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Abstract
Cigarette smoke (CS) is likely the most common preventable cause of human morbidity and mortality worldwide. Consequently, inexpensive
interventional strategies for preventing CS-related diseaseswould positively impact health systems. Inhaled CS is a powerful inflammatory stimu-
lus and produces a shift in the normal balance between antioxidants and oxidants, inducing oxidative stress in both the respiratory system and
throughout the body. This enduring and systemic pro-oxidative state within the body is reflected by increased levels of oxidative stress and
inflammation biomarkers seen in smokers. Smokersmight benefit from consuming antioxidant supplements, or a diet rich in fruit and vegetables,
which can reduce the CS-related oxidative stress. This review provides an overview of the plasma profile of antioxidants observable in smokers
and examines the heterogeneous literature to elucidate and discuss the effectiveness of interventional strategies based on antioxidant supple-
ments or an antioxidant-rich diet to improve the health of smokers. An antioxidant-rich diet can provide an easy-to-implement and cost-effective
preventative strategy to reduce the risk of CS-related diseases, thus being one of the simplest ways for smokers to stay in good health for as long
as possible. The health benefits attributable to the intake of antioxidants have been observed predominantly when these have been consumed
within their natural food matrices in an optimal antioxidant-rich diet, while these preventive effects are rarely achieved with the intake of indi-
vidual antioxidants, even at high doses.
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1. Introduction

1.1. Background

Cigarette smoking is probably one of the most widespread and
proven risk factors threatening public health that the world has
ever faced, killing an estimated 6 million people every year(1,2).
More than 5 million of those deaths are the result of direct smok-
ing, while over 600 000 premature deaths result from the expo-
sure of non-smokers to second-hand smoke(3). Smokers die, on
average,more than a decade before non-smokers(4). This prema-
ture mortality is because long-term exposure (lasting over three
to four decades) to cigarette smoke (CS) is associated with an
increased risk of developing serious CS-related diseases.

Evidence from epidemiologic and meta-analyses is sufficient
to infer a causal relationship between CS and the development of

lung cancer. CS accounts for 80 % and 50 % of the worldwide
lung cancer outbreak in men and women, respectively(5,6).
Although lung cancer incidence rates are decreasing in men in
Europe and North America, they have increased in Asia and
Africa(5) and in women, reflecting changes in smoking habits(7).
CS is the major recognised risk factor for oral cavity and pharyn-
geal cancer, with relative risks in the order of five to ten times
higher for smokers than for non-smokers(8). A causal relationship
has also been established between CS and chronic obstructive
pulmonary disease (COPD), which causes a greater predisposition
to the Mycobacterium tuberculosis disease(9). CS also exacerbates
asthma, though data are only suggestive but not sufficient to infer a
causal link between CS and asthma incidence(9,10).

Although CS-related diseases originate mainly in the organs
that are directly exposed to CS, the toxic substances contained
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in CS can also reach other organs through the circulatory system
and cause damage that eventually leads to the development of
many other diseases. Indeed, the gas phase of CS crosses the
lung alveolar wall and enters the bloodstream(11), where it can
interact with both water-soluble and lipid-soluble circulating
plasma antioxidants, resulting in their depletion(12). Plasma anti-
oxidants, whose role and physiological activity have been
exhaustively reviewed in a recent paper(13), include low-molecu-
lar-mass vitamins A, C and E, uric acid, α- and γ-tocopherol,
α- and β-carotene, β-cryptoxanthin, lutein and zeaxanthin, lyco-
pene, and retinol(14), low-molecular-mass reduced aminothiols
(i.e. glutathione (GSH) and cysteine)(15), and high concentrations
(∼600 μM, i.e. ∼43 mg/ml) of reduced albumin(16).

A causal relationship has been demonstrated between CS and
colorectal polyps(17–19), colorectal cancer and hepatocellular car-
cinoma(9). CS is also associated with a relatively modest increase
in the risk of developing kidney cancer(20). In women, CS also
increases breast cancer risk(21). The evidence at our disposal
does not suggest the presence of any causal relationship
between CS and the risk of developing prostate cancer, although
there is a higher risk of death from prostate cancer in smokers
than in non-smokers(9,22). CS is also a proven risk factor for
diabetes mellitus, rheumatoid arthritis and impairment of
the immune system(9). Moreover, CS is responsible for an
increased risk of cardiovascular diseases (CVD) and related
atherosclerosis(23), acute coronary heart disease and stroke(24),
and is the most important risk factor for abdominal aortic
aneurysm(25,26). Smoking is associated with enhanced oxida-
tive stress, which favours the progression of CVD. Current
smokers with CVD, who have survived a coronary heart dis-
ease event, such as acute myocardial infarction or ischaemia,
would particularly benefit from quitting smoking, because this
could prevent their next, potentially fatal CVD event(27).
Although the CVD risk as well as the possible death from
CVD events is very high in such patients, a considerable num-
ber of them (up to about a quarter), astonishingly, still smoke
and have no intention of quitting smoking(27,28). In addition,
exposure to passive smoking may compromise smoking ces-
sation among patients with coronary heart disease(29).

In general, themost important way to prevent CVDs is to con-
stantly adopt a healthy lifestyle. A healthy diet, abstinence from
smoking and avoidance of exposure to second-hand smoke are
among the actions of the first prevention of CVD(30). The good
news for smokers is that smoking cessation reduces CVD risk.
A recent investigation analysed data from the Framingham
Heart Study to determine the association between years since
smoking cessation and subsequent CVD risk among former
smokers versus persistent smokers and never smokers(31). The
retrospective analysis included a population of 8770 individuals
and found that, compared with current heavy smoking, smoking
cessation among former heavy smokers was associated with
lower CVD risk within 5 years of cessation, corroborating analo-
gous findings demonstrated by others (e.g. ref. 32). However,
compared with never smokers, the CVD risk of former smokers
remained significantly elevated beyond 5 years after smoking
cessation(31).

Oxidative burden can play an important role in the pathologi-
cal conditions resulting from long-term exposure to CS. It can be

due to direct oxidative damage or indirect pathways, such as anti-
oxidant depletion or inflammation. Indeed, low-grade systemic
inflammation is evident in smokers as confirmed by elevated levels
of inflammation biomarkers(33,34). Since CS is a primary source of
oxidants,which induceoxidative stress/damage in smokers, animal
models and in vitro cell models(35–40), the bolstering of body’s anti-
oxidant defences through antioxidant supplementation or an
antioxidant-rich diet could potentially mitigate some of the
CS-induced damage.

Numerous studies have focused on the utility of antioxidant
supplementation. However, whether antioxidant supplementa-
tion has any preventive and/or therapeutic effect in CVD has not
yet been irrefutably established. Clinical human studies have
supported the association between oxidative stress and cardio-
vascular events thanks also to the use of several oxidative stress
biomarkers, which can also be used to assess the preventive/
protective effect of antioxidant supplementation in patients with
CVD risk, including smokers(41).

In this review, we focus on the antioxidant profile in plasma
of smokers, the evaluation of which is an essential step in assess-
ing the efficacy and safety of potential interventional strategies.
Besides, we also discuss the effectiveness of antioxidant supple-
ments and antioxidant-rich diets in smokers.

1.2. Composition of cigarettes and their regulation

Cigarette composition has changed over time. Themain changes
occurred in the 1950s: ‘tar’ and nicotine content declined, and
other CS constituents changed correspondingly, primarily
because of the introduction of filter tips, the selection of tobacco
varieties, the utilisation of highly porous cigarette paper and the
changing composition of the tobacco blend (with the incorpora-
tion of reconstituted and expanded tobaccos). According to the
technical notes of the Joint Research Centre of the European
Commission, prior to 1955, probably no brand of cigarettes
had a tar content below 35mg. Since then, the introduction of
the new technologies for cigarette manufacturing have led to
a decline in tar, nicotine and carbon monoxide content(42).
Concurrently, nitrate content increased. This enhanced the com-
bustion of tobacco, decreasing the amount of polynuclear aro-
matic hydrocarbons, carbon monoxide and phenols, but
simultaneously increasing the generation of nitrogen oxides that
promote the formation of the carcinogenicN-nitrosamines, espe-
cially the tobacco-specific N-nitrosamines(43).

In the 1960s, many countries introduced the first laws to
reduce nicotine and tar content and to inform consumers about
the harmful compounds contained in cigarettes. In this regard, a
recent and important European recommendation is the Directive
2001/37/EC, adopted by the European Parliament and the
Council on 5 June 2001. This directive contained provisions
for cigarette design to reduce tar content and to set limits for
nicotine and carbon monoxide amount; it indicates warnings
on cigarette packets and prohibits misleading descriptors(44).
Nowadays, the revised Directive 2014/40/EU, approved by
the European Parliament on 26 February, strengthened the rules
on how tobacco products are manufactured, produced and pre-
sented in the European Union (EU) (e.g. each cigarette pack has
to contain at least twenty sticks; messages on packs suggesting
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that a product is less harmful that another one are forbidden) and
introduced specific rules for certain tobacco-related products,
such as tobacco flavourings and electronic cigarettes (e-ciga-
rettes)(45). About this last point, the Directive aims at ensuring
an equal treatment across the EU for nicotine-containing
e-cigarettes. Safety and quality requirements for e-cigarettes
are necessary to monitor and learn more about these products,
often seen as fashionable, less harmful and healthier than regular
cigarettes, especially among young people.

1.3. Oxidative stress, inflammation and oxidative stress:
the vicious cycle of cigarette smoke

CS contains nicotine, polycyclic aromatic hydrocarbons, qui-
nones, benzo(α)pyrene, hydrogen cyanide, carbon monoxide
and dioxide, pyridine alkaloids, ammonia, phenols, N-nitros-
amine, reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS), and saturated (acetaldehyde, formaldehyde) and
α,β-unsaturated aldehydes (acrolein and crotonaldehyde),
which are particularly harmful because of their high reactivity
and toxicity(46,47). Aldehydes are long-lived compared with most
ROS/RNS and oxidising intermediates, with half-lives ranging
from a few hours to days, and therefore, they can spread over
long distances, causing airway inflammation that leads to the
development of respiratory diseases(48–50). Moreover, aldehydes
may get into systemic circulation and can cause damage to the
vasculature and to different organ systems(51).

There is clear evidence that long-term exposure to CS can
cause oxidative stress to the entire organism, as reflected by
increased levels of oxidative stress biomarkers in the plasma and
urine of smokers, including plasma F2-isoprostanes(52),malondialde-
hyde(53–55), carbonylated proteins(56–58) and urinary eicosanoids(33).

CS also stimulates an inflammatory response characterised by
the activation of macrophages and the recruitment/activation of
neutrophils, eosinophils, monocytes and lymphocytes in the
respiratory tract(59,60). An important, though not unique, mecha-
nism bywhich CS produces an inflammatory response is the acti-
vation of the nuclear factor (NF)-κB pathway(61,62) via the
generation of ROS/RNS and aldehydes, such as acrolein and cro-
tonaldehyde(62). This results in NF-κB translocation into the cell
nucleus, where it induces transcription of many genes involved
in immune regulation. The release of chemo-attractants is not
just limited to inflammatory cells directly exposed to CS.
Structural lung cells such as pulmonary fibroblasts, alongside
their important role in maintaining the extracellular matrix and
in repairing tissue after injury, may also play a role in inflamma-
tory responses by releasing interleukin-8 (IL-8) and other che-
mokines(63,64). CS also activates endothelial cells, resulting in
the release of inflammatory mediators and chemo-attractive
cytokines such as IL-6 and IL-8(60). Furthermore, CS induces
the release of IL-8 from human airway smooth muscle cells, and
the effect is enhanced by tumour necrosis factor (TNF)-α(65). CS
also contributes to additional oxidative stress by the release of
ROS/RNS from macrophages, neutrophil and eosinophil granu-
locytes, which migrate from the blood to lung parenchyma(59)

(Fig. 1). In addition to an elevated oxidant load and inflammation

in the respiratory tract and lungs, smokers experience increased
systemic oxidative stress and inflammation(34,66,67).

Under physiological conditions, the human body counterbal-
ances the excessive production of ROS/RNSwith the antioxidant
defence systems, which neutralise ROS/RNS and maintain
the balance between oxidants and antioxidants(14). Antioxidant
defence systems consist of enzymatic and non-enzymatic sys-
tems (endogenous antioxidants) and a variety of low-molecu-
lar-weight molecules, most of which derive from dietary
sources (exogenous antioxidants) (Fig. 2). Diet-derived antiox-
idants dissipate during their reaction with reactive species and
can be replenished through the diet. Furthermore, many antioxi-
dant enzymes, such as catalase, glutathione peroxidase, heme
oxygenase and superoxide dismutase, require micronutrient
cofactors such as selenium, iron, copper, zinc and manganese
for optimal catalytic activity.

In smokers, inhaled CS overwhelms all these antioxidant
defence systems and causes a subsequent decrease in antioxi-
dant levels, thus promoting additional oxidative stress. This
vicious cycle leads to an enduring and systemic pro-oxidative
state within the body that causes oxidative modifications of
nucleic acids, lipids and proteins, eventually promoting cell/tis-
sue injury and diseases(60).

2. Antioxidants in smokers

2.1. Antioxidant profile in blood plasma of smokers

Although the inhaled CS mainly reaches the respiratory tract,
where it causes an adaptative local antioxidant response in
the lung (i.e. boost of GSH levels)(68,69), which is lower in older
smokers than in younger (18–30 years) smokers(70), the toxic
substances contained in CS can also reach other organs through
the circulatory system, thus causing the lowering of the concen-
tration of almost all low-molecular-mass antioxidants in the
blood plasma.

Some studies have shown that smokers have lower plasma
concentrations of almost all low-molecular-mass antioxidants
than non-smokers (Table 1). This condition results from at least
two factors, one that depends on the diet and one caused directly
by CS. Epidemiological studies showed that smokers consume
less fruit and vegetable than non-smokers(71–74). A recent popu-
lation-based cohort analysis on a population of 1000 smokers
(age≥ 25 years) confirmed that smokers consume less fruit and
vegetable rich in antioxidants than non-smokers(75). Smokers
can thus be particularly lacking in exogenous antioxidants.
For example, the intake of vitamin C in smokers ranges from
þ0·3 % to −38 % compared with non-smokers(76); therefore,
the plasma vitamin C concentration is usually lower in smokers
than in non-smokers (Table 1). Besides, smokers consume
approximately 10·8–39·4 % less β-carotene than non-smokers,
and the comparison between heavy smokers (≥ 20 cigarettes/
d, or ≥ 10 years of smoking) and non-smokers showed lower
plasma β-carotene levels in smokers (between −17·0 % and
−50·7 %)(76). In addition to dietary differences, some studies,
in which dietary intakes of antioxidants have been corrected,
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show that at least vitaminC andpossibly β-carotene are depleted by
CS itself(12,77–79). Smokers also have lower plasma levels of vitamins
A and E, GSH and Cys than non-smokers (Table 1).

