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Objective: Early goal-directed therapy aims at balancing tissue
oxygen delivery and demand. Hyperoxia (i.e., pure oxygen breath-
ing) has not been studied in this context, since sepsis increases
oxygen radical production, which is believed to be directly related
to the oxygen tension. On the other hand, oxygen breathing
improved survival in various shock models. Therefore, we hypoth-
esized that hyperoxia may be beneficial during early septic shock.

Design: Laboratory animal experiments.

Setting: Animal research laboratory at university medical
school.

Subjects: Twenty domestic pigs of either gender.

Interventions: After induction of fecal peritonitis, anesthetized
and instrumented pigs were ventilated with either 100% oxygen
or supplemental oxygen as needed to maintain arterial hemoglo-
bin oxygen saturation =90%. Normotensive and hyperdynamic
hemodynamics were achieved using hydroxyethyl starch and
norepinephrine infusion.

Measurements and Main Results: Before and at 12, 18, and 24
hrs of peritonitis, we measured lung compliance; systemic, pul-
monary, and hepatosplanchnic hemodynamics; gas exchange;

acid-base status; blood isoprostanes; nitrates; DNA strand
breaks; and organ function. Gluconeogenesis and glucose oxida-
tion were calculated from blood isotope and expiratory '3C0,
enrichments during continuous intravenous 1,2,3,4,5,6-'3C4-glu-
cose. Apoptosis in lung and liver was assessed postmortem
(TUNEL staining). Hyperoxia did not affect lung mechanics or gas
exchange but redistributed cardiac output to the hepatosplanch-
nic region, attenuated regional venous metabolic acidosis, in-
creased glucose oxidation, improved renal function, and markedly
reduced the apoptotic death rate in liver and lung.

Conclusions: During early hyperdynamic porcine septic shock,
100% oxygen improved organ function and attenuated tissue
apoptosis without affecting lung function and oxidative or nitro-
sative stress. Therefore, it might be considered as an additional
measure in the first phase of early goal-directed therapy. (Crit
Care Med 2008; 36:495-503)

Kev Worbps: lactate; lactate/pyruvate ratio; gluconeogenesis;
glucose oxidation; stable isotope; creatinine clearance; isopros-
tane; nitrate; apoptosis

arly goal-directed therapy for
septic shock attempts to bal-
ance oxygen delivery and de-
mand, mainly by optimizing
cardiac function and hemoglobin concen-
tration. In contrast, hyperoxia (i.e., ven-
tilation with 100% oxygen) has not been
studied in this context (1). Hyperoxia
may theoretically aggravate tissue injury:

Septic shock is associated with oxidative
stress resulting from enhanced formation
of reactive oxygen species (ROS) and ni-
trogen species (2, 3), and ROS production
is directly related to oxygen tension (4,
5). Nevertheless, hyperoxia has benefits:
Oxygen has antibiotic activity (6), and, in
fact, perioperative hyperoxia reduced
wound infections after abdominal surgery

*See also p. 637.
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(7, 8). Furthermore, ventilation with
100% oxygen improved survival in vari-
ous shock models characterized by de-
pressed oxygen delivery (9, 10). In rats
undergoing ischemia/reperfusion and
hemorrhage, hyperoxia increased blood
pressure, redistributed cardiac output to
the hepatosplanchnic organs and the kid-
ney, improved microcirculatory perfu-
sion, and reduced the systemic inflamma-
tory response (11, 12). These data,
however, originate from short-term hyp-
odynamic rodent models characterized by
hypotension and low cardiac output,
which is in contrast to the hyperdynamic
circulation commonly seen in patients
with septic shock. Furthermore, rodents
markedly differ from humans with re-
spect to their immune response to sepsis
(13) and their tissue antioxidative capac-
ity and susceptibility to oxidative stress
(14, 15). Therefore, we tested whether
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early hyperoxia is beneficial during por-
cine normotensive, hyperdynamic fecal
peritonitis-induced septic shock.

MATERIALS AND METHODS

The experiments were performed in adher-
ence with the National Institutes of Health
Guidelines on the Use of Laboratory Animals.
The study protocol was approved by the Uni-
versity Animal Care Committee and the Fed-
eral Authorities for Animal Research (Re-
gierungsprasidium Tiibingen, Germany).

