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ABSTRACT: In vitro and in vivo studies have shown that carbon monoxide (CO) has both anti-

inflammatory and anti-oxidant capacities. Since chronic obstructive pulmonary disease (COPD) is

characterised by inflammation and oxidative stress, low-dose CO could be of therapeutic use. The

aim of the present study was to investigate the feasibility and anti-inflammatory effects of 100–

125 ppm CO inhalation in patients with stable COPD.

In total, 20 ex-smoking COPD patients with post-bronchodilator forced expiratory volume in one

second (FEV1) .1.20 L and FEV1/forced vital capacity ,70% were enrolled in a randomised,

placebo-controlled, crossover study. Effects on inflammation were measured in induced sputum

and blood.

CO inhalation was feasible and patients’ vital signs were unaffected; 2 h?day-1 inhalation of low-

dose CO on 4 consecutive days led to a maximal individual carboxyhaemoglobin level of 4.5%.

Two exacerbations occurred in the CO period. CO inhalation led to trends in reduced sputum

eosinophils (median reduction 0.25% point) and improved responsiveness to methacholine

(median provocative concentration causing a 20% fall in FEV1 0.85 versus 0.63 mg?mL-1).

Inhalation of 100–125 ppm carbon monoxide by patients with chronic obstructive pulmonary

disease in a stable phase was feasible and led to trends in reduction of sputum eosinophils and

improvement of responsiveness to methacholine. Further studies need to confirm the safety and

efficacy in inflammatory lung diseases.
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C
hronic obstructive pulmonary disease
(COPD) is characterised by an abnormal
inflammatory response to noxious gases

or particles, the most important of which in the
Western world is tobacco smoke [1]. However,
smoking cannot explain all cases of COPD, since
many nonsmokers, especially in third world
countries, develop COPD without smoking.
More importantly, the inflammatory response
continues when smoking has been discontinued
for a prolonged period of time. A long-term goal
in COPD research is to elucidate the origins of the
self-perpetuating inflammatory response in sus-
ceptible smokers. This knowledge is a prerequis-
ite for novel therapeutic interventions in a
disease with very few effective treatment mod-
alities. In the present study, it is hypothesised

that endogenous haem oxygenase (HO)-1 and its
downstream product, carbon monoxide (CO), are
not induced to the level necessary to protect the
lung from COPD development and progression.

CO is generated endogenously by haem degrad-
ation. This degradation is catalysed by the
enzyme HO. Of the two known enzymatically
active isoforms of HO-1 and HO-2, only HO-1
responds to xenobiotic induction. Constitutively
expressed in many tissues, HO-2 occurs at high
levels in nervous and vascular tissues and may
respond to regulation by glucocorticoids [2].
HO-1 is upregulated in case of tissue injury, for
example during periods of tissue hypoxia and/or
inflammation [3]. Both in vitro and in vivo studies
suggest therapeutic options for the inhalation of
CO, since it has potent anti-inflammatory and
anti-oxidant capacities [4]. In vitro, CO down-
regulates pro-inflammatory cytokines produced
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by macrophages [5]. In vivo studies in several animal species
show that CO has a protective function against ischaemic
injury, hyperoxic injury, graft versus host reactions, and
pulmonary inflammation [6–8].

It has been postulated that a deficiency in the ‘‘HO-1–CO
pathway’’ leads to decreased lung protection and thus may
contribute to the severity of COPD. The current authors
subscribe to this hypothesis, since HO-1 expression in alveolar
macrophages in smoking COPD patients is decreased com-
pared with in smokers without COPD [9]. Additionally, the
current authors have previously shown a lower HO-1 expres-
sion in ex-smokers with COPD, compared with healthy
ex-smokers [10]. Also, a polymorphism linked with the
development of COPD may occur in the promoter region of
the HO-1 gene, resulting in a reduced inducibility of HO-1 [11].
Furthermore, it has recently been shown in vivo that adenoviral
HO-1 overexpression suppresses emphysema development
[12]. Therefore, a genetically dependent downregulation of
HO-1 expression may arise in subpopulations, possibly linked
to increased susceptibility to oxidative stress [13].

