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Tobacco, Metabolic and Inflammatory Pathways, and CVD Risk
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Cardiovascular diseases account for 25% of all
deaths worldwide; 64% of all deaths are due to
chronic noncommunicable diseases, and 39% of
these are due to cardiovascular diseases [1]. As
demonstrated in the INTERHEART, a study of
risk factors for first myocardial infarction in 52
countries and over 27,000 subjects [2], and
INTERSTROKE, a study of the importance of
conventional and emerging risk factors of stroke
in different regions and ethnic groups of the world
[3], multicountry case–control studies, tobacco use
is a potent risk factor for myocardial infarctions
and strokes, and these associations are consistent
across countries. It is estimated that there are 1 bil-
lion tobacco users worldwide, and tobacco is a lead-
ing cause of global mortality, responsible for 6
million deaths annually [4].

In addition to the growing body of literature
regarding the epidemiology of tobacco use, there
have been extensive studies investigating the bio-
chemical pathways that link smoking with cardio-
vascular disease pathophysiology and the evolution
of atherothrombotic plaque. However, this litera-
ture is wide-ranging and complex as tobacco prod-
ucts such as cigarettes contain over 4,720 chemical
compounds and 1015 to 1017 free radicals, and this
is in addition to the well-known compounds such as
carbon monoxide and nicotine [5]. Also, each path-
way is neither mutually exclusive nor linear, and
there are a vast number of interactions between
chemicals, and interconnectivity between the
inflammatory and biochemical pathways that they
induce. The purpose of this review, therefore, is
to distill this literature and provide a comprehensive
but concise overview of the pathways that connect
tobacco use, and particularly smoking, with the
development of cardiovascular disease. We use a
framework (Fig. 1) as an overview of the topic to
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orientate readers and describe the cardiac, vascular,
and metabolic changes individually.
S Y S T E M I C

Cardiac output. Smoking leads to increased blood
volume being ejected from the left ventricle, and
nicotine is one of the key triggers. Nicotine stimu-
lates the release of epinephrine and norepinephrine
from the adrenal medulla and this activation of the
sympathetic nervous system causes an increase in
heart rate, ventricular contractility, and blood pres-
sure in smokers [6–8]. In response to this rise in
cardiac output and the reduced oxygen availability
due to the presence of carbon monoxide in smoke,
the coronary arteries dilate to increase blood flow by
up to 40% [4,9]. However, this increased coronary
blood flow is still lower than what is required
(and much lower than the coronary blood flow re-
sponse observed in nonsmokers) to contend with
the increased demand for oxygen. Thus, smokers
are exposed to a chronic state of cardiac ischemia
and this is consistent with the findings that ciga-
rette smokers have lower thresholds for angina on-
set caused by this reduced myocardial oxygen
delivery [10].

Vasomotor function. Smokers also have deficient
vasomotor function (reduced ability to expand and
contract when required) of their vessels, and this
is related to a combination of morphological and
molecular changes induced by smoking. Morpho-
logical studies of the coronary arteries, carotid
arteries, and the aorta show that indices of athero-
sclerosis, such as arterial wall thickening, intima-
media thickness, and arterial stenosis are all
increased among smokers [11,12]. As a result, func-
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Figure 1. Overview of the pathways that link tobacco use with cardiovascular disease pathophysiology. CO, carbon monoxide; LV,
left ventricle; ROS, reactive oxygen species; ›, increased.

122 Kitami and Ali

Metabolic and Inflammatory Pathways to CVD Risk

G L O B A L H E A R T , V O L . 7 , N O . 2 , 2 0 1 2

J u l y 2 0 1 2 : 1 2 1 – 1 2 8
tionally, compared to nonsmokers, smokers’ arter-
ies can be characterized as having significantly
poorer distensibility and increased stiffness [13].