Sex affects levels of β-carotene, lycopene and selenium in
smokers. Compared with non-smokers, male smokers have
lower circulating levels of lycopene and selenium (Table 1).

Conversely, no statistically significant differences were found
in theplasma levels of lycopene and selenium in female smokers(74).
A study involving thirty-seven males and forty-two females
showed that current female smokers had higher serum
β-carotene levels (0·24 ± 0·23 μg/ml) than current male smok-
ers (0·10 ± 0·10 μg/ml)(80).

Fig. 1. The vicious cycle of oxidative stress in smokers.
The inhaled CS reactive species represent only a portion of the total oxidative stress eventually experienced by smokers, as the CS also contributes to the formation of
further endogenous reactive species formation from inflammatory cells. When activated, inflammatory cells together with structural cells (e.g. pulmonary fibroblasts and
endothelial cells) initiate an inflammatory cascade that triggers the release of inflammatory mediators which sustain the inflammatory process and lead to tissue damage
as well as a range of systemic effects. After years of chronic smoking, this vicious cycle leads to a permanent oxidative injury of cells and tissue, thereby promoting
diseases.

Fig. 2. The endogenous/exogenous antioxidant defence systems.
An antioxidant is any substance (endogenous or exogenous, natural or synthetic) which, when present at low concentration compared with that of an oxidisable sub-
strate, significantly prevents its oxidation, or delays it. The antioxidant defence system consists of both enzymatic and non-enzymatic (endogenous antioxidants) sys-
tems, along with a variety of low-molecular-weight antioxidants, most of which are derived from dietary sources (exogenous antioxidants). In the human body,
endogenous antioxidant defence systems work in synergy with exogenous antioxidants.
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Table 1. Plasma profile of antioxidants in smokers

Plasma
antioxidant

Non-smoker number,
sex and age Smoker number, sex and age

Smoking status
definition criteria or
serum cotinine
levels

Plasma concentra-
tion in non-smokers

Plasma concentration
in smokers

Plasma concentration
in non-smokers
(μmol/l)

Plasma concentra-
tion in smokers
(μmol/l) References

Vitamin A n = 100 (males) 43·3 ±
9·7 years

Healthy smokers n = 100 (males)
40·1 ± 10·3 years

3 15 cigarettes/d for
5–12 years

0·99 ± 0·07 (a) mg/dl 0·51 ± 0·09 (a) mg/dl 34·56 ± 2·44 (a) 17·80 ± 3·14 (a) 240

α-Carotene
(vitamin A)

n = 40 (22 males, 18
females) 40·7 ±
18·6 years

Healthy smokers n = 46 (37 males
þ 9 females) 33·5 ± 15·6 years

Cigarettes/d (not
specified) for
2·2–26 years

6·7 ± 4·0 (a) (1) mg/dl 3·3 ± 1·2 (a) (1) mg/dl 0·125 ± 0·075 (a) (1) 0·061 ± 0·022 (a) (1) 90

n = 2488 (males) 31·8
± 0·4 years

Healthy smokers n = 1484 (males)
32·4 ± 0·4 years

Cotinine 242·45 ±
6·35 ng/ml

4·4 ± 0·2 (b) (2) mg/dl 2·9 ± 0·1(b) (2) mg/dl 0·082 ± 0·004 (b) (2) 0·054 ± 0·02(b) (2) 74

n = 2894 (females)
33·0 ± 0·3 years

Healthy smokers n = 1007
(females) 31·8 ± 0·4 years

Cotinine 224·93 ±
5·44 ng/ml

5·3 ± 0·2 (b) (2) mg/dl 3·8 ± 0·2 (b) (2) mg/dl 0·099 ± 0·04 (b) (2) 0·071 ± 0·04 (b) (2) 74

β-Carotene
(vitamin A)

n = 60 (females) not
specified years

Healthy smoking pregnant women
(III trimester) n= 80 not speci-
fied years

5–20 cigarettes/d
during pregnancy

2·6 ± 0·4 (a) mmol/l 1·8 ± 0·5 (a) mmol/l 2·6 ± 0·4 (a) 1·8 ± 0·5 (a) 55

n = 40 (22 males, 18
females) 40·7 ±
18·6 years

Healthy smokers n = 46 (37 males
þ 9 females) 33·5 ± 15·6 years

Cigarettes/d (not
specified) for
2·2–26 years

34·9 ± 22·8 (a) (1)

mg/dl
11·7 ± 6·7 (a) (1) mg/dl 0·650 ± 0·425 (a) (1) 0·218 ± 0·125 (a) (1) 241

n = 2488 (males) 31·8
± 0·4 years

Healthy smokers n = 1484 (males)
32·4 ± 0·4 years

Cotinine 242·45 ±
6·35 ng/ml

17·3 ± 0·6 (b) (2) mg/dl 11·9 ± 0·5 (b) (2) mg/dl 0·322 ± 0·011 (b) (2) 0·222 ± 0·009 (b) (2) 74

n = 2894 (females)
33·0 ± 0·3 years

Healthy smokers n = 1007
(females) 31·8 ± 0·4 years

Cotinine 224·93 ±
5·44 ng/ml

21·1 ± 0·6 (b) (2) mg/dl 15·9 ± 0·8 (b) (2) mg/dl 0·393 ± 0·011 (b) (2) 0·296 ± 0·015 (b) (2) 74

Cryptoxanthin
(vitamin A)

n = 21 (8 males, 13
females) 47 ± 3
years

Healthy smokers n = 35 (20 males
þ 15 females) 46 ± 1 years

18–22 cigarettes/d
for >1 year

9 ± 1 (b) mg/dl 5 ± 1 (b) mg/dl 0·163 ± 0·018 (b) 0·090 ± 0·018 (b) 92

n = 2488 (males) 31·8
± 0·4 years

Healthy smokers n = 1484 (males)
32·4 ± 0·4 years

Cotinine 242·45 ±
6·35 ng/ml

9·7 ± 0·2 (b) (1) mg/dl 7·4 ± 0·2 (b) (2) mg/dl 0·175 ± 0·004 (b) (1) 0·134 ± 0·004 (b) (2) 74

n = 2894 (females)
33·0 ± 0·3 years

Healthy smokers n = 1007
(females) 31·8 ± 0·4 years

Cotinine 224·93 ±
5·44 ng/ml

9·7 ± 0·2 (b) (2) mg/dl 7·2 ± 0·2 (b) (2) mg/dl 0·175 ± 0·004 (b) (2) 0·130 ± 0·04 (b) (2) 74

Retinol
(vitamin A)

n = 40 (22 males, 18
females) 40·7 ±
18·6 years

Healthy smokers n = 46 (37 males
þ 9 females) 33·5 ± 15·6 years

Cigarettes/d (not
specified) for
2·2–26 years

47·8 ± 14·5 (a) (1)

mg/dl
49·3 ± 11·7 (a) (1) mg/dl 1669 ± 506 (a) (1) 1721 ± 408 (a) (1) 241

Vitamin C n = 100 (males) 43·3 ±
9·7 years

Healthy smokers n = 100 (males)
40·1 ± 10·3 years

(3) 15 cigarettes/d
for 5–12 years

1·31 ± 0·31 (a) mg/dl 0·77 ± 0·23 (a) mg/dl 74·38 ± 17·6 (a) 43·72 ± 13·06 (a) 240

n = 50 (males) 38·58 ±
12·08 years

Healthy smokers n = 25 (males)
32·8 ± 12·3 years

1–13 cigarettes/d
for >1 year

1·73 ± 0·28 (a) mg/dl 1·45 ± 0·43 (a) mg/dl 98·23 ± 15·90 (a) 82·33 ± 24·42 (a) 242

n = 15 (12 males, 13
females) 38·2 ± 9·2
years

Healthy smokers n = 15 (9 males
þ 6 females) 38·2 ± 9·2 years

Not specified 41·92 ± 4·32 (a)

mmol/l
36·67 ± 3·36 (a) mmol/l 41·92 ± 4·32 (a) 36·67 ± 3·36 (a) 91

n = 38 (males) 34·0 ±
7·6 years

Healthy smokers n = 37 (males)
34·0 ± 7·6 years

8–38 cigarettes/d
for not specified
years

41·4 ± 25·1 (a) mmol/l 27·0 ± 20·0 (a) mmol/l 41·4 ± 25·1 (a) 27·0 ± 20·0 (a) 77

n = 2488 (males) 31·8
± 0·4 years

Healthy smokers n = 1484 (males)
32·4 ± 0·4 years

Cotinine 242·45 ±
6·35 ng/ml

0·73 ± 0·02 (b) (2)

mg/dl
0·54 ± 0·03 (b) (2) mg/dl 41·45 ± 1·14 (b) (2) 30·66 ± 1·70 (b) (2) 74

n = 2894 (females)
33·0 ± 0·3 years

Healthy smokers n = 1007
(females) 31·8 ± 0·4 years

Cotinine 224·93 ±
5·44 ng/ml

0·84 ± 0·02 (b) (2)

mg/dl
0·65 ± 0·03 (b) (2) mg/dl 47·69 ± 1·14 (b) (2) 36·91 ± 1·70 (b) (2) 74

n = 19 (females) 16 ±
1 years

Young healthy smokers n= 19
(females) 16 ± 1 years

10–25 cigarettes/d
for >1 year 6
months

4·4 ± 0·4 (b) mg/ml 3·1 ± 0·2 (b) mg/ml 24·98 ± 2·27 (b) 17·6 ± 1·14 (b) 243

74
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Table 1. (Continued )

Plasma
antioxidant

Non-smoker number,
sex and age Smoker number, sex and age

Smoking status
definition criteria or
serum cotinine
levels

Plasma concentra-
tion in non-smokers

Plasma concentration
in smokers

Plasma concentration
in non-smokers
(μmol/l)

Plasma concentra-
tion in smokers
(μmol/l) References

Vitamin E n = 1045 (males) 31·8
± 0·4 years

Healthy smokers n = 1484 (males)
32·4 ± 0·4 years

Cotinine 242·45 ±
6·35 ng/ml

1034 ± 13 (b) (2)

mg/dl
1003 ± 17 (b) (2) mg/dl 24·00 ± 0·30 (b) (2) 23·29 ± 0·39 (b) (2) 74

n = 2894 (females)
33·0 ± 0·3 years

Healthy smokers n = 1007
(females) 31·8 ± 0·4 years

Cotinine 224·93 ±
5·44 ng/ml

992 ± 9 (b) (2) mg/dl 995 ± 14 (b) (2) mg/dl 23·03 ± 0·21 (b) (2) 23·10 ± 0· 33 (b) (2) 74

n = 100 (males) 43·3 ±
9·7 years

Healthy smokers n = 100 (males)
40·1 ± 10·3 years

3 15 cigarettes/d for
5–12 years

1·35 ± 0·23 (a) mg/dl 0·83 ± 0·19 (a) mg/dl 31·34 ± 5·34 (a) 19·27 ± 4·41 (a) 240

n = 10 (6 males, 4
females) 31·6 ± 1·5
years

Healthy smokers n = 10 (6 males
þ 4 females) 31·9 ± 1·7 years

> 15 cigarettes/d for
not specified
years

˜ 225 ± 20 (b) ng/ml ˜ 155 ± 15 (b) ng/ml ˜ 0·522 ± 0·046 (b) ˜ 0·360 ± 0·035 (b) 244

α-Tocopherol
(vitamin E)

n = 196 (males) 77·6 ±
0·8 years

Elderly smokers without diabetes
n= 55 (males) 77·5 ± 0·5 years

Not specified 1·63 ± 0·36 (a) (3) (**)

mg/mmol
1·49 ± 0·28 (a) (3) (**)

mg/mmol
25·35 ± 4·55 (a) (3) (**) 24·21 ± 4·83 (a) (3)

(**)
89

n = 60 (females) not
specified years

Healthy smoking pregnant women
(III trimester) n= 80 not speci-
fied years

5–20 cigarettes/d
during pregnancy

35·5 ± 8·0 (a) mmol/l 28·6 ± 6·5 (a) mmol/l 35·5 ± 8·0 (a) 28·6 ± 6·5 (a) 55

n = 21 (8 males, 13
females) 47 ± 3
years

Healthy smokers n = 35 (20 males
þ 15 females) 46 ± 1 years

18–22 cigarettes/d
for> 1 year

1734 ± 133 (b) (4)

mg/dl
1478 ± 103 (b) (4) mg/dl 40·26 ± 3·09 (b) (4) 34·32 ± 2·39 (b) (4) 92

n = 15 (9 males, 6
females) 38·2 ± 9·2
years

Healthy smokers n = 15 (12 males
þ 3 females) 38·2 ± 9·2 years

Not specified 26·50 ± 2·78 (a)

mmol/l
18·12 ± 4·64 (a) mmol/l 26·50 ± 2·78 (a) 18·12 ± 4·64 (a) 91

n = 40 (22 males, 18
females) 40·7 ±
18·6 years

Healthy smokers n = 46 (37 males
þ 9 females) 33·5 ± 15·6 years

Cigarettes/d (not
specified) for 2·2–
26 years

9·6 ± 3·2 (a) (1) mg/ml 7·6 ± 2·5 (a) (1) mg/ml 22·29 ± 7·43 (a) (1) 17·65 ± 5·80 (a) (1) 241

n = 32 (16 males, 16
females) 40·3 ± 11
years

n= 41 (19 males, 22 females) 40·3
± 11 years

Cotinine 2158 ±
1381 mg/l

12·10 ± 1·11 (a) (5)

mg/ml
10·81 ± 1·54 (a) (5)

mg/ml
28·09 ± 2·58 (a) (5) 25·10 ± 3·58 (a) (5) 88

γ-Tocopherol
(vitamin E)

n = 32 (16 males, 16
females) 40·3 ± 11
years

n= 41 (19 males, 22 females) 40·3
± 11 years

Cotinine 2158 ±
1381 mg/l

0·92 ± 0·08 (a) (5)

mg/ml
0·98 ± 0·18 (a) (5)

mg/ml
2·21 ± 0·19 (a) (5) 2·35 ± 0·43 (a) (5) 88

n = 21 (8 males, 13
females) 47 ± 3
years

Healthy smokers n = 35 (20 males
þ 15 females) 46 ± 1 years

18–22 cigarettes/d
for >1 year

251 ± 25 (b) (4) mg/dl 347 ± 36 (b) (4) mg/dl 6·02 ± 0·60 (b) (4) 8·33 ± 0·86 (b) (4) 92

n = 40 (22 males, 18
females) 40·7 ±
18·6 years

Healthy smokers n = 46 (37 males
þ 9 females) 33·5 ± 15·6 years

Cigarettes/d (not
specified) for 2·2–
26 years

1·4 ± 0·7 (a) (1) mg/ml 1·2 ± 0·4 (a) (1) mg/ml 3·36 ± 1·68 (a) (1) 2·88 ± 0·96 (a) (1) 241

