Chapter 8
The Role of Diet and Nutrition in Lung Cancer

Anthony J. Alberg and John M. Wrangle

Key Points

» Cigarette smoking is the single major determinant of lung cancer risk.

» Cigarette smokers are more likely to have unhealthful diets than nonsmokers, which makes it com-
plex to study nutrition and diet in relation to lung cancer.

» Higher dietary intakes of fruits, and to a lesser extent vegetables, are inversely associated with the
risk of lung cancer.

» Factors with weak evidence of association with increased risk of lung cancer include consumption
of red and processed meat, total fat, and lower body mass index.
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Introduction

Lung cancer is currently the leading global cause of cancer death, accounting for 18 % of all cancer
deaths [1]. The global lung cancer epidemic is largely due to a single predominant cause: cigarette
smoking. In addition to cigarette smoking and other forms of combustible tobacco, many other envi-
ronmental risk factors and clinical risk indicators for lung cancer have been identified. The potential
influence of dietary factors on lung cancer risk has been a topic of considerable interest in recent
decades, and a substantial body of evidence has now been generated on this topic.

Descriptive Epidemiology of Lung Cancer

Lung cancer is a significant public health problem. In the USA, lung cancer is the third most
common form of cancer and is by far the leading cause of cancer mortality. Approximately 224,000
new cases of lung cancer were diagnosed in the USA in 2014 [2]. By itself, lung cancer accounts
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for as many deaths as the next four leading causes of cancer death (breast, prostate, colorectal, and
pancreatic cancer) combined [2]. Lung cancer is the leading cause of cancer death among both men
and women [3]. Lung cancer is a leading global health problem as the leading cause of cancer death
in world [1].

The high mortality rate for lung cancer is a function of a high incidence rate combined with a poor
survival rate. The 5-year relative survival rate for lung cancer has improved only slightly during the
past decades, increasing from 14 % in 1985-1989 to 18 % in 2004-2010 [3]. Five-year relative
survival is considerably better for local disease (54 %) compared to a lung cancer diagnosis with
regional spread (27 %) or distant disease (4 %) [3].

Lung cancer rarely occurs in individuals younger than 45 years of age, but the incidence rates
start to increase among those 45—64 years old and peak in the elderly, with rates of 272 per 100,000
or higher for all age groups 65 and older [3]. Men have greater risk of developing and dying from
lung cancer than women. This is not due to an inherent difference in susceptibility to lung cancer
risk factors, but rather due to gender differences in historical patterns of smoking prevalence and
exposure to other lung cancer risk factors [4]. African Americans have the highest lung cancer
incidence rates of any racial/ethnic group, which is due specifically to extremely high rates in
African American men [5]. With respect to trends over time in the USA, there has been a steady
decrease in the age-adjusted incidence rates (per 100,000) from 69.5 in 1992 to 56.6 in 2011 [3].
This decrease can largely be attributed to the decreased smoking prevalence that began in the mid-
1960s [6].

Socioeconomic Status

Indicators of lower socioeconomic status (SES) such as lower income and education have been
consistently associated with increased lung cancer risk. The association between lower SES and
increased lung cancer risk was observed decades ago in the USA [7], but is also a consistent finding
across countries and cultures [8—11]. Lower SES is associated with a high-risk profile for many fac-
tors associated with lung cancer risk including smoking and exposures to inhaled carcinogens in the
workplace and general environment. Lower SES is also associated with less healthful diets [12].
Nutrition and dietary factors may therefore be a contributing factor to the disproportionate burden of
lung cancer observed in the lower socioeconomic status groups.

Histopathology

As classified by light microscopy, the four major histologic types of lung cancer are adenocarcinoma,
squamous cell carcinoma, large cell carcinoma, and small cell carcinoma. All four histologic types are
caused by cigarette smoking, but the magnitude of risks across types varies [13, 14]. Clinically, diag-
nosis is dichotomized into classifications of small cell (about 15 % of lung cancers) or non-small cell
lung cancer (about 85 %) because small cell lung cancer has high metastatic potential to the central
nervous system and, as opposed to non-small cell lung cancer, surgery is not the backbone of curative
intent therapy.

The histologic characteristics of lung cancer have changed in recent decades, with an increase in
adenocarcinoma and decrease in squamous cell carcinoma. The shift to adenocarcinoma is thought to
be due to alterations in cigarette manufacturing over time leading to changes in (1) smoking-delivered
carcinogens and (2) how cigarettes are smoked, such as depth of inhalation [14].
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Beyond the histopathologic definitions of cancer, molecular characterization plays an increasingly
important role in the definition of cancers of the lung and guiding its treatment. Adenocarcinoma of
the lung is now routinely tested for mutations and genetic events in genes such as the epidermal
growth factor receptor (EGFR) and translocations involving anaplastic lymphoma kinase (ALK) and
c-ros oncogene 1 (ROST) which predict clinical sensitivity to oral tyrosine kinase inhibitors.

