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Background: Cardiopulmonary bypass (CPB) is associated
with pulmonary inflammation and dysfunction. This may
lead to acute lung injury and acute respiratory distress syn-
drome with increased morbidity and mortality. The authors
hypothesized that inhaled carbon monoxide before initiation
of CPB would reduce inflammatory response in the lungs.

Methods: In a porcine model, a beating-heart CPB was used. The
animals were either randomized to a control group, to standard CPB,
or to CPB plus carbon monoxide. In the latter group, lungs were
ventilated with 250 ppm inhaled carbon monoxide in addition to
standard ventilation before CPB. Lung tissue samples were obtained
at various time points, and pulmonary cytokine levels were deter-
mined.

Results: Hemodynamic parameters were largely unaffected by
CPB or carbon monoxide inhalation. There were no significant
differences in cytokine expression in mononuclear cells between
the groups throughout the experimental time course. Compared
with standard CPB animals, carbon monoxide significantly sup-
presses tumor necrosis factor-� and interleukin-1� levels (P <
0.05) and induced the antiinflammatory cytokine interleukin 10
(P < 0.001). Carbon monoxide inhalation modulates effector
caspase activity in lung tissue during CPB.

Conclusions: The results demonstrate that inhaled carbon mon-
oxide significantly reduces CPB-induced inflammation via suppres-
sion of tumor necrosis factor �, and interleukin-1� expression and
elevation of interleukin 10. Apoptosis induced by CPB was associated
with caspase-3 activation and was significantly attenuated by carbon
monoxide treatment. Based on the observations of this study, inhaled
carbon monoxide could represent a potential new therapeutic mo-
dality for counteracting CPB-induced lung injury.

SYSTEMIC and pulmonary inflammatory responses arising
in patients after cardiac surgery with the use of cardiopul-
monary bypass (CPB) significantly contribute to CPB-asso-
ciated morbidity and mortality.1–3 Postoperative systemic
inflammatory response syndrome with severe morbidity is
uncommon (approximately 1–2%).4 Pulmonary impair-
ment and dysfunction range in severity from subclinical
functional changes and prolonged postoperative ventilation
to acute lung injury and acute respiratory distress syn-
drome.5–7 Acute respiratory distress syndrome occurs in ap-
proximately 2% of all cases after CPB with an associated
mortality of greater than 60%.8–12 Causative factors for the
inflammatory response are, among others, the pulmonary
ischemia during bypass and reperfusion injury after declamp-
ing, blood contact with the surface of the extracorporeal
circulation unit, endotoxemia, surgical trauma, and blood
loss.13,14 The cytokines responsible for the inflammatory re-
sponse induced by CPB include interleukin (IL)-1� and tumor
necrosis factor (TNF)-�.15,16 Elevated expression of these cy-
tokines aggravate the inflammation and contribute to pulmo-
nary dysfunction.17–20

The gaseous molecule carbon monoxide, known as a
vasodilative agent, has antiinflammatory properties.21–25 Al-
though carbon monoxide may be toxic at high doses, low
concentrations, such as 250 ppm, have been demonstrated
to suppress inflammation and reduce apoptosis in a multi-
tude of in vitro and in vivo studies.21,22,26–32 The limited
toxicity of carbon monoxide at low doses is underscored
by the observation that carbon monoxide is also generated
endogenously via the inducible catabolism of heme by the
heme oxygenase type I.33 Carbon monoxide by itself is able
to activate the soluble guanylate cyclase and the p38 mito-
gen-activated protein kinase, both leading to a decrease in
inflammatory gene expression.34

We hypothesized that inhaled carbon monoxide
would provide antiinflammatory and antiapoptotic ef-
fects in the lungs during CPB, thereby reducing proin-
flammatory cytokine levels.

Materials and Methods

Animals
German Landrace hybrid pigs weighing 28–32 kg re-

ceived human care in compliance with the Principles of
Laboratory Animal Care formulated by the National
Society for Medical Research and the Guide for the Care
and Use of Laboratory Animals prepared by the Insti-
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tute of Laboratory Animal Resources and published by
the National Institutes of Health (publication No. 86-
23, revised 1985). All procedures were performed in
accordance with the German Animal Protection Law
after obtaining the ethical permission of the local
veterinary office (Regierungspraesidium, Freiburg,
Germany).

