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Ethyl pyruvate reduces hepatic mitochondrial swelling
and dysfunction in a rat model of sepsis
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Abstract: Sepsis causes mitochondrial oxidative injury and swelling. Ethyl pyruvate (EP) is a cytoprotective agent,
while aquaporin-8 (AQP8) is a mitochondrial water channel that can induce mitochondrial swelling. We assessed
whether EP protects mitochondria during sepsis, and whether AQP8 contributes to the underlying mechanisms. A
cecal ligation and puncture (CLP) sepsis model was established in Sprague-Dawley rats, randomized to 3 groups:
sham (n=20), CLP (n=59) and CLP+EP (n=51). All rats received postoperative intraperitoneal fluid resuscitation (30
ml/kg); the CLP+EP group also received intraperitoneal EP (100 mg/kg). Survival was assessed at 24 hours. Hepatic
mitochondrial ultrastructure was characterized by electron microscopy. The membrane potential of isolated hepatic
mitochondria was determined using JC-1 and flow cytometry. Mitochondrial AQP8 expression and cytochrome C (Cyt
C) release were measured by Western blotting (values normalized to -actin). Survival in the sham, CLP and CLP+EP
groups was 100%, 21% and 41%, respectively. Mitochondrial cross-sectional area was smaller in the CLP+EP group
than in the CLP group (0.231+0.110 vs. 0.641+0.460 ym?; P<0.001), with a tendency for a lower form factor (a
measure of contour irregularity) in the CLP+EP group. Mitochondrial depolarization by CLP was inhibited by EP.
Mitochondrial Cyt C release was higher in the CLP group than in the sham (1.211+0.24 vs. 0.48+0.03) or CLP+EP
(0.35+0.39) groups. AQP8 expression was similar between groups, with a trend for lower expression in the CLP+EP
group compared with the CLP group. EP improves sepsis outcome by targeting the mitochondrion, possibly through
modulation of AQP8 expression.
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Introduction

Sepsis is defined by the American College of
Chest Physicians (ACCP) and Society of Critical
Care Medicine (SCCM) as the presence of sys-
temic inflammatory response syndrome (SIRS)
caused by infection [1]. However, although our
understanding of the mechanisms underlying
sepsis has increased over recent years, this
has not resulted in the development of novel
therapies for this potentially life-threatening
condition. In the past few decades, it has
become clear that many of the pathophysiolog-
ic changes that underlie sepsis occur in the
microcirculation, and numerous studies have
demonstrated that microcirculatory and mito-
chondrial dysfunction form an essential part of
these pathophysiologic changes [2]. Mi-
tochondrial injury during sepsis is believed to

progress from reversible (during the early stag-
es) to irreversible, and hence it is thought that
targeting of mitochondrial dysfunction will
improve the outcomes of patients with sepsis
[3].

The tricarboxylic acid (TCA), or Krebs, cycle
occurs in the mitochondrial matrix, and as a
result, mitochondria generate substantial quan-
tities of reactive oxygen species (ROS). Under
pathologic conditions, such as sepsis, these
ROS can cause oxidative damage. In a rat model
of sepsis, it has been shown that superoxide
production by hepatic mitochondria can lead to
mitochondrial oxidative damage, dysfunction,
swelling, and cytochrome C (Cyt C) release [4].
Interestingly, sepsis seems to result in a mixed
population of mitochondria, with some hyper-
functional (and hence generating substantial
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vate was recognized as being a
non-enzymatic scavenger for
H,0, [11, 12], and since then it
has been studied for its poten-
tial as a cytoprotective agent.
Ethyl pyruvate (EP) is a more
stable form of pyruvate that is
10-fold to 100-fold more potent
as a cytoprotective agent [13].
Several in vivo and in vitro stud-
ies have demonstrated EP to
be an anti-oxidant that protects
organs and tissues during sep-
sis. However, it is not currently
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Figure 1. Flow chart illustrating the experimental protocol. CLP, cecal liga-
tion and puncture model of sepsis; EP, ethyl pyruvate. The total number of
rats used was 130 (20 in the sham group, 59 in the CLP group, and 51 in

the CLP+EP group).

ROS) and others hypofunctional (due to injury)
[5].

