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Abstract
Cigarette smoking is associated with a lower exercise capacity and lower muscle fatigue resistance. This is at least partly 
attributable to carboxyhaemoglobin (HbCO) in the blood that via reduction in the oxygen-carrying capacity, and the left-
shift of the Hb-dissociation curve would reduce tissue oxygenation. On the other hand, a reduced oxygen uptake due to 
mitochondrial dysfunction would result in improved oxygenation. We used previously collected capillarisation, myoglobin 
and estimated cellular maximal muscle oxygen consumption data derived from succinate dehydrogenase-stained sections 
from the vastus lateralis muscle from six smokers and five non-smokers. These data were fed into an expanded Krogh tis-
sue oxygenation model to assess whether an impaired muscle fatigue resistance in smokers is primarily due to HbCO or 
impaired mitochondrial respiration. The model showed that in smokers with 6% and 20% HbCO (causing a left-shift of 
the Hb-dissociation curve) average muscle oxygenation was reduced by 1.9% and 7.2%, respectively. Muscle oxygenation 
was increased by 13.3% when maximal mitochondrial respiration was reduced by 29%. A combination of a 29% reduction 
in maximal mitochondrial respiration and 20% HbCO led to no significant difference in muscle oxygenation from that in 
non-smokers. This indicates that while HbCO may explain the reduced exercise capacity after just one smoking session, 
in chronic smokers impaired mitochondrial respiration appears more important in reducing oxygen extraction and exercise 
capacity with only a small contribution of the left-shift of the Hb-dissociation curve.
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Introduction

Cigarette smoking is an important risk factor for chronic 
obstructive pulmonary (COPD) (Eisner et al. 2010) and car-
diovascular (Morris et al. 2015) diseases. Yet, many continue 
to smoke, reflecting addiction to cigarette smoking, attribut-
able to—among others—benefits to attention and memory, 

and nicotine withdrawal effects hampering smoking cessa-
tion (Heishman et al. 2010). While nicotine may enhance 
exercise capacity (Mundel and Jones 2006), it has been seen 
that smoking, in otherwise non-smokers, acutely reduces the 
exercise capacity (Hirsch et al. 1985). This reduced exercise 
capacity was associated with a reduced oxygen uptake per 
heart beat (‘oxygen pulse’) during sub-maximal and maxi-
mal exercise (Hirsch et al. 1985), suggesting an impaired 
peripheral oxygen extraction during exercise.

An acutely impaired oxygen extraction may result from 
the combination of carbon monoxide (CO) with haemo-
globin (Hb) that will not only reduce the oxygen-carrying 
capacity of the blood but also, via a left-shift of the haemo-
globin-dissociation curve, impair the release of oxygen to 
the working muscle (Degens et al. 2015). That such a mecha-
nism may play a role is reflected by the lower muscle fatigue 
resistance during a series of electrically evoked contractions 
in smokers (Wust et al. 2008b) that was also seen after expo-
sure to CO resulting in 6% HbCO (Morse et al. 2008), a level 
typically seen in smokers (McDonough and Moffatt 1999). 

Communicated by Nicolas Place.

 * Hans Degens 
 h.degens@mmu.ac.uk

1 Department of Life Sciences, Research Centre 
for Musculoskeletal Science and Sports Medicine, 
Manchester Metropolitan University, John Dalton Building, 
Chester Street, Manchester M1 5GD, UK

2 Lithuanian Sports University, Kaunas, Lithuania
3 Laboratory of Myology, Department of Human Movement 

Sciences, Faculty of Behavioural and Movement Sciences, 
Amsterdam Movement Sciences, Vrije Universiteit 
Amsterdam, Amsterdam, The Netherlands

http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-023-05289-y&domain=pdf
http://orcid.org/0000-0001-7399-4841
http://orcid.org/0000-0002-1956-6616
http://orcid.org/0000-0003-3781-5177