Experimental Protocol
Healthy pigs were premedicated with intramuscular

ketamine (20 mg/kg body weight [BW]) and midazolam
(0.5 mg/kg BW). The animals were endotracheally intu-
bated, and anesthesia was maintained with intravenous
infusion of fentanyl (10 �g � kg BW�1 � h�1) and propofol
(4–6 mg � kg BW�1 � h�1), and muscle relaxation was
performed with cisatracurium (0.7–1 mg · kg BW�1 �
h�1). Basal saline volume administration was infused
with 350 ml/h. The lungs were ventilated with a fre-
quency of 14/min, a tidal volume of 8–10 ml/kg BW, and
a positive end-expiratory pressure of 5 mbar. Inspired
oxygen fraction was constantly 0.5. To monitor blood

pressures as well as blood gas analysis, an arterial cath-
eter was inserted in the right carotid artery. In addition,
a pulmonary thermodilution catheter (7 French; Arrow,
Reading, PA) was inserted into the pulmonary artery via
an 8.5-French sheet (Arrow) in the right internal jugular
vein. All animals received sternotomy after complete
hemodynamic monitoring, and 300 U/kg BW heparin
were administered. Initiation of CPB was achieved using
a 24-French venous cannula in the right atrial appendage
and a 14-French aortic cannula. The extracorporeal cir-
culation unit (Stoeckert, Munich, Germany) was primed
using 1,000 ml isotonic saline solution, 500 ml hydroxy-
ethyl starch (6%), 75 ml mannitol, and 300 U heparin.
CPB was maintained for 2 h with completely unloaded
beating heart. Continuous positive airway pressure was
kept at 5 mbar during this time. After CPB, a 30-s recruit-
ing maneuver was performed, and standard ventilation
was reestablished. CPB was removed, protamine match-
ing the heparin dosage was administered, and 2 h of
observation time (post-CPB; fig. 1, experimental design)
followed. We collected blood gas samples at six defined

´ ´

Fig. 1. Experimental protocol. All animals received sternotomy after complete hemodynamic monitoring. Cardiopulmonary bypass
(CPB) was maintained for 2 h with completely unloaded beating heart. Continuous positive airway pressure was kept at 5 mbar
during this time. CPB was removed, protamine matching the heparin dosage was administered, and 2 h of observation time followed.
CO � carbon monoxide; SHAM � control group; SnPP IX � tin protoporphyrin IX.
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time points (fig. 1): before CPB (pre-CPB); 10 min after
initiation of CPB; at the end of CPB; and 15, 60, and
120 min post-CPB. Blood gas analysis included mea-
surement of hemoglobin concentrations, electrolytes,
and acid– base status. Five hundred milligrams of lung
tissue was taken for further analysis at each time
point. At the same points of time, hemodynamic pa-
rameters such as heart rate, mean arterial pressure,
mean pulmonary pressure, central venous pressure,
and pulmonary capillary wedge pressure were mea-
sured, and triplicate measurements of cardiac output
(calculated as cardiac index) were performed with the
thermodilution technique. Systemic and pulmonary
vascular resistances were calculated.

The lung tissue was collected from three lung sites,
i.e., cranial portion of the apical lobe, caudal portion of
the apical lobe, and basal lobe. Samples were minced
and stored at �80°C for protein and messenger RNA
(mRNA) analysis. Animals were randomly assigned to
three different intervention protocols and one post hoc
group (fig. 1). The SHAM group (n � 3), serving as
negative control, received sternotomy only. In the CBP
group CPB (n � 7), serving as positive control, CPB was
initiated and maintained for 2 h followed by 2-h obser-
vation period. Animals of the CPB � CO group (n � 7)
were given carbon monoxide immediately after induc-
tion of anesthesia at a concentration of 250 ppm for
1 h.32,35 Animals of the post hoc CPB � CO � SnPP IX
group (n � 7) were given the heme oxygenase inhibitor
tin protoporphyrin IX (SnPP IX; 50 �mol/kg BW) imme-
diately after induction of anesthesia for suppression of
endogenous-derived carbon monoxide production. End-
expiratory carbon monoxide concentration was moni-
tored using a carbon monoxide analyzer (MicroSmoker-
lyzer; Breath CO Monitor, Bedfont, United Kingdom),
and the content of carbon monoxide–saturated hemo-
globin was measured photometrically during regular
blood gas analysis. Inhalation of carbon monoxide was
kept at 250 ppm until initiation of the CPB. The animals
were killed 2 h after the end of CPB by myocardial
potassium injection.

Enzyme-linked Immunoabsorbent Assay
Protein was extracted and enzyme-linked immunoab-

sorbent assay was performed following the manufactur-
er’s instruction (Quantikine; R&D, Minneapolis, MN).
Protein concentration was determined using the Brad-
ford Assay (Bio-Rad Laboratories, Munich, Germany).