The mitochondrial permeability transition pore
(PTP) is a protein pore formed under pathologic
conditions (such as sepsis) that is thought to
allow the movement of ROS from the mitoplast
to the cytoplasm, but that also leads to mito-
chondrial swelling and apoptosis. The PTP is
formed as a complex of the adenine nucleotide
translocase (ANT; in the inner membrane), the
voltage-dependent anion channel (VDAC; in the
outer membrane) and cyclophilin-D, at the junc-
tion of the inner and outer mitochondrial mem-
branes [6, 7]. However, there has been some
debate as to whether PTP underlies the mito-
chondrial swelling that occurs under pathologic
conditions, and alternative candidates have
been proposed, including the aquaporin family
of proteins that has been well characterized
over the past decade [8]. Aquaporin-8 (AQP8)
has been detected on the mitochondrial mem-
brane, and shown to be capable of generating
mitochondrial swelling in vitro [9, 10]. In light of
this, we have hypothesized that AQP8 may
contribute to sepsis-induced mitochondrial
swelling.

Pyruvate plays a key role in glycometabolism,
and is one of the primary sources of acetyl-CoA
for the TCA cycle. As long ago as 1904, pyru-
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effects on the mitochondrion
and its membrane. Therefore,
we have examined the effects
of EP on the permeability of the
mitochondrial membrane dur-
ing sepsis, and investigated
whether AQP8 may contribute
to the pathophysiologic processes in the mito-
chondria that, at least in part, underlie sepsis.

Materials and methods
Animals

The experimental protocol was approved by the
Animal Care and Use Committee of Sun Yat-Sen
University, Guangzhou, China, and all proce-
dures followed the Guidance Suggestions for
the Care and Use of Laboratory Animals, formu-
lated by the Ministry of Science and Technology
of the People’s Republic of China. One hundred
and thirty male Sprague-Dawley rats (7 weeks
of age, weighing 180-150 g) were obtained
from the Animal Experiment Center of Sun Yat-
Sen University. The animals were fed on stan-
dard rat chow and were allowed to drink ad libi-
tum. Prior to the experiments, all animals were
allowed to acclimate to the laboratory environ-
ment for at least one week. A summary of the
experimental protocol is presented in Figure 1.

Cecal ligation and puncture model of sepsis

A cecal ligation and puncture (CLP) model of
sepsis was used for these studies. The rat was
anesthetized with intraperitoneal (i.p.) chloral
hydrate (10%, 10 mg/kg), and a 2-cm midline
incision made in the abdominal wall. The cecum
was exposed and tightly ligated at a position 1
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cm above its base, using a 3-0 silk suture; care
was taken to avoid obstruction of neighboring
bowel. The cecum was then punctured with an
18-gauge needle. The cecum was gently
squeezed until feces were just visible through
the puncture, and placed back into the abdomi-
nal cavity. The incision was closed with a 3-0
silk suture. At the end of the operation and 6
hours after surgery, intraperitoneal fluid resus-
citation was administered (Ringer’s solution,
30 mL/kg), with or without EP (100 mg/kg;
Sigma-Aldrich, Munich, Germany).

Since the mortality following CLP was expected
to be high, a total of 130 rats were assigned to
the three experimental groups: 20 in the sham
(S) group, 59 in the CLP (C) group and 51 in the
CLP+EP (E) group. The surviving rats were sac-
rificed (by dislocation of the cervical vertebra)
at 6, 12 or 24 hours post-surgery.

Survival was evaluated at 24 hours post-CLP in
rats scheduled for sacrifice at this time point
(i.e., rats scheduled for sacrifice at 6 or 12
hours was not included in the survival
analysis).

Preparation of samples for electron micros-
copy

Tissue samples were taken from the liver imme-
diately after the rat was sacrificed. Each sam-
ple was washed in phosphate-buffered saline
(PBS; 4°C), fixed in cold 2.5% glutaraldehyde
with 0.1 mol/L cacodylate buffer (pH 7.4), post-
fixed in 1% osmium tetroxide, dehydrated, and
then embedded in Epon embedding resin.
Using the standard stereological principle of
randomization, ultrathin sections (60-80 nm)
were cut randomly, regardless of the orienta-
tion, and mounted on copper grids. Each sec-
tion was stained with lead citrate and uranyl
acetate, and then viewed at a final magnifica-
tion of approximately 5000x%, using an FEI
Tecnai G2 transmission electron microscope
equipped with a Gatan 832 CCD camera
(Gatan, Pleasanton, CA, USA).