458 European Journal of Applied Physiology (2024) 124:457–466

1 3

Like its effects on haemoglobin, CO may also reduce the 
oxygen-carrying capacity of myoglobin (Mb), impairing the 
Mb-facilitated diffusion and intracellular buffering of oxy-
gen, and consequently diminishing the delivery of oxygen 
to mitochondria (Wittenberg 1970). These impacts on oxy-
gen delivery may significantly reduce muscle oxygenation 
during contractile activity and hamper aerobic ATP genera-
tion, important for fatigue resistance (Degens and Veerkamp 
1994), particularly, if the  pO2 that mitochondria experience 
falls below 7.5 mmHg (1 kPa) where it will start to impair 
mitochondrial oxygen consumption (Donnelly et al. 2022).

Besides these acute effects of CO in cigarette smoke, 
components in cigarette smoke may also contribute to a 
diminished mitochondrial respiration, often seen in smok-
ers (Ajime et  al. 2021; Alonso et  al. 2004; Cardellach 
et al. 2003; Larsson and Orlander 1984). CO can bind to 
cytochrome oxidases, directly inhibiting mitochondrial res-
piration at complex IV (Alonso et al. 2003), and acutely 
reduce skeletal muscle mitochondrial respiration in a dose-
dependent manner (Ajime et al. 2021). A diminished mito-
chondrial respiration may, like the formation of HbCO, 
underlie the impaired oxygen extraction seen in smokers; 
impaired mitochondrial respiration via reduced use, and 
HbCO via reduced delivery, of oxygen to the working mus-
cle. In other words, the CO-induced left-shift and associated 
reduced oxygen-carrying capacity will result in a diminished 
muscle oxygenation, while mitochondrial dysfunction may 
improve oxygenation, while both will impair oxygen extrac-
tion. Therefore, the direction of smoking-induced changes 
in muscle oxygenation during maximal exercise may help 
identify the relative significance of mitochondrial dysfunc-
tion and impaired oxygen delivery for the diminished oxygen 
extraction, muscle fatigue resistance and exercise capacity 
in smokers.

The aim of the present study was, therefore, to use a mus-
cle oxygenation model (Wust et al. 2009) to assess the poten-
tial impact of CO via reducing the oxygen-carrying capacity 
of Hb and Mb and the left-shift of the Hb-dissociation curve 
with or without mitochondrial dysfunction, combined with 
previously observed muscle capillarisation, and maximal 
cellular oxygen consumption and myoglobin concentration 
of individual fibres in smokers and non-smokers (Wust et al. 
2008a), on muscle oxygenation. This will help to unravel the 
relative importance of limitations in oxygen delivery and 
cellular respiration for the diminished muscle fatigue resist-
ance and exercise capacity in smokers.

Materials and methods

This study used histological data from muscle biopsies of 5 
controls and 6 smokers (Table 1) that were published previ-
ously (Wust et al. 2008a). The study was approved by the 

local Manchester Metropolitan University ethics committee 
(Ref no: 2005/02/03) and each participant provided written 
informed consent before the biopsy was taken.

To study the effects of different levels of carboxy hae-
moglobin (COHb; 0, 6 and 20%, typically seen in smokers 
(Dorey et al. 2020)) on muscle tissue oxygenation dur-
ing maximal muscle oxygen consumption, we applied an 
expansion of the Krogh model (Oxytis, the Netherlands) 
(Hoofd 1995a, b) on data obtained from histological cross 
sections of vastus lateralis muscle biopsies from smokers 
and non-smokers. The mathematical aspects of the study 
have been published before (Hoofd 1995a, b), and can 
be obtained from https:// hoofd. info/ louis/s/ s_ Apps. html. 
While smoking is accompanied with vascular dysfunction 
(Celermajer et al. 1993) that will result in a lower blood 
flow and, hence, oxygen delivery to the working muscles, 
we assumed in our model that blood flow was not altered 
by smoking. This allowed us to calculate the distribution 
of tissue  pO2 dependent on maximal oxygen consumption 
of the muscle tissue and/or HbCO levels independent of 
smoking-induced changes in muscle blood flow. To calcu-
late the oxygen tension distribution in the tissue, we fed 
into the model the capillarisation, average Mb concentra-
tion and a homogeneous maximal oxygen consumption 
of individual muscle fibres, determined with quantitative 
succinate dehydrogenase (SDH) histochemistry presented 
in another publication on the same samples (Wust et al. 
2008a), and using the correlation between SDH activity 
and maximal fibre oxygen consumption (Van der Laarse 
et al. 1989, 2005). The  PO2 at the start of the capillary was 
set at 95 mmHg and the tissue  PO2 was assessed in a tissue 