The ongoing inflammation after smoking cessation in COPD
patients provides an inflammatory model for investigation of
the anti-inflammatory effects of low-dose inhaled CO, bypass-
ing the disturbing effect of variable CO levels inhaled during
cigarette smoking. Whether the exogenous administration of
CO reduces the inflammation and oxidative stress caused by
the postulated endogenous impairment of sufficient CO
generation in COPD patients is the key question of the present
study. If so, inhalation of CO by COPD patients could become
a realistic therapeutic option. In COPD there is much
experience with the inhalation of medical gas, in the form of
oxygen, both as maintenance at home and during exacerba-
tions. It would be feasible to add a low concentration of CO to
this oxygen.

The purpose of the present pilot study was to explore the
feasibility and safety of inhalation of CO by stable COPD
patients, as well as its anti-inflammatory potential. It was
hypothesised that inhalation of CO reduces ongoing inflam-
mation in patients with COPD who have stopped smoking.

METHODS

Pilot
A pilot study was first performed to assess feasibility and
safety of the inhalation of CO. CO was administered from a
cylinder in a fixed dosage of 100 ppm in room air

(Nederlandse Technische Gasmaatschappij, Tilburg, the
Netherlands). A healthy subject inhaled this gas mixture
through a non-rebreathing mask with a flow of 10 L?min-1

for 75 min. Venous percentage of carboxyhaemoglobin
(COHb) was measured every 15 min. No adverse effects
occurred and the maximal COHb level was 2.7%. Thereafter,
three patients with stable COPD inhaled 95 ppm CO for
2 h?day-1 on 4 consecutive days. During the inhalation sessions
patients were continuously observed and vital signs were
monitored. Again, no adverse events occurred and the
maximal venous COHb level reached was 3.9%. It was
concluded that inhalation of these low concentrations of CO
was safe and made it possible to start with a randomised
controlled clinical trial.

Study design
All patients were required to meet the following criteria:
diagnosis of COPD .1 yr; aged 40–85 yrs; completely stopped
smoking .1 yr previously with o10 pack-yrs; post-broncho-
dilator forced expiratory volume in one second (FEV1)/forced
vital capacity (FVC) ,70%; no history of asthma; no other
interfering medication or diseases; no upper/lower respiratory
tract infection the previous 4 weeks. Allowed medications
were short-acting anti-cholinergics and b2-agonists as needed;
allowed in a fixed-dose regimen were theophyllines, inhaled,
nasal or systemic corticosteroids, and other nonpulmonary
medication.

The study was approved by the medical ethics committee of
the University Medical Center Groningen (Groningen, the
Netherlands). All participants gave written informed consent.

At the inclusion visit, history was taken and physical
examination performed. Spirometry was performed before
and after 400 mg salbutamol. Allergic status was taken from
medical records and history taking. The study was random-
ised, placebo controlled and crossover. Patients inhaled
100–125 ppm CO for 2 h on 4 consecutive days. After
minimally 1-week washout, room air was inhaled in the same
schedule. The sequence of CO or placebo was randomised
(fig. 1). The inhalation was blinded for the patient, physician
and laboratory technician; lung function technicians were not
blinded, since the CO measurements uncovered the blinding.
Before and after the first 2-h session, cardiac frequency and
blood pressure were assessed. Sputum was induced according
to European Respiratory Society guidelines, but with mod-
ifications when FEV1 was ,1.5 L [14, 15]. Whole sputum
samples were processed for cell counts within 120 min, as
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FIGURE 1. Study design. Subjects were randomised at inclusion. CO: carbon monoxide inhalation for 2 h (4 successive days); Pla: placebo inhalation for 2 h (4

successive days); PC20: provocative concentration of methacholine causing a 20% fall in forced expiratory volume in one second; LF: lung function; S: sputum; B: blood. LF,

S and B were assessed 17 h after the last inhalation of CO or placebo.
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described before [16]. A total cell count was performed on
sputum samples after addition of 0.1% dithiothreitol equal to
the sample’s volume and filtration. Viability was checked by
means of trypan blue exclusion. Two slides for differential cell
counts were stained with May–Grunwald–Giemsa. Differential
cell counts were performed by two technicians counting 300
nonsquamous cells in a blinded fashion, and the mean was used
for analysis. Percentages were calculated. Airway hyperrespon-
siveness was measured as the provocative concentration of
methacholine causing a 20% fall in the FEV1 (PC20) using the
2-min tidal breathing method. Health status was measured by
the Clinical COPD Questionnaire [17]. After each inhalation
session, patients were asked to mention any adverse symptom
experienced.