Analysis of mitochondrial ultrastructure

Electron micrographs were obtained randomly
and sequentially from one section per rat.
Thirty photographs were analyzed. Analysis of
mitochondrial ultrastructure was undertaken
using a computerized image analysis system
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(Image Pro Plus ver. 6.0, Media Cybernetics,
Silver Springs, MD, USA). Mitochondria were
identified by an experienced pathologist trained
in the Department of Electronic Microscopy,
Sun Yat-Sen University. Using the image analy-
sis software, each identified mitochondrion
was encircled by a cursor to allow computerized
determination of the cross-sectional area and
perimeter.

Every complete mitochondrion in each micro-
graph was assessed qualitatively. Approximate-
ly 100 mitochondria per animal were evaluated
(at a magnification of approximately 5000x).
The mitochondrial form factor was calculated
from measurements of the area and perimeter
of each individual mitochondrion, using the
standard stereological formula: form factor =
perimeter?/4x area [13-15]. The form factor
bears a linear relationship to the degree of the
contour irregularity; it gives an indication of the
irregularity of a mitochondrion, independent of
its actual size. The minimal value is 1 (for a per-
fect circle); the value increases as the perime-
ter increases relative to the area, indicating an
irregular shape. A decrease in the value of the
form factor suggests the rounding up or swell-
ing of a mitochondrion.

The histological measurements (mitochondrial
dimensions and form factor) obtained in the
current investigation are presented as median
values.

Analysis of mitochondrial membrane potential

5,5",6,6'-tetrachloro-1,1’,3,3'-tetraethylbenz-
imidazolocarbocyanine iodide (JC-1) is a cat-
ionic lipophilic dye that is widely utilized in
apoptosis studies to monitor mitochondrial
membrane potential in order to distinguish
between apoptotic and healthy cells [16, 17].
For these experiments, tissue blocks were pre-
heated (0.25 M sucrose, 10 mmol/L Tris-HCI,
pH 7.5, 45°C), homogenized (in PBS, 0-4°C),
and filtered through a copper strainer (74 pm).
The pellet obtained was diluted in PBS to a final
concentration of approximately 1x10° cells/
mL. The cells were stained using the commer-
cially available Mitochondria Staining Kit (JC-1;
MultiSciences Biotech Co., Ltd, Hangzhou,
China). Cytofluorometric analysis (Epics XL-MCL
flow cytometer; Beckman Coulter, Brea, CA,
USA) was performed within 30 min of staining.
The samples were monitored using the FL1
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Figure 2. Representative electron micrographs, obtained at a maghnification of 3000-5000x%. A: CLP group, 24 hours
after surgery. B: CLP+EP group, 6 hours after surgery. C: CLP+EP group, 12 hours after surgery. D: CLP+EP group,
24 hours after surgery. No obvious differences in mitochondrial shape or the electron-dense matrix were observed
between these groups.

photomultiplier tube sensor (excitation 488
nm; emission 525 nm bandpass).

Isolation and preparation of mitochondria

For Western blot analysis of AQP8 and Cyt C,
the liver tissue blocks obtained after sacrifice
of the animal were stored immediately under
liquid nitrogen in dimethyl sulfoxide (DMSO,
2%), used as an anti-freezing agent [18]. For
the experiments, the sample was first heated
(0.25 M sucrose, 10 mmol/L Tris-HCI, pH 7.5,

7rT7

45°C) and homogenized (pH 7.5, 0-4°C), and
the homogenate then centrifuged (20 min,
1200xg, 0-4°C). The supernatant obtained was
filtered through two layers of gauze and then
centrifuged (15 min, 26000xg, 0-4°C). The
mitochondrial pellet obtained was re-suspend-
ed in sucrose buffer (0.25 M sucrose, 10
mmol/L Tris-HCI, pH 7.5), and centrifuged (30
min, 1200xg, 0-4°C). Finally, the pellet was re-
suspended in sucrose buffer for determination
of AQP8, and the filtrate used for Cyt C
analysis.
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Table 1. Morphometric analyses of mitochondria, 24 hours after
CLP surgery

Group SSA FF CSA (um?)