Table 1  Participant characteristics and muscle morphological data

Data are mean ± SD
BMI body mass index; CD capillary density; LogRSD logarithmic 
standard deviation of the oxygen supply areas (defined as the area 
around a capillary delineated by equidistant boundaries from adja-
cent capillaries; an indicator of the heterogeneity of capillary spacing 
(Degens et  al. 2006a)); VO2max and [Mb] average maximal oxygen 
consumption and myoglobin concentration of the fibres in a given 
muscle section, determined by quantitative SDH and myoglobin his-
tochemistry, respectively

Non-smokers 
(2 men; 3 women)

Smokers
(3 men; 3 women)

Age (y) 55.2 ± 12.3 (43–73) 41.6 ± 22.7 (20–72)
Height (m) 1.76 ± 0.09 1.71 ± 0.06
Body mass (kg) 76.5 ± 14.4 70.0 ± 6.0
BMI (kg  m−2) 24.4 ± 3.2 24.4 ± 1.4
Cigarettes/week 0 108 ± 65
CD  (mm−2) 345 ± 107 339 ± 138
LogRSD 0.100 ± 0.015 0.104 ± 0.038
VO2max (nmol  mm−3  s−1) 0.082 ± 0.018 0.076 ± 0.019
[Mb] (mM) 0.645 ± 0.042 0.656 ± 0.050

https://hoofd.info/louis/s/s_Apps.html
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slab with a thickness of 400 µm that was divided in 40 lay-
ers with a 10- µm grid distance. The oxygen permeability, 
also called the Krogh’s diffusion coefficient, for muscle 
tissue was set at 6 ×  10–12 mol·m−1  mmHg−1·s−1 (van der 
Laarse et al. 2005). The Mb-facilitated pressure was calcu-
lated using the measured myoglobin concentration (Wust 
et al. 2008a) and the diffusion coefficient for myoglobin 
in muscle tissue (0.27 ×  10–10  m2·s−1) (Des Tombe et al. 
2002). As previously (Degens et al. 2006a), the transfer 
factor (average capillary blood flow (µm3  s−1) divided by 
the tissue's oxygen diffusion coefficient (µm2  s−1)) and 
extraction pressure were 75 µm and 5 mmHg, respectively. 
The maximal oxygen consumption of the muscle fibres 
was determined from the average absorbance of the SDH 
staining  (A660) (Des Tombe et al. 2002):

As the %MbCO parallels the %HbCO (McDonough and 
Moffatt 1999), the maximal Mb oxygen saturation was set 
at 100%, 94% and 80% for 0%, 6% and 20% HbCO, respec-
tively. In addition, the oxygen capacity pressure (Pcap) 
and Mb facilitation pressure were reduced in proportion 
to the Hb and Mb oxygen-binding sites occupied by CO, 
taking into account for Pcap that approximately 3 mL  O2 
is dissolved per L arterial blood at 95 mmHg. The bind-
ing of CO to Hb does not only reduce the oxygen-carrying 
capacity, but also results in a left-shift in the Hb-dissocia-
tion curve, reflected by a decrease in  PO2 at which the Hb 
saturation is 50% (P50) and a decrease in the Hill coef-
ficient ‘n’. The P50 at a given %COHb was derived from 
published data (Hlastala et al. 1976) and the ‘n’ for a given 
%COHb (n*) was calculated as:

where  FCO is the fraction of Hb occupied by CO. The val-
ues used for the different proportions of COHb are given in 
Table 2. In addition, we calculated the impact of a reduced 
maximal oxygen consumption of the mitochondria on tis-
sue oxygenation, assuming a 29% reduction in maximal 
complex II respiration (SDH), as seen in muscle tissue 

VO2max (nmol mm
−3

s−1)

= 6000 × A660∕(section thickness (�m) × incubation time (s)).

n
∗ = n

(

1 + FCO

)

∕
(

1 + nFCO

)

,

from mice exposed to long-term cigarette smoking (Ajime 
et al. 2021).

Statistics

Differences in average tissue oxygenation between smok-
ers with 6% or 20% HbCO with or without mitochondrial 
dysfunction and non-smokers with 0% HbCO and normal 
mitochondrial function were analysed by ANOVA and a 
Dunnet post hoc test. If data were not normally distrib-
uted, a Kruskal–Wallis test was used. Differences were 
considered significant at P < 0.05. Data are presented as 
mean ± SD.

Results

The participant characteristics and muscle morphology 
data are presented in Table 1. There were no significant 
differences in age, body mass, height or body mass index 
between smokers and non-smokers. Also, the capillary 
density, heterogeneity of capillary spacing (reflected by 
 LogRSD; see legend for explanation), maximal oxygen 
consumption and myoglobin concentration of the skeletal 
muscle fibres did not differ significantly between smokers 
and non-smokers. Importantly, smokers had a lower fibre 
cross-sectional area (Wust et al. 2008a).

Figure 1A and B illustrates the reduced maximal oxy-
gen saturation with increased HbCO for haemoglobin 
(Fig. 1A) and myoglobin (Fig. 1B), and the left-shift of the 
haemoglobin-dissociation curve (Fig. 1A). Figure 1C and 
D shows typical oxygen tension  (PO2) profiles in muscle 
tissue, 200 µm downstream from arterial blood entering 
the tissue working at maximal oxygen consumption in a 
non-smoker (Fig. 1C) and smoker (Fig. 1D), respectively. 
Figure 1E and F shows the corresponding myoglobin satu-
ration. In both controls (Fig. 2A) and smokers (Fig. 2B), 
a 29% reduction in the maximal oxygen uptake of the 
mitochondria improves tissue  PO2, while an increase in 
the HbCO levels decreases tissue  PO2. A reduced mito-
chondrial oxygen uptake more than compensates for the 
reduced tissue  PO2 as a consequence of up to 20% HbCO. 
Figure 2C shows that there was no significant difference 
between the  PO2 profile in muscles from non-smokers with 
normal mitochondrial function and 0% HbCO and that of 
smokers with 6% HbCO with or without mitochondrial 
dysfunction working at maximal oxygen consumption. 
Nevertheless, modelling showed that in controls, the aver-
age tissue  PO2 was reduced by 1.9 and 7.2% by 6 and 20% 
HbCO, respectively, while it was elevated by 13.3% when 
maximal mitochondrial respiration was reduced by 29% 

Table 2  The Hill coefficient (n), oxygen capacity pressure (Pcap) 
and oxygen pressure at which haemoglobin (P50Hb) is saturated for 
50% at different proportions of carboxyhaemoglobin (COHb) used to 
model muscle oxygenation

%COHb n Pcap (mmHg) P50Hb (mmHg)

0 2.72 6667 27.2
6 2.48 6273 24.6
20 2.11 5353 19.7



460 European Journal of Applied Physiology (2024) 124:457–466

1 3

Figure 3 shows the impact of different levels of HbCO 
on the myoglobin saturation in muscle from non-smokers 
(Fig. 3A) and smokers (Fig. 3B) working at maximal oxy-
gen consumption. Figure 3C shows that the myoglobin sat-
uration in muscles from non-smokers was higher than that 
of smokers with 6% HbCO working at maximal oxygen 
consumption (P < 0.05). In controls, 6% HbCO reduced 
the myoglobin saturation by 5.8% points.

