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Abstract
Smoking is a major risk factor for cardiovascular
morbidity and mortality, and is considered to be
the leading preventable cause of death in the
world. Cigarette smoke contains more than 4000
chemical substances, including nicotine and
carbon monoxide (CO) that can have harmful
effects on cardiovascular function. These basic
ingredients of tobacco smoke cause an increase in
oxidative stress, endothelial damage and
dysfunction, and are associated with significantly
higher serum concentrations of total cholesterol
and triglycerides, and lower levels of the
cardioprotective high-density lipoprotein. By
causing intravascular inflammation, smoking
promotes the development of atherosclerosis and
cardiovascular disease.
The purpose of this article is to provide a brief
description of the effects of smoking, and in
particular the effects of nicotine and CO, on
cardiovascular function. Nicotine deregulates
cardiac autonomic function, boosts sympathetic
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activity, increases heart rate (HR) at rest, while
blunting HR elevation during progressive exercise
and lowering the maximum HR that can be
achieved. At the same time, the smokinggenerated CO binds with haemoglobin and
myoglobin, reduces arterial O2 blood saturation,
compromises the efficiency of respiratory
enzymes, and causes dysfunction of the O2
production, transportation and delivery system,
especially during exercise, substantially reducing
the functional capacity and the performance of
the circulatory system.
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system, smoking, tobacco
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Introduction
Smoking is a major risk factor for cardiovascular
morbidity and mortality, and is considered to be
the leading preventable cause of death in the
world.1,2 Internationally, 25% of middle-aged
cardiovascular deaths are attributable to
smoking.3 The European Society of Cardiology
reported recently that smoking causes 28% of
cardiovascular deaths in men aged 35 to 69 years
and 13% in women of the same age.4 In the
European Region of the World Health
Organisation (WHO), smoking is the second most
important risk factor in the burden of disabilityadjusted life years and is the primary risk factor
for premature mortality, associated with about
1.6 million deaths each year.5 In the European
Union (EU), 15% of all-cause deaths are attributed
to smoking, amounting to 655,000 smokingrelated deaths each year,6 while in Greece, the
percentage of deaths from any smokingassociated cause, among individuals ages 35 and
older, has been estimated to be 18.1%. 7 Based
on estimates by the WHO, tobacco continues to
kill nearly 6 million people each year—including
more than 600,000 passive smokers—through
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heart disease, lung cancer, and other illnesses;1
that is one and a half million more than the
corresponding estimate for 1990.3 If current
trends continue, the death toll is projected to
reach more than 8 million per year by 2030.1
Smoking ranks among the top causes of
cardiovascular disease, including coronary heart
disease, ischemic stroke, peripheral artery disease
and abdominal aortic aneurysm.4 It is also
associated with an increased risk of certain types
of cancer, and is a major cause of chronic
obstructive pulmonary disease.1,2 Smoking, either
active or passive, can cause cardiovascular
disease via a series of interdependent processes,
such
as
enhanced
oxidative
stress,
haemodynamic and autonomic alterations,
endothelial
dysfunction,
thrombosis,
inflammation, hyperlipidaemia, or other effects.8
Even exposure to small quantities—e.g. occasional
smoking, passive smoking, a few cigarettes per
day—is
sufficient
to
have
deleterious
9
consequences. Cigarette smoke contains more
than 4000 chemical substances that have harmful
effects on cardiovascular function.10 These include
nicotine, carbon monoxide (CO), oxidative gases,
polycyclic aromatic hydrocarbons, carbonyls,
butadiene, minerals, carbon disulphide, and
benzene. Although many of the toxic substances
contained in tobacco smoke are generic products
of the combustion of organic materials, exposure
to smoking involves contact with two substances
that are specific to tobacco smoke and are known
to be damaging to the health: nicotine and CO.11
Despite all the publicity concerning the
documented adverse effects of smoking on public
health, smoking prevalence still remains high in
the EU, where approximately 30% of citizens are
smokers.12 Greece suffers from an enormous
smoking-related public health problem, having the
highest proportion of smokers in the EU (42%).12
According to WHO estimates, in Greece 63.4% of
adult males and 39% of females ≥15 years are