Animals and Preparation. Before surgery,
20 domestic pigs of either gender were fasted
for 24 hrs with free access to water. Prenarco-
sis consisted of intramuscular atropine (2.5
mg) and azaperone (150-200 mg). Anesthesia
was induced with intravenous atropine (0.5
mg), propofol (1-2 mg-kg™!), and ketamine
(1.5-2.0 mg-kg™!). Animals were mechani-
cally ventilated (Fio, 0.21, positive end-
expiratory pressure [PEEP] 8 cm H,0, tidal
volume 8 mL-kg ™!, respiratory rate 10-12
breaths-min ! adjusted to maintain arterial
Pco, at 35-45 mm Hg). Anesthesia and anal-
gesia were achieved with continuous intrave-
nous pentobarbitone (0.14 mg-kg™*-hr~!) and
intermittent buprenorphine (30 pg-kg ™) and
muscle paralysis with continuous intravenous
alcuronium (0.28 mg-kg ™ "-hr!). Depth of an-
esthesia was continuously controlled by elec-
troencephalographic analysis over the total 36
hrs of the experiment. The spectral edge fre-
quency was always <15 Hz, and the median
power frequency was 5-10 Hz (16-18). A gas-
tric tube with an inflatable esophageal balloon
was placed so that cardiac oscillations were
detected on the balloon pressure tracing. Both
jugular veins and femoral arteries were ex-
posed. A catheter was inserted into the supe-
rior vena cava; a balloon-tipped thermodilu-
tion pulmonary artery catheter was placed to
measure central venous, pulmonary arterial,
and pulmonary artery occluded pressures and
cardiac output. One femoral arterial catheter
was placed for blood pressure recording and
blood sampling, a fiberoptic one for thermal-
dye double-indicator dilution measurements.
Precalibrated ultrasonic flow probes were
placed around the portal vein and the hepatic
artery via a midline laparotomy. The ileal se-
rosal microcirculation was monitored after
fixation of tissue oxygen tension and laser
Doppler flowmetry probes into the gut wall via
two incisions in the visceral peritoneum. A
fiberoptic Pco, sensor was inserted into a loop
ileostomy. Two tubes were placed through the
abdominal wall for peritonitis induction and
ascites drainage. Catheters were introduced
into the portal vein and into a hepatic vein
under ultrasound guidance. A catheter in the
bladder allowed urine collection. After sur-
gery, animals recovered for 6 hrs before base-
line measurements were recorded. Ringer’s
solution was continuously infused as mainte-
nance fluid (10 and 7.5 mL-kg™"hr~! during
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and after surgery, respectively). As needed,
animals received hydroxyethyl starch to main-
tain cardiac filling pressures during surgery
and glucose to keep glycemia at 4—6 mmol-
L' (controls n = 7, median [quartiles] infu-
sion rate 2.5 [1.2; 3.2], hyperoxia n = 8, 3.4
[2.0-4.5] mgkg 'min'). Simultaneously
with anesthesia induction, 0.5 g-kg ! of autol-
ogous feces were suspended in 100 mL of
saline and cultivated at 38°C until the induc-
tion of peritonitis. Body temperature was kept
constant within +1°C of the value before in-
duction of peritonitis (i.e., 37-39°C) with
heating pads or cooling.

Measurements and Calculations. Sys-
temic, pulmonary, intestinal, and hepatic (ul-
trasound flow probes on the portal vein and
the hepatic artery) hemodynamics and gas ex-
change (arterial, portal, hepatic, and mixed
venous blood gases and oximetry); intratho-
racic blood volume and extravascular lung wa-
ter (thermal green dye double indicator dilu-
tion); ileal mucosal-arterial Pco, gap
(fiberoptic sensor in the ileostomy); nitrate +
nitrite (NO,~ + NO;) concentrations (che-
moluminescence); blood glucose, lactate,
pyruvate, bilirubin, creatinine, tumor necrosis
factor (TNF)-«, and 8-isoprostane concentra-
tions; whole blood cell DNA strand breaks (tail
moment in the comet assay); and alanine- and
aspartate-aminotransferase activities were de-
termined as described previously (17-19).
Bladder pressure was measured as a surrogate
for intra-abdominal pressure (20). Systemic
and regional oxygen transport values were cal-
culated using standard formulas. Blood nor-
epinephrine concentrations were assessed
with high-performance liquid chromatogra-
phy (21). Superoxide dismutase and catalase
activities in lung and liver were measured us-
ing commercial kits (19). Systemic CO, pro-
duction was measured using indirect calorim-
etry; systemic oxygen uptake was calculated
using the Fick principle and corrected for con-
ditions of standard temperature and pressure,
dry, and ambient temperature and pressure,
saturated, because the direct measurement of
oxygen consumption using the calorimetry
device is impossible during hyperoxia (22).
Lung compliance was derived from gas flow
and airway and pleural (i.e., esophageal) pres-
sures using an occlusion technique (23)
adopted for pigs (24). The alanine- and aspar-
tate-aminotransferase activities and bilirubin,
creatinine, 8-isoprostane, TNF-a, and NO, ™~ +
NO;~ concentrations are normalized per gram
of plasma protein to correct for dilution by
intravenous fluids (25). Using a steady-state
approach, endogenous glucose production was
calculated as the difference between the rate of
appearance of stable, nonradioactively labeled
1,2,3,4,5,6-13C4-glucose during continuous in-
travenous isotope infusion minus the exoge-
nous glucose infusion rate after gas chroma-
tography-mass spectrometry assessment of
plasma isotope enrichment (26). Direct, aero-
bic glucose oxidation was derived from the
mixed expiratory '3CO, isotope enrichment

measured using nondispersive infrared spec-
trometry (27) and corrected for the plasma
isotope ratio and CO,, production (26).

The amount of apoptotic nuclei was deter-
mined in lung and liver tissue sections using
the TUNEL (terminal deoxynucleotidyltrans-
ferase-mediated dUTP nick-end labeling) assay
(19). Slides were evaluated by an experienced
pathologist (CH) blinded for the sample
grouping. Only nuclear staining was consid-
ered positive.