On a molecular level, compounds in smoke
cause a decrease in the bioavailability of a major
vasodilator, nitric oxide (NO), and enhance the
secretion of vasoconstrictors, such as endothelin-
1. Endothelin-1 is constantly secreted at low levels
in chronic smokers, which can desensitize the
endothelium-dependent vasodilator response
mechanism [12]. Imbalanced levels of prostacy-
clin-I2 and thromboxane-A2 also create a vasocon-
strictive tendency among smokers [12,14,15].
Meanwhile, catecholamines induced by nicotine
have vasoconstrictor effects in pulmonary and sys-
temic arteries through binding to and activating al-
pha receptors. These mechanisms all occur in
parallel to the increasing blood viscosity, which is
related to an increased hematocrit observed in
smokers, which reflects exposure to carbon monox-
ide [16]. Together, vasoconstriction and viscosity
contribute to coronary vascular resistance and per-
petuate myocardial ischemia [8].

Cardiac remodeling. Cardiac remodeling is another
morphological change that is observed among
smokers [8]. Both animal and human studies have
demonstrated left ventricular hypertrophy and left
atrial enlargement as a result of tobacco exposure
[17–19]. Atrial fibrosis has also been described
among patients that smoke and was noticed during
cardiac bypass surgery. Although a definitive causal
relationship has not been documented, the litera-
ture posits that this atrial morphological change is
significantly associated with post-operative atrial
fibrillation and is commonly seen in smokers
[20]. This observation is supported by other cohort
studies showing increased risk for atrial fibrillation
among smokers [21]. Atrial fibrillation contributes
to the risk of stroke.

In terms of pathology, the myocardium in
smokers has been observed to be more hypertro-
phic and exhibits increased interstitial fibrosis
plus signs of myocardial cell apoptosis. Reactive
oxygen species (ROS) are centrally involved,
damaging myocardial cells, stimulating fibroblasts
to proliferate, and activating matrix metallopro-
teinases [22]. Matrix metalloproteinases are en-
zymes that degrade elastin and collagen in the
extracellular matrix, making the endothelial wall
vulnerable [23]. Activation of mitogen-activated
protein kinases has also been implicated in left
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ventricular remodeling [5,24,25]. As a conse-
quence of these changes, the myocardium be-
comes enlarged, but the proportion of
functioning, contractile myocytes is decreased,
leading to suboptimal contractile function. Sev-
eral studies have documented this reduced left
ventricular function among smokers [26]. In vitro
studies on cultured human endothelial cells show
that nicotine increases the expression and activity
of angiotensin-converting enzyme and possibly
increases angiotensin-II production [27,28].
Stimulation of the renin–angiotensin system re-
sults in vasoconstrictive effects, which may exas-
perate cardiac remodeling in smokers [22].

There are smoking-related modifications in
the vasculature as well. For example, matrix
metalloproteinases are likely to be involved in
weakening the vascular walls (by permitting deg-
radation of extracellular elastin and collagen),
pre-disposing them to the development of aneu-
rysms and plaque rupture [29]. Smoking has also
been associated with higher risk for coronary ar-
tery spasms [30].

Lastly, although the link between smoking and
arrhythmia has not been established clearly, the
underlying hypoxia and cardiac remodeling seen
in smokers may be associated with arrhythmias
and coronary spasms and may be a determinant
of sudden death among smokers [31].

Inflammation. Systemic and local vascular inflam-
mation have become integral components in our
understanding of the processes involved in athero-
thrombosis [32]. Smoking results in high levels of
systemic oxygen free radical circulation, and this
oxidative stress plays a critical role in inducing sys-
temic inflammatory pathways [33]. Blood samples
of smokers show elevated levels of peripheral leu-
kocytes, [34] C-reactive protein [35], and fibrino-
gen [36] compared with levels for nonsmokers.
Other systemic proinflammatory cytokines are also
raised in smokers and include interleukin-6 and tu-
mor necrosis factor alpha. Chronic elevation of
these inflammatory markers provide strong evi-
dence that smokers are exposed to a state of
chronic systemic inflammation [37].