Lutein, zea-
xanthin

n = 2488 (males) 31·8
± 0·4 years

Healthy smokers n = 1484 (males)
32·4 ± 0·4 years

Cotinine 242·45 ±
6·35 ng/ml

21·5 ± 0·4 (b) (2) mg/dl 18·1 ± 0·4 (b) (2) mg/dl 0·378 ± 0·07 (b) (2) 0·318 ± 0·07 (b) (2) 74

n = 2894 (females)
33·0 ± 0·3 years

Healthy smokers n = 1007
(females) 31·8 ± 0·4 years

Cotinine 224·93 ±
5·44 ng/ml

21·0 ± 0·5 (b) (2) mg/dl 18·1 ± 0·4 (b) (2) mg/dl 0·369 ± 0·09 (b) (2) 0·318 ± 0·007 (b) (2) 74

Lycopene n = 40 (22 males, 18
females) 40·7 ±
18·6 years

Healthy smokers n = 46 (37 males
þ 9 females) 33·5 ± 15·6 years

Cigarettes/d (not
specified) for 2·2–
26 years

6·3 ± 3·8 (a) (1) mg/dl 4·3 ± 1·7 (a) (1) mg/dl 0·117 ± 0·071 (a) (1) 0·080 ± 0·032 (a) (1) 241

n = 2488 (males) 31·8
± 0·4 years

Healthy smokers n = 1484 (males)
32·4 ± 0·4 years

Cotinine 242·45 ±
6·35 ng/ml

27·3 ± 0·5 (b) (2) mg/dl 26·1 ± 0·7 (b) (2) mg/dl 0·509 ± 0·09 (b) (2) 0·486 ± 0·013 (b) (2) 74

n = 2894 (females)
33·0 ± 0·3 years

Healthy smokers n = 1007
(females) 31·8 ± 0·4 years

Cotinine 242·45 ±
6·35 ng/ml

23·9 ± 0·4 (b) (2) mg/dl 23·4 ± 0·5 (b) (2) mg/dl 0·445 ± 0·007 (b) (2) 0·436 ± 0·009 (b) (2) 74
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Table 1. (Continued )

Plasma
antioxidant

Non-smoker number,
sex and age Smoker number, sex and age

Smoking status
definition criteria or
serum cotinine
levels

Plasma concentra-
tion in non-smokers

Plasma concentration
in smokers

Plasma concentration
in non-smokers
(μmol/l)

Plasma concentra-
tion in smokers
(μmol/l) References

Selenium n = 2488 (males) 31·8
± 0·4 years

Healthy smokers n = 1484 (males)
32·4 ± 0·4 years

Cotinine 242·45 ±
6·35 ng/ml

129 ± 1 (b) (2) ng/ml 124 ± 1 (b) (2) ng/ml 1·63 ± 0·013 (b) (2) 1·57 ± 0·013 (b) (2) 74

n = 2894 (females)
33·0 ± 0·3 years

Healthy smokers n = 1007
(females) 31·8 ± 0·4 years

Cotinine 242·45 ±
6·35 ng/ml

124 ± 1 (b) (2) ng/ml 122 ± 1 (b) (2) ng/ml 1·57 ± 0·013 (b) (2) 1·55 ± 0·013 (b) (2) 74

GSH n = 32 (16 males, 16
females) 25·3 ± 3·4
years

Healthy smokers n = 32 (18 males
þ 14 females) 26·6 ± 3·9 years

5–10 cigarettes/d for
at least 3 years

6·8 ± 0·71 (a) mmol/l 5·1 ± 0·47 (a) mmol/l 6·8 ± 0·71 (a) 5·1 ± 0·47 (a) 245

n = 32 (16 males, 16
females) 25·3 ± 3·4
years

Healthy smokers n = 26 (12 males
þ 14 females) 30·3 ± 3·6 years

25–40 cigarettes/d
for at least 3
years

6·8 ± 0·71 (a) mmol/l 3·2 ± 0·38 (a) mmol/l 6·8 ± 0·71 (a) 3·2 ± 0·38 (a) 245

n = 78 (31 males, 47
females) 63 ± 9
years

Healthy smokers n = 43 (25 males
þ 18 females) 63 ± 9 years

Cigarettes/d (not
specified) for 21–
45 years

2·4 ± 1 (a) mmol/l 1·8 ± 1·3 (a) mmol/l 2·4 ± 1 (a) 1·8 ± 1·3 (a) 246

n = 100 (males) 43·3 ±
9·7 years

Healthy smokers n = 100 (males)
40·1 ± 10·3 years

3 15 cigarettes/d for
5–12 years

40·71 ± 1·70 (a)

mg/dl
22·02 ± 2·54 (a) mg/dl 1325 ± 55 (a) 717 ± 83 (a) 240

Cys n = 78 (31 males, 47
females) 63 ± 9
years

Healthy smokers n = 43 (25 males
þ 18 females) 63 ± 9 years

Cigarettes/d (not
specified) for 21–
45 years

13 ± 6 (a) mmol/l 9 ± 5 (a) mmol/l 13 ± 6 (a) 9 ± 5 (a) 246

Uric acid n = 60 (females) not
specified years

Healthy smoking pregnant women
(III trimester) n= 80 (females)
not specified years

5–20 cigarettes/d
during pregnancy

316·2f (108–408) (c)

mmol/l
272·4f (102–390) (c)

mmol/l
316·2f (108–408) (c) 272·4f (102–390) (c) 55

n = 138 (62 males, 76
females) 35·6 ± 16
years

Smokers n = 162 (145 malesþ 17
females) 38·0 ± 17·5 years

Urinary cotinine
231·4 ± 205·2 mg/
mmol Cr

250 ± 132 (a) mmol/l 199 ± 97 (a) mmol/l 250 ± 132 (a) 199 ± 97 (a) 247

HPLC, high-performance (pressure) liquid chromatography; SBD-F, ammonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate.
(a) Standard deviation
(b) Standard error
(c) Range
(1) This SD is inferred.
(2) Values were adjusted for age, race/ethnicity, education level, family annual income, leisure physical activity, vitamin/mineral supplement intake and body mass index.
(3) Tocopherol levels were corrected for the sum of total cholesterol and triacylglycerol concentrations.
(4) Values were adjusted for age, sex, body mass index, alcohol intake and dietary intake of the nutrient in question.
(5) Values were adjusted for age and sex.
(*) % difference = concentrations in non-smokers−smokers/non-smokers × 100 %.
(**) Values estimated from graph.
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Extensive research has been conducted to evaluate the
influence of cigarette smoking on plasma vitamin E status, bio-
kinetics and metabolism. The antioxidant effect of vitamin E is
ascribable to its ability to scavenge peroxyl radicals and limit
the propagation of lipid peroxidation. In a recent study con-
ducted to determine some plasma lipophilic and haematological
components in middle-aged Romanians, who considered them-
selves ‘healthy’ − 58 non-smokers, 58 conventional cigarette
smokers − a significant increase (p< 0·0001) in the level of vita-
min E was observed in smokers compared with non-smokers,
but only for smokers who consume more than ten cigarettes
per day(81). However, the prevalence of the most recent research
articles on the correlation between cigarette smoking and
plasma vitamin E levels show an opposite result, namely a reduc-
tion in plasma vitamin E concentration after exposure to both
active and passive CS(82–86).

Vitamin E consists of eight different lipophilic compounds:
four tocopherols (α, β, γ and δ) and four tocotrienols (α, β, γ
and δ). Of these, α- and γ-tocopherols are the most important
biologically(87). Divergent results were obtained concerning
the effects of CS on plasma α- tocopherol levels (Table 1).
Some authors found statistically significant differences in the
plasma levels of α-tocopherol between smokers and non-
smokers(55,88–91), but not others(92,93). The same discrepancy
was observed in several studies concerning plasma levels of
γ-tocopherol which, in smokers, are reduced(94), do not differ(95)

or even increase(78) compared with those seen in smokers.
Further confusing the matter was the observation that, even
though plasma or erythrocyte α- and γ-tocopherol concentra-
tions do not significantly differ, smokers have reduced levels
of α-tocopherol in lymphocytes and platelets compared with
non-smokers(95). These conflicting results may be due to the
reference values of γ-tocopherol in plasma,which are influenced
by the dietary patterns of the population under examination
and by other aspects that have not been explored so far, which
may include genetic and metabolic factors. Furthermore, the poor
sensitivity anddifferential response of γ-tocopherol detectionmeth-
ods may limit the accuracy of its determination in plasma.

The regulatory mechanisms that influence vitamin E levels in
smokers(96) as well as in non-smokers(97) are largely unknown. It
has been hypothesised that the reduced dietary nutrient intake
observed in smokers may be a contributing factor to the
observed reduction in plasma vitamin E levels(98). However,
plasma vitamin E turnover is different between smokers and
non-smokers. Faster disappearance rates of α-tocopherol in
the plasma of smokers compared with non-smokers were dem-
onstrated in several biokinetic studies(99,100) and were attributed
to the increase in plasma clearance of α-tocopherol rather than
decreased absorption(100–102). In addition, smokers and non-
smokers show differences in the extent of vitamin E metabolism
via a cytochrome P450-mediated pathway that leads to the for-
mation of carboxy-ethyl-hydroxy-chroman excreted in the
urine(95,100,103).

A study based on data obtained from the Third National
Health and Nutrition Examination Survey (NHANES III)
Linked Mortality Study (baseline examination from 1988 to
1994; mortality follow-up through 2006) was conducted on a
total of 1492 adults, of which 668 were current smokers, 403

former smokers and 421 never smokers with obstructive lung
function(104). In general, antioxidant concentrations were the
lowest in current smokers and the highest in participants who
have never smoked(104). Even though higher amounts of vari-
ously oxidised proteins were measured in the smokers’ blood
and/or plasma, no study detected carbonylated albumin in
plasma(56,105). It is worth noting that albumin is the main car-
bonylated protein in the bronchoalveolar lavage fluid of long-
term elder smokers, even in the absence of pulmonary dis-
eases(106,107), and in parenchymal lung tissue of smokers(108).
We showed a drastic decrease in the albumin Cys34 sulfhydryl
group and a marked carbonylation when the purified albumin
was exposed to whole-phase CS extract(109). Mass spectrom-
etry analysis detected acrolein and crotonaldehyde Michael
adducts at Cys34, Lys525, Lys351 and His39 and a Schiff base
with acrolein at Lys541 and Lys545(109). Erythrocytes contain
∼3 mM GSH, whereas plasma GSH concentration is in the
low micromolar range(15). We demonstrated that erythrocytes
protected both albumin and other plasma proteins from CS-
induced carbonylation and thiol oxidation(110). An efficient
intracellular antioxidant machinery, coupled with their high
blood concentration, makes erythrocytes an effective ‘‘sink’’
of oxidants(111,112). The high GSH concentration in human eryth-
rocytes could at least partly explain why oxidised albumin was
found within the bronchoalveolar lavage fluid and parenchymal
lung tissue of smokers, but not within blood plasma.

2.2. Antioxidant supplementation in smokers

When the efficiency of the plasma antioxidant defence barrier is
lowered, oxidants are no longer adequately countered, and
tissue injury may therefore be triggered. As current evidence
suggests lower plasma concentrations of almost all low-
molecular-mass antioxidants (Table 1) and increased oxidative
stress markers in smokers, it has been speculated that specific
antioxidant supplements (i.e. antioxidant vitamins: β-carotene,
vitamin C and vitamin E) could be particularly beneficial to
smokers.

In the general population, the preventive potential of some
antioxidant supplements, obtained either by extraction from
natural food or by chemical synthesis, has been studied in
numerous epidemiologic studies and meta-analyses. Even if
high doses (more than the recommended dietary daily allow-
ance, RDA(113,114)) of individual antioxidant supplements are
receiving enthusiastic feedback, driven mainly by the pharma-
ceutical industries that produce and sell them, supporting exper-
imental scientific evidence is moderately positive in some cases
and, in other cases, rather negative(115–122). Just to give an exam-
ple, considering the cancer incidence in clinical trials, β-carotene
supplementation significantly increased the onset of aggressive
prostate cancer(123). Recent reviews report complete overviews
of the positive or negative effects of antioxidant administration
in the general population(124) or regarding the development of
asthma and cancer in smokers(125). Many epidemiological stud-
ies and meta-analyses investigated the effectiveness of antioxi-
dant supplements to decrease the risk of CS-related diseases
in cigarette smokers (Table 2). Overall, in smokers, the situation
is even worse than what is known for the non-smoker
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Table 2. Studies evaluating the effect of antioxidant supplements in smokers.

