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Abstract The effect of exercise on the increase of
exhaled CO in smokers compared to non-smokers has not
been clarified yet. In this study we compared the dynamics
of exhaled CO before, during and after exercise between
smokers and non-smokers. A group of 8 smokers and a
group of 8 non-smokers underwent a bicycle exercise in a
ramp fashion to near maximum intensity. Ventilation and
gas exchange, and CO exhalation were continuously
measured every 30-s before, during and after the exercise.
The fraction of CO (Fco) in the exhaled air decreased
gradually, but the total amount of exhaled CO (Vco)
increased in a linear manner during the ramp exercise, and
Fco and Vo returned to the pre-exercise level within
several minutes after exercise in all subjects. A linear
relationship was observed between Vo2 and V(;o7 and
between Vg and Vco in both the whole period of mea-
surement and during the ramp exercise period in all sub-
jects. However, the Veo at 0 W, the peak Veo and the slope
coefficients in the regression equation between Vo and
Voz, and between Vco and Vg in the ramp exercise as well
as the entire periods of measurement were significantly
higher in smokers compared with those in non-smokers,
and these were correlated with the number of cigarettes
smoked per day. It was concluded that CO exhalation
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increases linearly with the increase of V02 and Vg during
exercise, and habitual smoking shifts these relationships
upward depending on the number of cigarettes smoked
daily.
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Introduction

It has been demonstrated that carbon monoxide (CO) is
produced endogenously from various types of cells and has
many pathophysiological roles, including neurotransmis-
sion, vascular regulation, anti-inflammatory, anti-prolifer-
ative, and anti-apoptotic responses, similar to those of other
gaseous transmitters such as nitric oxide and hydrogen
sulfide [1-3]. It has also been shown that the concentration
of exhaled CO is affected by normal and the pathophysi-
ological conditions, including airway and lung inflamma-
tion [4-7], cigarette smoking [8—11], exercise [5, 12] and
aging [13].

However, little has been published about the effect of
exercise on exhaled CO. Horvath et al. [5] reported that the
fraction of CO in the exhaled air (Fco) decreased slightly,
but the total amount of exhaled CO (V¢o) increased sig-
nificantly during 60 W and peak bicycle exercises in eight
young healthy subjects. They also showed that Vcq
returned to baseline 5 min after exercise. If the increase of
CO exhalation during exercise is a reflection of CO pro-
duction from the active tissues, including muscle, vascu-
lature and the heart, measurements of exhaled CO could be
a useful tool in understanding the regulatory and protective
function of CO during exercise. However, little has been
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Results

There was no statistical difference in the subjects’ height
and weight between groups, but the age was higher in non-
smokers. As seen in the 5th column of Table 1 and in the
7th column of Table 2, the exercise duration from the
beginning to the end point of ramp exercise was signifi-
cantly (p < 0.05) longer in non-smokers. Vo at 0 W
(Veo(OW)) and Peak Ve were significantly (p < 0.01)
higher in smokers compared with those in non-smokers. A
positive correlation was found between the numbers of
cigarette smoked per day and VCO(OW) (r =0.78), and
peak Vo (r = 0.73) (Tables 1, 2). Also, positive correla-
tions were seen between the Brinkman Index and
VCO(O W), and Peak Veo (r = 0.63 and 0.67, respectively).

Typical examples of the AFco, Vco, Voz, and
VE(BTPS)(VE) against time, and the relationships between

Veo and VCO, and between Vg and Vco are shown in
Figs. 1 (a non-smoker) and 2 (a smoker). These figures
showed that the AF g decreased gradually during the ramp
exercise but rapidly returned to pre-exercise levels after the
cessation of exercise. V(;o, Vo2 and Vg appeared to increase
linearly or curvilinearly during the ramp exercise period.
As a consequence, high and significant correlations were
found between Vo2 and Vco, and between Vg and Vco in
the whole data set throughout rest, exercise and recovery in
all subjects (Tables 1, 2). But a small dissociation of the
linearity in the relationship between Vo2 and Vco was also
observed, especially in the recovery phase in both subjects.
This tendency was also observed in many other subjects.
Furthermore, some differences were also observed between
smokers and non-smokers. Note that the absolute values of
Fco and Voo were higher in smokers, and the slope coef-
ficients of the regression equation between Vo2 and Vco7