At the local level of the vascular bed, endothelial
cells in smokers express high levels of cell-adhesion
molecules for leukocyte recruitment. Examples of
these molecules include soluble vascular cell adhe-
sion protein-1, soluble intercellular adhesion mole-
cule-1, and E-selectin. These molecules stimulate
the recruitment of inflammatory cells to the endo-
thelial wall and contribute to atherosclerotic plaque
development [38].
M O L E C U L A R

Endothelial dysfunction
Oxidative stress. As we have already described,
smoking impairs flow-mediated vasodilation, or
endothelium-dependent vasodilation, in both ani-
mal and human arteries [4]. This defect in vascular
tone is primarily caused by the decrease in bioavail-
ability of NO [39]. Endothelial cells routinely pro-
duce NO in response to shear stress. In turn, NO
has several positive effects: it increases blood flow
and decreases blood pressure; it suppresses the
expression of cell adhesion molecules in the endo-
thelium; and it inhibits the adhesion and aggrega-
tion of platelets, leukocytes, and proteins. Through
these effects, NO has an overarching role in pro-
tecting against atherosclerotic plaque formation
[40].. The biochemical mechanism behind
smoke-induced impairment in NO bioavailability
is complex. However, researchers agree that the
primary mechanism involves suppression of endo-
thelial nitric oxide synthase (eNOS) expression
and NO production, which are predominantly dri-
ven by free radicals, reactive oxygen and nitrogen
species, and reactive aldehydes in tobacco smoke
[41]. These free radicals deplete tetrahydroxybiop-
terin, the cofactor of eNOS, which leads to the
uncoupling of eNOS and the subsequent reduction
in NO synthesis [42]. Free radicals also impair the
activity of an enzyme that degrades the endogenous
inhibitor of eNOS, called asymmetric dimethylar-
ginine. This causes an accumulation of asymmetric
dimethylarginine and continuous inhibition of the
NOS pathway [43,44].

Furthermore, free radicals in smoke perpetuate
the cycle of oxidative stress by inducing the
endogenous production of ROS. Free radicals in-
crease the activity of reduced nicotinamide ade-
nine dinucleotide phosphate oxidase (NADPH)
and xanthine oxidase through the cyclooxygen-
ase-2 pathway, which are also ROS-producing
enzymes [33,45]. Free radicals also raise the level
of ROS by inhibiting the activities of ROS-
clearing enzymes (e.g., catalase, superoxide dis-
mutase, and glutathione peroxidase) that would
otherwise protect cells from oxidative stress [5].
Through these mechanisms, free radicals in
smoke work both directly and indirectly to de-
crease the bioavailability of NO, causing endo-
thelial dysfunction.
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Endothelial progenitor cells. The effects of smok-
ing on endothelial progenitor cells (EPCs) may also
explain the impairment of endothelial function.
First introduced by Asahara et al. in 1995, EPCs
are thought to be bone marrow-derived cells that
protect against the effects of an aging endothelium
by migrating, differentiating, and proliferating at
sites of ischemia and endothelial injury, thereby
regenerating injured endothelial walls and restoring
vasodilator function [46–48]. Although there is
conflicting evidence regarding the role EPCs play
in the development of cardiovascular diseases
[49], a number of studies show statistically signifi-
cant inverse associations where decreases in circu-
lating EPC levels are related to increased risks for
cardiovascular, cerebrovascular, and other athero-
sclerotic diseases [50–52]. Smoking has been iden-
tified as a major independent factor for the
reduction of circulating EPCs and EPC function
[53,54]. The current understanding is that: (1)
EPCs play an integral role in endothelial regenera-
tion and homeostasis; (2) a decrease in EPCs is
predictive for future cardiovascular events; and (3)
EPCs are reduced among smokers [48].

Lipid metabolism. Numerous epidemiologic studies
demonstrate altered lipid profiles among smokers.
This includes significantly increased levels of total
cholesterol, triglycerides, and low-density lipopro-
tein cholesterol (LDLc), as well as lower levels of
the antioxidant high-density lipoprotein choles-
terol (HDLc) and apolipoprotein A-1 in smokers
compared with nonsmokers [55–58]. The low
HDL/LDL ratio among smokers indicate a state
of high atherogenicity among smokers, and various
pathological mechanisms for smoking-induced li-
pid abnormalities have been postulated [59].