CLP 0.027 (0.018, 0.035) 1.162(1.117,1.278) 0.641+0.460
CLP+EP  0.029 (0.024,0.039) 1.300(1.130, 1.543) 0.231+0.110"

Values are shown as median (interquartile range) for SSA and FF, and mean +
SEM for CSA. SSA, specific surface area; FF, form factor; CSA, cross-sectional area.
*P<0.001.

Table 2. Morphometric analyses of mitochondria in the CLP+EP
group at varying times after CLP surgery

Time after

CLP surgery SSA FF

CSA (um?)

6 hours 0.038 (0.021, 0.068) 1.111 (1.068, 1.265)" 0.621+0.347¢
12 hours 0.991 (0.764, 1.322)® 1.124 (1.074, 1.344) 0.295+0.278
24 hours 0.029 (0.024, 0.039) 1.300 (1.130, 1.543)° 0.231+0.110

Values are shown as median (interquartile range) for SSA and FF, and mean +
SEM for CSA. SSA, specific surface area; FF, form factor; CSA, cross-sectional area.
aP<0.001 compared with the values at 6 and 24 hours; "P=0.008, compared with
the value at 12 h; °P=0.028 compared with the value at 12 h; P<0.001 compared

errors of the mean (SEM).
Ordinal data were compared
using the Kruskal-Wallis test,
and ratio data were com-
pared using the x*test.
Statistical significance was
accepted with a 2-tailed P
value <0.05 (a=0.05).

Results
Survival

To determine whether EP
suppresses the mechanisms
underlying sepsis in the CLP
model, survival was as-
sessed 24 hours after the
surgical procedure. As ex-
pected, survival in the CLP
group (21.21%) was much

with the values at 12 and 24 hours.

Immunoblotting of mitochondrial proteins

For immunoblotting experiments, mitochondri-
al suspensions and filtrates were collected as
described above. Proteins were separated by
SDS-PAGE on 15% acrylamide Laemmli mini-
gels, and transferred onto polyvinylidene
difluoride membranes overnight at 4°C. Blots
were blocked with 3% non-fat dry milk and incu-
bated overnight at 4°C with primary anti-Cyt C
(1:250 dilution; MAB897; R&D Systems, Inc.,
Minneapolis, MN, USA) or anti-AQP8 (1:400
dilution; ab85909; Abcam, Pak Shek Kok, Hong
Kong). After incubation with horseradish perox-
idase-conjugated secondary antibody (1:
10,000) for 1 h at 4°C, the blots were devel-
oped using luminol reagent (sc-2048; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA),
and the signals visualized on X-ray film. The
blots were scanned digitally (JS-780; Beijing
Technology, Beijing, China) and analyzed with
Image Pro Plus ver. 6.0 software (Media
Cybernetics, Silver Springs, MD, USA). B-actin
was used as a loading control.

Statistical analysis

Statistical analysis was carried out using SPSS
software (version 13.0). Ratios are expressed
as medians and interquartile ranges, while
other data are expressed as means + standard
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lower than that in the sham

group (100%). Interestingly,

survival in the CLP+EP group
(41.38%) was higher than that in the CLP group,
indicative of a beneficial effect of EP.

Mitochondrial ultrastructure

Morphometric analysis was performed on all
electron micrographs (at a magnification of
approximately 5000x) to determine the effects
of CLP on mitochondrial morphology, and
establish whether EP was able to influence any
such effects of CLP. Figure 2 presents repre-
sentative photographs obtained by electron
microscopy, and Tables 1 and 2 summarize the
main findings of the morphometric analysis.

Twenty-four hours after surgery, mitochondrial
cross-sectional area was significantly smaller
in the CLP+EP group than in the CLP group
(0.231+0.110 vs. 0.641+0.460 um?, P<0.001;
Table 1). There also appeared to be a trend for
the form factor to be lower in the CLP+EP group
(1.162 [1.117, 1.278]) than in the CLP group
(1.300[1.130, 1.543]), although statistical sig-
nificance was not reached (P=0.096). There
was no significant difference in the specific sur-
face areas between the two groups (Table 1).

In order to characterize the time course of the
effect of EP on these morphometric variables,
measurements were made at 6, 12 and 24
hours post-CLP surgery. As shown in Table 2,
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Figure 3. Representative flow cytometry traces to show measurement of mitochondrial membrane potential. POS
(left-hand panel): rat liver cells were treated with CCCP to induce apoptosis; the peaks in the 10%-10° region (arrow)
reflect mitochondrial depolarization. NEG (right-hand panel): cells not treated with CCCP; note the lack of peaks in
the 102-103 region.

