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Impaired mitochondrial function induced by serum from septic
shock patients is attenuated by inhibition of nitric oxide synthase

and poly(ADP-ribose) synthase*

Michael Boulos, MD; Mark E. Astiz, MD, FCCM; Rajat S. Barua, MD; Mohammed Osman, MD

Objective: The purpose of this study was to determine the role
of nitric oxide and poly(ADP-ribose) synthase on impaired mito-
chondrial function in septic shock.

Design: Human umbilical vein endothelial cells were incubated
with serum from ten healthy controls, 20 patients with septic
shock, and seven critically ill patients who were not septic. The
experiment was repeated after pretreatment with 3-aminobenz-
amide, a poly(ADP-ribose) synthase inhibitor, or N-methyl-L-
arginine, a nonspecific nitric oxide synthase inhibitor.

Measurements: Mitochondrial respiration was measured using
a modified MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetra-
zolium bromide) assay.

Setting: Research laboratory.

Main Result: Endothelial cell mitochondrial respiration was
significantly depressed by septic serum and averaged 61% = 6%
of control values (p < .05). Incubation with septic serum as
compared with control serum also significantly decreased cellular
adenosine triphosphate levels (6.7 = 1.2 nM vs. 13.5 = 1.9 nM, p
< .01). The level of mitochondrial respiration in endothelial cells
exposed to septic serum did not correlate with arterial lactate
concentration but was correlated with both cardiac output (r, =

.52, p < .05) and mixed venous oxygen saturation (r, = .61, p <
.05). Pretreatment with AN®-methyl-L-arginine significantly in-
creased mitochondrial respiration in endothelial cells treated with
septic serum from 63% =+ 6% of normal to 88% =+ 6% (p < .05)
of normal values. Similarly, pretreatment with 3-aminobenzamide
increased mitochondrial respiration in endothelial cells treated
with septic serum from 64% = 6% to 100% = 4% (p < .01) of
normal values. Endothelial cells incubated with serum from non-
septic critically ill patients did not demonstrate a significant
decrease in mitochondrial respiration.

Gonclusion: In vitro mitochondrial respiration was significantly
depressed by septic serum. The addition of Né~-methyl-L-arginine,
a nitric oxide synthase inhibitor, and 3-aminobenzamide, a
blocker of the poly(ADP-ribose) synthase pathway, significantly
attenuated this suppression. These data suggest that nitric oxide
and poly(ADP-ribose) synthase activation may play an important
role in the inhibition of mitochondrial respiration in septic shock.
(Crit Care Med 2003; 31:353-358)

Kev Worbs: septic shock; nitric oxide; peroxynitrite; mitochon-
dria; poly(ADP-ribose) synthase; endothelial cells

eptic shock is characterized by
impaired oxygen extraction, de-
spite evidence of apparent tissue
hypoperfusion. Two mecha-
nisms have been postulated to be responsi-
ble for the inability to maximally extract
oxygen. The first mechanism is maldistri-
bution of blood flow at either a regional or
a microvascular level with resulting tissue
hypoperfusion (1, 2). Clinical evidence of
splanchnic hypoperfusion and of impaired
microvascular blood flow in skeletal muscle
support the importance of this mechanism
in patients with septic shock (3-6).
The second, and more controversial,
mechanism involves direct impairment of

*See also p. 632.
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mitochondrial function by the mediator
substances released in septic shock (1,
7-9). Several observations suggest that
this mechanism may also contribute to
impaired oxidative metabolism in septic
shock. First, increasing oxygen delivery
in patients with septic shock does not
consistently increase oxygen consump-
tion and decrease the level of anaerobic
metabolism as measured by arterial lac-
tate concentration (10). Second, normal
levels of tissue oxygen tension have been
reported in patients with septic shock and
elevated arterial lactate concentrations
(11). Third, a number of the mediators
implicated in septic shock have been
demonstrated to directly impair mito-
chondrial function. Early studies exam-
ined the cytotoxic effects of endotoxin,
and more recent research has focused on
cytopathic pathways related to nitric ox-
ide (12-16). Both nitric oxide and its de-
rivative, peroxynitrite (which is formed