Smoking-related
disease Studies Characteristic Intervention Conclusions References

Lung cancer
and gastric
cancer

Metaanalysis of rando-
mised controlled
trials

13 publications reporting results from 9 rando-
mised controlled trials were included. Males
and females current and former smokers of all
ages

Supplementation for β-carotene (6–15 mg/d
or 20–30 mg/d) given singly or in combina-
tion with other antioxidants

In smokers, β-carotene supplementation at
doses of 20–30 mg/d was associated with
increased risk not only of lung cancer but
also of gastric cancer

128

Tobacco-
related can-
cers

Prospective cohort
study

59 210 cancer-free women and 700 women with
tobacco-related cancer. Aged 47·1–61·8 years.
3–18·5 cigarettes/d

Supplement for β-carotene, calcium, fluoride,
vitamins C, E, D, or those in the B group,
retinol, folic acid and other vitamins and
minerals at least three times a week

High β-carotene intake was directly associ-
ated with risk of tobacco-related cancers
among smokers

248

Cardiovascular
disease and
lung cancer

Systematic review 26 studies (24 randomised, controlled trials and
2 cohort studies) that evaluated single, paired
and combinations of 3 or more vitamins and
minerals were included

Supplements for vitamins A, B1, B2, B6, B12,
C, D, and E, calcium, iron, zinc, magne-
sium, niacin, folic acid, β-carotene and
selenium

Neither vitamin E nor β-carotene prevented
cardiovascular disease or cancer, and
β-carotene increased lung cancer risk in
smokers

121

Lung cancer Metaanalysis of rando-
mised controlled
trials

22 randomised controlled trials, which included
161 045 subjects, 88 610 in antioxidant sup-
plement groups and 72 435 in placebo or no-
intervention groups, were included

Supplementation for β-carotene, vitamin A,
vitamin C, vitamin E, and selenium admin-
istered singly or in combination with other
antioxidant supplements compared with
placebo administration or no intervention

There is no clinical evidence to support an
overall primary and secondary preventive
effect of antioxidant supplements on
cancer. β-carotene supplements cause
lung cancer in current smokers

199

Lung cancer Cohort study To examine associations of supplemental β-caro-
tene, retinol, vitamin A, lutein, and lycopene
with lung cancer risk in the VITamins And
Lifestyle (VITAL) cohort study. Aged 50–76
years. ≥1 cigarette/d for ≥1 year

Supplementation for β-carotene, retinol, vita-
min A, lutein and lycopene

Long-term use of individual β-carotene, retinol
and lutein supplements should not be rec-
ommended for lung cancer prevention, par-
ticularly among smokers

126

Cancer Systematic review and
metaanalysis

9 trials of high methodological quality (total sub-
ject population, 104 196) were included

Supplementation for β-carotene and vitamin E
versus placebo

β-carotene supplementation was associated
with an increase in the cancer incidence
and cancer mortality among smokers,
whereas vitamin E supplementation had no
effect

198

Lung cancer Cochrane review
meta-analysis

Only randomised controlled trials comparing any
eligible intervention with placebo were
included. Male and female non-smokers of all
ages. Male and female healthy smokers of all
ages; ≥5 cigarettes/d

Dietary supplementation with vitamins, miner-
als (selenium, zinc or others) and other
agents, natural or synthetic, such as iso-
thiocyanates, flavonoids, monoterpenes or
pharmaceuticals such as NAC, alone or in
combinations, at any doses

There is some evidence that the use of
β-carotene supplements could be
associated with a small increase in lung
cancer incidence and mortality in smokers

127

Pneumonia Prospective cohort
study

7469 male smokers aged 50–69 years who
started to smoke at ≥21 years; ≥5 cigarettes/d

Supplementation with 50 mg/d of vitamin E
for 5–8 years versus placebo

There is a strong evidence of benefit from
vitamin E against pneumonia in elderly
males; however, this effect is hetero-
geneous in the ATBC study; thus, it should
be analysed in selected subpopulations

139

Cardiovascular
diseases

Randomised, placebo-
controlled, double-
blind, crossover
study

26 healthy smokers (20 cigarettes/d for the last 5
years)

Dietary flavonoid supplementation for 2
weeks (Concord grape juice, containing
472·8 mg total polyphenols/240 ml, pre-
cisely: hydroxycinnamates 162 mmol/l, fla-
vonols 76 mmol/l, flavan-3-ols 434 mmol/l,
anthocyanins 296 mmol/l) versus placebo

There is some evidence that flavonoid sup-
plementation could have favourable effects
on cardiovascular health, improving inflam-
matory and fibrinolytic status in healthy
smokers and

attenuating acute smoking induced increase
in ICAM-1 and PAI-1 levels

249
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Table 2. (Continued )

Smoking-related
disease Studies Characteristic Intervention Conclusions References

Vascular endo-
thelial func-
tion (VEF)

Randomised, placebo-
controlled, double-
blind study

30 healthy smokers divided into two groups: pla-
cebo group (9 maleþ 5 female; aged 22·3 ±
1·2 years; 11·5 ± 0·9 cigarettes/d; 3·8 ± 1·3
pack-years); γ-tocopherol-rich supplementation
group (11 maleþ 5 female; aged 21·6 ± 1·0
years; 13·3 ± 1·4 cigarettes/d; 3·5 ± 0·8 pack-
years)

Participants were required to quit smoking
during the week of the treatment. One
group received a placebo for one week
(a corn oil capsule containing 0·07 mg
α-tocopherol and 0·18 mg γ-tocopherol);
one group received a γ-tocopherol-rich vita-
min E supplement for 1 week (containing
500 mg γ-tocopherol, 62 mg α-tocopherol,
24 mg β-tocopherol and 6 mg δ-tocopherol)

Short-term γ-tocopherol-rich supplementation
in combination with smoking cessation
improved vascular endothelial function
beyond that from smoking cessation alone
in young smokers, probably by decreasing
the proinflammatory mediators TNF-α and
myeloperoxidase

141

Pulmonary
function and
wheezing

Randomised, placebo-
controlled, double-
blind study

235 newborns (76 newborns of pregnant non-
smokersþ 159 newborns of randomised preg-
nant smokers). Pregnant smokers were di-
vided into two groups: vitamin C treated group
(n= 76, aged 26·6 ± 6·2 years, 41 % smok-
ing ≥ 10 cigarettes/d; 25 % asthmatic);
Placebo group (n = 83, aged 25·5 ± 5·5 years,
36 % smoking ≥ 10 cigarettes/d; 22 % asth-
matic). Follow-up assessment including
wheezing was assessed through age 1 year,
and pulmonary function tests PFTs were per-
formed at

age 1 year

Pregnant smokers were supplemented with
500 mg/d of vitamin C during pregnancy
versus placebo (ground cornstarch in gel
capsules). A group of pregnant non-smok-
ers was prospectively studied as a refer-
ence group

Vitamin C supplementation seems to
decrease the effects of smoking in preg-
nancy on newborn pulmonary function and
respiratory morbidities, since supplemental
vitamin C taken by pregnant smokers
improved newborn pulmonary function and
decreased wheezing through 1 year in the
offspring

250

Prostate
cancer, lung
cancer and
overall mor-
tality

Randomised, placebo-
controlled, double-
blind study

25 563 men after the end of the Alpha-
Tocopherol, Beta-Carotene Cancer Prevention
(ATBC) study, were followed for 18 years
(aged 50–69 years; 75 % current smokers, 25
% former smokers; average 18 cigarettes/d)

During the ATBC study, participants were
assigned to one of the 4 intervention regi-
mens: α-tocopherol (dl-α- tocopheryl
acetate 50 mg/d) alone, β-carotene (20 mg/
d) alone, both α-tocopherol and β-carotene,
or placebo. The trial period started in 1985/
1988 and continued until 1993. This report
includes participants followed through
national registries through 30 April 2011
(an 18-year period)

Supplementation with α-tocopherol and β-
carotene appeared to have no late effects
on cancer incidence once ended (only a
moderate dose of α-tocopherol showed
preventive effect on prostate cancer
approximately 8 years post-trial)

251

Bladder cancer Meta-analysis Studies were identified in PubMed and
EmbaseFor, and they had to fulfil the following
criteria: (1) exposure of interest was vitamin C,
vitamin D or vitamin E; (2) outcome of interest
was bladder cancer; (3) relative risk (RR) or
odds ratio with 95 % CI was provided or data
available to calculate them; (4) conducted in
humans; (5) for dose–response analysis, the
number of cases and participants or person-
years for each category of vitamins must also
be provided (or data available to calculate
them)

Assessing the association of vitamin C, D
and E with risk of bladder cancer, analy-
sing studies about vitamin C (vitamin C
from diet plus supplement (8 studies), vita-
min C from diet (14 studies), vitamin C
from supplement (9 studies), circulating
vitamin C (1 study)); vitamin D (vitamin D
from diet plus supplement (3 studies), cir-
culating vitamin D (4 studies)); vitamin E
(vitamin E from diet plus supplement
(6 studies), vitamin E from diet (9 studies),
vitamin E form supplement (7 studies), cir-
culating α-tocopherol (4 studies), circulating
γ-tocopherol (3 studies))

Vitamin D and E (especially α-tocopherol)
seem to be inversely associated with the
risk of bladder cancer among smokers but
not among non-smokers; on the contrary,
γ-tocopherol seems to be positively associ-
ated with bladder cancer

252
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population, as the evidence supporting the beneficial effects of
antioxidant supplements is still ambiguous, if not entirely nega-
tive. Results from the vitamins and lifestyle (VITAL) study, for
example, suggest that long-term use of single β-carotene, retinol
and lutein supplements should not be recommended for lung
cancer prevention, particularly among smokers(126). A
Cochrane review also found that subjects at risk for lung cancer
(i.e. smokers) taking β-carotene supplement had a statistically
significant increased risk of lung cancer incidence, lung cancer
mortality and all-cause mortality(127). However, this finding has
not been ascertained among those not at risk of lung cancer(127).
In smokers, the meta-analysis of randomised controlled trials
suggests that β-carotene supplementation was associated with
an increased risk not only of lung cancer but also of gastric
cancer(128). Strong evidence from randomised controlled trials
conducted in heavy smokers and asbestos-exposed workers,
i.e. the β-carotene and retinol efficacy trial (CARET)(129) and
the α-tocopherol and β-carotene cancer prevention (ATBC)
study(130), showed that high-dose β-carotene supplements may
increase the risk of lung cancer and of death from lung cancer,
CVDs, and any cause. This harmful effect was not observed
among healthy male physicians in the Physicians’ Health
Study in the USA, which found lack of effect of long-term sup-
plementationwith β-carotene on the incidence ofmalignant neo-
plasms and CVD(131).

It is worth noting that the negative effect of β-carotene on lung
cancer incidence and mortality among subjects at high risk of
lung cancer at baseline (i.e. smokers) was persistent even when
combined with vitamin A or E(121,132). These studies confirm that
prevention of cancer through β-carotene supplementation
should not be recommended in smokers.

Within this context, according to the 2018 report of theWorld
Cancer Research Fund/American Institute for Cancer Research
(https://www.wcrf.org/dietandcancer), β-carotene supplements
and, in general, dietary supplements are not recommended for
cancer prevention, especially in smokers, while it is advisable to
take natural antioxidants and vitamins through the diet.
Therefore, caution should be taken, especially in smokers, when
considering dietary supplementation with β-carotene.

Concerning the negative effect of β-carotene, it has been pro-
posed that high intake of carotenoids may even enhance smoke-
induced oxidative stress in smokers(133). A possible explanation
is that CS modifies the chemical composition of these antioxi-
dants, turning them into pro-oxidants(134). Indeed, β-carotene
can easily form oxidation products with pro-oxidant effects,
especially at high concentrations in the oxidative environment
of the smoker’s lung characterised by increased cell oxidative
stress and decreased antioxidant defence(135). Moreover, exces-
sive intake of antioxidant supplements could lead to ‘antioxida-
tive stress’, that is, the increased antioxidant potential of the cell,
where antioxidantsmight attenuate or block the cellular adaptive
stress responses that are induced by low levels of ROS acting as
regulators of intracellular signalling pathways(136). This suggests
that dysregulated ROS homeostasis may contribute to many
human diseases(137). High-dose antioxidant supplements may
alter the redox balance with deleterious effects on cellular func-
tions, which results in a consequent alteration of the organ
functionality.

Furthermore, male smokers supplemented with β-carotene
developed metabolomic profiles consistent with the induction
of cytochrome P450 enzymes, the primary metabolisers of xeno-
biotics(138). These findings may shed light on the increased mor-
tality associated with β-carotene supplementation in the ATBC
study, and suggest the need to explore potential interactions
between drugs and food supplements(138).

Some encouraging results have also been achieved on the
administration of antioxidant supplements to smokers. A secon-
dary analysis of the α-tocopherol, β-carotene cancer prevention
study in Finland on male smokers (n= 7469, age 50–69 years,
who started smoking ≥5 cigarettes/d at ≥21 years) suggests that
intervention with 50 mg/d of vitamin E for 5–8 years decreases
the incidence of pneumonia(139), which is a major risk factor for
the development of the acute respiratory distress syndrome(140).

Short-term (7 d) γ-tocopherol-rich supplementation in com-
bination with smoking cessation improved vascular endothelial
function beyond that from smoking cessation alone in young
smokers, probably by decreasing proinflammatory mediators,
TNF-α and myeloperoxidase(141). In healthy smokers who
received nicotine replacement therapy, oral administration of
a γ-tocopherol-rich mixture of tocopherols improved vascular
endothelial function and decreased oxidative stress, which
was assessed by urinary 8-iso-15(S)-prostaglandin F2α and
was inversely correlated to endothelial function(142). Long-term
(36 months) supplementation with vitamin E lowered oxidative
stress by 21 % in smokers, as measured by urinary 8-iso-prosta-
glandin F2α, whereas no effect was observed for combined vita-
min E and selenium or selenium alone intervention(143). As CS-
induced oxidative stress is thought to lower levels of plasma
omega-3 fatty acids, a study evaluated the effects of omega-3
fatty acid supplementation on oxidative stress in heavy-smoker
males, showing that high dose of omega-3 fatty acid supple-
ments for 3 months decreases oxidative stress index (i.e. total
oxidant status/total antioxidant capacity)(144).

Taken together, all these studies on smokers highlight that, if
you take an antioxidant supplement, the best choice is a bal-
anced multivitamin supplement containing no more than 100 %
of the recommended dietary allowance (RDA) of most micro-
nutrients(113,114). In this regard, in a randomised, double-blind,
placebo-controlled trial of 14 641 male physicians (ex-smokers
n= 5856; current smokers n= 527; age 64·3 ± 9·2 years), daily
multivitamin supplementation modestly but significantly
reduced the risk of total cancer(117). Excessive (more than
expected according to the RDA) intake of antioxidants can have
deleterious effects.

2.3. Antioxidant-rich diet in smokers

The human diet represents a source of many different com-
pounds endowedwith antioxidant activity, mainly vitamins, pol-
yphenols and flavonoids (Fig. 2). While the intake of fruits and
vegetables worldwide remains low(145), the beneficial effect on
health of a diet rich in fruit and vegetable is well known in
the general population(146–149). Just to give an example, the
European Prospective Investigation Into Cancer and Nutrition
(EPIC), a multi-centre prospective study carried out in ten
European countries (Denmark, France, Germany, Greece,
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Italy, The Netherlands, Norway, Spain, Sweden and the United
Kingdom), including 519 978 participants (366 521 women and
153 457 men, age 35–70 years)(147) found that a diet high in fruit
and vegetable was inversely associated with all-cause mortality
(but it was driven mainly by CVD mortality), presumably due to
the protection offered by diet-derived antioxidants against the
development of diseases related to oxidative stress. The findings
from the EPIC study also showed that the risks of upper gastro-
intestinal tract cancers, colorectal cancer and liver cancer were
inversely associated with intakes of fruit and/or vegetables
and/or fibre(150).

Overall, all these studies highlighted that, in the general pop-
ulation, there is evidence of beneficial effects of a higher intake
of fruits and vegetables. Nevertheless, further findings from the
EPIC cohort, obtained combining data from the previous EPIC
study and analysing total fruit and vegetable consumption as
well as individual subtypes, do not support a clear inverse asso-
ciation between fruit and vegetable consumption and colon or
rectal cancer beyond a follow-up of more than 10 years(151).
These findings agree with the conclusion by the Continuous
Update Project of the World Cancer Research Fund and
American Institute for Cancer Research, highlighting limited evi-
dence of an inverse association between fruit and vegetable con-
sumption and colon and/or rectal cancer(152).