Northern Blotting
Lung tissue was homogenized and total RNA was

extracted using a one-step guanidinium thiocyanate-phe-
nol-chloroform extraction reagent (Trizol®; Invitrogen,
Carlsbad, CA). We separated 10 �g total RNA electro-
phoretically on 1% agarose gel and transferred it on a nylon

membrane (Amersham, Braunschweig, Germany). North-
ern blotting was performed as previously described.36

cDNA and Oligonucleotide Probes
A full-length complementary DNA (cDNA) was con-

structed using a reverse-transcriptase polymerase chain
reaction first strand cDNA kit (Fermentas, St. Leon-Rot,
Germany). Polymerase chain reaction was performed
using commercially synthesized specific oligonucleo-
tides for TNF-�, IL-1�, and IL-10 (BigBiotech, Freiburg,
Germany). The following specific primer sequences
were used: TNF-� (478 bp): sense (3=-5=) TGC CTA CTG
CAC TTC GAG GTT ATC, antisense (5=-3=) TGA GTC
GAT CAT CCT TCT CCA GCT; IL-1� (385 bp): sense (3=-
5=) ACA GAA GTG AAG ATG GCC AAA GTC, antisense
(5=-3=) TCA TGT TGC TCT GGA AGC TGT ATG; IL-10
(446 bp): sense (3=- 5=) GCA TCC ACT TCC CAA CCA,
antisense (5=-3=) CTT CCT CAT CTT CAT CGT CAT.

Polymerase chain reaction products were purified
with Qiagen® Gel Extraction Kit and transformed into
Escherichia coli bacteria via plasmid vector (pCR®2.1
TOPO, TOPO TA Cloning; Invitrogen). Cloned plasmids
were extracted according to the manufacturer’s instruc-
tions, and an EcoRI digestion was performed to isolate
the cDNA insert. The probe was labeled with
[�32P]dCTP (Amersham) using the Prime it II Random
Primer Labeling kit® (Stratagene, La Jolla, CA).

Preparation of Mononuclear Blood Cells
Blood samples were placed on top of Ficoll buffer and

centrifuged at 1,800 rpm for 45 min. Mononuclear cells
accumulated above the Ficoll, whereas erythrocytes
formed a solid mass at the bottom of the tube. Mononu-
clear cells were gathered using a Pasteur pipette, washed in
CliniMacs® (Miltenyi Biotec, Bergisch Gladbach, Germany)
three times, and recentrifuged. RNA was extracted using
the guanidinium thiocyanate-phenol-chloroform extrac-
tion, and total RNA was stored at �80°C until used again.

RNase Protection Assay
The ribonuclease protection assay was performed ac-

cording to the manufacturer’s recommendation (Multi-
Probe RPA; Becton Dickinson, Heidelberg, Germany).
Using a customer requested template (supported by Bec-
ton Dickinson, Franklin Lakes, NJ), the assay was per-
formed with 2 �g total RNA, extracted from peripheral
mononuclear blood cells. The template components
were IL-1� (257 bp); IL-6 (191 bp); IL-10 (316 bp);
RANTES (regulated upon activation, normal T-cell ex-
pressed, and secreted) 172 bp); L32 (140 bp); and glyc-
eraldehyde 3-phosphate dehydrogenase (125 bp).

Fluorogenic Caspase Activity Assay
Fluorogenic caspase activity assay was performed as

previously described.37
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Lung Histopathology
Lung histopathology evaluation was performed in pigs

after lung tissues were removed from the animals and
were placed in 10% neutral buffered formaldehyde over-
night for fixation at room temperature. The tissues were
processed into paraffin blocks, and 4-�m-thin micro-
scopic sections were obtained using a microtome and
placed on slides. Routine hematoxylin and eosin staining
was performed. Histologic and morphologic changes in-
duced by the interventions were evaluated by microscopy.

Quantitative and Statistical Analysis
Data were analyzed by a computerized statistical pro-

gram (SigmaStat® for Windows Version 3.1; Systat Software
Inc., San Jose, CA). The results are expressed as mean � SD
after normality was approved. Two-way analysis of variance
for repeated measurements was used to compare parame-
ters within one group. Two-way analysis of variance was
used to compare the different groups. A P value less than
0.05 was considered statistically significant. Autoradio-
graphs of Northern blots were evaluated by volume quan-
tification and local median of gene expression and normal-
ization against background using two-dimensional scanning
(Personal Densitometer; Amersham).

Results

All animals used in this experimental project survived.
Seventeen animals were randomly allocated to three groups,
SHAM (n � 3), CPB (n � 7), and CPB � CO (n � 7), and one
post hoc group, CPB � CO � SnPP IX (n � 7), added after the
initial experiments. No animals were excluded at any time.