243 24C

100

FL1LOG FL1LOG FL1LOG

Figure 4. Representative flow cytometry traces to show measurement of mitochondrial membrane potential in the
three experimental groups (sham, CLP and CLP+EP). 24S: Measurements made 24 hours after surgery in the sham
group show a peak in the 10* region (broken arrow), representing cells without mitochondrial depolarization, and
a second peak in the 102-10° region (solid arrow), indicating mitochondrial depolarization. 24C: 24 hours after
surgery, the CLP group showed a higher peak in the 10%-10° region (solid arrow) and a lower peak in the 10* region
(broken arrow), compared with the sham group, reflecting an increase in mitochondrial depolarization. 24E: The
CLP+EP group showed a reduced peak in the 10%-10° region (solid arrow) and a corresponding enhanced peak in
the 10 region (broken arrow), compared with the CLP group, such that the trace resembled that for the sham group.
This is consistent with EP reducing mitochondrial injury and depolarization following CLP-induced sepsis.

there was a significant improvement in the form Furthermore, mitochondrial CSA was signifi-
factor over time in the CLP+EP group. cantly higher 6 hours post-surgery than at the
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Figure 5. Mitochondrial expression of AQP-8, assessed 6 hours post-surgery
using the Western blot technique. B-actin was used as a loading control. The
upper panel shows representative immunoblots for AQP8 and B-actin proteins.
The lower panel shows data for the sham (6520 and 6S26), CLP (6C17, 6C19
and 6C35) and CLP+EP (6E14, 6E32 and 6E33) groups, normalized to the
B-actin loading control.
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Figure 6. Mitochondrial release of Cyt C into the cytoplasm, assessed 6 hours
post-surgery using the Western blot technique. B-actin was used as a load-
ing control. The upper panel shows representative immunoblots for Cyt C and
B-actin proteins. The lower panel shows data for the sham (6S20 and 6S26),
CLP (6C17, 6C19 and 6C35) and CLP+EP (6E14, 6E32 and 6E33) groups,
normalized to the B-actin loading control.

Taken together, these data
suggest that mitochondrial
swelling in the rat CLP model
of sepsis was alleviated by
EP.

Mitochondrial membrane
potential

Figures 3 and 4 show the
results of experiments de-
signed to measure mem-
brane potential in rat liver
mitochondria, in order to
identify any detrimental
effects of CLP on mitochon-
drial membrane potential
and any beneficial effects of
EP. Figure 3 presents con-
trol experiments on rat liver
hepatocytes, used to char-
acterize the effects of apop-
tosis. The cells were either
treated (POS, Figure 3) or
not treated (NEG) with an
inducer of apoptosis, car-
bonyl cyanide 3-chlorophe-
nylhydrazone (CCCP; 1 yL of
50 mmol/L stock solution
per 1x10° cells, as recom-
mended by the manufactur-
er) (MultiSciences Biotech
Co., Ltd, Hangzhou, China).
By comparing the traces
obtained in the absence
and presence of CCCP, it
may be seen that mitochon-
drial depolarization accom-
panying apoptosis resulted
in the appearance of deflec-
tions (arrow in the left-hand
panel of Figure 3) in the log
102102 region. In cells not
treated with CCCP, the major
signal was in the log 10*
region.

As shown in Figure 4, a sig-
nal in the log 102%-10° region
was detected even in the
sham group (24 hours post-

later time points, while mitochondrial SSA was surgery), although most of the signal was in the
significantly increased at 12 hours post-surgery log 10* region. A much larger peak in the log
compared with the other time points (see Table 102-10° region was found for cells in the CLP
2). group, with a corresponding reduction in the
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signal in the log 10! region. Importantly, the
CLP+EP group showed a smaller signal in the
log 102-10° region than that seen in the CLP
group, indicating less mitochondrial depolariza-
tion that likely reflects a reduction in mitochon-
drial injury.