from the interaction between nitric oxide
and superoxide), directly impair the func-
tion of mitochondrial electron transport
complexes (17, 18). In addition to inhib-
iting mitochondrial function, peroxyni-
trite causes single-strand DNA breakage,
thereby activating the nuclear enzyme
poly(ADP-ribose) synthase (PARS) (19).
The subsequent ADP-ribosylation of nu-
clear proteins depletes nicotine adenine
dinucleotide and high-energy phosphates
with resulting cellular injury (14, 20).
Studies in experimental models of endotox-
emia suggest that these pathways may play
an important role in interfering with mito-
chondrial oxidative metabolism in septic
shock (14-16, 20). The purposes of this
study were to extend these prior observa-
tions by examining whether serum from
patients in septic shock impaired endothe-
lial cell mitochondrial activity and to exam-
ine the possible role of nitric oxide and
PARS activation on this impairment.
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METHODS

This study was approved by the Institu-
tional Research Board of Saint Vincent’s Hos-
pital and Medical Center, New York, NY. The
study population consisted of three groups.
The first group included 20 patients meeting
entrance criteria for septic shock (SS), the
second group consisted of seven patients
meeting the entrance criteria for critically ill
nonseptic patients, and the third group con-
sisted of ten normal control subjects. Sepsis
was defined by an identifiable site of infection
and evidence of a systemic inflammatory re-
sponse as manifested by three of the following
variables: 1) temperature of =38°C or =30°C,
2) heart rate of >90 beats/min, 3) respiratory
rate of >20 breaths/min, and 4) white cell
count of >12,000 mL/mm or <4,000 mL/mm.
Septic shock was defined as sepsis-induced
systolic blood pressure of <90 mm Hg persist-
ing, despite fluid resuscitation, and requiring
vasopressor therapy.

Blood was collected in vacutainer tubes
and centrifuged at 3000 rpm for 15 mins at
4°C. The serum was collected and stored at
—70°C until used. Primary cultures of human
umbilical vein endothelial cells and culture
medium were obtained from Biowhittaker
(Walkersville, MD). The cells were initially cul-
tured in tissue culture flasks and later subcul-
tured after a single passage in 96-well tissue
culture plates (200 pL of media added per
well) until they reached 90% confluence. Mi-
tochondrial respiration was assessed using a
commercially available assay kit (Chemicon,
Temecula, CA). This test is based on the MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide) assay and involves cleav-
age of the tetrazolium salt WST-1 to formazan
by mitochondrial dehydrogenases. The
formazan dye produced by viable cells can be
quantified in a multiwell spectrophotometer
(microplate reader) by measuring the absor-
bance of the dye solution at 450 nm with a
reference wavelength at 630 nm.

Adenosine triphosphate (ATP) levels were
measured in the cultured endothelial cells by
chemiluminescence using a commercially
available assay kit (ATP Bioluminescence As-
say Kit HS II, Roche Diagnostics, Indianapolis,
IN). Endothelial cells, 5000 cells per well, were
subcultured in 96-well culture plates for 24
hrs. After incubation, the serum was discarded
and 35 pL of media and 35 pL of lysis reagent
were added to each well. After 10 mins, 50 pL
of the contents of each well was transferred to
a white microliter plate (Thermo Lab Systems,
Helsinki, Finland). Fifty microliters of lucif-
erase was added to each well by automated
injection, and the ATP content was measured
using a microplate photometer (Anthos Lucy
1, Anthos Labtec Instruments, Salzburg, Aus-
tria).
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Cardiac output was determined by ther-
modilution. Mixed venous oxygen saturation
was determined by co-oximetry. Nitric oxide
levels were determined in the serum by the
chemiluminescence method using an nitric
oxide analyzer (Sievers, Model 2280) (21). All
samples were done in duplicate, and the nitric
oxide concentration was expressed in micro-
moles per liter.