Figure 4 shows the impact of different levels (0, 6, 20%) 
of HbCO with or without impaired mitochondrial respira-
tion on the distribution of tissue  PO2 (Fig. 4A), myoglobin 

saturation (Fig. 4B) and P50 where 50% of the tissue has 
this or a lower  PO2 in muscles from smokers. Impaired 
mitochondrial respiration resulted in a 13.3% higher tis-
sue oxygenation, but there was no significant difference 
in the average tissue  PO2 (Fig. 4A) or P50 (Fig. 4C) of 
smokers with 6% or 20% HbCO with or without impaired 
mitochondrial respiration from non-smokers (0% HbCO 
and normal mitochondrial respiration). The myoglobin 
saturation was less in smokers (assuming they had 6% or 
20% HbCO) than non-smokers (P < 0.05; Figs. 3C, 4B).

Fig. 1  The impact of carbon monoxide on the (A) haemoglobin and 
(B) myoglobin dissociation curves. Oxygen tension profile 200  µm 
into a muscle tissue block working at maximal oxygen consumption 
in a non-smoker (C) and a smoker with 6% carboxyhaemoglobin 

(HbCO) (D). Panels E and F show the myoglobin saturation in the 
same tissue working at maximal oxygen consumption in a control and 
smoker, respectively
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Fig. 2  The impact of different 
levels of carboxyhaemoglobin 
(HbCO) and limitation of 
mitochondrial function (dotted 
lines) on the oxygen tension 
distribution in muscle from (A) 
non-smokers and (B) smokers 
working at maximal oxygen 
consumption. In panel C, 
the oxygen tension profile in 
muscles from non-smokers is 
compared with that of smokers 
with (i) 6% HbCO and (ii) 
6%HbCO+ impaired mito-
chondrial function working at 
maximal oxygen consumption. 
Black: 0% HbCO; dark grey: 6% 
HbCO; light grey: 20% HbCO. 
Data are mean ± SEM
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Fig. 3  The impact of different 
levels of carboxyhaemoglobin 
(HbCO) and limitation of mito-
chondrial function (dotted lines) 
on the myoglobin saturation in 
muscle from (A) non-smokers 
and (B) smokers working at 
maximal oxygen consump-
tion. In panel C, the myoglobin 
saturation in muscles from non-
smokers is compared with that 
of smokers with (i) 6% HbCO 
and (ii) 6%HbCO+ impaired 
mitochondrial function working 
at maximal oxygen consump-
tion. Black: 0% HbCO; dark 
grey: 6% HbCO; light grey: 20% 
HbCO Data are mean ± SEM. *: 
different from Control (C0) at 
P < 0.05
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Fig. 4  The impact of dif-
ferent levels (0, 6, 20%) of 
carboxyhaemoglobin (HbCO) 
and normal (white bars) and 
limited (grey bars) mitochon-
drial function in smokers and 
controls (dotted bars) on (A) the 
distribution of tissue  PO2, (B) 
myoglobin saturation and (C) 
 PO250 in muscles from smok-
ers (S) and non-smokers (C) 
working at maximal oxygen 
consumption. *: different from 
Control (C0) at P < 0.05
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Discussion

The main observation of the present study was that muscle 
oxygenation in smokers with 6% and 20% circulating HbCO 
with or without mitochondrial dysfunction is not signifi-
cantly lower than that in maximally working muscles from 
non-smokers with 0% HbCO and normal cellular respiration. 
However, modelling showed that if HbCO was increased 
to 6 or 20% the average  PO2 was reduced by 1.9 and 7.2%, 
respectively, while a reduction of 29% in maximal cellular 
respiration resulted in a 13.3% rise in tissue oxygenation. 
This indicates that while HbCO may explain the reduced 
exercise capacity after just one smoking session, in chronic 
smokers impaired mitochondrial respiration appears more 
important in reducing oxygen extraction and exercise capac-
ity with only a small contribution of the left-shift of the 
Hb-dissociation curve.