Experimental Profocol. After surgery, the
ventilator settings were as follows: tidal vol-
ume 8 mL-kg ™!, PEEP 10 cm H,0, inspirato-
ry/expiratory ratio 1:1.5, peak airway pressure
=40 cm H,0. If the Pao,/Fio, was <300 mm
Hg or <200 mm Hg, inspiratory/expiratory
ratio was increased to 1:1 and PEEP to 12 or
15 cm H,0, respectively. The respiratory rate
was adjusted to maintain arterial Pco, at
35-45 mm Hg until a maximum of 40 breaths/
min. In addition to the Ringer’s solution, hy-
droxyethyl starch (15 mL-kg '-hr™!; 10
mL-kg hr ! if central venous pressure or
pulmonary artery occlusion pressure was =18
mm Hg) was infused to maintain cardiac fill-
ing pressures =15 mm Hg and intrathoracic
blood volume =25 mL-kg !. Continuous in-
travenous norepinephrine was adjusted (incre-
ments of 0.05 pg-kg”1-min~!; no further in-
crease if heart rate =160 beats/min to avoid
tachycardia-induced myocardial ischemia) to
maintain mean blood pressure at the baseline
levels. Continuous intravenous glucose was
added if necessary to maintain glycemia at
4—6 mmol-L~!. Immediately after baseline
data collection, peritonitis was induced, and
simultaneously animals were randomly as-
signed either to Fio, = 0.21 (control group,
n = 10, 7 males/3 females, median body
weight 51 [range 46-59] kg), which was only
modified thereafter to maintain arterial hemo-
globin oxygen saturation =90%, or to 100%
oxygen (hyperoxia group, n = 10, 4 males/6
females, median body weight 51 [range 46—
58] kg), which was maintained until the end of
the experiment. In accordance with literature
reports (28, 29) and pilot experiments, fecal
peritonitis was induced by inoculating the au-
tologous feces into the abdominal cavity
through the drainage tubes, which were sub-
sequently kept clamped for the following 12
hrs. Additional measurements were recorded
at 12, 18, and 24 hrs of peritonitis. Then the
animals were euthanized under deep anesthe-
sia by KCI injection. Immediately thereafter,
blood and ascites samples from the abdominal
cavity were collected for microbiology, and
liver and lung biopsies were taken for TUNEL
staining.

Statistical Analysis. All data are presented
as median (quartiles). After exclusion of nor-
mal data distribution with the Kolmogorov-
Smirnov test, differences within each group
before and after induction of peritonitis were
tested using a Friedman analysis of variance
on ranks and, subsequently, a Dunn’s test for
multiple comparisons with Bonferroni correc-
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Table 1. Microbiology results in blood cultures and ascites fluid. Numbers in brackets refer to the

frequency of the individual germ

Control

Hyperoxia

Blood Escherichia Coli (7)
Acinetobacter jejuni (2)
Klebsiella pneumoniae (1)
Proteus mirabilis (1)

Streptococcus faecalis (1)

Escherichia Coli (7)
Sporae producer spp (2)
Sterile (2)

Stenotrophomonas maltophilia (1)

Ascites Escherichia Coli (9)

Pseudomonas aeruginosa (4)

Proteus mirabilis (2)
Streptococcus faecalis (2)
Streptococcus spp (2)
Staphylococcus spp (2)
Klebsiella pneumoniae (1)

Clostridium perfringens (1)

Sporae producer spp (1)

Escherichia Coli (9)
Staphylococcus spp (6)
Sporae producer spp (6)
Streptococcus spp (5)
Streptococcus faecalis (2)
Bacillus firmus (2)
Klebsiella pneumoniae (1)
Pseudomonas aeruginosa (1)

tion. Differences between groups were ana-
lyzed by the Mann-Whitney rank-sum test for
unpaired samples. Because of the multiple sta-
tistical testing resulting from the numerous
variables measured, all results have to be in-
terpreted in an exploratory rather than confir-
matory manner.

RESULTS

One control animal died from refrac-
tory hypotension after data collection at
18 hrs of peritonitis. Therefore, statistical
analysis at 24 hrs included only nine con-
trol pigs. Table 1 shows the results of the
microbiology cultures (ascites, 24 cul-
tures of nine different germs in the con-
trols vs. 32 cultures of eight different
germs in the hyperoxic animals; blood, 13
cultures of six different germs in the con-
trols vs. nine cultures of three different
germs in the hyperoxia group). Two hyper-
oxic animals had sterile blood cultures.
Both the hydroxyethyl starch infusion rate
(median [quartiles], controls 15 [15; 15],
hyperoxia 15 [13; 15] mL-kg” “hr!) and
the ascites production over 24 hrs (controls
5 [3; 8], hyperoxia 4 [2; 6] mL-kg™!) were
similar. While urine production rate was
higher in the hyperoxia group (9 [8; 11] vs.
7 [5; 8] mL-kg” “hr !, p < .05), the nor-
epinephrine infusion rate needed to main-
tain blood pressure did not significantly
differ (hyperoxia 0.10 [0.00; 0.40], controls
0.45 [0.20; 0.60] pg-kg L-min~Y).