In preliminary experiments, a 4-hr incuba-
tion period was found to be associated with
equivalent endothelial cell viability in cells
exposed to serum from normal controls and
cells exposed to serum from patients with sep-
tic shock. Cell viability was independently as-
sessed using a neutral red—based assay kit
(Basic Red 5, Sigma, St. Louis, MO) (22). Vi-
able cells take up the neutral red by active
transport and incorporate the dye into lyso-
somes, whereas nonviable cells do not incor-
porate the dye. An increase or decrease in the
number of cells or their physiologic state re-
sults in a concomitant change in the amount
of dye incorporated by the cells. Sodium do-
decyl sulfate (Sigma, St Louis, MO) in a 1%
solution was used as a cellular toxin and a
positive control.

In two separate experiments, endothelial
cells were pretreated with 3-aminobenzamide
(3-AB), a PARS inhibitor, and N¢-methyl-L-
arginine (L-NMMA) (Sigma, St. Louis, MO), a
nonspecific nitric oxide synthase inhibitor.
Different concentrations (0, 0.1 mM, 1.0mM)
were added to the cells for a 30-min period
followed by a 4-hr incubation time with the
serum and inhibitors. After the 4-hr incuba-
tion period, the plate contents were emptied
and a solution of 200 pL of media and 20 pL
of WST-1 was added to each well, and the
absorbance was measured as above. Readings
were obtained at baseline, 1, and 2 hrs. All
measurements were done in duplicate. The
best response with both L-NMMA and 3-AB
was observed at the 0.1 mM concentration.
Accordingly, for the purpose of this study, the
2-hr points and 0.1-mM data are used for anal-
ysis.

The data between groups was compared
using Kruskal Wallis and Mann-Whitney U
tests as appropriate. Relationships between
variables were examined using the Spearman’s
rank correlation coefficient (r,). Data are pre-
sented as mean * SE.

RESULTS

A total of 20 patients with septic shock
and ten normal volunteers were initially
studied. All of the patients with septic
shock required vasopressor therapy and
mechanical ventilation. The age of the
patients was 66 = 2 yrs. Their Acute
Physiology and Chronic Health Evalua-
tion (APACHE) II score was 34 = 1, their

arterial lactate concentration was 6 = 0.9
mEg/L, and they had a mortality rate of
65%. The source of the infections was
intraabdominal in eight patients, pulmo-
nary in nine patients, skin and soft tissue
in two patients, and urinary tract in one
patient.

Studies done with neutral red indi-
cated that viability was similar in endo-
thelial cells treated with serum from nor-
mal controls, 0.67 = 0.07 absorbance
(abs), cells treated with serum from sep-
tic patients, 0.63 = 0.05 abs, and cells
treated with media, 0.63 * 0.07 abs. En-
dothelial cells treated with sodium dode-
cyl sulfate demonstrated a significant de-
crease in neutral red uptake, 0.34 += 0.03
abs (p < .05), as compared with all three
groups.

Septic serum significantly decreased
endothelial cell mitochondrial respira-
tion as compared with serum from nor-
mal controls (Figs. 1 and 2). Levels of
mitochondrial respiration did not corre-
late with arterial lactate concentration or
APACHE II score. In patients with arterial
lactate concentrations of >3 mEq/L, en-
dothelial cell mitochondrial respiration
was 0.651 += 0.085 abs, and in patients
with arterial lactate concentrations of <3
mEq/L, mitochondrial respiration was
0.604 * 0.087 abs (not significant). Mi-
tochondrial respiration was significantly
correlated with both the mixed venous
oxygen saturation (v, = .606, p = .019)
(Fig. 3) and cardiac index (r, = .517,p =
.039).