Fig. 1 Changes in AFco, Vo, 1.5 40 1
Vo,, Vi against time and the
relationship between Vo, and 30 -
Vco, and between Vg and Vo = 107 =
in one non-smoker (N-1). Note g g
that AFco gradually decreased, 9 3= 201
but Vo increased linearly b 054 .§
during ramp exercise, similar to ’ 104
the changes of Vo, and Vg.
A significant correlation was
observed between Vo, and Vco, 3 5 10 15 20 2 °3 5 10 15 20 2
and between Vg and Vo (lower Time [min] Time [min]
panel)
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and between Vg and Ve were significantly (p < 0.01)
higher in smokers compared with those of non-smokers
(the slope coefficients: 0.011 £ 0.003 vs. 0.073 £ 0.047 in
the Vo, and Vco relationship; 0.385 & 0.016 vs. 2.872 +
1.860 in the Vg and Vco relationship).

The rates of increase in Vco against Vo7 and Vg during
the ramp exercise period are shown in Figs. 3 (non-
smokers) and 4 (smokers), respectively. It would appear
that the relationship between Vg and Vco was curvilinear
rather than linear, but the relationship between V02 and Vco
was linear in both groups. Moreover, it was found that the
inter-individual difference in Vco against V02 and Vg was
much larger in smokers. The mean values of Veo at 0 W
exercise (Vco(0 W)) and at the end of ramp exercise (Peak
Vco) in non-smokers were 13.8 & 2.5and33.5 &+ 5.3 W/min,
respectively, and these were significantly (p < 0.01)
lower than those of smokers (80.2 £+ 54.8 and 166.4 +

91.5 pl/min). The slope coefficients of the regression
equation between VOz and Vo, and between Vg and Vo in
smokers were significantly (p < 0.01) greater than those of
non-smokers (Tables 1, 2).

Figure 5 shows the effect of smoking just prior to the
experiment on exhaled CO in two smokers (S1 and S2). It
was clearly demonstrated that a cigarette smoked imme-
diately before the trial remarkably enhanced Vco against
Vo2 and VE compared with the first trial.

Discussion

In this study we evaluated the dynamic response of the
exhaled CO to exercise in relation to VO2 and Vg and
compared these relationships between smokers and non-
smokers. Results showed that that Fco decreased gradu-
ally, but Vo increased in a linear fashion during a ramp
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Fig. 3 Relationship between Vo, and Veo (upper panel) and between
VE and VCO (lower panel) obtained during the ramp exercise period
on 8 non-smokers. Note that the relationship between Vo2 and Veo

appears to be linear, but the relationship between Vg and Vo appears
to be curvilinear. The pattern of the changes among subjects was very
similar

exercise, and that after the cessation of exercise, Fco and
Vco returned to the pre-exercise level within several min-
utes, concomitant with the changes of V02 and VE. Fur-
thermore, a linear relationship was detected between Vo2
and Vco, and between Vg and Vco, not only throughout the
whole period of measurement, from rest to exercise and
recovery, but also during the ramp exercise period in both
smokers and non-smokers. Values of Fco and Vg, and the
rates of increase of Veo against VO2 and VE, not only during
ramp exercise, but also for the whole period of measure-
ment from rest, exercise and recovery, were significantly
higher in smokers compared with those in non-smokers.
Horvath et al. [5] observed that VCOs at rest, at 60 W
and at the peak of intensity exercise were 27.4, 72.1 and
98.2 pl/min, respectively, and returned to baseline 5 min
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Fig. 4 Relationship between Vo, and Vco (upper panel) and between
Vg and Vo (lower panel) obtained during ramp exercise period on 8
smokers. Note that high correlations were observed between Vo, and
Veo (r=0.89-0.99), and between Vg and Veo (r = 0.98-0.99),
respectively. Also note that the scale of Vo was ten times larger than
that of in Fig. 3

after the cessation of exercise in 8 healthy young subjects
with a mean age of 14.2 + 1.2 years. They also noted that
the Fco in the exhaled air decreased gradually depending
on the exercise intensity. The present results were generally
consistent with those observations in which Fcg decreased
and Vo increased depending on the intensity of exercise;
however, Vcos in this study were considerably lower than
those reported by Horvath et al. [5]. The reason for the
discrepancy in Vo between Horvath et al. [5] and the
present findings in non-smokers cannot be explained here.
Differences could be due to the subjects used and/or
experimental protocols. Additionally, a previous study
evaluated the Fg and/or Vco under only a few constant-
load exercises [5]. In the present study, Fco, Vco, VO2 and
Vg were measured continuously at rest, during ramp
exercise to near maximal intensity and recovery every 30 s
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Fig. 5 The effect of cessation time of smoking on VCO in two
subjects. In the first measurement, the exercise testing started at least
2 h from the last smoking (S1-1 and S2-1). However, in the second
measurement on different days, the exercise started immediately after