Blood differential counts were analysed by flow cytometry
(Coulter-STKS; Beckman Coulter, Miami, FL, USA) in the
routine hospital laboratory. Serum C-reactive protein (CRP)
and albumin were measured by nephelometry (Dade Behring,
Leusden, the Netherlands).

Serum lipid peroxides were measured as malonaldehyde-
thiobarbituric acid adducts by fluorimetry (Sigma-Aldrich,
Zwijndrecht, the Netherlands).

Per protocol, a statistician independent of the study performed
an interim analysis after the first 10 patients to determine,
based on indications of therapeutic effects, whether to continue
with inhalation of 100 ppm CO or increase to 125 ppm CO.
The trial was continued using 125 ppm CO.

Statistics
Data are expressed as median (interquartile range). Non-
normally distributed parameters were log-transformed, if this
normalised the distribution. Normally distributed efficacy
parameters were compared by paired t-test, non-normally
distributed parameters by Wilcoxon signed rank test. The
primary parameter was the difference in sputum neutrophil
after CO and after placebo inhalation. The power calculation
was performed on the primary parameter: the difference in
sputum neutrophil counts after CO and after placebo inhal-
ation. Limited data were available on the course of the disease
as assessed by inflammatory parameters. In the present study,

the patients served as their own controls during the study, and
the changes within patients were compared. A pilot study in the
University Hospital Groningen with 32 COPD patients tested
with a 1-week interval showed a mean change in per cent
neutrophil count of 3.0% points and an SD of the difference of
11.8% points. With 20 patients in the present two-treatment
crossover study, there was an 80% probability to detect a
treatment difference of o8% with an a of 0.05. Effects of
treatment order and dose of CO were analysed post hoc using an
ANOVA model, with the change in eosinophils from placebo to
CO treatment as the dependent variable, and inhaled corticos-
teroids, phenotype and allergy in history as covariates.

RESULTS

Patients
Patient characteristics are shown in table 1. Of the 20 enrolled
patients, 18 completed the study. One patient withdrew
consent after randomisation but before the start of the first
inhalation session and was not included in analyses. One
patient discontinued the study due to a serious adverse event
after completing the CO period (see Safety and adverse
events). One patient had only a 1-day inhalation programme
in the second period (placebo period), because the time
schedule was too intensive for him.

Safety and adverse events
The median COHb reached after the fourth inhalation session
of 100 ppm CO was 2.6%, with a highest individual value of
3.5%. After 125 ppm inhalation the median COHb was 3.1%,
with the highest individual value reaching 4.5% (table 2).

The adverse events are shown in table 3. During/after the CO
inhalation period, two exacerbations of COPD occurred. The
first patient reported increased dyspnoea and cough symp-
toms 1 week after inhalation of CO, but this did not require a
change in medication other than an increase in the use of
bronchodilators. A full-blown exacerbation requiring hospital-
isation and intubation occurred 2 months later, which recov-
ered slowly but fully. The second patient had an exacerbation
on the third day of CO inhalation, and was treated successfully
at home with oral corticosteroids and bronchodilators. There
were no differences in other adverse events between CO and
placebo inhalation. There were no significant differences in
change of both cardiac frequency and blood pressure between
CO and placebo inhalation (table 2).

Effects on inflammatory indices
There was no reduction by CO inhalation in the primary end-
point, sputum neutrophil percentage (table 4). However, the
sputum eosinophil percentage did show a trend towards
reduction by CO inhalation (p50.07; table 4; fig 2).