Risk Factors for Lung Cancer

Epidemiologic research has succeeded in identifying several environmental risk factors that are caus-
ally associated with the risk of developing lung cancer. A brief consideration of well-established risk
factors for lung cancer is essential to provide context for interpreting the evidence on the potential role
of diet and nutrition in human lung carcinogenesis.

Tobacco Products

Cigarette Smoking

Cigarette smoking is the predominant cause of lung cancer [15]. The link between cigarette smoking
and lung cancer is so strong that after accounting for a latency period of approximately 20 years,
smoking prevalence and rates of lung cancer track closely at the population level [16]. Cigarette
smoking is primarily responsible for the worldwide lung cancer epidemic as it is associated with such
enormous increases in risk of developing lung cancer and cigarette smoking is so common [17].

The risk of lung cancer associated with cigarette smoking follows clear dose-response relationships
[14]. This remains true with respect to the number of cigarettes smoked per day and the duration of
smoking. Lung cancer risk decreases in those who quit smoking compared to persistent smokers, but not
to the level of those who never smoked [18].

Menthol is a flavoring agent added to cigarettes, and menthol cigarettes have been hypothesized to be
associated with higher risk of lung cancer than non-menthol cigarettes. The evidence, however, does not
support this hypothesis. Numerous case—control [19—23] and cohort [24-26] studies indicate that men-
thol cigarettes are not associated with a greater risk of lung cancer than non-menthol cigarettes.

The trends in the composition of cigarettes over time, such as the addition of filters and advertised
lower tar and nicotine concentrations, would suggest the hypothesis that risks of lung cancer associ-
ated with cigarette smoking would have decreased over time. However, contrary to expectation, the
smoking-associated risks of lung cancer have actually increased over time [27]. Three US cohorts
were followed from 1959 to 1965, 1982 to 1988, and 2000 to 2010. Among women, the relative risks
of lung cancer in current versus never smokers increased across these time periods from 2.7 to 12.6 to
26.2, respectively; among men, the relative risks increased from 12.5 to 25.3 to 27.3, respectively. The
reasons underlying the increase in risk over time are uncertain, but are hypothesized to be related to
changes in tobacco processing and additives.

Other Combustible Tobacco Products

Combustible tobacco products other than cigarettes are also associated with increased risk of lung
cancer. Pipes and cigars are causally associated with lung cancer, even though the risks are less than
observed for cigarette smoking due to differences in smoking frequency and smoking topography in
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pipe/cigar smokers compared to cigarette smokers [15]. Pipe and cigar smoke contain a similar profile
of harmful toxins as cigarette smoke, but a key determinant of the observed epidemiologic differences
in health risks is that compared to cigarette smokers, the tendency is for pipe and cigar smokers to
smoke less frequently and to inhale the smoke less deeply. As a result of the difference in the way
pipes and cigars are smoked compared with cigarettes, the end result is that the dose of toxins delivered
to the smoker is often less for pipes and cigars than for cigarettes [15].

Smoking tobacco through a waterpipe is referred to by a number of terms including “hookah.” In
a meta-analysis of data from four studies waterpipe tobacco smoking was significantly associated
with increased lung cancer risk (OR 2.1; 95 % CI 1.3—4.2) [28]. The relatively sparse evidence thus
far indicates that waterpipe tobacco smoking is associated with a significantly increased risk of lung
cancer, but further research on this topic is needed.

Vaporized Nicotine Products

The marketplace for tobacco products and devices that deliver nicotine has been expanding dur-
ing the past decade [29-32]. Vaporized nicotine products such as electronic cigarettes (or “e-cig-
arettes”) are nicotine delivery devices that have experienced a rapid upsurge in use and are now
marketed by the major US tobacco companies [29, 30]. There is currently a lack of data on
whether these products are associated with lung cancer risk. A product such as the e-cigarette that
would decrease delivery of tobacco toxins would ostensibly also reduce the risk of developing
lung cancer if current cigarette smokers were to switch from cigarettes to exclusive use of the
e-cigarette. By contrast, however, the risk of lung cancer could be increased if the e-cigarette
maintained nicotine addiction and its users also continued to smoke cigarettes as well as use
multiple products that deliver nicotine or if e-cigarette use served as a gateway to the uptake of
combustible tobacco products such as cigarettes. Additionally, the risks of nicotine exposure are
not eliminated by electronic nicotine delivery systems as nicotine itself has been reported to
promote tumor growth and the nonuniform standard of manufacture of device refills and vapor-
izer delivery technology has led to concerns about the generation of delivery of carcinogenic
materials and combustible toxins [33, 34].

Secondhand Tobacco Smoke Exposure

There is currently no “safe level” of exposure to cigarette smoke, as even the secondhand tobacco
smoke inhaled by nonsmokers involuntarily in ambient air is causally associated with lung cancer [35].
As expected given the fact that the doses of exposure to cigarette smoke are much lower for secondhand
smoke exposure than for active cigarette smoking, the risk of lung cancer is also much less than for
active cigarette smoking. This association has had major policy implications such as by providing
justification for smoke-free workplace legislation.