Blood Gas Analysis
At various time points before, during, and after CPB a

complete arterial blood gas analysis was conducted, in-
cluding acid–base status, electrolytes, hemoglobin, car-
boxyhemoglobin, and lactate concentration. Baseline
levels of all parameters were not statistically different
between all groups. Hemoglobin concentration in both
CPB groups dropped by 20% at the onset of CPB and
leveled off by the end without group differences,
whereas in the SHAM group hemoglobin levels declined
throughout the observation time by 10% because of
dilution (data not shown). In both CPB groups, we de-
tected a respiratory alkalosis during CPB with normaliza-
tion after CPB (data not shown). Arterial oxygen pres-
sure (PaO2) was significantly lower in the CPB � CO
group and the CPB � CO � SnPP IX group at 10 and 120
min CPB compared with the SHAM group (fig. 2A). In
the post-CPB observation period, PaO2 was not further
affected by carbon monoxide inhalation (fig. 2A). As
expected, carboxyhemoglobin levels in the SHAM group
and the CPB group did not change significantly. Carbon
monoxide inhalation (250 ppm) increased carboxyhe-

moglobin levels fivefold to sixfold up to peak values of
11.0 � 2.9% after 1 h of inhalation (fig. 2B). After CPB,
carboxyhemoglobin levels in the CPB � CO group and
the CPB � CO � SnPP IX group decreased, reaching a
value of 5.6 � 2.3% at 120 min of the post-CBP obser-
vation period (fig. 2B). Other arterial blood gas parame-
ters did not differ between groups.

Systemic Hemodynamics
Hemodynamic parameters are presented in table 1 and

were largely unaffected by carbon monoxide inhalation.
Heart rate significantly increased in the CPB group and the
CPB � CO group at 15 and 60 min post-CPB compared
with the SHAM group (table 1). Central venous pressure
and pulmonary artery occlusion pressure remained un-
changed throughout the study in all groups (table 1).
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Fig. 2. Arterial oxygen pressure (PaO2; A) and carboxyhemoglo-
bin levels (B) in control group (SHAM) (closed circles) and
groups treated with cardiopulmonary bypass (CPB) (open
circles), CPB � carbon monoxide (CO) (closed triangles), and
CPB � CO � tin protoporphyrin IX (SnPP IX) (open trian-
gles). Values are mean � SD. * P < 0.05, CPB � CO versus
SHAM and CPB.
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Systemic Effects of Inhaled Carbon Monoxide
during CPB
The systemic effects of carbon monoxide on the mono-

nuclear component of the systemic inflammatory re-
sponse were evaluated by determining cytokine mRNA
levels in peripheral mononuclear blood cells using an
RNase Protection Assay. There were no significant dif-

ferences in cytokine expression in mononuclear cells
between the SHAM, CPB, or CPB � CO animals through-
out the experimental time course (fig. 3, lanes 5–16).
Lung tissue of a representative animal served as a posi-
tive control (fig. 3, lane 4). Housekeeping genes (glycer-
aldehyde 3-phosphate dehydrogenase) demonstrated
equal amounts of loaded RNA (fig. 3, all lanes).

Table 1. Comparison of Hemodynamic Parameters in the Four Groups Studied During the Experimental Protocol

Time Group
HR,

min�1
MAP,

mmHg
mPAP,
mmHg

CVP,
mmHg

PCWP,
mmHg

CI,
l � min � m�2

SVR,
dyn � s � cm�5

PVR,
dyn � s � cm�5

Pre-CPB SHAM 74 � 16 95 � 14 15 � 1 5 � 1 6 � 1 2.7 � 0.2 34 � 6 3 � 1
CPB 86 � 16 85 � 15 11 � 1 4 � 2 5 � 1 2.5 � 0.5 34 � 13 3 � 1
CPB � CO 93 � 15 93 � 13 13 � 2 2 � 2 6 � 1 2.6 � 0.5 34 � 7 2 � 1
CPB � CO � SnPP IX 87 � 13 91 � 16 12 � 2 5 � 3 6 � 2 2.5 � 0.4 33 � 9 3 � 1

Post-CPB 15 min SHAM 67 � 12 91 � 7 15 � 2 5 � 1 7 � 2 2.6 � 0.2 34 � 4 3 � 0
CPB 106 � 11*†‡ 79 � 10 16 � 5 4 � 2 6 � 2 2.8 � 0.5 28 � 8 4 � 1
CPB � CO 94 � 13‡ 87 � 7 15 � 3 4 � 3 7 � 1 2.8 � 0.6 34 � 8 4 � 2
CPB � CO � SnPP IX 103 � 11†‡ 94 � 12 14 � 3 5 � 3 5 � 3 2.5 � 0.6 31 � 7 4 � 2