The low plasma concentrations of almost all low-molecular-
mass antioxidants commonly found in smokers (Table 1) suggest
that a diet rich in antioxidants may be particularly beneficial for
maintaining good health in this population. High dietary antioxi-
dant intake from fruits and vegetables are thought to be protec-
tive against oxidative stress, thus providing a potential
mechanism throughwhich they can prevent CS-related diseases.

Over the past two decades, many epidemiologic studies and
meta-analyses have investigated the effectiveness of an antioxi-
dant-rich diet to decrease the risk of smoking-related diseases in
smokers (Table 3). For example, in the EPIC study, among 1830
incident cases of lung cancer (mean follow-up of 8·7 years), the
risk of squamous cell carcinomas in current smokers was
reduced by 15 % with an increase of 100 g/d of combined fruit
and vegetables (HR 0·85; 95 % CI 0·76, 0·94), while no clear
effects were seen for the other histological subtypes of lung
cancer(153). Moreover, the inverse association between fruit
and vegetable consumption and mortality seemed stronger for
participants with a body mass index> 30 or with high alcohol
consumption (>30 g/d in women and >60 g/d in men), and it
was suggested even for smokers(147).

A recent large prospective study (the E3N prospective cohort
study initiated in 1990) of middle-aged French women has
included 4619 deaths among 1 199 011 person-years of fol-
low-up (no smokers 20 978, passive smokers 17 844, ex-smokers
23 814, current smokers 9876). It highlights the importance of
fruit and vegetable consumption for the prevention of all-cause
and CVD mortality (but not for cancer mortality), especially
among current smokers(154). Antioxidant-rich diets are also asso-
ciated with a slower rate of lung function decline in older current
smokers(155).

Former or current tobacco smoking is the predominant risk
factor for development of COPD, a well-known risk factor for
lung cancer. Exposure to CS is a mutual aetiology underlying

both diseases, accounting for almost 90 % of cases.
Inflammatory responses in smokers and patients with COPD
involve the activation of redox-sensitive transcription factors,
such as NF-κB,which in turn amplify inflammation and oxidative
stress. Two recent large population-based prospective studies in
Swedish men, including 44 335 men, aged 45–79 years(156), and
women, including 34 739 women, aged 48–83 years(157), with no
history of COPD at baseline, confirmed the inverse and indepen-
dent association between high long-term consumption of fruits
(in bothmen andwomen) and vegetables (inmen only) and inci-
dence of COPD (35 % lower risk in men, 37 % lower risk in
women). The preventive effect of dietary antioxidants was more
evident among current and ex-smokers, probably because of
increased oxidative stress due to smoking compared with never
smoking, and the persistent oxidative burden even after smoking
cessation(156,157).

A pooled analysis with more than 3000 case subjects suggests
that a diet high in carotenoid-rich fruits and vegetables (e.g.
carrots for α-carotene, sweet potatoes and green leafy vegeta-
bles for β-carotene, tomatoes for lycopene, citrus fruits for β-
cryptoxanthin, and green leafy vegetables for lutein and zea-
xanthin(158)) offers many health benefits, including a possible
reduced risk of breast cancer in the general population(159).
This result agrees with a recent case–control study on
Chinese women (561 cases and 561 controls), which showed
an inverse association between the consumption of dietary
carotenoids and breast cancer risk(160). This protective effect
has also been observed in smokers. The Rotterdam study
reported indeed that a low intake of dietary α-carotene and
β-carotene was associated with a higher risk of breast cancer
among smokers(161). These results agree with findings from
the Swedish Mammography Screening Cohort, which found
a decreased risk of breast cancer in smokers with high intake
of dietary α-carotene and β-carotene(162).

The Japan public health centre based prospective study
investigated the association between dietary intake of antioxi-
dant vitamins and the incidence of total and ischemic stroke(163).
The study involved (between 1995 and 1997) 82 044 Japanese
men and women aged 45–74 years, and, during 983 857 per-
son-years of follow-up until the end of 2009, it documented
3541 incident total strokes and 2138 ischemic strokes. Dietary
intakes of α-carotene, β-carotene, α-tocopherol and vitamin C
were not inversely associated with the incidence of total stroke
and ischemic stroke adjusted for cardiovascular risk factors.
When stratified by current smoking status, dietary vitamin C
intake was inversely associated with the incidence of total stroke
and ischemic stroke among non-smokers but not smokers(163).

A diet rich in antioxidants reputed for its beneficial effects on
human health is the traditional Mediterranean diet (the dietary
pattern usually consumed among the populations bordering
the Mediterranean Sea), which has been inscribed on the herit-
age list of the United Nations Educational, Scientific and Cultural
Organization(164). The Mediterranean diet is based on high con-
sumption of fruits and vegetables, cereals, olive oil, potatoes,
poultry, beans, nuts, lean fish and dairy products, low intake
of red meat, and moderate consumption of red wine(165).
Protective mechanisms of the Mediterranean diet include anti-
oxidant activity, anti-inflammatory activity, anti-mutagenic and
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Table 3. Studies evaluating the effect of an antioxidant-rich diet (i.e. fruit- and vegetable-rich diet) in smokers

Smoking-related
disease Study Characteristics Intervention Conclusions References

Bladder cancer Case–control
study

200 subjects (172 males, 28 females aged from
<50 to >80 years), with histologically confirmed
transitional cell carcinoma of the bladder and
385 controls. 55 current smokers, 112 ex-
smokers. Cigarettes/d from <5 to> 20

Vegetable and fruit intakes Fruit consumption may decrease the effect of
smoking on developing bladder cancer.
Antioxidants, found in fruit, may protect against
the damage caused by free radicals found in
cigarette smoke

253

Colorectal
adenoma

Randomised
trial

33 971 subjects; non-smokers n= 15 762; former
smokers n= 15 525; current smokers n = 2718

Adherence to the U.S. Food Guide recommenda-
tions, the Dietary Approaches to Stop
Hypertension (DASH) Eating Plan, or a
Mediterranean dietary pattern

Following the current U.S. dietary recommenda-
tions or a Mediterranean dietary pattern is
associated with reduced risk of colorectal
adenoma, especially in men. In women, adher-
ence to the USDA Food Guide recommenda-
tions was associated with reduced risk of
colorectal adenoma only in current smokers
and women who were normal weight

177

Lung cancer Prospective
cohort
study

2190 male subjects (age 55–69 years). Never
smokers n= 277; former smokers n= 1128;
current smokers n = 785; cigarettes/d 14·8
(mean)

Supplementation with salad vegetables pattern,
cooked vegetables pattern, pork processed
meat and potatoes pattern, sweet foods pat-
tern, or brown/white bread substitution pattern

The salad vegetables dietary pattern was associ-
ated with decreased risk of lung cancer. This
inverse association was most evident among
current and former smokers

254

Lung cancer
(squamous
cell carci-
noma)

Cohort study 478 535 subjects; male 30 %, female 70 %. Non-
smokers 49 %, former smokers 27 %, current
smokers 22 %. Age at recruitment 51 ± 9·9
years. After a mean follow-up of 8·7 years,
1830 participants were newly diagnosed with a
first incident lung cancer

Increasing fruit and vegetable consumption by
100 g/d

In current smokers, the consumption of vegeta-
bles and fruits combined and separately may
reduce lung cancer risk, in particular the risk of
squamous cell carcinoma

153

Lung function
decline

Prospective
cohort
study

1441 older subjects 710 maleþ 731 female; aged
73·5 ± 2·8 years; former smokers n= 640, cur-
rent smokers n= 97; 30·3 ± 27·7 pack-years

High vitamin C and high intake of fruits and vege-
tables

The intake of nutrients with antioxidant properties
may modulate lung function decline in older
smokers

155

Impaired lung
function

Cohort study 207 smokers (27·1 ± 16·3 pack-years) without
respiratory disease; aged 50·7 ± 9·0 years; 91
maleþ 116 female

Evaluating dietary intake information using a 45-
item food-frequency questionnaire (FFQ) vali-
dated for the Spanish population, including the
average frequency of consumption of food
items during the previous 12 months. Three
dietary patterns were obtained using principal

component analysis, which
explained 31 % of variation: alcohol-consumption,
Westernised, and Mediterranean-like pattern

In smokers without respiratory disease, the
Mediterranean-like pattern appears to be asso-
ciated with preserved lung function; on the con-
trary, alcohol-consumption and Westernised
patterns are associated with impaired lung
function, especially in women

174

Urothelial cell
bladder
cancer

Cohort study
(EPIC*
study)

477 312 subjects. Male 29·8 %, female 70·2 %.
Aged 52·2 ± 9·9 years. Non-smokers 43 %,
smokers 57 %. During an average follow-up of
11 years, 1425 participants (70·9 % male) were
diagnosed with a first primary urothelial cell
bladder cancer (UCC)

Estimating the level of adherence to a traditional
Mediterranean diet (MD), using the relative
Mediterranean diet score (rMED). The rMED is
an 18-point linear score that incorporates nine
key dietary components: seven components
presumed to reflect the MD (fruit, nuts and
seeds, vegetables, legumes, fish, olive oil and
cereals) and two components presumed not to
reflect the MD (dairy products and meat); it
includes also alcohol consumption. It is calcu-
lated as a function of energy density (g/d/2000
kcal) and divided into tertiles

The Mediterranean diet is not significantly associ-
ated with risk of urothelial cell bladder cancer
in the overall EPIC population, but it appears to
reduce risk in current smokers

173
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Table 3. (Continued )

Smoking-related
disease Study Characteristics Intervention Conclusions References

Lung cancer Cohort study
(COSMOS*
screening
study)

5203 healthy smokers (current smokers or ex-
smokers from <10 years; ≥20 pack-year); aged
≥50 years. During a mean screening period of
5·7 years, 178 of 4336 participants were diag-
nosed with lung cancer

Evaluating the average daily quantities of foods
and energy consumed by participants over the
preceding year using the validated self-admin-
istered food frequency questionnaire (FFQ)
developed for the Italian component of the
EPIC study. The frequency of the consumption
of 188 food items and beverages was used to
calculate the alternate Mediterranean diet
(aMED) score. The aMED is a 9-point linear
score that incorporates components presumed
to reflect the MD (vegetables, fruits, nuts, cere-
als, legumes) and components presumed not
to reflect the MD (red and processed meat); it
includes also alcohol consumption

Among heavy smokers, high red meat consump-
tion and low adherence to a Mediterranean diet
are associated with increased risk of lung
cancer

175

COPD (chronic
obstructive
pulmonary
disease)

Prospective
cohort
study

44 335 Swedish men, aged 60·2 ± 9·7 years with
no history of COPD at baseline. 24·3 % current
smokers, 38·5 % ex-smokers, 37·2 % non-
smokers. During a mean follow-up of 13·2
years, 1918 incident cases of COPD were
ascertained

Evaluating dietary intake information over the pre-
ceding year using a validated self-administered
96-item food frequency questionnaire (FFQ). It
was used to calculate the recommended food
score (RFS) and the non-RFS. The RFS
included 19 food items that are recommended
(7 cereal products, 5 types of fish and seafood,
3 different low-fat dairy products, soyabean
products, orange/grapefruit juice, nuts/almonds
and olive oil). The non-RFS included 13 food
items non-recommended (3 unprocessed red
meat items, 5 processed meat products, 3
high-fat dairy products, white bread, sweets,
combined potato chips/popcorn and fried pota-
toes/French fries, mayonnaise and ice cream)

High consumption of fruits and vegetables is
associated with reduced COPD incidence in
both current and ex-smokers, but not in never-
smokers

156

Cardiovascular
diseases

Randomised,
controlled
trial

100 male smokers were divided into three
groups: control (n= 34; aged 56 ± 12 years; 6–
35 cigarettes/d); antioxidant-rich diet (n = 33;
aged 57 ± 12 years; 5–40 cigarettes/d); kiwifruit
(n= 33; aged 57 ± 12 years; 5–25 cigarettes/d)

The kiwifruit group received 3 kiwifruits/d,
whereas the antioxidant-rich diet group
received a comprehensive combination of anti-
oxidant-rich foods for 8 weeks. The control
group was

advised to follow their habitual diet

Intake of kiwifruit may help to reduce risk factors
for CVD, since it showed beneficial effects on
blood pressure and platelet aggregation in
male smokers

255

Cardiovascular
diseases

Observational
cohort
study

1031 Eastern Finnish smokers; men, aged 46–65
years. During the median 15·9-year follow-up,
122 deaths from CVDs were identified, so the
population was divided into two groups: men
without CVD death (n = 909; aged 56·0 ± 6·7
years; 9·5 ± 21·6 pack-years); men with CVD
death (n= 122; aged 59·5 ± 5·7 years; 24 ±
36·7 pack-years)

Measuring serum lycopene, α-carotene and β-
carotene concentrations and evaluating simul-
taneously cardiovascular risk factors as high
BMI, systolic blood pressure, diastolic blood
pressure, smoking and LDL-cholesterol

Low concentrations of serum ß-carotene may
increase the risk for CVD mortality among male
smokers

256

Colorectal
cancer (CRC)

Case–control
study

500 subjects from the area of Attica: 250 patients
with CRC (aged 63 ± 12 years; 59 % male, 41
% female; 34·8 % never smokers, 26·4 % cur-
rent smokers, 38·8 % former smokers); 250
healthy subjects (aged 55 ± 13 years; 44·8 %
male, 55·2 % female; 51·6 % never smokers,
29·2 % current smokers; 19·2 % former
smokers)

Collecting dietary information using a validated
semi-quantitative 69-question food frequency
questionnaire. It was used to calculate the
MedDietScore. The MedDietScore is an accu-
rate and valid 55-point linear score that evalu-
ates the level of adherence to the MD, and it
has a good discriminating ability for gastroin-
testinal cancers

Adherence to the Mediterranean diet reduces the
detrimental association of smoking habits with
colorectal cancer, suggesting benefits with
regard to CRC morbidity and mortality
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Table 3. (Continued )

Smoking-related
disease Study Characteristics Intervention Conclusions References

Colon and rec-
tal cancer

Prospective
cohort
study

442 961 subjects (29·3 % male, 70·7 % female;
aged 38·3–63·0 years; 50·8 % never smokers,
22·5 % current smokers, 26·7 % former smok-
ers). After an average of 13 years of

follow-up, 3370 participants were diagnosed with
colon or rectal cancer

Assessing the diet reflecting the past 12 months
using centre-specific dietary questionnaires
(DQ), designed to reflect local dietary patterns.
This study focuses on consumption of 5 sub-
types of fruits (berries, citrus fruits, grapes,
hard fruits, stone fruits) and eight vegetables
(cabbages, fruiting vegetables, grain and pod
vegetables, leafy vegetables, mushrooms,
onion and garlic, root vegetables, stalk vegeta-
bles). Fruit consumption included fresh, dried
and canned fruits. Each fruit or vegetable item
that was consumed at least once every 2
weeks was added into a diet diversity score
(DDS). Four DDS were calculated: one for all
49 fruit and vegetable items, one for all 16 fruit
items, one for all 33 vegetable items and one
for the eight subtypes of vegetables