In blood, no significant changes in leukocyte numbers (CO: 6.8;
placebo: 6.9; p50.36), malonaldehyde levels (CO: 13.4 mM;
placebo: 14.2 mM; p50.53), CRP levels (CO: 2.5 mg?L-1; placebo:
2.5 mg?L-1; p50.85) or erythrocyte sedimentation rates (CO:
6.0 mm?h-1; placebo: 7.0 mm?h-1; p50.21) were found.

The first nine patients were treated with 100 ppm CO, the last
10 with 125 ppm. Post hoc analysis showed that there were no
differences in effects between 100 and 125 ppm CO on sputum
neutrophils and eosinophils. The randomised treatment order

TABLE 1 Patient characteristics

Subjects 19

Male/female 18/1

Age yrs 67 (63–70)

Smoking pack-yrs 37 (21–69)

Duration of smoking cessation yrs 5.7 (4.6–14.6)

FEV1 % pred 69 (55–79)

FEV1 L 2.2 (1.8–2.5)

FEV1/FVC 52 (44–61)

Reversibility % pred 10.1 (5.1–12.6)

Allergy yes/no 6/13

Usage of ICS yes/no 13/6

Data are presented as n or median (interquartile range). FEV1: forced expiratory

volume in one second; % pred: % predicted; FVC: forced vital capacity; ICS:

inhaled corticosteroids.

E. BATHOORN ET AL. CARBON MONOXIDE IN PATIENTS WITH COPD

c
EUROPEAN RESPIRATORY JOURNAL VOLUME 30 NUMBER 6 1133



was also of no influence on the effects of treatment on these
parameters.

Effects on lung function and health status
CO inhalation resulted in a trend in improvement of respon-
siveness to methacholine (median PC20 after CO inhalation
0.85 versus 0.63 mg?mL-1 after placebo inhalation; p50.098;
fig. 3). There was no effect of the CO inhalation on FEV1,
FEV1/FVC, specific airway conductance or on the health status,
as measured by the Clinical COPD Questionnaire (table 5).

DISCUSSION
The present study is the first to explore the therapeutic
potential of low-dose CO inhalation by patients with stable
COPD. The inhalation was feasible, and it resulted in trends
towards therapeutic effects in reducing sputum eosinophils
and improving the responsiveness to methacholine. The trends
found in the present pilot study are useful for the design and
power calculations of further studies of this novel pathway in
the treatment of COPD.

The first objective of the pilot study was to explore the safety
and feasibility of inhalation of CO in patients with stable

COPD. Inhalation of CO by healthy subjects has been applied
previously in clinical trials that were performed to assess the
clearance of COHb after CO intoxication. In the current study,
the dosage of CO at COHb levels was titrated below the levels
of COHb ‘‘achieved’’ with smoking of 20 cigarettes?day-1

where the 24-h average COHb levels reach 5.3% on average,
with peaks .6% [19]. A protocol of 100 ppm CO for 2 h has
been shown in a previous study in healthy young males to lead
to COHb levels of ,4% [20]. Therefore, the present study
explored the therapeutic effects of CO at this protocol, at doses
well within what was expected to be safe. Indeed, the
inhalation of 100 ppm led to a maximal COHb level of 3.1%
in patients with COPD and the highest COHb level reached
with 125 ppm was 4.5%, which is in the range of the maximal
COHb values the current authors had expected.

To further assess the safety, vital signs were measured before
and after the first inhalation session and adverse events
recorded. A significant effect of the inhaled CO on vital signs
was not found. One patient reported haemoptysis. This patient
had a long history of frequent haemoptysis of unknown origin
before the present trial. There were two exacerbations in the
CO periods; one patient experienced a COPD exacerbation
starting on day 4 of CO inhalation, 18 h after the last
inhalation. A severe exacerbation occurred in another patient,
2 months after the last inhalation. Both patients had experi-
enced regular exacerbations in the past, and the current
authors speculate, but can in no way prove, that these
problems were not caused by the CO inhalation itself. The
present study is underpowered to differentiate with any
certainty whether these exacerbations occurred coincidentally
during/after CO inhalation, or were caused by inhalation
of CO.