Post-CPB 60 min SHAM 70 � 16 88 � 7 14 � 2 6 � 1 7 � 2 2.5 � 0.1 34 � 3 3 � 0
CPB 95 � 19‡ 73 � 14 12 � 1 3 � 2 6 � 2 2.4 � 0.4 36 � 7 3 � 1
CPB � CO 89 � 10‡ 80 � 11 14 � 2 4 � 2 7 � 1 2.5 � 0.6 33 � 8 3 � 1
CPB � CO � SnPP IX 87 � 11 88 � 14 14 � 4 4 � 4 6 � 2 2.3 � 0.5 37 � 6 4 � 2

Post-CPB 120 min SHAM 70 � 17 84 � 8 14 � 2 7 � 1 7 � 2 2.5 � 0.2 32 � 4 3 � 0
CPB 93 � 13 76 � 13 12 � 1 3 � 2 6 � 2 2.2 � 0.4 39 � 7 3 � 1
CPB � CO 92 � 12 85 � 11 13 � 2 4 � 2 7 � 1 2.3 � 0.5 40 � 11 3 � 2
CPB � CO � SnPP IX 86 � 14 87 � 17 12 � 3 6 � 3 7 � 3 2.2 � 0.6 37 � 4 3 � 2

Values are mean � SD.

* P � 0.05 vs. pre-cardiopulmonary bypass (CPB). † P � 0.05 vs. 120 min post-CPB. ‡ P � 0.05 vs. control group (SHAM) at the same time.

CI � cardiac index; CO � carbon monoxide; CVP � central venous pressure; HR � heart rate; MAP � mean arterial pressure; mPAP � mean pulmonary artery
pressure; PCWP � pulmonary capillary wedge pressure; PVR � pulmonary vascular resistance; SnPP IX � tin protoporphyrin IX; SVR � systemic vascular
resistance.
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Fig. 3. Representative autoradiograph of RNase protection assay showing the time course of cytokine gene expression in mononu-
clear blood cells. A total of 10 �g RNA was used in each lane. CPB � cardiopulmonary bypass; CO � carbon monoxide; GAPDH �
glyceraldehyde 3-phosphate dehydrogenase; IL � interleukin; RANTES � regulated upon activation, normal T-cell expressed, and
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To evaluate the systemic toxic or beneficial effects of
carbon monoxide on organ function, we determined
plasma activity of lactate dehydrogenase (fig. 4A), crea-
tine kinase (fig. 4B), myoglobin (fig. 4C), creatine kinas-
e–muscle and brain subunit (fig. 4D), and N-terminal pro
brain natriuretic peptide (fig. 4E). To evaluate extrapul-
monary effects of carbon monoxide, we determined
plasma activity of hepatic enzymes (figs. 5A–E) and
plasma levels of creatinine (fig. 5F). Our results demon-
strate lack of systemic carbon monoxide toxicity and the
beneficial effects on organ function.

Carbon Monoxide Inhalation Modulates Cytokine
mRNAs and Protein Levels and Effector Caspase
Activity in Lung Tissue during CPB
Cytokine mRNAs and protein levels in lung tissue were

barely detectable in the SHAM group (data not shown).
As shown in figure 6A, transcription of the TNF-� mRNA
was also barely detectable at baseline in animals treated
with CPB and with CPB � CO (fig. 6A, lanes 1 and 2).
TNF-� mRNA expression increased significantly in the
CPB group (fig. 6A, upper panel; 10 and 120 min; P �
0.05), both during and after CPB (fig. 6A, upper panel;

0

200

400

600

800

1000

1200

1400

1600

SHAM  [n=3] CPB [n=5] CPB+CO [n=7] CPB+CO+SnPP IX
[n=7]

U
/L

0

500

1000

1500

2000

2500

3000

3500

4000

SHAM  [n=3] CPB [n=5] CPB+CO [n=7] CPB+CO+SnPP IX
[n=7]

U
/L

0

5

10

15

20

25

30

35

40

SHAM  [n=3] CPB [n=5] CPB+CO [n=7] CPB+CO+SnPP IX
[n=7]

ng
/m

l

0

100

200

300

400

500

600

700

800

SHAM  [n=3] CPB [n=5] CPB+CO [n=7] CPB+CO+SnPP IX
[n=7]

U
/L

0

2

4

6

8

10

12

14

16

SHAM  [n=3] CPB [n=5] CPB+CO [n=7] CPB+CO+SnPP IX
[n=7]

pg
/m

l

Lactate Dehydrogenase

Myoglobin

N-terminal pro Brain Natriuretic Brain Peptide

Creatine Kinase

Creatine Kinase - Muscle and Brain Subunit

*

** #

A

C

B

D

E

Fig. 4. Activity of lactate dehydrogenase (A), creatine kinase (B), myoglobin (C), creatine kinase–muscle and brain subunit (D), and
N-terminal pro brain natriuretic brain peptide (E) in plasma obtained from pigs after cardiopulmonary bypass (CPB), CPB � carbon
monoxide (CO), and CPB � CO � tin protoporphyrin IX (SnPP IX) and time-matched control group (SHAM) animals. Data represent
mean � SD. * P < 0.05, CPB versus SHAM and versus CPB � CO. # P < 0.001, CPB � CO � SNPP IX versus CPB � CO.