Table 2 and Figures 1 and 2 summa-
rize the systemic and pulmonary hemo-
dynamics, gas exchange, acid-base data,
and metabolism. According to the proto-
col, blood pressure was well maintained,
whereas heart rate, cardiac output, and
filling pressures significantly increased.
Pulmonary hypertension and deteriora-

Crit Care Med 2008 Vol. 36, No. 2

tion of pulmonary compliance, Pao,/Fio,
ratio, and venous admixture were present
in all animals but less pronounced in the
hyperoxia group (p < .05 at 12 hrs). De-
spite fluid resuscitation and blood sam-
pling, hemoglobin concentrations and,
consequently, oxygen transport signifi-
cantly increased. While oxygen uptake
was not significantly affected, CO, pro-
duction increased significantly in the hy-
peroxia group. The progressive fall of
arterial pH and base excess was less pro-
nounced in the hyperoxia group (p < .05
at 12 and 18 hrs, Fig. 1). While endoge-
nous glucose production significantly in-
creased in both groups, direct aerobic
glucose oxidation was significantly
higher in the hyperoxic animals at the
end of the experiment. Hence, these pigs
showed a near-complete (vs. approxi-
mately two thirds only in the controls)
oxidation of the endogenous substrate
formation (Fig. 2).

Table 3 and Figure 3 summarize the
regional hemodynamics, gas exchange,
acid-base, and organ function. Despite
the increased intra-abdominal pressure,
portal venous flow increased as well. The
contribution of portal venous and total
liver blood flow to cardiac output signif-
icantly increased in the hyperoxic ani-
mals (p < .05 at 24 hrs, Fig. 3), which
was associated with a lower oxygen ex-
traction of the portal-drained viscera and
a higher liver oxygen transport. Neither
microvascular perfusion nor the ileal se-
rosal Po, was significantly affected. While
portal venous lactate/pyruvate ratios sig-
nificantly increased, liver oxygen and lac-
tate uptake were not affected. By con-
trast, hepatic venous lactate/pyruvate
ratios were significantly lower in the hy-

peroxia-treated animals. The arterial-ileal
mucosal Pco, gap significantly increased,
and portal and hepatic venous pH and
base decreased. The regional venous met-
abolic acidosis was less pronounced in
the hyperoxia group (p < .05at 12 and 18
hrs, Fig. 1). Transaminase activities and
bilirubin and creatinine concentrations
significantly increased, but creatinine
clearance was significantly higher in the
hyperoxia group in the second half of the
experiment.

Table 4 and Figure 4 summarize the
blood norepinephrine concentrations;
the variables of the inflammatory re-
sponse, oxidative stress, and antioxidant
activity; and the apoptotic events. TNF-q,
NO,” + NO;~, and 8-isoprostane con-
centrations and the tail moment in the
comet assay significantly increased. Post-
mortem lung and liver tissue activities of
superoxide dismutase and catalase were
similar. However, hyperoxia markedly re-
duced the number of apoptotic cells in
lung and liver (Fig. 4).

DISCUSSION

In the present study, we investigated
the effects of hyperoxia during long-term
normotensive, hyperdynamic porcine
septic shock. The key findings were that
hyperoxia a) did not affect lung mechan-
ics or pulmonary gas exchange; b) did not
aggravate oxidative or nitrosative stress;
¢) redistributed cardiac output in favor of
the hepatosplanchnic organs; d) im-
proved direct, aerobic glucose oxidation
rate and renal function; e) attenuated
metabolic acidosis; and f) reduced apo-
ptosis in liver and lung.

According to the experimental proto-
col, both groups presented with compa-
rable systemic hemodynamics. The re-
duced norepinephrine requirements,
which did not reach statistical signifi-
cance due to the large interindividual
variation, confirm the systemic vasocon-
strictor properties of oxygen ventilation
described in animals (11, 12, 30) and pa-
tients (31, 32). Within the limitations of
our methodology we could not confirm,
however, the hyperoxia-related impair-
ment of left ventricular function de-
scribed by others (33): While intratho-
racic blood volume, a well-accepted
surrogate of cardiac preload, and cardiac
output were comparable, pulmonary ar-
tery and cardiac filling pressures were
lower in the hyperoxic animals.

Sepsis increased portal venous and to-
tal hepatic blood flow. The fractional con-
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Table 2. Systemic and pulmonary hemodynamics, gas exchange, acid-base data, and metabolism

Before Peritonitis

12 Hrs Peritonitis

18 Hrs Peritonitis

24 Hrs Peritonitis

HR, beats'min !

Control 96 (83-113) 125 (113-140) 131 (113-150)® 143 (136-152)°

Hyperoxia 87 (81-94) 120 (103-122) 129 (107-144)° 143 (122-154)°
MAP, mm Hg

Control 94 (88-97 102 (93-116) 91 (84-95) 95 (87-100)

Hyperoxia 90 (86-93) 101 (95-113) 94 (87-105) 92 (84-93)
MPAP, mm Hg

Control 28 (26-32) 41 (36-45)%° 44 (39-46)° 48 (39-54)°

Hyperoxia 30 (25-30 33 (29-36) 34 (30-37) 36 (32-41)°
CVP, mm Hg

Control 10 (8-14) 13 (12-16) 16 (13-18) 19 (14-21)

Hyperoxia 10 (6-13) 9 (7-15) 11 (9-15) 12 (10-16)
PAOP, mm Hg

Control 12 (10-14) 17 (12-18)¢ 17 (14-19) 19 (15-23)

Hyperoxia 10 (8-14) 11 (8-14) 14 (11-17) 14 (11-20)
CO, mL-kg ™ '-min~!