In addition to this, nicotine-stimulated sympa-
thetic up-regulation promotes lipolysis and catabo-
lism, leading to the release of free fatty acids in
plasma. Smoking also reduces the activity of lipo-
protein lipase in adipose tissue, which works to
break down and clear triglycerides from the blood
[60,61]. As a result, the excess triglycerides in cir-
culation promote very low-density lipoprotein cho-
lesterol formation and small, dense LDLc
synthesis, both of which are more prone to perpet-
uate the development of atherosclerotic plaque
[62]. Smoking is also associated with increased he-
patic lipase activity and this has 2 important effects:
(1) it produces atherogenic small, dense LDLc,
which is both toxic to the endothelium and releases
even more free radicals and (2) it produces small,
dense HDLc, which actually diminishes the pro-
tective antiatherogenic abilities of circulating
HDLc [63,64]. Additionally, free radicals in ciga-
rette smoke cause the oxidation of LDLc and lipo-
proteins, making it easier for these to be deposited
in the subendothelial space. These lipids are all
highly atherogenic and are avidly engulfed by mac-
rophages through endocytosis, causing an accumu-
lation of foam cells and fibrous plaque formation
[65,66].

Studies have also shown how smoking affects li-
pid transfer enzymes. Smoking reduces the enzy-
matic activity of lecithin cholesterol acyl-
transferase, an enzyme that transports esterified
cholesterol into the HDL core. Without this
mechanism, less cholesterol is transported to the li-
ver for catabolism [67].

Glucose metabolism. In addition to altered lipid
profiles, smokers also experience abnormalities in
glucose metabolism. Multiple cohort studies have
demonstrated that smoking is associated with an
increased risk for type 2 diabetes [68–70]. These
same studies have shown that there is a positive
dose-dependent relationship between the number
of cigarettes smoked and risk for type 2 diabetes
[71,72]. Studies have linked smoking with insulin
resistance in both diabetic and nondiabetic patients
[73–75], and it has been postulated that this mech-
anism drives diabetes risk.

Smoking cessation is particularly important in
people with diabetes, as smoking makes glucose
control more difficult. Studies have shown that lar-
ger insulin dose is required to achieve the same le-
vel of glucose control in smokers on insulin therapy
compared with glucose control in nonsmokers [76].
Smoking also significantly increases the risks for
macrovascular and microvascular complications; in
particular, the risk for coronary artery disease,
stroke, and peripheral vascular disease in people
with diabetes is further amplified by smoking
[77,78]. Smoking cessation can help slow down
the progression of diabetic nephropathy [79] and
microalbuminuria [80] in patients with diabetes.
It is not clear, however, how smoking interacts
with diabetes-related retinopathy and neuropathy
risk, but it is likely that smoking perpetuates the
risks of developing these microvascular complica-
tions [70].

It is still unclear which pathophysiological
mechanisms are involved in terms of how smoking
relates to insulin resistance. Several theories have
been proposed and debated. Nicotine may have a
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central role through inducing catecholamine re-
lease and stimulating the sympathetic nervous sys-
tem (which has an insulin-antagonistic effect).
Smoking has also been found to cause a reduction
in glucose uptake in peripheral tissues and, in ef-
fect, reducing insulin sensitivity. Chemical toxicity
from cigarette smoke may be a culprit, impairing
pancreatic beta cells (decreasing insulin secretion)
and desensitizing insulin receptors (decreasing
insulin sensitivity). Dysfunctional lipid metabolism
and elevated free fatty acids may also contribute to
insulin insensitivity. Other less well-established
theories include the effects of chronic and systemic
inflammation caused by smoking on insulin resis-
tance [4,81,82].

Platelet activation. Repeated studies have demon-
strated thrombogenicity among smokers and have
attributed this to high platelet adhesiveness (‘‘stick-
iness’’) and aggregation, as well as alterations in the
expression of antithrombotic, prothrombotic, and
fibrinolytic factors. Spontaneous aggregation of
platelets was first observed in smoker’s plasma
in vitro [83]. This was then corroborated by studies
showing in vivo elevations in markers of platelet
aggregation. For example, urinary thromboxane
A2 (TxA2) metabolites––11-deydro-TxB2, and 2,
3-dinor-TxB2––have all been shown to be more
elevated among smokers than among nonsmokers
[84,85]. Smoking also causes decreased bioavail-
ability of platelet-derived NO and decreased plate-
let sensitivity to NO, both of which act to promote
platelet activation [86,87]. Compared with non-
smokers, smokers also have higher circulating lev-
els of von Willebrand factor [88], tissue factor
[89], and fibrinogen [36], which cumulatively per-
petuate a prothrombotic state.