1030 GOEBEL ET AL.

Anesthesiology, V 108, No 6, Jun 2008

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/108/6/1025/367501/0000542-200806000-00011.pdf by guest on 17 April 2024



15, 60, and 120 min; P � 0.05). Animals of the CPB �
CO group showed no significant differences to baseline.

Interleukin-1� mRNA transcription was significantly
increased in the CPB animals (fig. 6B; 120 min CPB; P �
0.05 and 15, 60, and 120 min post-CPB; P � 0.001).

Pulmonary TNF-� protein levels remained unchanged
during the experiments in SHAM animals (fig. 6C). In con-
trast, CPB significantly increased TNF-� protein expression,
reaching a maximum at the end of the observation time
(fig. 6C). In the CPB � CO group, TNF-� protein expres-

sion was significantly lower at 10 min CPB (fig. 6C; P �
0.05) and during the post-CPB interval (fig. 6C; 60 and 120
min post-CPB; P � 0.05). After blocking of the endogenous
carbon monoxide production by SnPP IX, TNF-� protein
expression remained comparable to carbon monoxide–
treated animals (fig. 6C; CPB � CO � SnPP IX).

Likewise, IL-1� protein expression increased signifi-
cantly in the CPB group at 120 min post-CPB (1,591
pg/ml) compared with the SHAM group, whereas ani-
mals of the CPB � CO group showed protein expression
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Fig. 5. Activity of alkaline phosphatase (A), glutamate oxalacetate transaminase (B), glutamate pyruvate transaminase (C), bilirubine
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mean � SD. * P < 0.05, CPB versus SHAM and versus CPB � CO. # P < 0.001, CPB � CO � SNPP IX versus CPB � CO.

1031CARBON MONOXIDE REDUCES PULMONARY INFLAMMATION

Anesthesiology, V 108, No 6, Jun 2008

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/108/6/1025/367501/0000542-200806000-00011.pdf by guest on 17 April 2024



comparable to that of SHAM animals (278 vs. 192 pg/ml;
P � 0.001; fig. 6D). After blocking of the endogenous
carbon monoxide production by SnPP IX, IL-1 protein
expression remained comparable to carbon monoxide–
treated animals (fig. 6D; CPB � CO � SnPP IX).

Interleukin-10 mRNA expression was unchanged dur-
ing CPB (fig. 7A). In contrast, IL-10 mRNA expression
was significantly induced by inhaled carbon monoxide
treatment. At 120 min CPB and during the whole post-
CPB period, IL-10 mRNA expression was 20-fold higher
in the CPB � CO group compared with the CPB group
(fig. 7A; 120 min post-CPB; P � 0.001).

To investigate whether apoptotic effects of the CPB-
treated animals were associated with the activation of
the crucial effector caspase-3 in the lungs, we performed
a caspase-3 activity assay of the cytosols of these tissue
samples by using a specific fluorogenic caspase-3 sub-

strate (7-amino-4-methylcoumarin). Likewise, animals
exposed to CPB showed a significant increase in
caspase-3 activity during post-CPB compared with SHAM
animals (fig. 7B; P � 0.05 vs. CPB). In contrast, animals
treated with CPB � CO and with CPB � CO � SnPP IX
had a caspase-3 activity not statistically different from
SHAM animals (fig. 7B). Therefore, cell death induced by
CPB was associated with caspase-3 activation and signifi-
cantly attenuated by inhaled carbon monoxide treatment.

In addition, IL-10 protein levels in the SHAM and CPB-
treated animals were unchanged during the whole ex-
periment (fig. 7C). In contrast, levels of the antiinflamma-
tory cytokine IL-10 were significantly higher in the CPB �
CO group (602 vs. 70 pg/ml compared with CPB alone; fig.
7C; 60 min post-CPB [P � 0.05] and 120 min post-CPB
[P � 0.001]). In addition, IL-10 protein expression was
significantly higher in the CPB � CO � SnPP IX group (469
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vs. 70 pg/ml compared with CPB alone; fig. 7C; 60 min
post-CPB [P � 0.05] and 120 min post-CPB [P � 0.001])
and comparable to the levels of the CPB � CO animals.