Control 111 (105-122) 138 (123-160) 168 (128-210)° 191 (149-248)°

Hyperoxia 110 (99-128) 129 (118-144) 134 (126-174) 161 (125-174)°
ITBV, mL-kg~!

Control 26 (24-27) 27 (26-31) 28 (26-30) 30 (28-33)

Hyperoxia 27 (24-30 27 (24-34) 28 (26-29) 28 (26-30)
EVLW, mL-kg !

Control 2 (1-3) 3 (1-5) 5 (4-6) 5 (4-6)°

Hyperoxia 3(2-4) 4 (3-6) 5(1-6) 4 (2-6)
Arterial Po,, mm Hg

Control 90 (89-93) 80 (73-83)* 74 (64-81)*° 71 (57-83)%®

Hyperoxia 92 (91-99) 490 (470-521) 337 (262-450) 286 (149-390)
Arterial Pco,, mm Hg

Control 37 (36-40) 37 (36-40)° 43 (42-45) 44 (36-81)

Hyperoxia 38 (37-42) 42 (41-44) 43 (40-46) 41 (38-45)
Mixed venous Po,, mm Hg

Control 41 (38-43) 46 (44-51)%° 44 (43-55)%° 48 (44-52)%°

Hyperoxia 42 (40-44) 63 (61-66) 62 (59-69) 58 (54-67)
Pa0,/F10,

Control 430 (421-440) 380 (349-397)* 295 (217-345)° 205 (68-289)°

Hyperoxia 439 (433-477) 490 (465-526) 336 (257-463)° 285 (147-394)°
Qs/Qt, %

Control 11 (9-12) 23 (19-27)%8 36 (32-38)° 47 (29-74)°

Hyperoxia 10 (8-13) 16 (14-19) 30 (23-32)° 34 (25-45)°
Cpl, mL-cmH,0*

Control 61 (55-80) 33 (20-36)*° 31 (25-33)° 19 (17-32)°

Hyperoxia 71 (58-118) 50 (42-68) 37 (25-65)° 28 (26-40)°
DO,, mL-kg™1min~!

Control 11 (10-11) 17 (15-21) 17 (10-28) 19 (16-21)°

Hyperoxia 10 (9-11) 16 (17-18)° 16 (14-20)° 17 (15-22)°
VO,, mL-kg ™ "*min !

Control 3.8 (3.6-4.0) 4.4 (3.7-4.8) 4.2 (3.6-4.8) 5.0 (4.7-5.1)

Hyperoxia 4.1 (3.8-4.4) 3.8 (3.7-4.5) 4.0 (3.6-4.7) 4.2 (3.9-5.1)
VCO,, mL-kg ™ !-min~!

Control 3.0 (2.9-3.3) 3.3(2.9-3.8) 3.5 (3.2-3.8) 3.5(3.3-4.2)

Hyperoxia 2.8 (2.7-3.0) 3.3(3.1-3.7) 3.8 (3.3-4.4)° 4.2 (3.6-4.9)°
Arterial pH

Control 7.50 (7.47-7.53) 7.45 (7.40-7.47) 7.38 (7.33-7.39)® 7.29 (7.07-7.43)°

Hyperoxia 7.50 (7.47-7.51) 7.45 (7.43-7.48) 7.44 (7.38-7.47) 7.43 (7.38-7.47)
Arterial lactate, mmol-L !

Control 0.7 (0.6-0.8) 0.8 (0.8-0.9) 1.1 (0.9-1.5)° 1.2 (0.9-3.3)

Hyperoxia 0.7 (0.7-0.8) 0.8 (0.7-1.1) 1.0 (0.7-1.1) 1.3 (0.9-1.6)°
Arterial L/P ratio

Control 8 (7-8) 11 (10-11)° 14 (11-17)° 14 (11-21)°

Hyperoxia 8 (7-8) 9(9-11) 11 (8-14)° 13 (10-17)°
Hemoglobin, g-L ™!

Control 76 (70-81) 10.2 (82-107)° 93 (88-103) 100 (90-105)°

Hyperoxia 73 (67-78 80 (76-87) 81 (77-92)® 89 (77-98)°

CO, cardiac output; HR, heart rate; MAP, mean arterial pressure; MPAP, mean pulmonary arterial pressure; CVP, central venous pressure; PAOP,
pulmonary artery occlusion pressure; ITBV, intrathoracic blood volume; EVLW, extra vascular lung water; PaO,/F10,, Horowitz oxygenation index; Qs/Qt,
venous admixture; Cpl, total respiratory system compliance; VO,, systemic oxygen uptake; DO,, systemic oxygen delivery; L/P ratio, lactate/pyruvate ratio.

“Significant difference between control and hyperoxia at the same time (p < .05); ®Significant difference within each group vs before peritonitis
(p < .05).