smokers,13 while in young adults, aged 19-30
years, the smoking prevalence is 37.6%.14 The
purpose of this article is to provide a brief
description of the effects of smoking, and in
particular the effects of nicotine and CO, on
cardiovascular function, providing essential
information that could contribute to reducing the
smoking epidemic and its consequences for
cardiovascular health.
Nicotine
Nicotine is classed as an alkaloid (like morphine
and cocaine) and meets the criteria of a highly
addictive drug. One cigarette delivers 1.2-2.9 mg
of nicotine, and the typical one pack-per-day
smoker absorbs 20-40 mg of nicotine each day.15
As an addictive drug, nicotine has 2 very potent
effects: it is a stimulant and it is also a
depressant.16 Nicotine deregulates cardiac
autonomic
function,
boosts
sympathetic
activation, raises heart rate, causes coronary and
peripheral vasoconstriction, increases myocardial
workload, and stimulates adrenal and neuronal
catecholamine release.17 In addition, nicotine is
associated with insulin resistance, increased
serum lipid levels, and intravascular inflammation
that contributes to the development of
atherosclerosis (Figure 1).17
Vascular Function
There are ample published data documenting that
chronic exposure to tobacco smoke leads to a
pathological alteration of endothelial function.
Endothelial dysfunction may be caused by
metabolic
(dyslipidaemia),
environmental
(smoking), and physical (arterial hypertension)
factors, or by inflammation that provokes
pathological conditions.18 It is characterised by an
imbalance
between
vasodilatory
and
vasoconstrictive substances originating from the
endothelium, anticoagulant and procoagulant
mechanisms, growth factors and growth
inhibitors.18
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Under normal conditions, the free radicals
circulating in the human body are neutralised by
defensive mechanisms. However, if their
concentrations within the blood should increase
greatly because of excessive exposure to harmful
factors such as smoking, then they cannot be
regulated and may cause dangerous mutations
that destroy cells. In these circumstances,
oxidative stress is seen to arise.10 The term
“oxidative stress” refers to the total of the
intracellular and extracellular conditions that lead
to chemical or metabolic production of reactive
oxygen species (ROS).11 Smoke exists mainly in
two states: the gaseous (which includes CO) and
the solid (tar). In both these states, it contains a
large quantity of free radicals.8 Pryor and Stone
determined that 1 g of tar from cigarette smoke
contains more than 1017 long-lived free radicals
(hours to months), while 1 g volatile fraction of
smoke contains 1015 short-lived free radicals
(seconds).19 Chronic exposure to tobacco also
weakens the antioxidant defensive mechanisms
that regulate these large numbers of smokinginduced free radicals, leading to a significant
increase in oxidative stress.8 Oxidative stress, the
oxidation of lipids, proteins, and DNA, is directly
associated with atherogenesis.10 An indicative
finding is that when levels of isoprostanes
(indexes of lipid peroxidation and oxidative
damage) were measured in smokers, their levels
were found to be higher than in non-smokers.11
The reaction of nitric oxide (NO) with the free
radicals contained in smoke reduces NO’s
bioavailability, interfering with its vasodilatory,
antithrombotic,
anti-inflammatory,
and
antioxidant effects, as well as its influence on
endothelium permeability and myocardial
function (reducing the diastolic distensibility of
the left ventricle).20 The alteration in biosynthesis
of NO and its decreased activity,21 in combination
with the smoking-induced reduction in
prostacyclin production22 and the direct toxic
effect of nicotine on endothelial cells that causes
direct structural damage,17 are important factors
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that may lead to endothelial dysfunction (Figure
1).
Using an extract of cigarette tobacco or its
isolated ingredients, such as nicotine, many in
vitro studies have found that smoking is
associated with reduced NO availability. It has
been shown that nicotine concentration in
smokers’ blood serum reduces the availability of
NO in human umbilical vein endothelial cells
(HUVECs), as well as in human coronary artery
endothelial cells, leading to a reduction in the
brachial
artery’s
endothelium-dependent
8
vasodilation. Using this model, Barua et al.
demonstrated that exposure to smokers’ sera
decreased NO availability in both HUVECs and
human coronary artery endothelial cells, by
altering the expression and activity of the
endothelial NO synthase enzyme.21 In addition,
they noted a significant correlation between flowmediated brachial artery endothelium-dependent
vasodilation and NO bioavailability from cultured
HUVECs exposed to serum from the same
individuals. On the other hand, CO, which is
significantly elevated in smokers, inhibits the
creation of NO and takes its place in haemoglobin
bonds.23 These findings lead to the conclusion that
the large quantities of free radicals contained in
smoke enhance oxidative stress and, in
combination with reduced NO bioavailability,
nicotine-induced vasoconstriction and impaired
vasodilation, may lead to endothelial dysfunction.
The consequent endothelial damage contributes
to the formation and progression of
atheromatous plaque, and reduces blood flow via
thrombosis and vasospasm, thus causing
cardiovascular disease.18,24
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Lipid Metabolism
Tobacco smoke, and specifically nicotine, has a
significant effect on lipid metabolism and the
regulation of lipid levels in the blood.25 Therefore,
cigarette smoke could promote atherosclerosis, in
part, via its effects on the lipid profile.8 It has been
shown that, in the presence of already increased
serum lipid levels, smoking exacerbates the
condition.26
Smoking is associated with significantly
elevated serum concentrations of total
cholesterol and triglycerides.25 In addition, several
studies have shown a tendency for low-density
lipoprotein (LDL) and very low-density lipoprotein
(VLDL) cholesterol to be slightly higher in
smokers.27 These associations seem to be dose
dependent.25 On the other hand, smoking lowers
serum concentrations of high-density lipoprotein
(HDL) cholesterol, a powerful protective factor
against the development of atherosclerosis.28,29
The difference is usually small, 5 mg/dl or less, but
this difference represents a 10% decrease and
would be expected to affect atherogenesis to a
significant degree.27 Giving up smoking improves
HDL levels, regardless of body weight,
contributing to an improvement in cardiovascular
health after smoking cessation.30
It is possible that oxidative damage to protein
and lipid constituents may explain the way in
which cigarette smoke affects plasma LDL and
HDL.10 Cigarette smoking increases the oxidative
modification of LDL.8 Exposure to cigarette smoke
extract also decreases the plasma activity of
paraoxonase, an enzyme that protects against LDL
oxidation.8 There are two potential mechanisms
by which reactive smoke components can
produce their deleterious effects on essential
plasma constituents: 1) indirectly, gas-phase
cigarette smoke may activate macrophages and
neutrophils in the lung, which may release
enzymes and oxidants capable of damaging lipids
and proteins; 2) directly, since the lung possesses
an extremely large surface area for gas exchange,