The absence of a significant difference in tissue oxygena-
tion between smokers and non-smokers corresponds with 
our previous observation, using the Hill equation, of a non-
significant difference in the critical  PO2 (the interstitial  PO2 
that prevents an anoxic core in maximally working fibres) 
(Wust et al. 2008a) between smokers and non-smokers. 
While this is at least partly explicable by the smaller fibres in 
smokers (Wust et al. 2008a), neither the impact of a left-shift 
of the Hb-dissociation curve, nor the diminished Hb oxygen-
carrying capacity due to formation of HbCO was considered. 
Surprisingly, even though 6 and 20% HbCO resulted in a 1.9 
and 7.2% lower tissue oxygenation, respectively, including 
these levels of HbCO in the model still did not result in a 
significantly lower tissue oxygenation in smokers than non-
smokers (0% HbCO), perhaps due to the large variation in 
tissue morphology (see Table 2). Nevertheless, it explains 
the observation that HbCO levels of up to 20% may not 
reduce the performance of sub-maximal exercise as oxygen 
delivery is compensated by an increase in cardiac output 
(Kane et al. 2016; Kizakevich et al. 2000).

While a decrease in tissue oxygenation by 1.9% may 
appear trivial, it has been seen that if maximal exercise 
results in haemoglobin desaturation by as little as 5% (6% 
HbCO already exceeds this level), it impairs maximal exer-
cise capacity and oxygen consumption (Nielsen 2003). 
This effect in smokers is not only due to the lower oxy-
gen-carrying capacity of the blood but also by the slower 
oxygen-dissociation kinetics as a consequence of the left-
shift of the haemoglobin-dissociation curve (Rietbrock et al. 
1992). In support of the importance of the left-shift of the 
haemoglobin-dissociation curve for maximal efforts is the 
observation that a reduction of the haemoglobin saturation 
to 80% by inhaling normobaric hypoxic air did not elicit a 
significant reduction in fatigue resistance during an identi-
cal series of electrically evoked contractions (Degens et al. 

2006b), while just 6% HbCO—a much lower level of haemo-
globin desaturation—did cause a reduced fatigue resistance 
(Morse et al. 2008) and exercise performance (Adir et al. 
1999; Hirsch et al. 1985). The significance of the left-shift 
of the haemoglobin-dissociation curve for delivery of oxy-
gen to the working mitochondria is further illustrated by the 
observation in dogs that the oxygen extraction was dimin-
ished by CO exposure in comparison to a similar reduction 
in oxygen-carrying capacity by 6% by exposure to hypoxic 
air that in fact enhanced the oxygen extraction (King et al. 
1987). In line with the role of HbCO in the lower muscle 
fatigue resistance in smokers is the improvement of muscle 
fatigue resistance after two weeks of smoking cessation and 
a reversal of HbCO (Darabseh et al. 2021). Also the similar 
fatigue resistance in patients with COPD who had stopped 
smoking and age-, fat-free mass and physical activity-
matched healthy controls (Degens et al. 2005) and enhanced 
maximal oxygen uptake by hyperoxic air if maximal exer-
cise is associated with a reduction of Hb oxygen saturation 
(Nielsen 2003) are in line with the role of HbCO in muscle 
fatigue. It may well be that the presence of tissue regions 
with a PO2 < 7.5 mmHg (1 kPa)—not seen in muscles from 
non-smokers—that will reduce maximal mitochondrial oxy-
gen consumption (Donnelly et al. 2022) contributes to the 
reduced fatigue resistance in smokers.