Data are median and 25°-75° percentile (Control, n = 10; Hyperoxia, n = 10).
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20 - tribution to cardiac output, however, was
# #o#### significantly higher in the hyperoxic an-
i ¥ T t T ¥ B o imals at the end of the experiment. This
. redistribution of cardiac output in favor
of the hepatosplanchnic organs, which
10 1 . confirms previous findings in rodents
11, 30), may assume particular impor-
tance: Up to now, no vasoactive drug had
0 increased hepatosplanchnic blood flow
0 - § beyond its effect on cardiac output (34).
Using laser Doppler flowmetry, we did
not observe any change in microvascular
blood flow during oxygen ventilation,
. which is in contrast to findings in
-10 1 healthy, anesthetized pigs using micro-
e otnoiA . . sphere techniques (35). Since tissue Po,
Portal vein BE CONTROL values were also comparable, it is un-
ey BE CONTROL likely that we missed major microvascu-
20 4 Hepatic vein BE HYPEROXIA lar effects. Hence, the attenuated regional
1 venous acidosis and the lower hepatic ve-
T T T 1 nous lactate/pyruvate ratios are probably
Before 12 hours 18 hours 24 hours due to restored cellular energy metabo-
peritonitis peritonitis peritonitis peritonitis lism rather than improved microcircula-
Figure 1. Arterial (open whiskers), portal (hatched whiskers) and hepatic (cross-hatched whiskers) — tory perfusion. In fact, the higher CO,
venous base excess (BE) in the control (white symbols, n = 10) and hyperoxic (gray symbols, n = 10) production indicates that hyperoxia
animals. Data are median (quartiles/range), +Significant difference within groups vs. baseline; #p < .05  caused a preferential use of glucose for
between groups. energy metabolism. Such a switch in fuel
utilization is associated with improved
T —— en.ergy~balancef The~ ratio of reduced nic-
Clusoss produstion HYPEROXIA otinamide adenine dinucleotide to reduced
Glucose oxidation CONTROL flavin adenine dinucleotide and, conse-
g - Glucose oxidation HYPEROXIA # quently, the stoichiometry of adenosine
+ 1 + t t t + + t 1 tl'rlpho.sphate sypthesw tq OXygen consump-
tion (i.e., the yield of oxidative phosphory-
lation) are higher for glycolysis than for
B-oxidation because reduced nicotinamide
6 adenine dinucleotide as an electron donor
provides three coupling sites rather than
two only from reduced flavin adenine dinu-
cleotide (36). This metabolic adaptation
ameliorates organ function: In pigs, glu-
4 cose oxidation enhanced left heart contrac-
tility and improved the pressure-volume re-

lationship (37).
In our experiment, 100% oxygen over
24 hrs did not affect pulmonary gas ex-
change or lung mechanics. Ample litera-
é ture is available that indicates breathing

d
—_

mmol /L

BEEEBROO

8O0

mg-Kg-'-min-1

100% oxygen may impair pulmonary gas
exchange due to inhibition of hypoxic
pulmonary vasoconstriction (38) and re-
sorption atelectasis (38, 39) in lung re-

Before 12 hours 18 hours 24 hours gions with low ventilation/perfusion ra-
peritonitis peritonitis peritonitis peritonitis tios (40). Moreover, hyperoxic ventilation
combined with high tidal volumes caused
lung injury (41), similar to the damage

Figure 2. Rates of endogenous glucose production (open whiskers) and direct, aerobic glucose
oxi_dation (ﬁatched whiskers) i'n the coqtrol (white symbgls, n= 10) and hypgroxic (gray symb.ols, induced by prolonged hyperoxia (>48
n = 10) animals. Data are median (quartiles/range). #Significant difference within groups vs. baseline; . i .

#p < .05 between groups. Before induction of peritonitis, glucose oxidation accounted for approxi- hrs) (42). This str{klng discrepancy m:‘ly
mately 50% of the endogenous production rate in both groups. At the end of the experiment, hyperoxia be d}le t.O our ventilator protocol, that is,
resulted in a near-complete oxidation of the endogenous substrate formation, whereas glucose application of PEEP levels of 12-15 cm
oxidation in the control group accounted for approximately only two thirds of the endogenous H,O, prolonged inspiration time, and low
substrate release. tidal volumes (8 mL-kg™!): An open lung
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Table 3. Regional hemodynamics, gas exchange, acid-base, and organ function data

Before Peritonitis

12 Hrs Peritonitis

18 Hrs Peritonitis 24 Hrs Peritonitis

IAP, mm Hg
Control
Hyperoxia

Qpv, mLkg ™ 'min~
Control
Hyperoxia

Qha, mL-kg™-min~*
Control
Hyperoxia

Liver flow, mL-kg ™ !-min~
Control
Hyperoxia

Ileal mucosal Po,, mm Hg
Control
Hyperoxia

Ileal mucosal perfusion, units
Control
Hyperoxia

Gut O, extraction, %

Control
Hyperoxia

Ileal mucosal-arterial Pco, gap, mm Hg
Control
Hyperoxia

pv L/P ratio
Control
Hyperoxia

hDO, mL-kg™ 'min~!

Control
Hyperoxia

hVO, mL-kg™'-min~!
Control
Hyperoxia

Liver lactate balance, umol-kg ™ *min~
Control
Hyperoxia

hv L/P ratio
Control
Hyperoxia

hv ASAT, TUg,orein "
Control
Hyperoxia

hv ALAT, 1Ug, ,oein "
Control
Hyperoxia

Creatinine, pmol-g oein "
Control
Hyperoxia

Creatinine clearance, mL-min~
Control
Hyperoxia

1

1

1

1

3(2-7) 18 (14-20)°
3(1-9) 14 (13-20)
18 (16-20) 30 (22-34)°
15 (13-17) 29 (25-35)
1.1 (0.4-1.7) 2.0 (0.8-5.5)
0.7 (0.3-3.2) 1.3 (0.8-3.0)
19 (18-21) 34 (24-39)°
16 (15-19) 32 (26-37)°
25 (6-51) 17 (11-18)