it is possible that gas-phase cigarette smoke
components interact with plasma constituents in
the interstitial fluid.29
Additional mechanisms have been proposed to
explain the link between smoking and changes in
serum lipid and lipoprotein concentrations.
Nicotine stimulates the release of adrenaline by
the adrenal cortex, leading to the increased serum
concentrations of free fatty acids (FFA) observed
in smokers. As a result, lipolysis is increased along
with the blood’s triglyceride capacity. FFA are
known to stimulate the hepatic secretion of VLDL
and hence triglycerides.25,26 The increased release
of FFA in the heart raises myocardial oxygen
consumption, adding to the myocardial
workload.31-33 A complementary finding is that FFA
also stimulate the hepatic synthesis and secretion
of cholesterol.25 The smoking-induced changes in
lipid metabolism, the increased LDL/VLDL and
decreased HDL levels, in combination with the
destruction of vascular endothelium, are
associated with a greater incidence of
atherosclerosis
in
smokers.
Thus,
hypercholesterolaemia and smoking are among
the most important factors that may lead to
coronary artery disease.34,35
Arteriosclerosis
Arteriosclerosis is a general term that includes
almost all the arterial disorders that lead to the
thickening and hardening of all kinds of artery.
Atherosclerosis is a specific form of
arteriosclerosis, whose most characteristic feature
is the concentration of lipids in the intima of large
elastic arteries (aorta) and medium-sized
muscular arteries (coronary, femoral, carotid,
etc.).36
Smoking is considered to be a significant risk
factor for the development of atherosclerosis. The
atherosclerotic effects of cigarette smoke are due
to a substantial degree to thrombosis-related
events.11 The accumulation of platelets coating
the arterial wall at sites where there is turbulent
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blood flow or endothelial injury may be the
prodromal stage for the creation of atheromatous
plaque.37 Nicotine is considered to be responsible
for an increase in blood viscosity and platelet
aggregation, since it prevents the production of
prostacyclins
that
would
limit
platelet
26
aggregation. Platelet adhesion increases the
production of thrombi, splits the coronary artery
intima, accelerates the process of atheromatous
plaque creation, and is associated with an
increased risk of cardiac ischaemia.11 In addition,
nicotine affects prostaglandin metabolism,
weakening the vessel’s defence against platelet
deposition.38 The increase in platelet aggregation,
the effect of nicotine on blood coagulation time,
and the increase in blood viscosity, in combination
with the increase in levels of LDL and VLDL, the
reduction in HDL, and inflammatory processes,
promote the creation of atheromatous plaque
and the development of atherosclerosis (Figure
1).16,17,27 It is thus likely that chronic smoking, by
increasing peripheral vascular resistances in this
way, may lead to an increase in cardiac afterload
and a consequent reduction in stroke volume.39
Circulatory levels of fibrinogen, one of the
most powerful predictive markers of coronary
events, are elevated in smokers. The increase in
fibrinogen levels acts in combination with the
increase in red cell mass from long-term exposure
to CO, increasing blood viscosity and boosting the
activation of platelets, hence increasing the risk of
atherogenesis. Increased fibrinogen levels in the
blood circulation can also lead to the
development of atherosclerosis, with a direct
effect on the increase in platelet aggregation.40
Tissue factor (TF)—otherwise known as tissue
platelet factor, or factor III, or thrombokinase, or
CD 142—is a protein found in endothelial tissue,
platelets, and leucocytes, and is essential for the
initiation of thrombus formation by zymogen
prothrombin.41 TF is expressed by cells that are
normally not exposed to blood flow, such as subendothelial cells (e.g. smooth-muscle cells) and
the cells that surround blood vessels (e.g.
E-ISSN:1791-809x │hsj.gr
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fibroblasts).41 This can change when blood vessels
are damaged—for example by physical injury, or
rupture, or atherosclerotic plaque. TF is present in
atherosclerotic plaque and can promote
thrombogenesis and possibly propagation of the
thrombus to the already existing atherosclerosis.
Sambola et al. found that smoking increased
plasma TF levels in smokers who smoked 10 or
more cigarettes per day, with a smoking history of
10 or more years.42
Atherogenesis and coronary artery disease are
the result of inflammatory processes. The fact
that smoking is associated with inflammation
implies that inflammation may be one of the
mechanisms via which cigarette smoking leads to
cardiovascular dysfunction. C-reactive protein
(CRP) and levels of white blood cells are markers
of inflammation, and are thus associated with
atherosclerosis and an increased risk of
cardiovascular disease.43 Levels of CRP and white
blood cells appear to be higher in smokers than in
non-smokers. Furthermore, there appears to be a
relation between the extent of smoking and the
white blood cell count.44 Dietrich et al. claimed
that the increase in CRP observed in smokers is
proportional to both the quantity and the years of
smoking.44
Overall, nicotine boosts sympathetic activity,
stimulates the release of neurotransmitters,
causes coronary and peripheral vasoconstriction,
and elevates blood pressure. Furthermore,
nicotine increases lipolysis, leads to increased
levels of free fatty acids, increases oxidative
stress, endothelial damage and dysfunction, and
promotes vessel inflammation, contributing
significantly
to
the
development
of
atherosclerosis and cardiovascular disease.