While our model shows that if the HbCO was increased 
to 6 or 20% the average  PO2 was reduced by 1.9 and 7.2%, 
respectively, the tissue oxygenation was increased by 13.3% 
when a 29% reduction in maximal mitochondrial respira-
tion (Ajime et al. 2021) was included in the model. Indeed, 
impaired mitochondrial respiration seen in peripheral blood 
mononuclear cells (Alonso et al. 2004) and peripheral lym-
phocytes (Cardellach et al. 2003) from smokers, muscle tis-
sue in mice (Ajime et al. 2021) and lung epithelial cells 
exposed to cigarette extract (van der Toorn et al. 2007) will 
reduce oxygen extraction and increase tissue oxygenation, 
that will, combined with impaired oxygen delivery and det-
rimental effects of CO on the heart (Lippi et al. 2012) impair 
exercise capacity. However, the formation of HbCO (Dar-
abseh et al. 2021) and the impaired mitochondrial function 
in smokers (Alonso et al. 2004; Cardellach et al. 2003) or in 
muscle cells exposed to smoke extract (Ajime et al. 2021) 
are readily reversible and may well underlie the improved 
muscle fatigue resistance after 2 weeks smoking cessation 
(Darabseh et al. 2021).

Our results of a similar tissue oxygenation profile 
between smokers (with smaller fibres, 6–20% HbCO, and 
a lower maximal mitochondrial respiration) and controls 
may also explain the absence of a rise in HIF1α pro-
tein in muscles from mice exposed to cigarette smoking 
(Ajime et al. 2021). Structural alterations, such as a slight 
muscle atrophy, might be interpreted as an adaptation to 
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adequately avoid tissue hypoxia and maintain tissue oxy-
genation levels.

There are several limitations to this study. First, we 
assumed that blood flow in the working muscle was similar 
in smokers and non-smokers, even though smokers suf-
fer from vascular dysfunction (Celermajer et al. 1993). 
The model assumed a homogeneous oxygen consumption 
throughout the tissue and an equal flow through each capil-
lary. Flow heterogeneity has, however, a small impact on 
muscle oxygenation (Hoofd and Degens 2009), while the 
heterogeneity of capillary spacing, something that we did 
feed into the model, has a significant impact on tissue oxy-
genation (Degens et al. 2006a). Although maximal oxy-
gen consumption of the muscle tissue was not measured 
directly, the SDH staining intensity has been shown to be 
strongly related to the maximal oxygen consumption of a 
fibre (van der Laarse et al. 1989). The 29% reduction in 
complex II respiration was seen in smoking mice, but this 
could not consider the impact of carbon monoxide on the 
respiratory chain and particularly complex IV. The reduc-
tion in maximal oxygen consumption may, thus, have been 
even more pronounced. However, the reduction is probably 
also related to the smoke exposure and in human muscle 
this effect may be less pronounced, but nevertheless in the 
same direction. Finally, the sample size is relatively small, 
but to obtain a significant different in tissue oxygenation 
with a statistical power of 0.80 between the non-smokers 
and smokers with 6% HbCO, we would need 30 people 
per group. This indicates that the morphological changes 
and the 6%HbCO in smokers have a minimal impact on 
tissue oxygenation. So, our model outcome may be quan-
titatively different from the real situation, but does give a 
qualitative indication of the impact of smoking on muscle 
oxygenation.

Overall, we conclude that while HbCO can explain the 
reduced exercise capacity after just one smoking session, 
an impaired mitochondrial respiration in chronic smokers 
is more important in reducing oxygen extraction and exer-
cise capacity, with only a small contribution of the left-
shift of the haemoglobin-dissociation curve. Both HbCO 
and impaired mitochondrial respiration are, however, fully 
reversible with smoking cessation.
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