Expression of AQP8 and Cyt C

To assess the possibility that AQP8 may be
involved in the beneficial actions of EP to
reduce mitochondrial injury, the expression lev-
els of this protein were measured (Figure 5).
The protein expression of liver mitochondrial
AQPS8 (relative to B-actin) was not significantly
different between the sham and CLP group
(sham, 0.76+0.23; CLP, 0.71+£0.12). Inte-
restingly, AQP8 protein expression in the
CLP+EP group (0.31+0.27) appeared to be
lower than that of the other two groups,
although statistical significance was not
reached (P=0.260).

Mitochondrial release of Cyt C was also
assessed using the Western blot technique, as
a measure of mitochondrial injury (Figure 6).
The expression of Cyt C (relative to B-actin) was
higher in the CLP group (1.211+0.24) than in
the sham group (0.48+0.03). Consistent with
an action of EP to reduce mitochondrial dam-
age following CLP, Cyt C expression in the
CLP+EP group (0.35+0.39) was lower than that
in the CLP group.

Discussion

Since mitochondrial dysfunction may contrib-
ute to the pathophysiologic mechanisms under-
lying sepsis [2-5], and since EP has been
reported to have cytoprotective actions, the
aim of the present study was to determine
whether EP has beneficial effects in a rat CLP
model of sepsis. In addition, we explored
whether changes in AQP8 expression contrib-
ute to these actions of EP. The major findings of
our study were that administration of EP
approximately doubled the survival rate of rats
24 hours after CLP surgery, and reduced mito-
chondrial swelling (assessed by morphometric
analyses) and dysfunction (assessed from
mitochondrial membrane potential changes
and Cyt C release into the cytoplasm). In addi-
tion, there was evidence of a trend toward
reduced mitochondrial expression of AQPS.
Taken together, these data indicate that EP
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may be a useful therapy targeted at mitochon-
dria to inhibit mitochondrial injury during sep-
sis, and that these effects may, at least in part,
involve changes in AQP8 expression.

Multiple organ dysfunction syndrome (MODS) is
the end-stage of sepsis, and this highlights the
need for aggressive hemodynamic support and
optimization of oxygen delivery to maintain tis-
sue perfusion and prevent organ injury during
sepsis. Early goal-directed therapy (EGDT) has
been shown to improve the outcomes of
patients with sepsis [19]; nevertheless, there is
still debate concerning certain aspects of
EGDT, such as the optimal balance between
oxygen delivery and utility [20, 21]. The devel-
opment of an effective strategy to evaluate this
balance has become a focus of research in this
area. Mitochondria are the principal subcellular
organelles that utilize oxygen, and are therefore
markedly affected by pathophysiologic pro-
cesses associated with the host’s response to
invading pathogens. The observation that sep-
sis may lead to a mixture of hyperfunctional
and hypofunctional mitochondria [5] highlights
the challenges faced when attempting to devel-
op novel therapeutic strategies.

It has been suggested that an adaptive state
may develop during multiple organ failure fol-
lowing sepsis, in which the functions of various
organs of the body are temporarily inhibited in
order to protect these organs from insult [22].
As these normal metabolic functions ‘shut
down’, cytopathic hypoxia would be expected to
cause mitochondrial dysfunction. In addition,
mitochondrial injury exacerbates oxidative
stress [23]. Therefore, advanced therapeutic
strategies need to have anti-oxidant properties
as well as confer protection to the
mitochondria.

Animal models of sepsis and endotoxemia have
identified numerous mechanisms that may con-
tribute to the underlying pathophysiology.
Investigations of cardiac mitochondria in such
models have revealed that an impaired mito-
chondrial defense against oxidation (reduced
levels of superoxide dismutase and glutathione
peroxidase) and mitochondrial oxidative dam-
age (with enhanced lipid and protein oxidation)
is associated with nuclear factor kappa-B acti-
vation [24], and that a mitochondrial tyrosine
kinase (src) and phosphatase (SHP2) may play
a role [25]. Furthermore, various interventions
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have been shown to confer protection against
mitochondrial injury and cardiac dysfunction,
including scavenging of ROS with melatonin
[26], supporting oxidative phosphorylation with
glutamine [27], and inhibition of the mitoK (ATP)
channel [28]. In addition, stress response pro-
teins have also been implicated as relevant to
endotoxemia [29]. Nonetheless, although
advances have been made in our understand-
ing of the underlying pathologic processes, the
mechanisms have yet to be fully elucidated.