Serum nitric oxide levels were signif-
icantly increased in septic shock patients,
38 = 8 wmol/L, as compared with con-
trols, 15 = 1.3 wmol/L (» < .05). How-
ever, these values were not correlated
with in vitro mitochondrial respiration.
High background levels from the septic
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Figure 1. Mitochondrial respiration measured by
mitochondrial-dependent reduction of WST-1 in
endothelial cells incubated with serum from ten
normal controls (C) and 20 patients with septic
shock for 4 hrs followed by 2 hrs with WST-1 and
media. Measurements were taken at baseline, 1
hr, and 2 hrs after adding the WST-1. Data pre-
sented in mean = SEM. abs, absorbance.
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serum precluded measuring nitric oxide
levels in the cell culture supernatants.
The effect of L-NMMA on septic se-
rum-induced mitochondrial depression
was examined. Mitochondrial respiration,
100% =+ 5% of baseline values, did not
change significantly from baseline in en-
dothelial cells exposed to normal serum
and L-NMMA. In contrast, at a concentra-
tion of 0.1 mM, L-NMMA significantly
increased mitochondrial respiration in
cells exposed to septic serum from base-
line levels of 74% =+ 5% to 98% = 5% of
control values (p < .05). To more accu-
rately assess the effect of L-NMMA, serum
from septic patients was excluded that did
not inhibit mitochondrial respiration. In
this secondary analysis of serum from
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Figure 2. Individual values for endothelial cell
mitochondrial respiration in cells incubated with
serum from ten normal controls and serum from
20 patients with septic shock. Measured as mito-
chondrial-dependent reduction of WST-1 (abs,
absorbance) at 2 hrs.
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Figure 3. Mixed venous oxygen saturation (Svo,)
and mitochondrial respiration measured as mito-
chondrial-dependent reduction of WST-1 (abs,
absorbance) for 15 patients with septic shock.
Spearman’s rank correlation coefficient, r, = .61,
p <.05.
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septic patients who decreased mitochon-
drial respiration by at least 15% from
control values, similar levels of improve-
ment were demonstrated (Fig. 4).

In a separate set of experiments, en-
dothelial cells were incubated with septic
serum and 3-AB, a PARS inhibitor. Incu-
bation with 3-AB did not significantly al-
ter mitochondrial respiration, 108% =
7% of baseline values, in endothelial cells
exposed to normal serum. In contrast, a
0.1-mM concentration of 3-AB signifi-
cantly increased mitochondrial respira-
tion in cells incubated with septic serum
from baseline levels of 70% + 3% of
control values to 106% = 6% of control
values (p < .05). Analysis limited to se-
rum from septic shock patients, which
decreased mitochondrial respiration by at
least 15% from control values, demon-
strated similar levels of improvement
(Fig. 5).

Another set of experiments was done
to determine whether serum from other
critically ill nonseptic patients depressed
mitochondrial respiration. Serum from
eight normal volunteers was compared
with serum from seven nonseptic pa-
tients and serum from fifteen patients
with septic shock, including seven sam-
ples remaining from the original study
population. The underlying diagnoses of
these nonseptic patients included gastro-
intestinal bleed, acute stroke, hypoxic
brain injury, and chronic obstructive
lung disease requiring mechanical venti-
lation but without underlying pneumo-
nia. At 2 hrs, mitochondrial respiration in
cells exposed to control serum was 0.819
+ 0.0580 abs, as compared with 0.645 +
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Figure 4. Effect of N®-methyl-L-arginine
(LNMMA; 0.1 mM) on the decrease in mitochon-
drial respiration in response to serum from 20
patients with septic shock (SS) expressed as per-
centage of respiration in endothelial cells ex-
posed to serum from normal controls (C). Exper-
iments involved 15 patients with serum
producing a 15% decrease in mitochondrial res-
piration (SS, ). Data presented as mean * SEM.

0.105 abs (not significant) in cells ex-
posed to serum from critically ill nonsep-
tic patients. However, cells exposed to
serum from septic patients demonstrated
lower levels of mitochondrial activity,
0.462 = 0.056 abs (p < .05) than controls
(» < .01) and nonseptic patients (p =
.06).

A final set of experiments was done to
examine the relationship of decreases in
mitochondrial respiratory activity as
measured by conversion of WST-1 to
formazan to alterations in high-energy
phosphate levels. Serum remaining from
12 patients in septic shock and seven
normal controls taken from the previous
group was studied. ATP levels, 6.7 = 1.2
nM, in endothelial cells exposed to septic
cells were significantly lower than those
exposed to serum from normal controls,
13.5 = 1.9 nM (Fig. 6). A significant cor-
relation between ATP levels and mito-
chondrial activity measured by WST-1
conversion was also observed (r, = .637,
p = .007).