It suggested a lower risk of colon cancer with
high consumption of fruit and vegetables, but
there is not a clear inverse association
between fruit and vegetable consumption and
colon or rectal cancer beyond a follow-up of
more than 10 years

151

Impaired lung
function

Prospective
cohort
study

4402 subjects: Rotterdam Study cohort I (RS-I)
(n= 1133; 56·3 % female, 43·7 % male; aged
79 ± 4 years; 33·3 % never smokers; 59 % for-
mer smokers; 7·7 % current smokers) þ RS-II
(n= 1320; 55·4 % female, 44·6 % male; aged
72 ± 5 years; 33·4 % never smokers; 56·7 %
former smokers; 9·9 % current smokers) þ
RS-III (n= 1949; 58 % female, 42 % male;
aged 56 ± 6 years; 35·5 % never smokers;
51·3 % former smokers; 13·2 % current
smokers)

Assessing the past year dietary intake using a
389-item semi-quantitative food frequency
questionnaire, based on an existing validated
FFQ developed for Dutch adults. Dietary data
were converted into nutrient intakes (including
daily lutein intake and total energy intake)
using the Dutch Food Composition Tables of
2006 and 2011

There is not an independent association between
lutein intake and lung function in adults.
However, high lutein intake seems to improve
lung function in smokers

257

Impaired lung
function

Prospective
cohort
study

839 participants from the VA (Veterans Affairs)
Normative Aging Study divided into quartiles
second to their total anthocyanin intake:
Q1= 1·1 (0·5, 1·6) mg/d (n= 211, aged 65·8 ±
7·1 years; 9·5 % current smokers; 14·2 %
recent quitters (<10 years); 50·7 % long-time
quitters (≥10 years); 25·6 % never smokers);
Q2= 3·6 (2·8, 4·4) mg/d (n= 208, aged 67·6 ±
7·0 years; 6·7 % current smokers; 13 % recent
quitters (<10 years); 50 % long-time quitters
(≥10 years); 30·3 % never smokers); Q3= 12·7
(8·0, 13·7) mg/d (n= 210, aged 67·1 ± 6·5
years; 3·3 % current smokers; 10 % recent
quitters (<10 years); 58·1 % long-time quitters
(≥ 10 years); 28·6 % never smokers);
Q4= 21·1 (16·5, 27·4) mg/d (n = 210, aged
66·8 ± 6·7 years; 2·9 % current smokers; 9·5 %
recent quitters (<10 years); 55·7 % long-time
quitters (≥10 years); 31·9 % never smokers).
FEV1 and FVC were measured at 2 and up to
5 visits between 1992 and 2008

Assessing the average daily dietary intakes of
food and beverage items using a self-adminis-
tered, validated, semi-quantitative FFQ
adapted from the questionnaire used in the
Nurses’ Health Study. A database for assess-
ment the different flavonoid subclasses intake
was constructed (based on the updated and
expanded USDA flavonoid content of foods,
the proanthocyanidin databases and other
sources), so that yearly average intake of
major flavonoid subclasses (anthocyanins, fla-
vanones, flavan-3-ols, flavonols, flavones, and
polymers) was calculated from FFQ at each
visit

Higher dietary anthocyanin intake is associated
with an attenuation of age-related lung function
decline in in elderly men, both in current, for-
mer and never smokers

258

84
E
A
sto

riet
a
l.

https://doi.org/10.1017/S0954422421000093 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0954422421000093


Table 3. (Continued )

Smoking-related
disease Study Characteristics Intervention Conclusions References

Breast cancer Prospective
cohort
study

3209 women participating in the Rotterdam Study
(aged 55 years and older; 80·2 % never smok-
ers, 19·1 % current smokers, 0·7 % no smoking
information). During a median follow-up of 17
years, 199 cases with breast cancer were iden-
tified

Assessing the overall dietary antioxidant capacity,
evaluating the dietary ferric reducing antioxi-
dant potential (FRAP), and individual dietary
antioxidant intake (i.e. vitamin A, C, E,
selenium, flavonoids and carotenoids) using a
food frequency questionnaire. Regarding
FRAP, each food’s contribution to FRAP was
calculated on the basis of the Antioxidant Food
Table published by the Institute of Nutrition
Research, University of Oslo, which includes
measurements (ability of antioxidants in food
items to reduce ferric iron to ferrous iron) of
>3000 foods

High overall dietary antioxidant capacity is associ-
ated with a lower risk of breast cancer.
Particularly, smokers subgroup showed higher
risk of breast cancer with a low intake of α- and
ß-carotene

161

Cancer, cardio-
vascular dis-
ease and
respiratory
illness

Review An overview of emerging evidence and published
studies that cover the interaction between the
Mediterranean diet and smoking

Investigating the existing evidence about whether
adherence to the Mediterranean diet may have
a role as an effect modifier of active and pas-
sive smoking on human health

The literature indicates that the existence of a
partial interaction between

adherence to the Mediterranean diet and the
health effects of smoking is possible and that it
may protect against cancer, CVD and respira-
tory illness

171

Cancer, cardio-
vascular dis-
ease and
nervous sys-
tem diseases

Prospective
cohort
study

1 199 011 person-years (women; aged 52·9 ±
6·7; 28·9 % never smokers, 26·6 % passive
smoking only, 32·8 % former smokers, 13·6 %
current smokers). During 16·5 years of follow-
up, 4619 deaths were recorded, including 2726
from cancer, 584 from cardiovascular diseases,
265 from nervous system diseases, 296 from
external causes, and 571 from other diseases

Assessing the antioxidant capacity of human diet.
A validated

dietary history questionnaire was used to investi-
gate usual food intake; in contained questions
about quantity, frequency and quality of food
groups/individual foods. Mean daily intake in
nutrients was evaluated using a food composi-
tion table derived from the French food compo-
sition table of the French Information Center on
Food Quality. Dietary non-enzymatic antioxi-
dant capacity (NEAC) was evaluated using two
complementary methods: ferric ion reducing
antioxidant power (FRAP) and total radical-
trapping antioxidant parameter (TRAP). The
contributions of foods to these two measures
of antioxidant capacity were calculated using a
database created by Pellegrini et al.

Antioxidant consumption is inversely associated
with mortality from all causes, cancer and
CVD. It seems to be relevant for mortality pre-
vention, especially among current smokers

154

Oral cavity and
pharyngeal
(OCP) cancer

Case–control
study

768 cases of oral and pharyngeal cancer (77·2 %
male, 22·8 % female; median age 58 years
(range 22–79 years); 15·1 % never smokers,
17·6 % ex-smokers, 67·3 % current smokers)
and 2078 controls (65·8 % male, 34·2 %
female; median age 59 years (range 19–79
years); 49·7 % never smokers, 23·0 % ex-
smokers, 27·3 % current smokers) were
included in the study (Italy and Switzerland,
1997–2009)

Subjects’ dietary habits during the 2 years before
cancer diagnosis or hospitalisation (for con-
trols) were assessed through a valid (Decarli
et al., 1996) and reproducible (Franceschi
et al., 1993, 1995) food frequency question-
naire (FFQ), including information on weekly
consumption of 78 foods, recipes, beverages
and lifestyle habits (e.g. tobacco smoking and
alcohol drinking). Food items were combined
into 18 food groups. An Italian food composi-
tion database (Gnagnarella et al., 2004) was
used to estimate the daily intake of nutrients
and total energy; the residual method (Willett
and Stampfer, 1986) was used to evaluate the
role of macronutrients independently from total
energy intake

This study confirms and further quantifies that a
diet rich in fruits and vegetables and poor in
meat and products of animal origin has a
favourable role against OCP cancer, while an
opposite diet together with tobacco and alcohol
consumption increases 10- to over 20-fold the
risk for OCP cancer

259

A
n
tio

xid
an

ts
in

Sm
o
kers

85

https://doi.org/10.1017/S0954422421000093 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0954422421000093


anti-proliferative properties, involvement in cell signalling, cell
cycle regulation, and angiogenesis(166,167). Even if the exact
mechanisms by which an increased adherence to the traditional
Mediterranean diet exerts its positive health effects have not yet
been clarified, themost important adaptations induced by adher-
ence to the Mediterranean diet have been summarised in a
recent article(168).

A meta-analysis that investigated more than four million sub-
jects suggested that the Mediterranean diet is associated with sig-
nificant reduction in overall mortality and CVD and cancer risks
in the general population(148,169). Just to give an example, a
recent study on the elderly adults with high cardiovascular risk
(n= 7216, age 55–80 years, 6-year follow-up) showed that par-
ticipants who consumed in total nine or more servings/d of fruits
plus vegetables had a hazard ratio 0·60 of CVD in comparison
with those consuming <5 servings/d(170).

The Mediterranean diet could have a modestly but signifi-
cantly protective role against active and passive CS effects(171).
Cigarette smoking is associated with urothelial cell damage,
leading to chronic inflammatory bladder disease and, there-
fore, increasing urothelial cell bladder cancer risk(172). The
EPIC evaluated the association between adherence to the
Mediterranean diet and risk of urothelial cell bladder cancer,
the most common form of bladder cancer. It suggested that
adherence to the Mediterranean diet may decrease the risk
of urothelial cell bladder cancer in current smokers, especially
among heavy long-term smokers, although the interaction
was not significant(173).

As expected, the effects of smoking on the functionality of the
respiratory system are direct and could be serious and lasting.
Therefore, the possible benefits of the Mediterranean diet were
evaluated also in respiratory organs. In a recent cross-sectional
study, which analysed baseline data from randomised represen-
tative smokers without respiratory diseases (n= 207, aged 35–70
years), the Mediterranean diet appears to be associated with pre-
served lung function(174). Moreover, a study based on 5203 par-
ticipants, aged ≥50 years, who were current smokers or had quit
smoking for <10 years and had smoked at least 20 pack-years,
showed that adherence to the Mediterranean diet was signifi-
cantly associated with reduced lung cancer risk(175).

Given the association between smoking and colorectal
cancer development(9), studies have been conducted on the pos-
sible protective effects of the Mediterranean diet in smokers. A
meta-analysis revealed that ever smokers had 18 % higher risk
of colorectal cancer as compared with never smokers, and this
association was dose-dependent regarding pack-years(176).
Epidemiological data indicated that the Mediterranean diet has
protective effect against the development of colorectal adeno-
mas, more markedly among current smokers(177). A case–control
study conducted on colorectal cancer patients (n= 250; age
63 ± 12 years; 26·4 % current smokers) versus non-diseased sub-
jects (n= 250; age 55 ± 13 years; 29·2 % current smokers) indi-
cated that adherence to the Mediterranean diet may mitigate
the adverse effects of smoking on colorectal cancer develop-
ment, suggesting indirect benefits of adherence to this antioxi-
dant-rich diet over colorectal cancer morbidity andmortality(178).

The beneficial effects of fruits, vegetables and some other
foods (e.g. dry legumes and cereals) and beverages (e.g. greenT
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tea) have been attributed, at least in part, to their high content of
polyphenols (of which the largest group is flavonoids), which
are recognised compounds able to reduce oxidative stress and
inflammation(179). Polyphenols are present in fruits and vegeta-
bles in concentrations up to several 100 mg/100 g, thereby con-
stituting the major class of diet-derived antioxidants(180).

The effects of a diet rich in polyphenol-filled foods have been
analysed and summarised in a recent systematic review(181).
Here we will focus our attention on studies specifically con-
ducted on smokers. A randomised controlled clinical trial inmale
smokers suggested that dietary polyphenols modulate the
expression of genes related to cellular stress defence in smokers’
blood cells(182). A further randomised controlled trial suggested a
protective role of blueberries (a single 300 g serving of fresh-fro-
zen blueberries) on reactive hyperaemia and systolic blood pres-
sure in young smokers (n= 16, age 23·6 ± 0·7 years, smoking
15 ± 1 cigarettes/d) after acute exposure to the smoke of one
cigarette(183).

Polyphenols are also the main bioactive constituents of green
tea, which in recent years has earned great attention in relation to
its health benefits against a variety of human diseases(184). A
review summarising the results of the intervention studies on
the consumption of green tea and related antioxidant effects,
published until June 2010, concluded that there is limited evi-
dence that regular consumption of green tea in amounts of at
least 0·6–1·5 l/d may increase plasma antioxidants, with benefi-
cial effects of green tea consumption being more likely in smok-
ers(185). By contrast, evidence from epidemiological studies
suggests an inverse association between green tea intake and
lung cancer risk among never smokers but not among smok-
ers(186). It is also worth considering that, although the antioxidant
activity of polyphenols is well recognised in the prevention of a
variety of human diseases (e.g. CVD and certain types of cancer)
in the general population(187), polyphenols can even display pro-
oxidant activities at high doses or in the presence of transition
metals, such as iron and copper(188,189), as in gastric juice and
intestinal content(190). Moreover, if consumed very frequently
(>1 l/d) as a hot drink, green tea has been associated with
increased incidence of oesophageal cancer in some countries,
such as India(191).

Epidemiological studies, short-term randomised controlled
trials, and preclinical studies also attributed the benefits associ-
ated with the consumption of fruit and vegetables to the pres-
ence of flavonoids, a class of polyphenolic compounds
abundantly present in foods and beverages of vegetable origin
(e.g. red/blue coloured fruits, citrus fruits, apples, broccoli, pep-
pers, black and, especially, green tea)(192). Results from both epi-
demiological studies and short-term randomised trials showed
beneficial effects of dietary flavonoids on CVD in the general
population(193). For example, 93 600 women (aged 25–42 years)
from the Nurses’ Health Study (NHS) II, healthy at baseline
(1989), were followed for 18 years to examine the relationship
between anthocyanins and other flavonoids (total flavonoid
intake 58–643mg/d; anthocyanin intakes 2–35 mg/d) and risk
of myocardial infarction(194). The combined intake of anthocya-
nin-rich food (i.e. blueberries and strawberries) seemed to be
associated with a decreased risk of myocardial infarction in
young women, comparing those consuming more than three

servings/week to those with lower intake. However, in stratified
analyses, the inverse association between anthocyanins and
myocardial infarction was stronger among women who never
smoked compared with those who currently smoked(194). A
study conducted recently on 56 048 participants of the Danish
Diet, Cancer, and Health cohort has shown that an achievable
(of approximately 500mg/d) dietary intake of total and individ-
ual flavonoid subclasses is associated with a lower risk of all-
cause, related to CVD, and cancer-related mortality especially
in current smokers and individuals with high alcohol con-
sumption, with the highest flavonoids intakes being more
beneficial(195).