The second objective of the present pilot study was to explore
the effects of inhaled CO on airway and systemic inflammation
and oxidative stress. The primary end-point was sputum
neutrophil counts, an end-point chosen since neutrophils are
the predominant cells in sputum after smoking cessation along
with eosinophils [21]. Additionally, CO has been shown to
reduce neutrophil counts in ovalbumin-induced airway
inflammation in vivo [8, 22]. The sputum neutrophil levels
did not change significantly. Nevertheless, total cell count
showed a downward trend, but with a large spread. The

TABLE 2 Safety parameters

CO Placebo p-value

Median COHb % 2.7 (2.1–3.4) 0.2 (0.1–0.7) ,0.01

Highest COHb % 4.5 1.7 ,0.01

Change in cardiac frequency

beats?min-1

0 (-11.3–4) -4 (-15–0.0) 0.08

Change in systolic blood

pressure mmHg

10 (-1.3–20) 10 (0.0–20) 0.80

Change in diastolic blood

pressure mmHg

6.0 (-5.0–15) 12.5 (1.3–20) 0.23

Data are presented as median (interquartile range), unless otherwise stated.

CO: carbon monoxide; COHb: carboxyhaemoglobin. Median and highest

COHb % are measured after the fourth inhalation of each round. Changes in

vital signs are expressed as the value after subtracting the value before the first

inhalation session. 1 mmHg50.133 kPa.

TABLE 3 Adverse events

CO Placebo

Serious adverse events

COPD exacerbation requiring intensive care 2 months after CO inhalation 1 0

Adverse events

COPD exacerbation on third day of CO inhalation 1 0

Headache 3 2

Dry mouth 2 1

Dizziness 1 1

Haemoptysis 1 1

Cough 1 0

Data are presented as n. CO: carbon monoxide; COPD: chronic obstructive pulmonary disease.
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p-value for the reduction in eosinophil percentages
approached significance (p50.07). The reduction in absolute
eosinophil counts yielded the same p-value of 0.07. The
reduction in eosinophils could have been influenced by the
use of inhaled steroids, since steroids suppress sputum
eosinophils in COPD [23]. In total, 13 patients were on regular
inhaled steroids. It is possible that a larger, and significant,
reduction in sputum eosinophils would have occurred had
these patients not been on maintenance inhaled steroids.
However, post hoc analyses did not show differences in trends
in effects by CO in inhaled steroid users and nonusers. The
reduction in eosinophil numbers is not totally unexpected,
since animal models showed that inhalation of CO or cigarette
smoke containing CO reduces airway and lung eosinophilia [8,
22]. It is tempting to speculate that next to the many and
overriding deleterious effects of cigarette smoke, certain
components might also exert beneficial effects. To be clear, in
the current authors’ opinion these potential beneficial effects of
CO (and perhaps of other components of cigarette smoke, such
as nitric oxide and nicotine) do not sufficiently counterbalance
the harmful effects.

A trend (p50.098) has been demonstrated towards improve-
ment in responsiveness to methacholine by CO. Both the
animal models previously mentioned showed a reduction in

pulmonary eosinophils and an improvement in responsiveness
to methacholine [8, 22]. The present study supports the theory
that inhalation of CO reduces eosinophil counts and improves
responsiveness to methacholine. The improvement in hyper-
responsiveness could be caused by a reduction of eosinophils,
although in an earlier report the correlation between respon-
siveness to methacholine and sputum eosinophil counts in
patients with COPD did not reach significant levels (r5 -0.32;
p50.085) [24]. It could also be caused by a direct protective
effect of CO on the airway smooth muscles, since CO is also a
neurotransmitter causing bronchodilation in the airways via
cyclic guanosine monophosphate [25].

There are two important methodological issues to discuss. The
most important is that the study was not designed to detect
significant changes in sputum eosinophils and responsiveness to
methacholine. Post hoc power analysis showed that 31 patients
would have been needed to cause the same median effect size of
0.25% point reduction in the present study to be significant with
80% power and a 0.05. The second is that the current authors did
not have a baseline measurement before the second phase of the
crossover. However, no evidence of a period effect (carry-over
effect) was found in the ANOVA analysis. Therefore, the
washout period of o1 week seems long enough.