Autonomic Nervous System
There is an established link between abnormal
heart rate (HR) responses at rest and during
exercise,
autonomic
dysfunction
and
45,46
cardiovascular health.
On the other hand,
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chronic smoking is associated with dysfunction of
the autonomic nervous system,47-49 and the
abnormal HR responses to tobacco may be
implicated in the link between smoking and
cardiovascular disease.50-53 Although the precise
mechanism of action of smoke ingredients is still
under investigation, all proposed hypotheses state
that the main effects of smoking on cardiovascular
function are associated with the direct or indirect
action of nicotine on the neuroregulation of the
circulatory system, wherein sympathetic activity is
increased and parasympathetic activity is reduced
(Figure 1).36 The nicotine-induced sympathetic
overdrive causes the adrenal medulla to increase
the secretion of both epinephrine and
norepinephrine into the circulating blood.54 In
addition, nicotine stimulates the vasomotor
centre of the medulla, causing secretion of
norepinephrine from local deposits. Subsequently,
secretion of catecholamines from the free nerve
endings of the sympathetic nerves and the local
release of epinephrine and norepinephrine are
increased. In addition, vasoconstriction of
coronary vessels occurs, the biosynthetic capacity
of prostacyclin is reduced, and endothelial
function is impaired.55,56 The stimulation of
catecholamine secretion, in combination with the
depressed production of prostacyclins (potent
vasodilators), results in an acute rise in blood
pressure, a significant rise in HR, an increase in
cardiac contractility, and a significant increase in
myocardial work.36 Nicotine affects cardiovascular
function both directly, as described previously,
and indirectly, through a series of neurohormonal
changes. In particular, nicotine molecules interact
with and activate the brain's acetylcholine
receptors (nAChRs), whose prolonged activation
may desensitize a proportion of them.57 The
activation of nAChRs by nicotine boosts the
release of neurotransmitters, while altering the
function of some of them—such as
norepinephrine, dopamine, serotonin (5-HT), and
endogenous opioid peptides—thus modifying the