3. Discussion and perspectives

Since there is clear evidence that long-term exposure to CS can
result in systemic oxidants–antioxidants imbalance to the entire
organism, as reflected by low levels of plasma antioxidants in
smokers (Table 1), it has been speculated that specific antioxi-
dant supplements or an antioxidant-rich diet could be particu-
larly beneficial for smokers. The potential beneficial effects of
antioxidants to reinforce the body’s antioxidant defence systems
in smokers are overemphasised by a plethora of studies in
animal models and/or in vitro cellular models of exposure to
CS. These are important tools in the assessment of CS-induced
oxidative stress; however, the species-specific functional
differences limit the predictive value of animal experiments
in the translation of these observations to humans, and the
variations of cell functionality deriving from the emergent
properties of complex cellular systems (tissues and organs)
cannot be inferred from the knowledge of the single system
components(38,196). For example, rats and mice appear to be
more sensitive to antioxidants than humans; therefore, anti-
oxidant supplementation is more likely to reduce oxidative
damage in rodents than in humans(14,197).

Many randomised intervention trials and meta-analysis failed
to detect any beneficial effect of antioxidant supplements in
smokers, and sometimes the use of antioxidants has turned
out to be even counterproductive (Table 2). In this regard, evi-
dence from large randomised trials and meta-analyses suggests
that a long-term use and/or high dose of individual β-carotene,
retinol and lutein supplements should be avoided, especially in
smokers(198,199,126–128) (Table 2).

The benefit of a diet rich in fruit and vegetables has been
attributed to their content of many phytochemical microele-
ments with various antioxidant activity and chemical properties.
But why is the ingestion of specific types of food more beneficial
than the intake of the isolated antioxidants? It can be assumed
that the additive and synergistic effects of the micronutrients
in fruits and vegetables could be responsible for their beneficial
antioxidant activities(200,201). Moreover, the antioxidants present
in vegetables, which have hormetic effects as many phytochem-
icals, are supplied in a balanced way, not only in terms of com-
position but also of the necessary dose, thus maintaining the
fragile redox homeostasis of the organism(202). This may partially
explain why no antioxidant supplement can replace the combi-
nation of micronutrients in fruits and vegetables to achieve the
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observed health benefits. Therefore, the increase in fruit and
vegetable consumption could be a logical strategy to increase
the dietary antioxidant intake and to decrease oxidative stress,
potentially leading to reduced risk of oxidative stress-related dis-
eases. In this regard, dietary guidelines for Americans recom-
mend that it would be beneficial to eat at least nine servings
(4·5 cups) of fruits and vegetables a day, specifically four serv-
ings (two cups) of fruits and five servings (2·5 cups) of vegeta-
bles, in a 2000 kcal diet(203).

In smokers, an antioxidant-rich diet potentiallymay provide a
preventive strategy to lower the risk of CS-related diseases. The
health benefits of antioxidants were observed predominantly
when they were consumed within their natural food matrices,
while preventive effects derived from an optimal antioxidant-
rich diet may not be reproduced with high doses (>RDA) of
the single antioxidant supplements. However, large, randomised
intervention trials and meta-analysis demonstrated that the pre-
ventive strategy based on a diet rich in fruits and vegetables in
smokers showed only a modest protective effect to reduce the
risk of CS-related diseases (Table 3). Hence, it is insufficient to
effectively counteract the CS-related oxidative stress and
diseases.

So, as CS is a modifiable risk factor, quitting smoking is the
best prevention and the most effective way to reduce the detri-
mental health effects of CS, although it may not be sufficient to
repair all the oxidative damages caused by long-term exposure
to CS(4,24,204,205). A randomised controlled cessation trial exam-
ined the effects of smoking cessation in a population of 434 cur-
rent smokers in 12 months of follow-up. Quitters (n= 55) had
significantly increased levels of blood plasma GSH compared
with subjects who continued to smoke (p< 0·01)(206).

A recent systematic review and meta-analysis evaluated the
association between smoking reduction and some health risks
in observational studies. Smokers were categorised as follows:
heavy smokers smoked ≥15–20 cigarettes/d, moderate smokers
smoked 10–19 cigarettes/d and light smokers smoked <10 cig-
arettes/d(207). Compared with current heavy smokers, decreased
lung cancer risk was ascertained for people who reduced smok-
ing by more than 50 %, from heavy to moderate or to light. The
meta-analysis also showed a lower risk of CVD for smokers who
reduced their smoking habit from heavy to light, but not smokers
who reduced by more than 50 % and reduced from heavy to
moderate smoking. Therefore, substantial smoking reduction
can decrease lung cancer risks, although the risk of lung cancer
remains high, whereas the relationships between smoking
reduction and CVDs as well as all-cause mortality remain doubt-
ful. Thus, complete smoking cessation is by far themost effective
strategy for cancer and CVD prevention in smokers.

E-cigarettes are among the electronic nicotine delivery sys-
tems (ENDS), a heterogeneous class of products in which an
electrically powered coil is used to heat a liquid matrix, or e-
liquid, that contains nicotine, solvents (e.g. propylene glycol,
vegetable glycerine) and, usually, flavouring(208).

The concentration of nicotine in e-liquid varies substantially:
it can reach 36mg/ml or more(208). Some ENDS can deliver to
venous blood the same dose of nicotine, at the same rate as a
conventional cigarette, while others cannot(209,210). This hetero-
geneity in ENDS nicotine delivery is in contrast with the

regulated nicotine replacement products used to help to stop
smoking, such as chewing gum and nicotine patch, which
deliver nicotine more reliably, but to lower plasma concentra-
tions and at a slower rate(211,212). E-cigarettes too are claimed
as a smoking cessation aid, but even if some research suggests
that e-cigarettes could help smokers to quit or reduce smok-
ing(213–215), additional studies are necessary to determine
whether this is true long term(216).

ENDS toxicant emissions depend on many factors, including
device construction, device power, liquid constituents and user
behaviour. Toxicants in ENDS are still present in the liquid, or
they are produced when the liquid is heated. The main toxicants
present in the liquid are propylene glycol and vegetable glyc-
erine, which represent the 80–97 % of the content of most e-
liquids(217). Both are toxic, especially at high doses(218), but lit-
tle is known about their effects after long-term chronic expo-
sition. E-liquid also contains flavourings, compounds that are
usually added to food, whose effects on health after being
heated and aerosolised are unknown(219). Some contaminants
findable in e-liquids are diethylene glycol, ethylene glycol and
ethanol(220). Most e-cigarette aerosols contain many metals,
probably originating from some atomiser components, such
as cadmium, nickel and lead(221). Other e-cigarettes toxicants
are formaldehyde, acetaldehyde, acrolein, acetone, furans
and benzene. Some studies reported 9–450 times lower toxi-
cant concentrations in e-cigarettes than conventional ciga-
rettes (e.g. ref. 222). However, other studies demonstrated
that the toxicant level in e-cigarettes can be higher than in con-
ventional cigarettes(216). This discrepancy could depend on
the fact that e-cigarette components vary widely, since they
are almost unregulated and produced by numerous compa-
nies, making it difficult to evaluate their safety(223).

Regarding health risks, e-cigarettes are reported to cause
adverse effects after short-term use, comparable to some
tobacco-smoking effects (e.g. increase in impedance, peripheral
airway flow resistance and oxidative stress)(224), while little is
known about the health impact of long-term use(225). Reviews
on e-cigarettes’ impact on health concluded that ENDS are not
harmless but are generally less dangerous than regular ciga-
rettes(226,227). Cancer risk is in most cases lower, even if in some
cases, for some products, it can be comparable to that of tobacco
smoke(228). Regarding cardiovascular risk, mainly dependent on
the presence of nicotine, some studies comparing e-cigarettes
and conventional cigarettes found fewer CVD biomarkers for
ENDS, while others observed no differences(229). Finally, the tox-
icity in the lung remains unknown, even if it has been speculated
that e-cigarettes, inducing inflammation, can increase the risk for
lung cancer and COPD(230).

Given these premises, we do not have the basic knowledge
necessary to speculate if an antioxidant-rich diet or antioxidant
supplements could be beneficial to an e-cigarette smoker like-
wise a conventional cigarette smoker.

CS remains a strong risk factor for premature mortality in
older subjects. Current smokers and former smokers had an
increased mortality of 2 and 1·3 times, respectively, compared
with non-smokers. In any case, quitting smoking is beneficial
even at advanced age(231). Efforts to support smoking cessa-
tion at all ages should be therefore a public health priority.
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Nevertheless, most smokers are unable or unwilling to quit
smoking, and for this reason, the problem of ensuring an
improvement in their health quality remains of interest.

Future studies to better define interventional dietary strate-
gies in smokers should focus on three points. Firstly, exhaustive
macro- and micronutrient databases are needed to evaluate the
absorption, bioavailability andmetabolism of dietary antioxidant
in smokers. It is worth noting that only a part of the diet’s anti-
oxidants, that is, the bioavailable portion, is absorbed, reaches
the systemic circulation without undergoing any chemical modi-
fication, and can carry out its healthy effects. For diet-derived
antioxidants and phytochemicals to be absorbed, they must
be released from the foodmatrix and presented to the brush bor-
der of the small intestine in such a state that they can enter the
enterocytes by passive diffusion or active transport systems.
Metabolic modifications (e.g. dehydroascorbate to ascorbate),
or transformations (e.g. β-carotene to retinol), or packaging in
the enterocyte (e.g. β-carotene, retinol, vitamin E), occur before
secretion in a biocompatible form, through the enterocyte basal
membrane, into blood capillaries (water-soluble micronutrients)
or the chyliferous vessels (liposoluble micronutrients). Under-
standing this concept of bioavailability is essential for the pro-
duction of food and supplements, for nutritional assessment
and for determining diet–health relationships, both in the gen-
eral population and in smokers who, among various diseases,
also have intestinal dysfunctions(232) that could alter phytochem-
ical absorption. For these last reasons, more exhaustive studies
are needed to determine whether a diet rich in fruit and vegeta-
ble with high levels of bioavailable antioxidants could protect
against oxidative damage and the subsequent development of
CS-related diseases.

Secondly, it seems appropriate to carry out further studies on
the correlation between the diet and the profile of plasma anti-
oxidants, on oxidative damage to lipids, proteins and DNA, and
on biomarkers of oxidative damage. The potential benefits of a
high fruit and vegetable intake on the plasma antioxidant profile,
on oxidative damage to lipids, proteins and DNA, and on bio-
markers of oxidative stress (e.g. GSH/glutathione disulphide
ratio) were evaluated in a randomised, free-living, open pla-
cebo-controlled cross-over trial of 3 weeks, with a 2-week wash-
out period between treatments. This study included twenty-two
male smokers aged 18–50 years, with a relatively low vegetable
and fruit consumption(233). The high intake of fruit and vegetable
increased plasma levels of vitamin C, α-carotene, β-carotene, β-
cryptoxanthin and zeaxanthin. However, no effects were dem-
onstrated on any biomarker of oxidative damage to lipids, pro-
teins and DNA or biomarkers of oxidative stress(233). It could be
that the increased levels of antioxidants were not sufficiently
high to show beneficial effects to the selected biomarkers, or,
alternatively, the method of selection of male smokers with a rel-
atively low fruit and vegetable intake might have been inad-
equate to select subjects with really increased oxidative stress.
Also, the population studied is small and limited to male smok-
ers, so results should be replicated in larger studies to corrobo-
rate these findings.

More recently, it has been demonstrated that the induction of
cell-mediated cytoprotective pathways, including antioxidant
enzymes, protein chaperones, growth factors and mitochondrial

proteins, is responsible, with an hormetic process, for the ben-
eficial effects of a diet rich in fruits and vegetables(202,234). A study
in which the effects of a plant-based diet were measured in
smokers’ blood cells using microarray genome technology dem-
onstrated the up-regulation of target genes for transcription fac-
tors involved in stress responses through antioxidant and non-
antioxidant activity, offering some potential mechanistic explan-
ations for the beneficial health effects of diets high in fruit and
vegetable in smokers(182).

Thirdly, it is very important to consider that the hypothesis
suggesting beneficial effects of antioxidants for the prevention
or treatment of CS-related diseases might be simplistic because
antioxidants can also have negative effects if they alter the del-
icate redox balance of the organisms(235).

4. Conclusions

Global projections of mortality data estimate that total tobacco-
attributable deaths will increase to over 8 million in 2030(236).
Because of the widespread diffusion of the CS habit and its con-
sequent severe impact on human health, interventions to reduce
CS-related diseases should have a high priority worldwide.
Despite the small or modest reduction of CS-related disease risk
by a diet rich in fruit and vegetable observed in smokers, the
most efficient way to prevent smoking-related oxidative stress
and CS-related diseases remains smoking cessation. Therefore,
smoking cessation should be the main objective of public health
for the prevention of CS-related diseases and to limit the eco-
nomic impact for community. As stated by Beaglehole and col-
leagues: ‘A tobacco-free world by 2040, where less than 5 % of
the world’s adult population use tobacco, is socially desirable,
technically feasible, and could become politically practical.
This will prevent hundreds of millions of unnecessary deaths
during the remainder of this century and safeguard future gen-
erations from the ravages of tobacco use activity’(237).

Waiting for a ‘tobacco-free world’, smokers have to consider
that smoking cessation, consuming a diet rich in fruit and vegetable,
avoiding obesity, hyperglycaemia and hypercholesterolemia(238),
and exercising regularly (a mild pro-oxidant challenge that triggers
a beneficial adaptation(239)) could minimise levels of oxidative
stress/damage. This lifestyle is therefore essential for maintaining
a reasonably good health for as long as possible.
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for preventing lung cancer in healthy people. Cancer 127,
172–184. doi: 10.1002/ijc.28508.

128. Middha P, Weinstein SJ, Männistö S, et al. (2019) β-Carotene
supplementation and lung cancer incidence in the alpha-
tocopherol, beta-carotene cancer prevention study: the role
of tar and nicotine. Nicotine Tob Res 21, 1045–1050. doi:
10.1093/ntr/nty115.

129. Omenn GS, Goodman GE, Thornquist MD, et al. (1996)
Effects of a combination of beta carotene and vitamin A on
lung cancer and cardiovascular disease. N Engl J Med 334,
1150–1155. doi: 10.1056/NEJM199605023341802.