Impaired fibrinolytic activity has also been ob-
served in smokers. Studies on smokers’ coronary
arteries have shown relatively lower levels of tissue
plasminogen activator compared with the increase
in plasminogen activator inhibitor-1 [90]. This
imbalance in the tissue plasminogen activator/plas-
minogen activator inhibitor-1 ratio disrupts fibri-
nolysis, effectively permitting thrombus formation
and propagation.
S U M M A R Y A N D I M P L I C A T I O N S

Altogether, tobacco use and particularly cigarette
smoking, induce a number of factors, pathways,
and mechanisms that predispose, program, or per-
petuate atherosclerotic diseases of the vasculature
and systemically strain the myocardium. The
mechanisms and pathways described overlap and
interact a great deal. The majority of the enzymes,
hormones, or inflammatory markers described have
a primary pathophysiologic role, while also perpet-
uating other pathways. A case in point is how
smoking creates a pre-disposing milieu by impair-
ing the endothelium and increasing expression of
cell-adhesion molecules––all of this is attributed
to decreased production of endothelium-derived
NO. Meanwhile, NO is also known to prevent
platelet aggregation and thrombus formation, and
so the lack of NO perpetuates plaque formation
and atherosclerosis [91]. Additionally, smokers
have a raised hematocrit and blood viscosity as a
consequence of exposure to high levels of carbon
monoxide and carboxyhemoglobin. These further
perpetuate the risk of atherothrombogenic diseases
among smokers [16,92], and all it takes is time and
insults that trigger ischemia (e.g., high oxygen or
metabolic demand that can also be attributed to
high systemic vascular tone) to tip the individual
toward acute vascular events. Endothelial wall in-
jury caused by oxidative stress, arterial stenosis
due to atherosclerosis by alternations in the lipid
and glucose metabolism, enhanced platelet activa-
tion, and the impairment of fibrinolytic activity
each interferes with Virchow’s triad, promoting a
state of thrombogenicity and the development of
cardiovascular disease in smokers.

Although this is not an exhaustive review, an
overview of this nature at least familiarizes the cli-
nician with the pathways involved in tobacco-re-
lated cardiac and vascular abnormalities and
provides a broad understanding for how different
therapies may address the biochemical and patho-
physiological abnormalities that can be attributed
to smoking. So, from a clinical standpoint, this
concise review identifies the key targets for how
to preserve or rehabilitate vascular or cardiac dys-
function through therapies and patient counseling.

From a public health perspective, the addictive
and wide-ranging damage caused by smoking reaf-
firms the need to legislate and/or advocate for pre-
venting and protecting against active and passive
exposure to tobacco. The complexity of pathways
involved in tobacco-related cardiovascular patho-
physiology suggests that single therapies may only
have small benefits for patients with tobacco-re-
lated disease. A review of this nature also propa-
gates the public health and clinical world’s
skepticism of substitute tobacco products (e.g.,
electronic cigarettes) that keep appearing as new
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and ‘‘less harmful’’ alternatives for tobacco users.
The complexity of effects that is orchestrated by
each compound in a cigarette implies that even
these products with only a few hazardous com-
pounds can have substantial harmful effects on car-
diac and vascular structure and physiology. As such,
the only comprehensive, ethical, and cost-effective
methods of avoiding or decreasing tobacco-related
harms are to prevent and protect against exposure,
or to help those that are already exposed to stop
smoking. These tenets of prevention, protection,
and cessation are the same 3 themes embodied in
the World Health Organization’s Framework
Convention on Tobacco Control, and it is hoped
that all countries adopt and implement the clear
mandate set out in this global framework.
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