mitochondrial dysfunctions in sepsis is
complex, and sometimes, the conclusions
established go in opposite directions.
Possibly, much of this controversy can be
associated with factors such as differ-
ences in experimental settings and choice
of the model, the tissue, or time of dis-
ease progression.

Despite a reduction in cytochrome
levels observed in the septic brain (Fig.
3), an impairment of complex activities
was only detected at the cytochrome c
oxidase level (Fig. 4). Interestingly, deple-
tion of cytochromes was also observed in
other tissues during sepsis (48). Thus, it

seems that cytochrome depletion, in our
model, was not enough to compromise
the electron flux in septic brain mito-
chondria, but the mechanisms underly-
ing this process are not known. A bio-
chemical threshold effect could explain
why depletion of cytochromes occurs
without any apparent effect on electron
flux during state 3 respiration (49, 50).

Mechanistically, we can speculate
about the pathways involved in the un-
coupling of oxidative phosphorylation ob-
served in our model of sepsis in brain.
The activation of uncoupling proteins
(UCPs) or the opening of mitochondrial
permeability transition pores would re-
sult in a reduction of ��m, leading to an
inefficiency of oxidative phosphorylation.
In this regard, the early oxidative stress
condition, observed in previous studies of
the septic brain (19), could be responsible
for the uncoupling of oxidative phosphor-
ylation observed here, through the acti-
vation of UCP. Echtay et al. (51, 52) have
shown that superoxide radical and 4-hy-
droxynonenal, a product of lipid peroxi-
dation, are both able to activate UCP.
Thus, it is tempting to propose that in
early sepsis, products of lipid peroxida-

tion might accumulate to levels that
would activate brain isoforms of UCP, in-
creasing the proton permeability across
the inner mitochondrial membrane. In-
terestingly, Sun et al. (53) have recently
demonstrated that UCP-3 expression was
increased in the muscle of CLP rats and,
although brain essentially expresses UCPs
2, 4, and 5 instead of UCP-3, it is conceiv-
able that expression of other UCP iso-
forms in brain would be increased. Thus,
UCP activation could explain the increase
in oxygen consumption in state 4 (Fig. 1),
the reduced respiratory control and the
ADP/oxygen ratios (Fig. 1), and the re-
duction in H2O2 generation (Fig. 5) (51,
52). However, we cannot exclude the pos-
sibility of an altered proton permeability
mediated by other mechanisms indepen-
dent of UCP, such as the opening of the
mitochondrial permeability transition
pore. Regardless of the mechanisms in-
volved in mitochondrial uncoupling, it is
important to note that mitochondrial re-
active oxygen species production is de-
pendent on the ��m in such a way that
small changes in membrane potential
could result in drastic changes in H2O2

production (54, 55).
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Figure 6. Schematic representation of the proposed mechanisms by which sepsis induces brain mitochondrial dysfunction. The boxes represent
mitochondrial proteins and the hatched rectangles the inner and outer mitochondrial membranes. The boxes’ colors are indicative of their involvement
in septic brain: white is not affected, gray is possibly affected, and black is affected. The complexes of the electron transport chain generate a proton (H�)
gradient across the inner mitochondrial membrane using the oxygen as an electron sink. It is possible that proteins involved in the maintenance of
the membrane potential (��m) would be affected during sepsis. In the brain and other tissues, hexokinase (HK) is bound to the outer mitochondrial
membrane through an association with the voltage-dependent anion channel (VDAC). The octameric form of mitochondrial creatine kinase (mt-CK)
localizes in the intermembrane space, through an association with the VDAC and the adenine nucleotide translocator (ANT) and with cyclophilin D (CypD)
and the peripheral benzodiazepine receptor (PBR). Open arrows and black lines indicate a high flux of metabolites, whereas gray lines represent low flux.
Numbers represent the complexes of the respiratory electron chain. UQ, ubiquinone; Cyt c, cytochrome c; UCP-2, UCP-4, or UCP-5, uncoupling protein
isoforms 2, 4, or 5; Mn-SOD, manganese superoxide dismutase; GPx, glutathione peroxidase; F1Fo, F1Fo-adenosine triphosphate (ATP) synthase; NAD�,
oxidized nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; Pi, inorganic phosphate.
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Despite the interesting findings pre-
sented here, we are aware that the ob-
served effects in brain mitochondria dur-
ing sepsis were detected in whole
homogenates, and it is not possible to
determine whether mitochondrial un-
coupling occurs diffusely or is restricted
to specific areas of the brain. In addition,
we have no information about which cell
types are affected during sepsis. Finally,
although an encephalopathy of variable
severity is present in septic patients, it is
not clear what the relationship between
mitochondrial dysfunction and the de-
gree of cognitive or motor impairment is
during sepsis. Experiments directed to
investigate these issues in murine models
are currently under way in our labora-
tory.

Taken together, the results presented
here show that brain mitochondrial func-
tion is affected during sepsis due to an
increase in proton permeability of the
inner membrane, leading to a reduction
in oxidative phosphorylation efficiency.
Further studies under way are aimed to
establish the early events that lead to a
lower oxidative phosphorylation effi-
ciency in the brain during sepsis. Once
confirmed in a clinical setting, changes
in brain energy metabolism resulting
from mitochondrial dysfunctions may
represent a new mechanism for under-
standing septic encephalopathy and may
become an emerging target for the devel-
opment of therapies for this condition.

CONCLUSIONS

Mitochondrial dysfunction is present
in brain tissue during sepsis and is char-
acterized by an uncoupling of oxidative
phosphorylation, which may compromise
the tissue bioenergetic efficiency.
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