action of the peripheral nervous system and
causing cigarette addiction.58
Heart Rate at Rest
Smoking has been associated with increased
resting HR values in healthy adults, regardless of
age or sex.59-61 Minami et al. found that the HR is
on average 7 bpm faster in smokers than in nonsmokers;62 this finding is in line with data reported
by Papathanasiou et al., indicating that smokers
had a significantly higher resting HR compared
with non-smokers in both female (76.4 bpm vs.
70.0 bpm, p=0.001) and male (72.8 vs. 66.3,
p=0.004) subjects.63 In particular, smoking is
associated with selective alterations in cardiac
autonomic control.64,65 More specifically, smoking,
acting at peripheral sympathetic sites, increases
circulating levels of catecholamines,66 augments
sympathetic outflow,49,67 and causes a long-term
reduction in vagal drive.65 This sympathetic
predominance, seen even in young heavy
smokers,65 is also associated with impaired
baroreflex function,49,64 leading to a marked
increase in HR at rest.
Heart Rate during Exercise
During exercise, the increased metabolic demands
are met by an increased cardiac output, achieved
through an augmentation in HR and stroke
volume. The elevation of HR, which is associated
with age, HRrest and exercise capacity,68,69 is
regulated by exercise-induced autonomic control,
where sympathetic activity increases and vagal
tone is reduced. The HR elevation peaks at
maximal exercise, when healthy subjects achieve
an actual HRmax close (±10 bpm) to their agepredicted HRmax.69 An impaired HR response to
exercise and failure to reach >80% of the agepredicted HRmax, known as chronotropic
incompetence,69 are associated with autonomic
imbalance and are important prognostic markers
of cardiovascular health.50,52 In many HR-related
studies in healthy adults, smoking was found to