Carbon Monoxide Inhalation Protects Lung Tissue
during CPB
Hematoxylin and eosin–stained lung tissue revealed no

histopathology 120 min post-CPB in the SHAM animals
(fig. 8A). CPB treatment caused atelectasis, edema, and
infiltration of macrophages in the alveolar septa. Crucial
destruction of the lung architecture was obvious at 120
min post-CPB (fig. 8B). Preoperative inhalation of 250
ppm carbon monoxide inhibited lung damage (fig. 8C).
Suppression of endogenous carbon monoxide produc-

tion via SnPP IX slightly altered the effect of inhaled
carbon monoxide (fig. 8D).

Discussion

The use of CPB in cardiac surgery is often associated with
pulmonary inflammation and dysfunction.1–3 The condi-
tions of CPB, e.g., aortic cross clamping, excluded circula-
tion of heart and lungs, the nutritive blood supply to the
lungs continuous only via the bronchial arteries, contrib-
ute concurrently to the humoral and cellular processes
leading to pulmonary dysfunction.4 After CPB, reperfusion
leads to an inflammatory response.38–40 The incidence of
significant pulmonary injury (e.g., acute respiratory distress
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syndrome) after cardiopulmonary bypass is rare (1.7%).39

The incidence of a lesser degree of pulmonary dysfunction,
defined as a PaO2/fraction of inspired oxygen ratio of
150 mmHg or less and chest radiography consistent
with pulmonary edema, was 12%.10 Various interven-
tions failed to blunt the bypass-induced inflammatory
response and to decrease lung injury. Carbon monox-
ide, a powerful antiinflammatory drug, has been dem-
onstrated to suppress the inflammation in a multitude of
in vivo and transplantation studies.21–25 Therefore, the
hypothesis of this study was that carbon monoxide
may potentially serve as a novel intervention in reduc-
ing CPB-induced pulmonary inflammation.

Our findings support that inhaled carbon monoxide
provides pulmonary antiinflammatory and antiapoptotic
effects during CPB. In addition, and of greater impor-
tance, these effects occurred when carbon monoxide
was administered only as a pretreatment, with the ad-
vantage of short exposure time, which results in a lim-
ited binding to hemoglobin, because the extent of car-
bon monoxide hemoglobin formation depends on the
dose and the time of application.41 The effect had the
following characteristics: (1) Systemic inflammation and
adverse effects on extrapulmonary organs seem to be
not important, because cytokine mRNA expression in
mononuclear blood cells was not detectable and serum
markers of hepatic, cardiac, or renal injury were also not
detectable. (2) Carbon monoxide inhalation suppressed
the CPB-induced pulmonary expression of the proinflam-
matory cytokines TNF-� and IL-1�. (3) Carbon monoxide
inhalation significantly induced pulmonary IL-10 protein
levels during the whole experiment. (4) Analysis of
mRNA cytokine transcripts suggests a transcriptional

regulation due to carbon monoxide–mediated effects.
(5) Apoptosis in the lung is attenuated, because carbon
monoxide inhalation inhibited effector caspase activity
in lung tissue during CPB. These data suggest that the
antiinflammatory and antiapoptotic properties of carbon
monoxide may confer cytoprotection in a pig model of
CPB-induced pulmonary inflammation and dysfunction.

In the lung, several studies have previously provided
evidence that carbon monoxide mediates antiinflamma-
tory and antiapoptotic effects during lung injury. For
example, Choi et al.42 demonstrated that the same low
concentration of inhaled carbon monoxide (250 ppm) as
used in the current study significantly reduced TNF-�
levels in lavage fluid in a rat model of ventilator-induced
lung injury. In addition, the same group demonstrated
that rats exposed to carbon monoxide exhibit a marked
tolerance to lethal concentrations of hyperoxia.35 This
increased survival was associated with highly significant
attenuation of hyperoxia-induced lung injury as assessed
by the volume of pleural effusion, protein accumulation
in the airways, and histologic analysis.35 Otterbein et
al.21 further demonstrated that carbon monoxide also
exerts antiinflammatory effects in an in vivo model of
lipopolysaccharide-induced inflammation. Carbon
monoxide, even at low concentrations, selectively
modulated the proinflammatory/antiinflammatory cas-
cade of cytokines: Carbon monoxide inhibited the
lipopolysaccharide-induced production of TNF-�, IL-
1�, and macrophage inflammatory protein 1� while
increasing IL-10 production.21 These data are in sharp
contrast to similar experiments performed in humans,
where carbon monoxide inhalation (10 –500 ppm for
1 and 2 h after lipopolysaccharide infusion) did not
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CPB+CO+SnPP IX
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Fig. 8. Microscopic images of the pigs’
lung at 120 min after cardiopulmonary by-
pass (CPB). Representative lung sections of
control group (SHAM) animals (A) and an-
imals treated with CPB (B), CPB � carbon
monoxide (CO) (C), and CPB � CO � tin
protoporphyrin IX (SnPP IX) (D) after he-
matoxylin and eosin staining. Original
magnification �40 (A–D).
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attenuate transiently increased plasma concentrations
of inflammatory mediators (TNF-�, IL-6, IL-8, IL-10,
IL-1).43