DISCUSSION

The mechanisms of the underlying de-
fects in oxygen extraction in septic shock
have been an area of controversy and active
interest since the initial clinical descrip-
tions of this syndrome (1, 8, 23-25). Stud-
ies done on isolated mitochondria initially
suggested that endotoxin depressed levels
of mitochondrial respiration and produced
uncoupling of mitochondrial oxidative
phosphorylation (12, 13). Subsequent ex-
periments confirmed the presence im-
paired mitochondrial function in endotox-
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Figure 5. Effect of 3-aminobenzamide (3-4B) (0.1
mM) on the decrease in mitochondrial respira-
tion in response to serum from 20 patients with
septic shock (SS) expressed as percentage of res-
piration in endothelial cells exposed to serum
from normal controls (C). Experiments involved
17 patients with serum producing a 15% de-
crease in mitochondrial respiration (SS,). Data
presented as mean * SEM.
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Figure 6. Individual values for endothelial cell
adenosine triphosphate (ATP) levels (nM) in cells
incubated with serum from seven normal con-
trols and serum from 12 patients with septic
shock.

emia and extended these observations to
models of peritonitis and bacteremia (26—
29). Reports of normal levels of tissue oxy-
genation in patients with septic shock and
lactic acidosis and of the inability to in-
crease oxygen consumption in the face of
increased oxygen delivery support the pres-
ence of impaired oxygen utilization clini-
cally (10, 11).

Our study provides further support of
the concept that sepsis may cause direct
impairment of mitochondrial respiration
and extends these observations to pa-
tients with septic shock. Exposure to se-
rum from patients with septic shock sig-
nificantly impaired endothelial cell
mitochondrial respiratory activity and re-
sulted in decreases in cellular ATP levels.
Similar decrements were not observed
when endothelial cells were incubated
with serum from a group of critically ill
but nonseptic patients. Our observations
are based on a modification of the MTT
assay. Although the MTT assay is not a
direct assay of mitochondrial respiration,
it reflects the activity level of mitochon-
drial dehydrogenases and has been used
extensively as a proxy of mitochondrial
respiration in a variety of models of ex-
perimental sepsis (14, 15, 19). In endo-
toxin-stimulated vascular smooth muscle
cells, decreases in MTT activity were as-
sociated with decreased cellular ATP and
nicotine adenine dinucleotide levels (14).
Similarly, decreases in mitochondrial
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MTT activity in intestinal epithelial cells
exposed to endotoxin were associated
with decreases in tissue oxygen consump-
tion (15, 16). Our data are consistent with
these previous reports and indicate that
alterations in mitochondrial activity as
assessed by the WST-1 assay are associ-
ated with decreases in cellular ATP levels

In our study, there was no significant
correlation between arterial lactate con-
centration and in vitro measured mito-
chondrial respiration. Serum from pa-
tients with high (>3 mEg/L) and low
arterial lactate (<3 mEq/L) concentra-
tions resulted in similar degrees of im-
paired mitochondrial function. This ob-
servation probably reflects the
multifactorial etiology of increased arte-
rial lactate concentration in septic shock.
Tissue hypoperfusion, decreased hepatic
clearance, increased alanine flux, and im-
paired mitochondrial function may all
contribute to lactate accumulation in
septic shock (30-32). Moreover, the rel-
ative importance of these different factors
may differ depending on the patient’s he-
modynamic status and underlying ill-
nesses. For example, in our study, several
patients were hypodynamic and had ac-
companying mixed venous desaturation,
suggesting that in those patients, tissue
hypoxia might be the major factor con-
tributing to arterial lactate elevations.
Conversely, in the more hyperdynamic
patients, other factors could be more im-
portant.

In contrast to arterial lactate concen-
tration, a significant correlation between
in vitro mitochondrial activity and mixed
venous oxygen saturation and cardiac in-
dex was observed. This relationship may
be related to the effect of tissue hypoper-
fusion and tissue hypoxia in augmenting
the release of inflammatory mediators
(33, 34). Indeed, hypoxia has been dem-
onstrated to increase the release of inter-
leukin-6 and reactive oxygen species in
isolated endothelial cells (34). The corre-
lation we observed may also be related to
the fact that the decreases in mixed ve-
nous oxygen saturation were observed
primarily in the patients with myocardial
depression and low cardiac indices. Nitric
oxide-mediated pathways have been im-
plicated as an important mechanism con-
tributing myocardial depression during
sepsis and, as our data suggest, may also
play a role in impaired mitochondrial
function in septic shock (35, 36).