Effects of Smoking on Cardiovascular Function: The Role of Nicotine and Carbon Monoxide.Health Science Journal.2014;8 (2)
P a g e | 279

HEALTH SCIENCE JOURNAL

VOLUME 8 (2014),ISSUE 2

blunt HR elevation during progressive exercise
and to lower the maximum HR achieved,50,63,70
posing an increased risk to smokers’ health.48,53
Adaptations to chronic smoking, such as downregulation of β-adrenergic receptors, have been
used to explain smokers’ blunted HR response to
exercise.48,71 Long-term smoking has been found
to decrease the density of lymphocyte or adipose
tissue β-receptors, down-regulating the βreceptors of the cardiovascular system.66
Heart Rate Recovery
On the completion of vigorous exercise,
sympathetic activity withdraws and vagal
reactivation mediates the rate at which HR
decreases, making the post-exercise HR decline an
important reference marker for cardiac
autonomic control.72,73 Attenuated HR decline
during recovery is an important surrogate for
underlying autonomic dysfunction that is
associated
with
increased
cardiovascular
51,52,74
morbidity and mortality.
In many
epidemiological HR-related studies in healthy
middle-aged populations, smoking was inversely
associated with HR decline during recovery.51,74
Other studies, though few in number, have shown
that an attenuated HR decline was also present in
young smokers after submaximal61 or maximal
exercise.63

Smoking and Insulin Resistance
Insulin has an effect on practically all the tissues
of the body, either directly or indirectly, and is
characterised as a storage hormone because of its
anabolic action on all three main dietary groups:
namely, carbohydrates, fats, and proteins. Insulin
is associated with specific receptors in the cellular
membrane. The basic functions of the insulin
receptor are to recognise and to bind the
hormone with the target cell, and to transmit its
metabolic action. If one of these functions is
disturbed, insulin resistance is manifested.75
Insulin resistance, metabolic syndrome, and
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glucose intolerance are regarded as disturbances
with a common background and strong
interrelations.76
Nicotine is known to increase sympathetic
activity, to raise circulating levels of
catecholamines,
growth
hormone,
adrenocorticotropic hormone, cortisol, prolactin,
and beta-endorphin, and to decrease oestrogen
levels;77 all these effects are strongly antagonistic
to insulin’s action. Thus, smoking reduces insulin
production, slowing glucose catabolism and
leading to its accumulation in the body. Nicotine
may also increase insulin resistance directly. It has
been shown that the increase in insulin resistance
was halted after nicotine replacement was
stopped, and even improved during continuous
weight gain,78 implying that nicotine rather than
weight gain may be responsible for the initial
increase in insulin resistance observed in some
smoking-related studies.78,79 The smoking-induced
insulin resistance is also associated with an
increase in triglyceride count,8 because in fatty
tissue glucose is converted to triglycerides. In
turn, due to increased serum concentrations of
FFA and triglycerides, insulin-stimulated glucose
transport in skeletal muscle of habitual cigarette
smokers is relatively impaired in comparison with
non-smokers.80 Insulin resistance and the increase
in triglycerides observed in smokers are significant
risk factors for the future development of
arteriosclerosis and hence cardiovascular
disease.76,81
Carbon Monoxide
Carbon monoxide (CO) is produced from the
incomplete combustion of carbon-containing
substances, such as gasoline and tobacco.82 The
background level of CO in the atmosphere is very
low and has little effect on humans, while most of
the CO produced by natural or technological
processes is oxidized to CO2 in the upper
atmosphere. Comparatively, then, the 3-6% CO in
cigarette smoke (and the 2-3 times higher
concentrations in pipe and cigar smoke) represent

Published by Department of Nursing , Technological Educational Institute of Athens