34 (15-68) 32 (8-56)

293 (275-831)
481 (343-716)

266 (108-424)
466 (293-682)

35 (29-41) 15 (13-18)%%
34 (32-39) 12 (11-13)
18 (12-22) 32 (26-49)°
19 (17-25) 21 (17-39)

9(8-9 12 (11-12)

8 (8-9) 11 (9-13)
1.3 (1.1-1.6) 3.7(2.9-4)
1.2 (0.9-1.3) 3.5 (3.1-4.2)°
0.7 (0.4-0.8) 0.6 (0.5-0.7)
0.6 (0.6-0.7) 0.6 (0.4-0.9)

12 (7-13) 15 (13-18)
12 (8-12) 12 (8-15)

8 (6-9) 10 (10-13)2*

5 (5-7) 8 (6-10)
1.1(0.7-1.2) 2.9 (2.5-3.3)
0.8 (0.7-1.0) 2.1 (1.7-2.7)°
0.5 (0.5-0.6) 0.7 (0.6-0.8)
0.5 (0.5-0.6) 0.7 (0.6-0.8)

5 (4-6) 13 (8-15)

4 (4-5) 9 (7-11)

91 (65-113)
101 (86-125)

18 (14-22) 18 (17-22)
21 (17-22)° 19 (17-23)
34 (31-36)° 36 (24-42)°
36 (30-37)° 36 (29-44)
2.7(1.1-3.7) 2.3 (1.3-4.5)
2.7 (0.8-3.9) 2.2 (0.8-6.7)
36 (32-38)° 39 (28-44)°
39 (32-40)° 40 (30-46)°
21 (18-47) 6 (5-7)

4 (1-93) 13 (1-99)
257 (237-419) 260 (219-326)
405 (309-586) 587 (267-859)

18 (15-21)%* 17 (14-22)%
11 (10-12) 13 (10-14)
33 (28-38)° 27 (14-41)
29 (21-32) 36 (18-54)
14 (12-17)% 15 (12-19)
12 (9-15) 13 (9-16)°
3.2 (2.4-3.7)%° 3.0 (2.6-4.1)°
44 (3.9-4.6) 4.1 (3.4-4.6)°
0.6 (0.4-0.8) 0.7 (0.4-0.8)
0.7 (0.7-1.1) 0.9 (0.7-1.2)

12 (9-18) 11 (7-21)

17 (11-23) 21 (6-29)

14 (9-20)@ 14 (9-32)@*

9 (6-10) 9 (8-11)

3.5 (3.0-3.9) 3.5 (3.0-4.8)2%
2.8 (2.2-3.5) 3.5 (2.8-4.0)
0.8 (0.7-1.0)" 0.8 (0.7-0.9)
0.7 (0.7-0.9) 0.9 (0.8-1.0)°

14 (10-18)° 14 (11-19)

11 (8-13) 10 (8-15)°

61 (44-112)*¢
109 (90-122)

IAP, intra-abdominal pressure; Qpv, portal vein flow; Qha, hepatic artery flow; L/P ratio, lactate pyruvate ratio; pv, portal venous; hDO,, liver oxygen
delivery; hVO,, liver oxygen uptake; hv, hepatic venous; ASAT, aspartate aminotransferase; ALAT, alanine aminotransferase.

“Significant difference between control and hyperoxia at the same time (p < .05); ®Significant difference within each group vs before peritonitis
(p < .05); “Significant difference within each group between the first and second half of the experiment for creatinine clearance.

Data are median and quartiles (Control, n = 10; Hyperoxia, n = 10).

concept during general anesthesia,
mainly consisting of stepwise increases of
PEEP until 15 cm H,0, prevented the
formation of atelectasis (43, 44). More-
over, low tidal volume ventilation was
lung-protective within 20 hrs of ovine
fecal peritonitis (45) and in patients with
acute respiratory distress syndrome de-
spite increased Fio, levels (46). Further-

500

more, Aboab et al. (47) recently demon-
strated in patients with acute lung injury
that high PEEP levels (about 15 cm H,0)
together with low tidal volumes pre-
vented alveolar derecruitment induced by
100% oxygen. Finally, the peritonitis per
se may have attenuated any putative tox-
icity of 100% oxygen: Both reduced and
increased sensitivities to hyperoxia were

reported in animals challenged with lipo-
polysaccharide, oleic acid, and gastric
juice aspiration (48-50).