Several of the proinflammatory medi-
ators have been implicated in mitochon-
drial dysfunction during sepsis, including

ata support the
hypothesis that
septic shock can
result in direct inhibition of
endothelial cell mitochon-

drial function.

endotoxin, tumor necrosis factor, and
most recently, nitric oxide. The effects of
nitric oxide may be related to its direct
inhibitory effects on the cytochrome a, a5
complex (17, 18). Nitric oxide also inter-
acts with superoxide to form peroxyni-
trite, which may impair mitochondrial
respiration by irreversibly inhibiting
iron-containing enzymes in the mito-
chondrial respiratory chain (17, 18). Per-
oxynitrite may also cause DNA strand
breakage, thereby activating PARS with
resulting depletion of nicotine adenine
dinucleotide® and ATP (19). Previous
studies indicate that these pathways con-
tribute to mitochondrial dysfunction in
septic shock. In vascular smooth muscle
cells exposed to endotoxin, incubation
with L-NMMA, an inhibitor of inducible
nitric oxide synthase, and 3-AB, a PARS
inhibitor, reversed endotoxin-induced de-
creases in mitochondrial respiration and
ATP concentration (14). Similarly, pre-
treatment of endotoxemic rats with ami-
noguanidine, an inhibitor of inducible ni-
tric oxide synthase, preserved gut
mucosal oxygen consumption and pre-
served mitochondrial MTT reduction in
endotoxin-exposed intestinal epithelial
cells (15, 16).

Our observations are consistent with
these data. The source of the nitric oxide
in our cells is not clear. Although consti-
tutive nitric oxide synthase is considered
the major source of nitric oxide in resting
endothelial cells, inflammatory media-
tors have been demonstrated to up-
regulate the expression of inducible nitric
oxide synthase in endothelial cells from a
variety of vascular beds (37-39). The in-
crease in nitric oxide levels in the septic
shock patients reflects the increased ac-
tivity of inflammatory mediators in these
patients. Unfortunately, these high back-
ground levels precluded an accurate mea-
surement of the nitric oxide generated in
the cell culture supernatants of the endo-
thelial cells incubated with septic serum.

Crit Care Med 2003 Vol. 31, No. 2
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Nonetheless, the improvement in mito-
chondrial respiration we observed in the
presence of L-NMMA and 3-AB indicate
that nitric oxide and peroxynitrite play a
role in the inhibition of mitochondrial
respiration induced by the serum of our
patients with septic shock. These obser-
vations also suggest an important role for
the PARS-mediated energy depletion in
affecting mitochondrial respiration in pa-
tients with septic shock.

We did not observe a significant de-
crease in mitochondrial respiration when
endothelial cells were incubated with se-
rum from nonseptic critically ill patients,
however, this does not exclude a possible
role for nitric oxide-mediated mitochon-
drial dysfunction in other groups of crit-
ically ill patients. Cellular injury due to
PARS activation has been implicated in
organ dysfunction in experimental hem-
orrhagic shock and reperfusion injury
(40). Indeed, abnormalities of mitochon-
drial activity have been reported in skel-
etal muscle biopsies taken from patients
with cardiogenic shock (41).

Although the clinical significance of
the impaired mitochondrial activity is
unclear, there are data to indicate that
these alterations may contribute to organ
dysfunction in patients with septic shock.
In a recent study, alterations in monocyte
mitochondrial membrane potential were
linked to the development of monocyte
apoptosis (42). Similarly, experimental
studies have demonstrated coupling of
mitochondrial dysfunction with impaired
vascular contractility and increased intes-
tinal epithelial cell permeability during
endotoxemia (15, 20).

In conclusion, our data support the
hypothesis that septic shock can result in
direct inhibition of endothelial cell mito-
chondrial function. This mitochondrial
dysfunction seems to be mediated, in
part, by nitric oxide and PARS activation.
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