HEALTH SCIENCE JOURNAL

VOLUME 8 (2014),ISSUE 2

considerably higher levels than are normally
encountered.83
Carbon monoxide exposure has been
implicated in the process of atherosclerosis,
contributing to the accumulation of cholesterol in
the aorta and coronary arteries.84,85 In addition,
CO exposure enhances endothelial damage,
leading to detrimental effects in the presence of
ischaemic heart or peripheral vascular disease.86
The deleterious effects of CO are more profound
in the myocardium than in peripheral tissues,
because of the very high oxygen extraction by the
myocardium at rest.86 There is epidemiological
evidence that workers exposed to high CO
concentrations have higher cardiovascular
morbidity and mortality compared to the
expected rate in the general population.87,88 The
main mechanism by which CO causes heart
disease is through hypoxia. Inhalation of cigarette
smoke, by either active or passive smokers,
increases the levels of carboxyhaemoglobin
(COHb) in the blood, decreasing the supply of O2
to the tissues. In addition, myoglobin binds with
CO so that the heart muscle does not take up the
necessary O2 and does not perform optimally. The
reduced O2 uptake as a result of smoking,
together with an increase in serum lactic acid
levels (lactic acidosis), leads to a reduction in peak
aerobic capacity and to a significant decrease in
maximum O2 uptake (VO2max) (Figure 2).