130. Alpha-Tocopherol, Beta Carotene Cancer Prevention Study
Group. The effect of vitamin E and beta carotene on the inci-
dence of lung cancer and other cancers in male smokers.
(1994) N Engl J Med 330, 1029–1035. doi: 10.1056/
NEJM199404143301501

131. Hennekens CH, Buring JE, Manson JE, et al. (1996) Lack of
effect of long-term supplementation with beta carotene on

Antioxidants in Smokers 93

https://doi.org/10.1017/S0954422421000093 Published online by Cambridge University Press

https://doi.org/10.1093/ajcn/81.1.95
https://doi.org/10.1016/s0891-5849(01)00723-7
https://doi.org/10.1016/s0891-5849(01)00723-7
https://doi.org/10.1016/j.freeradbiomed.2005.10.051
https://doi.org/10.1016/j.freeradbiomed.2005.10.051
https://doi.org/10.1093/ajcn/81.5.1052
https://doi.org/10.1017/S0007114514002669
https://doi.org/10.1136/thx.2005.049148
https://doi.org/10.1136/thx.2005.049148
https://doi.org/10.1165/rcmb.2007-0424OC
https://doi.org/10.1165/rcmb.2007-0424OC
https://doi.org/10.1186/1465-9921-11-180
https://doi.org/10.1089/ars.2009.2806
https://doi.org/10.1371/journal.pone.0029930
https://doi.org/10.1089/ars.2006.8.1165
https://doi.org/10.1089/ars.2006.8.1165
https://doi.org/10.1016/j.cca.2007.12.025
https://doi.org/10.1016/j.cca.2007.12.025
https://doi.org/10.17226/9810
https://doi.org/10.17226/10026
https://doi.org/10.3109/10408360903142326
https://doi.org/10.1002/14651858.CD007469.pub2
https://doi.org/10.1002/14651858.CD007469.pub2
https://doi.org/10.1001/jama.2012.14641
https://doi.org/10.1371/journal.pone.0056803
https://doi.org/10.1371/journal.pone.0056803
https://doi.org/10.1155/2013/956792
https://doi.org/10.1155/2013/956792
https://doi.org/10.1136/bmj.f10
https://doi.org/10.7326/0003-4819-159-12-201312170-00729
https://doi.org/10.7326/0003-4819-159-12-201312170-00729
https://doi.org/10.1097/MCO.0000000000000009
https://doi.org/10.1158/1055-9965.EPI-09-0013
https://doi.org/10.1158/1055-9965.EPI-09-0013
https://doi.org/10.3390/biom8040124
https://doi.org/10.3390/biom8040124
https://doi.org/10.3390/nu11040725
https://doi.org/10.3390/nu11040725
https://doi.org/10.1093/aje/kwn409
https://doi.org/10.1093/aje/kwn409
https://doi.org/10.1002/ijc.28508
https://doi.org/10.1093/ntr/nty115
https://doi.org/10.1056/NEJM199605023341802
https://doi.org/10.1056/NEJM199404143301501
https://doi.org/10.1056/NEJM199404143301501
https://doi.org/10.1017/S0954422421000093


the incidence of malignant neoplasms and cardiovascular dis-
ease. N Engl J Med 334, 1145–1149. doi: 10.1056/NEJM19
9605023341801.

132. Fortmann SP, Whitlock EP & Burda BU (2014) Vitamin and
mineral supplements in the primary prevention of cardio-
vascular disease and cancer. Ann Intern Med 160, 656.
DOI: 10.7326/L14-5009-5

133. Palozza P, Serini S, Trombino S, et al. (2006) Dual role of beta-
carotene in combinationwith cigarette smoke aqueous extract
on the formation of mutagenic lipid peroxidation products in
lung membranes: dependence on pO2. Carcinogenesis 27,
2383–2391. doi: 10.1093/carcin/bgl074.

134. Hurst JS, Contreras JE, Siems WG, et al. (2004) Oxidation
of carotenoids by heat and tobacco smoke. Biofactors 20,
23–35. doi: 10.1002/biof.5520200103.

135. Palozza P, Simone R & Mele MC (2008) Interplay of
carotenoids with cigarette smoking: Implications in lung
cancer. Curr Med Chem 15, 844–854. doi: 10.2174/
092986708783955400

136. Poljsak B & Milisav I (2012) The neglected significance of
“antioxidative stress”. Oxid Med Cell Longev 2012, 480895.
doi: 10.1155/2012/480895.

137. Finkel T (2011) Signal transduction by reactive oxygen spe-
cies. J Cell Biol 194, 7–15. DOI: 10.1083/jcb.201102095

138. Mondul AM, Sampson JN, Moore SC, et al. (2013)
Metabolomic profile of response to supplementation with
β-carotene in the Alpha-Tocopherol, Beta-Carotene Cancer
Prevention Study. Am J Clin Nutr 98, 488–493. DOI: 10.
3945/ajcn.113.062778

139. Hemilä H. (2016) Vitamin E administration may decrease the
incidence of pneumonia in elderly males. Clin Interv Aging
11, 1379–85. DOI: 10.2147/CIA.S114515.

140. Tasaka S, Amaya F, Hashimoto S, et al. (2008) Roles of oxi-
dants and redox signaling in the pathogenesis of acute respi-
ratory distress syndrome. Antioxid Redox Signal 10, 739–753.
doi: 10.1089/ars.2007.1940.

141. Mah E, Pei R, Guo Y, et al. (2013) γ-Tocopherol-rich supple-
mentation additively improves vascular endothelial function
during smoking cessation. Free Radic Biol Med 65, 1291–
1299. doi: 10.1016/j.freeradbiomed.2013.09.016.

142. Mah E, Pei R, Guo Y, et al. (2015) Greater γ-tocopherol status
during acute smoking abstinence with nicotine replacement
therapy improved vascular endothelial function by decreasing
8-iso-15(S)-prostaglandin F2α. Exp Biol Med 240, 527–533.
doi: 10.1177/1535370214556948.

143. Guertin KA, Grant RK, Arnold KB, et al. (2016) Effect of long-
term vitamin E and selenium supplementation on urine F2-iso-
prostanes, a biomarker of oxidative stress. Free Radic BiolMed
95, 349–356. doi: 10.1016/j.freeradbiomed.2016.03.010.

144. Sadeghi-Ardekani K, Haghighi M & Zarrin R (2018) Effects
of omega-3 fatty acid supplementation on cigarette craving
and oxidative stress index in heavy-smoker males: a double-
blind, randomized, placebo-controlled clinical trial.
J Psychopharmacol 32, 995–1002. doi: 10.1177/026988111
8788806.

145. Hall JN, Moore S, Harper SB, et al. (2009) Global variability in
fruit and vegetable consumption. Am J Prev Med 36, 402–
409.e5. doi: 10.1016/j.amepre.2009.01.029.

146. Boeing H, Bechthold A, Bub A, et al. (2012) Critical review:
vegetables and fruit in the prevention of chronic diseases.
Eur J Nutr 51, 637–663. DOI 10.1007/s00394-012-0380-y

147. Leenders M, Sluijs I, Ros MM, et al. (2013) Fruit and vegetable
consumption and mortality: European prospective investiga-
tion into cancer and nutrition. Am J Epidemiol 178, 590–
602. doi: 10.1093/aje/kwt006.

148. Ros E, Martínez-González MA, Estruch R, et al. (2014)
Mediterranean diet and cardiovascular health: teachings of
the PREDIMED study. Adv Nutr 5, 330S–336S. doi: 10.3945/
an.113.005389.

149. Wang X, Ouyang Y, Liu J, et al. (2014) Fruit and vegetable con-
sumption and mortality from all causes, cardiovascular dis-
ease, and cancer: systematic review and doseresponse
meta-analysis of prospective cohort studies. BMJ 349,
g4490. doi: 10.1136/bmj.g4490.

150. Bradbury KE, Appleby PN & Key TJ (2014) Fruit, vegetable,
and fiber intake in relation to cancer risk: findings from the
European Prospective Investigation into Cancer and
Nutrition (EPIC). Am J Clin Nutr 100, 394S–398S. doi: 10.
3945/ajcn.113.071357

151. LeendersM, Siersema PD,OvervadK, et al. (2015) Subtypes of
fruit and vegetables, variety in consumption and risk of colon
and rectal cancer in the European Prospective Investigation
into Cancer and Nutrition. Intern J Cancer 137, 2705–2714.
doi: 10.1002/ijc.29640.

152. WCRF/AICR,World Cancer Research Fund/American Institute
for Cancer Research. (2010)WCRF/AICR systematic literature
review continuous update project report: the associations
between food, nutrition and physical activity and the risk
of colorectal cancer. London: World Cancer Research Fund/
American Institute for Cancer Research.

153. Büchner FL, Bueno-de-Mesquita HB, Linseisen J, et al. (2010)
Fruits and vegetables consumption and the risk of histological
subtypes of lung cancer in the European Prospective
Investigation into Cancer and Nutrition (EPIC). Cancer Causes
Control 21, 357–371. DOI: 10.1007/s10552-009-9468-y

154. Bastide N, Dartois L, Dyevre V, et al. (2017) Dietary antioxi-
dant capacity and all-cause and cause-specific mortality in
the E3N/EPIC cohort study. Eur J Nutr 56, 1233–1243. doi:
10.1007/s00394-016-1172-6.

155. Bentley AR, Kritchevsky SB, Harris TB, et al. (2012) Health
ABC Study. Dietary antioxidants and forced expiratory vol-
ume in 1 s decline: the Health, Aging and Body Composition
study. Eur Respir J 39, 979–984. doi: 10.1183/09031936.
00190010.

156. Kaluza J, Larsson SC, Orsini N, et al. (2017) Fruit and vegetable
consumption and risk of COPD: a prospective cohort study
of men. Thorax 72, 500–509. doi: 10.1136/thoraxjnl-2015-
207851.

157. Kaluza J, Harris HR, Linden A, et al. (2018) Long-term con-
sumption of fruits and vegetables and risk of chronic obstruc-
tive pulmonary disease: a prospective cohort study of women.
Int J Epidemiol 47, 1897–1909. doi: 10.1093/ije/dyy178.

158. USDA, United States Department of Agriculture, Agricultural
Research Service. (2011) National Nutrient Database for
Standard Reference, Release 24. http://www.ars.usda.gov/
nutrientdata.

159. Eliassen AH, Hendrickson SJ, Brinton LA, et al. (2012)
Circulating carotenoids and risk of breast cancer: pooled
analysis of eight prospective studies. J Natl Cancer Inst
104, 1905–1916. doi: 10.1093/jnci/djs461.

160. Wang L, Li B, Pan MX, et al. (2014) Specific carotenoid intake
is inversely associated with the risk of breast cancer among
Chinese women. Br J Nutr 111, 1686–1695. doi: 10.1017/
S000711451300411X.

161. Pantavos A, Ruiter R, Feskens EF, et al. (2015) Total dietary
antioxidant capacity, individual antioxidant intake and
breast cancer risk: the Rotterdam Study. Int J Cancer 136,
2178–2186. doi: 10.1002/ijc.29249.

162. Larsson SC, Bergkvist L & Wolk A (2010) Dietary carotenoids
and risk of hormone receptor-defined breast cancer in a

94 E Astori et al.

https://doi.org/10.1017/S0954422421000093 Published online by Cambridge University Press

https://doi.org/10.1056/NEJM199605023341801
https://doi.org/10.1056/NEJM199605023341801
https://doi.org/10.7326/L14-5009-5
https://doi.org/10.1093/carcin/bgl074
https://doi.org/10.1002/biof.5520200103
https://doi.org/10.2174/092986708783955400
https://doi.org/10.2174/092986708783955400
https://doi.org/10.1155/2012/480895
https://doi.org/10.1083/jcb.201102095
https://doi.org/10.3945/ajcn.113.062778
https://doi.org/10.3945/ajcn.113.062778
https://doi.org/10.2147/CIA.S114515
https://doi.org/10.1089/ars.2007.1940
https://doi.org/10.1016/j.freeradbiomed.2013.09.016
https://doi.org/10.1177/1535370214556948
https://doi.org/10.1016/j.freeradbiomed.2016.03.010
https://doi.org/10.1177/0269881118788806
https://doi.org/10.1177/0269881118788806
https://doi.org/10.1016/j.amepre.2009.01.029
https://doi.org/DOI 10.1007/s00394-012-0380-y
https://doi.org/10.1093/aje/kwt006
https://doi.org/10.3945/an.113.005389
https://doi.org/10.3945/an.113.005389
https://doi.org/10.1136/bmj.g4490
https://doi.org/10.3945/ajcn.113.071357
https://doi.org/10.3945/ajcn.113.071357
https://doi.org/10.1002/ijc.29640
https://doi.org/10.1007/s10552-009-9468-y
https://doi.org/10.1007/s00394-016-1172-6
https://doi.org/10.1183/09031936.00190010
https://doi.org/10.1183/09031936.00190010
https://doi.org/10.1136/thoraxjnl-2015-207851
https://doi.org/10.1136/thoraxjnl-2015-207851
https://doi.org/10.1093/ije/dyy178
http://www.ars.usda.gov/nutrientdata
http://www.ars.usda.gov/nutrientdata
https://doi.org/10.1093/jnci/djs461
https://doi.org/10.1017/S000711451300411X
https://doi.org/10.1017/S000711451300411X
https://doi.org/10.1002/ijc.29249
https://doi.org/10.1017/S0954422421000093


prospective cohort of Swedish women. Eur J Cancer 46,
1079–1085. doi: 10.1016/j.ejca.2010.01.004.

163. Uesugi S, Ishihara J, Iso H, et al. (2017) Dietary intake of
antioxidant vitamins and risk of stroke: the Japan Public
Health Center–based Prospective Study. Eur J Clin Nutr 71,
1179–1185. doi: 10.1038/ejcn.2017.71.

164. UNESCO, United Nations Educational, Scientific and
Cultural Organization. (2011) Intangible heritage lists.
The Mediterranean diet. http://www.unesco.org/culture/
ich/en/RL/00394.

165. Giacosa A, Barale R, Bavaresco L, et al. (2013) Cancer preven-
tion in Europe: the Mediterranean diet as a protective
choice. Eur J Cancer Prev 22, 90–95. doi: 10.1097/CEJ.
0b013e328354d2d7.

166. Dai J, Jones DP, Goldberg J, et al. (2008) Association between
adherence to theMediterranean diet and oxidative stress.Am J
Clin Nutr 88, 1364–1370. DOI: 10.3945/ajcn.2008.26528

167. Tyrovolas S & Panagiotakos DB (2010) The role of
Mediterranean type of diet on the development of cancer
and cardiovascular disease, in the elderly: a systematic review.
Maturitas 65, 122–130. doi: 10.1016/j.maturitas.2009.07.003.

168. Tosti V, Bertozzi B & Fontana L (2018) Health benefits of the
Mediterranean diet: metabolic and molecular mechanisms.
J Gerontol A Biol Sci Med Sci 73, 318–326. doi: 10.1093/
gerona/glx227.

169. Sofi F, Macchi C, Abbate R, et al. (2014) Mediterranean diet
and health status: an updated meta-analysis and a proposal
for a literature-based adherence score. Public Health Nutr
17, 2769–2782. doi: 10.1017/S1368980013003169.

170. Buil-Cosiales P, Toledo E, Salas-Salvadó J, et al. (2016)
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