The pulmonary ischemia during bypass and the reper-
fusion injury after declamping in our setting may also be
considered as an ischemia and reperfusion injury. In a
model of renal ischemia and reperfusion in the rat, inha-
lation of carbon monoxide has been shown to normalize
the inflammatory parameters and significantly reduced
ischemia and reperfusion injury.44 Taken together, these
data suggest that carbon monoxide is a selective and
specific antiinflammatory modulator, and raises the ques-
tion of which mechanisms are responsible for mediating
these effects of carbon monoxide.

The suppression of cell apoptosis by carbon monoxide
inhalation may represent a mechanism by which carbon
monoxide provides protection against induced organ
injury.22,23,45 Although the precise physiologic mecha-
nism of antiapoptotic effects mediated by carbon mon-
oxide has not yet been established, it is possible that this
effect may be related to the powerful antioxidative and
antiinflammatory functions of carbon monoxide. Inhaled
carbon monoxide might limit the generation of reactive
oxygen species, decrease the presence of free metal
irons,46 and down-regulate proinflammatory cytokines.47

In addition, recent evidence suggested that carbon monox-
ide–treated animals showed an early up-regulation of the
antiapoptotic gene Bcl-2 and down-regulation of proapop-
totic genes (e.g., Fax and Bax).27,48 The up-regulation of
antiapoptotic genes and down-regulation of proapoptotic
genes can suppress apoptosis of pulmonary cells. Our
study showed that pulmonary effector caspase activity de-
creased after carbon monoxide inhalation. Cell apoptosis
serves as a useful marker of lung injury in response to
oxidative stress and inflammation such as ischemia and
reperfusion injury.46

Hyperoxia may significantly alter normal cellular lung
physiology, promoting formation of reactive oxygen spe-
cies, activation of programmed cell death pathways, and
expression of inflammatory cytokines.49 For the most
part, up-regulated cytokines confer a degree of tolerance
to hyperoxia via attenuation of cell death signaling path-
ways or augmentation of antioxidant activity.50 In our
experiments, we used moderate hyperoxic levels with
PaO2 values below 250 mmHg for a short period to
obtain normoxia in the CPB � CO groups.

On the basis of the results presented here from animal
studies, we cannot propose that carbon monoxide might
possibly be used as an antiinflammatory agent in human
cardiac surgery with CPB, because controlled human
studies correlating carboxyhemoglobin to organ func-
tion do not exist. The use of a gas normally considered
toxic must be carefully weighed. In this study, we used
lower concentrations compared with the few human
studies that examined the effects of continuous carbon
monoxide inhalation on carboxyhemoglobin levels.51,52

For example, volunteers breathed carbon monoxide
concentrations of 400–1,000 ppm until their carboxyhe-
moglobin levels reached 10–12% and were then as-
signed to hyperbaric oxygen therapy.51 A recently pub-
lished clinical study by Mayr et al.43 showed no clinical
signs of carbon monoxide toxicity after exposure of 250
and 500 ppm. Modest increases in carboxyhemoglobin
levels equivalent to that resulting from cigarette smoking
do not have any appreciable acute sympathetic and he-
modynamic effects in healthy humans.52 Furthermore,
the concentrations used here are comparable to the
levels used in humans (0.03%) during measurement of
lung diffusion capacity for carbon monoxide, a standard
pulmonary function test.53 However, this study involved
continuous carbon monoxide exposure, but it could be
that these carbon monoxide concentrations might not
be tolerated.

In conclusion, our findings support the theories that
inhaled carbon monoxide provides pulmonary antiin-
flammatory effects during CPB and lead to a better un-
derstanding of the complex regulatory function of car-
bon monoxide in lung injury. Based on the observations
of this study, it is tempting to speculate that inhaled
carbon monoxide could represent a potential new ther-
apeutic modality for counteracting CPB-induced lung
injury.

The authors thank Alexander Hoetzel, M.D. (Resident, Department of Anes-
thesiology and Critical Care Medicine, University Medical Center, Freiburg, Ger-
many), for his helpful assistance during the revision of the manuscript.
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