CO and Haemoglobin
The
strong
chemical
affinity
between
haemoglobin (Hb) and CO is well-known. It has
been estimated that the affinity between Hb and
CO is 200 times greater than the affinity between
Hb and oxygen (O2).83 A direct consequence of this
difference is the widespread binding of Hb by CO
in the blood, the creation of COHb, and a great
increase in its serum levels, resulting in a
significant decrease in oxygen uptake by
peripheral tissues. More specifically, the CO in
smoke binds Hb, creating COHb86 through the
following reaction:
HbO2 + CO COHb + O2
where HbO2 is oxyhaemoglobin.89
The presence of COHb in the blood, apart from
decreasing its O2 saturation, causes a leftward
shift in the O2-Hb dissociation curve, further
compounding the state of particulate-induced
hypoxaemia. Thus, for the same haemoglobin
concentration the O2 supply to the tissues and
cells is decreased.83 In smokers, COHb levels are
5% on average and may reach as much as 10% in
heavy smokers. In contrast, in non-smokers COHb
levels range between 0.5-2%, depending on their
exposure to automobile exhaust.10,47 More
specifically, one and a half hours after smoking,
COHb levels range on average between 3.94.1%,90 while elsewhere it has been shown that
immediately after smoking COHb levels were
around 9%.82
The increase in blood COHb levels and the
reduced O2 supply to the tissues affect the
vascular permeability.10 The increase in
endothelial permeability, together with the
injuries to the intima of the arterial wall
associated with exposure to CO, leads to subendothelial oedema manifested by early
atherosclerotic changes, such as fat deposition in
the arterial walls.91 Finally, the presence of CO in
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the blood is considered responsible for severe
anatomical and morphological changes in the
myocardium, such as partial or total necrosis of
muscle fibrils, and degenerative processes in the
mitochondria.92 These morphological changes are
similar to those found in hypoxia.83,86 Other
observations include extra- and intracellular
oedema, capillary wall oedema, an increase in the
number of ribosomes, and reparative fibrotic
changes.92
CO and Myoglobin
Myoglobin may combine with CO93 and, like
Hb, has a greater affinity (30-50 times) with CO
than with O2, intensifying the hypoxaemia of
peripheral tissues and especially the active
muscles.89 However, myoglobin binds to one
molecule of O2, whereas Hb binds to four.94 Thus,
the negative effects of increased COHb levels are
much more striking than those of COMb,
effectively reducing both the O2 supply to the
tissues and the O2 uptake of working muscles.95
CO and lactic acidosis
The term “lactic acidosis” refers to high levels
of lactic acid in the blood. The reduced efficiency
of the Ο2 transportation and supply system in
smokers inhibits mitochondrial function. The
exposure of mitochondria to smoking-induced
oxidative substances results in damage to the
mitochondrial
DNA,
reducing
adenosine
triphosphate production in heart and muscle
cells.96 Essentially, smoking disturbs the enzyme
activity (adenine nucleotide translocator and
mitochondrial
superoxide
dismutase)
in
mitochondria that is essential for their
proliferation, thus reducing their numbers.
Because of this damage, the muscles cannot get
the energy they need to function (since they no
longer have sufficient mitochondria); they
therefore seek energy via another route:
anaerobic metabolism.89,96 The latter process,
however, has lactic acid as its final product, so
that the quantity of circulating lactic acid
increases significantly (lactic acidosis), increasing
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the blood’s acidity,54 compromising aerobic
tolerance, and impairing exercise capacity.
CO and Exercise Capacity
Smoking even one cigarette can immediately
affect physical exercise capacity.97 The effects of
CO, such as the widespread binding of Hb and the
reduced arterial O2 blood saturation, the
insufficiency of respiratory enzymes, in
combination with the binding of myoglobin and
the effects of CO on aerobic metabolism, result in
dysfunction of the O2 production, transportation,
and
delivery
system,
especially
during
exercise.83,89 Briefly, the reduced quantities of
transported O2 and the decreased O2 supply to
and uptake from the active tissues, combined with
the binding of myoglobin by CO, significantly
decrease maximal oxygen uptake (VO2max)
reducing the functional capacity and the
performance of the circulatory system (Figure 2).
There is an observable decrease, of around
10%, in the duration of exercise until exhaustion
in smokers, which is attributable to a reduction in
O2 production in the metabolically active tissues,
as a result of arterial O2 desaturation, and to the
insufficiency of the O2 transportation, supply and
uptake system (Figure 2).89,97 This impaired
exercise tolerance and the decreased maximal
exercise capacity have been recorded even in
young healthy smokers.63,98
Regardless of the underlying mechanism, the
effect of smoking on COHb levels is responsible
for a leftward shift in the O2-Hb dissociation
curve.89 Thus, increased COHb levels are able to
interfere with the O2 released in the cells in two
ways, both of which can reduce VO2max: 1)
decreasing the amount of O2 transported in the
blood via a reduction in the available receptors on
the surface of Hb, and 2) delaying the unloading
of O2 into active muscles. The result is a decrease
in the effectiveness of myoglobin in unbinding O2
in muscle cells.95 During exercise, the hypoxaemia
due to smoking becomes more apparent at the
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lactic
acidosis
threshold,
where
the
deoxygenation of skeletal muscles increases
drastically.89
Similar effects of smoke on the O2
transportation and supply system are seen in
individuals who are not active smokers.99 Since
non-smokers are more vulnerable to CO than
smokers, simply being exposed to cigarette smoke
may reduce their VO2max. The extent to which
VO2max is reduced depends on the amount of CO
that smokers inhale.11,82 Horvath et al. claimed
that no significant reduction in VO2max was
observed until levels of COHb reached or
exceeded 4.3%, a level exhibited by most
smokers.100 From the moment COHb levels reach
4.3%, VO2max decreases in accordance with the
following equation:
VO2max = 0.91(%COHb) + 2.2
Conclusions
Smoking, through its basic ingredients nicotine
and CO, increases oxidative stress, endothelial
damage and dysfunction, is associated with
significantly higher serum concentrations of total
cholesterol and triglycerides, reduces the
cardioprotective HDL, and by promoting
intravascular
inflammation
represents
a
significant risk factor for the development of
atherosclerosis and cardiovascular disease. In
addition, nicotine deregulates cardiac autonomic
function, boosts sympathetic activity, and
increases HR at rest, while it blunts HR elevation
during progressive exercise and lowers the
maximum HR that can be achieved. In parallel, the
smoking-induced CO binds with haemoglobin and
myoglobin, reduces arterial O2 blood saturation,
and compromises the efficiency of respiratory
enzymes, resulting in dysfunction of the O2
production, transportation and delivery system,
especially during exercise; this can substantially
reduce the functional capacity and the
performance of the circulatory system.

Altogether, smoking is the most important
modifiable risk factor for cardiovascular disease, a
major risk factor for cardiovascular morbidity and
mortality, and is considered to be the leading
preventable cause of death in the world.
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