smoking (S1-2 and S2-2), respectively. Note that Vo increased
remarkably compared with the first measurement

using a mixing chamber method. The method used in the
present study could provide information about the dynamic
responses of Fco and Vco to a wide range of exercise and
the recovery period accompanied with other respiratory
variables. A linear relationship was observed between the
exercise intensity and Fco or Vco, between Vo and Voz,
and between Vg and Vo in both groups, smokers and non-
smokers, in a wide range of exercises from unloaded to
near maximal. However, this does not necessarily indicate
that CO production in the body increases with the increase
of exercise intensity or oxygen utilization, because the
origin and the roles of the exhaled CO remain uncertain
[1,7, 16, 17].

Coburn [18] reported that the total amount of CO stored
in the human body could be estimated as 10 ml and that
more than 80% of CO in the body appeared in the blood,

bound chemically to hemoglobin. In the present study the
total amount of Vo during the ramp exercise period for
13 min in one non-smoker (N-1), shown in Fig. 1, can be
roughly estimated as 320 pl. This may correspond to only
4% of the CO stored in the blood and may reduce the
COHb only from 1 to 0.96% [18]. By contrast, Veo during
ramp exercise in one smoker (S-1), shown in Fig. 2, can be
roughly estimated as 1800 pl, which is more than 5 times
larger than that of the non-smoker (N-1) shown in Fig. 1. It
has been reported that the CO concentration in the exhaled
air and COHb in the blood were higher in smokers com-
pared with nonsmokers [8—11]. In other words, smokers
have a high capacity to provide CO in exhaled air com-
pared with non-smokers. However it is still unclear whe-
ther blood CO content can be provided into the exhaled
gas. Vogel and Gleser [19] had reported that the COHb
concentration (%) gradually decreased according to the
exercise intensity from 1.7% at rest to 1.0% at maximal
exercise. This suggests indirectly that COHb may be the
major source of the exhaled CO. A higher exhalation of CO
during exercise in smokers and an enhancement of CO
output just after smoking, compared with the long-term
cessation of smoking as shown in Figs. 4 and 5, indicate
that blood CO content may contribute to CO exhalation,
especially during exercise.

However, other possibilities regarding the origin of
exhaled CO during exercise cannot be excluded. Some
studies suggest that the gene expression of heme oxygen-
ase-1 (HO-1), which is an inducible isoform of CO syn-
thase in the active muscles, is derived from long-term
exercise [20, 21]. Steensberg et al. [20] demonstrated
enhancement of IL-6 and HO-1 mRNA expression after
knee extensor exercise for 2 h in humans. Essig et al. [21]
also reported that in rat limb muscle, HO-1 mRNA
increased 7-fold after 1 h of exhaustive running. Although
they did not measure CO production directly, these results
suggest that CO can be produced in the active muscles
during exercise. Doubt still remains about whether these
gene expressions occur simultaneously with exercise and
whether the CO produced in the active muscle rapidly
diffuses to the blood.

However, a contribution of the upper and lower airways
to the exhaled CO has also been suggested. Many studies
have reported the effect of airway and lung injuries on Fcq,
including asthma, chronic obstructive pulmonary disease,
bronchiectasis, cystic fibrosis and viral infection of the
airway [4-7]. These studies, using a single breath hold
technique to measure Fcq, indicated that inflammation of
the lower airway can enhance CO production in the epi-
thelium, endothelium and vascular smooth muscles through
an increase in the enzymatic activity of HO-1. Andersson
et al. [16] also reported that the nasal and paranasal sinuses
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contributed to the production of CO in human airways, and
suggested that the epithelial cells in the nasal and paranasal
airways are the major source of CO in the upper airway. In
the present study, subjects breathed freely with a face
mask, so the nasal and oral airways might have contributed
to the exhaled CO. In addition, recent studies suggest that
cigarette smoke enhances HO-1 expression in the cells
located in the airway and the lungs [22, 23]. These
observations confirm that the upper and lower airways are
the sources of exhaled CO. However, it is still unknown
whether the CO production in these sites is enhanced by a
short-term exercise like in the present study. Further
studies will be required to resolve these problems.
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