TABLE 4 Sputum inflammatory indices

CO Placebo Difference# p-value

Total 6106 cells?mL-1 3.3 (1.6–6.1) 5.1 (2.9–10.4) -0.20 (-3.54–1.38) 0.55

Neutrophils % 75.7 (64.1–80.4) 73.4 (60.7–80.6) 2.30 (-4.63–8.08) 0.34

Eosinophils % 0.75 (0.30–1.55) 1.0 (0.65–2.58) -0.25 (-1.05- -0.13) 0.07

Macrophages % 17.8 (13.4–30.2) 19.9 (13.0–33.7) -2.25 (-6.58–2.95) 0.22

Lymphocytes % 1.6 (1.1–2.4) 1.6 (1.0–2.8) -0.30 (-1.00–0.55) 0.63

Sputum/blood albumin ratio 1.2 (0.8–2.1) 1.5 (1.0–4.6) -0.26 (-0.95–0.33) 0.21

Data are expressed as median (interquartile range). CO: carbon monoxide. #: the CO effect, calculated as the placebo value subtracted from the corresponding

CO value.
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FIGURE 2. Change in sputum eosinophils. Data are presented as individual

changes ($) and group medians (—).
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The lack of overall significant changes could be due to several
reasons. There was little reference for the concentration,
duration and frequency of CO inhalation to start with. The
COHb half-time is ,340 min [20]. Therefore, inhaled CO at the
concentrations used is largely cleared in 24 h, which makes
repetitive inhalation of CO on consecutive days noncumulative
and, therefore, feasible. For safety reasons, the current authors
preferred to start with a low CO concentration and divided the
exposition over 1 week. To investigate whether these choices
of dose, duration and frequency led to the expected COHb
levels and therapeutic results in the trial, a statistician
independent of the present study performed an interim
analysis after the first 10 patients had completed the trial.
Based on predefined criteria, the statistician determined that
the study should be continued using 125 ppm CO. Post hoc
analysis did not show any trends of larger effects by inhalation
of the higher dose, but the groups were small. The concentra-
tion used was cautious and there is margin for inhalation of
higher concentrations. Other schedule options, such as a
shorter exposition with higher concentrations, a several-
times-daily exposition, or more consecutive days could lead
to different results. Intuitively, one would opt for higher
cumulative doses. However, it is not a given fact that higher
concentrations would have larger effects. The concentrations of
CO used in the present study are already ,20-fold higher than
physiological alveolar levels as measured in exhaled air, and
carbonyl stress might counteract the anti-inflammatory effects
[26]. Nevertheless, in an in vitro study a positive dose–response
effect was observed: larger anti-inflammatory effects by higher
CO concentrations in a dose range from 50–500 ppm [27]. The
optimal scheme and concentration of CO inhalation needs to
be elucidated in future trials.

If the hurdles of optimal dosing and timing of CO inhalation can
be overcome, it would also be interesting to speculate about
other indications than those in stable COPD, such as COPD
exacerbations and severe asthma. Several studies have shown
that both inflammation and oxidative stress are more increased
during COPD exacerbations than in stable COPD, with
concomitant upregulation of HO-1 [28–30]. Severe asthma would
be another tempting indication for CO treatment to explore for

its allergenic component, since CO has been proven to be anti-
inflammatory in models of allergen-induced inflammation [8]. In
addition to the anti-inflammatory capacities, the bronchodilating
capacity of CO makes pulmonary diseases an attractive field to
explore for indications.

In conclusion, inhalation of low-dose carbon monoxide by
patients with stable chronic obstructive pulmonary disease is
well tolerated, feasible and safe with respect to the peak
carboxyhaemoglobin levels reached and the lack of effects on
haemodynamics. Whether there is some increased risk of exacer-
bations remains to be determined. Inhalation of 100–125 ppm
carbon monoxide led to trends towards reduction in sputum
eosinophils and improvement of bronchial responsiveness. This
indicates that inhaled carbon monoxide might have therapeutic
effects in chronic obstructive pulmonary disease. With these data,
future studies should define more optimal schemes and doses,
and assess the anti-inflammatory and anti-oxidative stress
capacities, as well as the potential therapeutic capacity, of carbon
monoxide inhalation.
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