Hyperoxia reduced the amount of
TUNEL-positive cells in lung and liver. It
is generally assumed that ROS formation
causes lung damage with alveolar cell
death (51). We can only speculate on this
discrepancy. In rats, hyperoxia before car-
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diac ischemia significantly reduced myo-
cardial infarct size, cytochrome c release,
DNA fragmentation, and nuclear TUNEL
staining (52). We can exclude such “hy-
T peroxic preconditioning,” since tissue su-
peroxide dismutase and catalase activities
40 - . o were similar. We cannot judge either on a
° putative antibiotic effect of hyperoxia (6):
While the number and dispersal of germs
in the ascites fluid did not differ, less
30 - positive blood cultures were found in the
hyperoxia group, including the only two
sterile cultures. However, markers of in-
flammation, oxidative, and nitrosative
20 stress (i.e., TNF-a, NO,~ + NO;, and
8-isoprostane blood levels and blood cell
DNA strand breaks) were comparable. Fi-
nally, although these differences did not
10 - reach statistical significance, hyperoxia
reduced the norepinephrine needs and
plasma levels (Table 4). After major sur-
gery, norepinephrine decreased the mito-
chondrial membrane potential of periph-
eral blood lymphocytes (53), and thus
energy metabolism, and increased the
rate of apoptosis (54, 55). Furthermore,
norepinephrine itself can generate ROS
(56) and may thus aggravate apoptosis.
Limitations of the Study. A major lim-
itation of our study is that it lasted only

Portal vein flow / Cardiac output % CONTROL
Portal vein flow / Cardiac output % HYPEROXIA
Liver flow / Cardiac output % CONTROL

Liver flow / Cardiac output % HYPEROXIA

EEOO

50 1

% REGIONAL FLOW / CARDIAC OUTPUT
°
°

24 hours
peritonitis

18 hours
peritonitis

12 hours
peritonitis

Before
peritonitis

Figure 3. Portal venous (open whiskers) and total liver blood flow (hatched whiskers) in percentage of
cardiac output in the control (white symbols, n = 10) and hyperoxic (gray symbols, n = 10) animals.
Data are median (quartiles/range). £Significant difference within groups vs. baseline; #p < .05 between
groups.

Table 4. Parameters of inflammatory response, oxidative stress, and antioxidant activity as well as plasma noradrenaline concentrations

Before Peritonitis

12 Hrs Peritonitis

18 Hrs Peritonitis

24 Hrs Peritonitis

TNF Qa, pg.gpmteinil
Control

1,617 (1,449-2,945)

6,821 (5,711-9,443)"

8,785 (6,309-20,853)°

15,276 (6,322-29,948)°

Hyperoxia 1,511 (1,179-1,740) 4,800 (3,699-6,160) 8,843 (6,530-13,950)° 10,674 (7,415-18,508)°
NO, ™ + NO; ™, pMegpropein
Control 0.6 (0.5-0.7) 1.6 (1.2-3.0)° 1.7 (1.4-2.3)° 1.8 (1.4-2.3)°
Hyperoxia 0.7 (0.5-1.2) 1.4 (0.8-1.9) 1.9 (1.0-3.0) 1.6 (1.0-3.3)°
8 isoprostane, Pggprotein
Control 1,182 (1,040-3,591) 4,442 (3,532-15,032) 5,916 (5,239-20,762)° 20,296 (4,630-35,723)°
Hyperoxia 2,415 (1,429-2,913) 4,878 (3,933-7,712) 8,226 (7,203-10,730)° 10,740 (4,953-15,732)°
DNA strand breaks, tail moment
Control 0.13 (0.11-0.21) 0.20 (0.12-0.28)° n.d. 0.37 (0.19-0.43)°
Hyperoxia 0.15(0.11-0.18) 0.27 (0.21-0.60)° n.d. 0.23 (0.16-0.59)°
SOD activity (lung) IU-g oein
Control n.d. n.d. n.d. 3,583 (3,353-4,103)
Hyperoxia n.d. n.d. n.d. 3,900 (2,475-4,466)
Catalase activity (lung) IU-g, orein
Control n.d. n.d. n.d. 77 (73-86)
Hyperoxia n.d. n.d. n.d. 71 (61-78)
SOD activity (liver) UG, opein
Control n.d. n.d. n.d. 17,548 (11,921-27,318)
Hyperoxia n.d. n.d. n.d. 11,516 (9,251-12,345)
Catalase activity (liver) IU-g,,orein
Control n.d. n.d. n.d. 536 (464-734)
Hyperoxia n.d. n.d. n.d. 552 (364-660)
Norepinephrine, pgrmL~*
Control 0(0-21) 215 (126-529) 3,897 (272-10,488)° 6,183 (3,648-62,474)°
Hyperoxia 0 (0-0) 62 (37-203) 321 (117-1,553)° 1,411 (436-3,143)°

TNFa, Tumor necrosis factor o; n.d. not determined; SOD, superoxide dismutase.

“Significant difference between control and hyperoxia at the same time (p < .05); ®Significant difference within each group vs before peritonitis
(p < .05).

Data are median and 25°-75° percentile (Control, n = 10; Hyperoxia, n = 10).
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Figure 4. Total number of TUNEL-positive apoptotic cells per field of vision in postmortem lung (left
panel) and liver (right panel) specimens in the control (white symbols, n = 10) and hyperoxic (gray
symbols, n = 10) animals. Data are median (quartiles/range). #p < .05 between groups.

24 hrs. This limited duration precludes
any conclusion whether hyperoxia is ben-
eficial later or may even result in subse-
quent deterioration. Nevertheless, in our
porcine model of normotensive, hyperdy-
namic polymicrobial septic shock, hyper-
oxia did not affect lung mechanics and
pulmonary gas exchange, redistributed
cardiac output in favor of the hepato-
splanchnic organs, and shifted whole
body metabolism to the preferential use
of glucose. Since glucose oxidation pro-
vides the best ratio of adenosine triphos-
phate synthesis and oxygen consumption,
oxygen ventilation may be affiliated with
improved yield of energy metabolism in
early septic shock.
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