The structure of the mitochondrial membranes
limits the ability of typical lipophilic anti-oxi-
dants to ameliorate mitochondrial dysfunction,
necessitating the development of novel thera-
pies that target mitochondria in order to aug-
ment organ function following sepsis [30].
Under aerobic conditions, pyruvate plays a key
role in intermediary metabolism as a product of
glycolysis, entering the mitochondria to under-
go oxidative decarboxylation in a reaction cata-
lyzed by an enzyme complex. In models of hem-
orrhagic shock, the effects of pyruvate and EP
have been found to be qualitatively similar, but
with EP being 10-100-fold more potent [31,
32]. EP has also been used as an experimental
therapeutic to effectively protect animals from
sepsis, through its anti-oxidative and inflamma-
tion-modulating actions [33, 34]. In our experi-
ments, administration of EP resulted in a
marked improvement in rat survival at 24 hours
post-CLP surgery, and this was associated with
an alleviation of mitochondrial injury (based on
observations made using ultrastructural, mem-
brane potential and protein expression stud-
ies). These findings indicate that EP may exert
an anti-oxidative action in mitochondria, and
that this may be an essential mechanism by
which it alleviates the cellular damage other-
wise caused by sepsis. In view of these obser-
vations, we propose that EP may be a potential
therapy for sepsis that targets mitochondria.

Mitochondrial permeability has been found to
play an important role in necrosis and apopto-
sis, with the PTP thought to be a major inducer
of cell death. The PTP is formed from a complex
of the voltage-dependent anion channel (VDAC),
the adenine nucleotide translocase (ANT) and
cyclophilin-D (CyP-D), at the contact site
between the mitochondrial outer and inner
membranes. The pathophysiologic activity of
the PTP complex corresponds well with the
transition of oxidant substances during mito-

7782

chondrial dysfunction [30, 35]. However, the
PTP is rarely formed physiologically, and the
mechanisms underlying its pathophysiologic
induction are still under debate [36]. Our
hypothesis was that there may be some other
structure or substances that induce mitochon-
drial swelling and cause the mitochondria to
become morphologically abnormal, thereby
modifying the elements of the PTP to result in
formation of the complex.

AQPs are a family of integral membrane pro-
teins that facilitate the movement of water and
certain small solutes across cellular mem-
branes. Interestingly, there are several pub-
lished studies describing the involvement of
AQPs in animal models of sepsis/endotoxemia.
Downregulation of AQP2 in certain segments of
the renal nephron has been reported to occur
during sepsis/endotoxemia [37-40], and there
is evidence from a DNA microarray study that
AQP5 may be downregulated in the lung [41].
Decreased hepatic expression of AQP8 has
also been observed, possibly due to tumor
necrosis factor-alpha-mediated post-transcrip-
tional downregulation [42]. Calamita et al. were
the first to report that AQP8-mediated water
transport may be particularly important for
rapid expansion of the mitochondrial volume
[43, 44]. We therefore speculated that AQP8
may be involved in the pathophysiologic mech-
anisms that contribute to mitochondrial swell-
ing during sepsis. As described above, we found
a tendency for AQP8 protein expression to
decrease following EP administration. Since
EP also reduced mitochondrial dysfunction
(assessed with our other experimental
approaches), it is possible that the cytoprotec-
tive action of EP may, in part, be due to an
action on AQP8 expression to reduce mitochon-
drial swelling.

Our study is not without its limitations. Although
there appeared to be a trend for AQP8 expres-
sion to be reduced following EP administration,
statistical significance was not reached.
Therefore, additional studies, examining pro-
tein as well as mMRNA expression, are required
to confirm whether this effect was real. This
study also did not elucidate the mechanisms
linking EP to a possible alteration in AQP8
expression, and was limited to one animal
model of sepsis. Further research is merited to
address these limitations.
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In summary, we propose that AQP8 may be an
important protein that contributes to the induc-
tion of mitochondrial swelling during the early
phase of sepsis. As the infection exacerbates,
expansion of the mitochondrial volume causes
mitochondrial dysfunction and a stimulation of
PTP formation, eventually leading to MODS.

Conclusion

EP improves the outcome of sepsis by targeting
the mitochondrion, and this effect may involve
modulation of the expression of AQP8. Further
studies are merited to explore this possibility
further.
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