Factors Other than Tobacco

Smoking cigarettes and other combustible tobacco products are the major determinants of the population
burden of lung cancer. However, many other risk factors for lung cancer have been identified. The most
important of these are briefly summarized below.
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Occupational Exposures

Numerous occupational lung carcinogens have been identified; the substances involved include radon,
arsenic, asbestos, chromium, chloromethyl ethers, nickel, and polycyclic aromatic hydrocarbons [36, 37].
Synergism with smoking has been shown for several of these agents, such as asbestos and radon [38].
Many other agents are suspected occupational carcinogens.

Indoor and Outdoor Air Pollution

By exposing the lung to air contaminants from combustion sources that generate polycyclic aromatic
hydrocarbons and radionuclides, outdoor air pollution is associated with increased risk of lung cancer
[39]. Indoor air pollution is also associated with lung cancer risk. The sources and composition of
lung carcinogen exposure in indoor air vary with the setting but may include radon, tobacco smoke,
smoke from wood or coal burning, and cooking fumes [40—43].

Family History and Inherited Predisposition

A positive family history of lung cancer is a clinically useful risk indicator. In analyses of pooled data
from 24 case—control studies, those with a positive history of lung cancer in a first-degree relative had
a 1.5-fold increased risk of lung cancer (95 % CI 1.4-1.6). When analyses were limited to never
smokers the association was weaker but still statistically significant (OR 1.3; 95 % CI 1.03-1.5) [44].

The observed familial aggregation of lung cancer suggests that genetic factors may influence sus-
ceptibility. There have been no clinically relevant high-risk mutations with high penetrance for lung
cancer identified as with disease-conferring BRCAI and BRCA2 mutations in breast cancer. However,
data from genome-wide association studies (GWAS) have provided promising leads with respect to
low-penetrance germline variants that are associated with small increases in lung cancer risk [45]. For
example, the results of GWAS have been remarkably consistent in identifying genetic variants within
a region on the long arm of chromosome 15 that are associated with lung cancer risk; those with at
least one variant allele of a specific SNP in this region (rs8034191) had a 1.3-fold greater risk of lung
cancer than those homozygous for the wild-type allele.

Physical Activity

In a consideration of the role of diet in relation to lung cancer it is important to consider the evi-
dence on physical activity because it is also a lifestyle factor and because of the interrelationship
between diet and physical activity. A meta-analysis of leisure-time activity observed that both
moderate and high levels of physical activity were associated with a 13-30 % decrease in lung
cancer risk [46]. In a meta-analysis of physical activity and lung cancer specific to smokers, the
overall association was consistent with an 18 % reduction in risk; there was some heterogeneity
in the magnitude of the associations across categories of physical activity, smoking intensity, and
gender but the associations remained statistically significant in all of these subgroups [47]. In a
thorough narrative review of the epidemiologic evidence, physical activity was consistently
observed to be associated with a >20 % reduction in lung cancer risk across studies [48]. The
mechanistic basis for how physical activity could protect against lung cancer remains to be estab-
lished, but current hypotheses include (1) improved lung function accelerating clearance of
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Table 8.1 Key risk factors and clinical risk indicators for lung cancer

A. Single most important causal determinant of risk, strongest indicator of clinical risk®
Active smoking of cigarettes and other tobacco products
B. Other risk factors causally associated with lung cancer®
Secondhand smoke exposure
Ionizing radiation, including radon
Occupational exposures, such as arsenic, chromium, nickel, asbestos, tar, and soot
Indoor and outdoor air pollution
C. Additional clinical risk indicators®
The risk factors listed above, plus:
Older age
Male sex, particularly among those of African American ancestry
Family history of lung cancer
Acquired lung disease: COPD, tuberculosis, pneumoconioses, idiopathic pulmonary fibrosis, systemic sclerosis
Occupational exposures, such as to silica dust
Human immunodeficiency virus (HIV) infection

“The evidence for factors listed in these categories meet epidemiologic criteria for causality

*The factors included in clinical risk indicators are strongly associated with increased risk of lung cancer, but are listed in
this category either because they are intrinsic patient characteristics (age, sex, ethnic ancestry, family history) or are
consistently associated with increased risk but with evidence that falls short of being rated as causal at the present time

carcinogens; (2) reduced inflammation and enhanced immune status; and (3) changes in concen-
trations of growth factors [48].

An inverse and relatively strong statistical relationship between physical activity and lung
cancer risk has clearly been documented. The inferences from this evidence will be strength-
ened if the specific biologic mechanism whereby physical activity reduces lung cancer risk can
be pinpointed and the potential for residual confounding by cigarette smoking is more strongly
addressed.

Clinical Risk Indicators for Lung Cancer

Several clinical risk indicators have been documented to be more prevalent in lung cancer patients
than the general population. Even though the exact etiologic significance of these associations has yet
to be clearly elucidated, these are useful clinically. In addition to a family history of lung cancer,
increased risk of lung cancer has been noted for several acquired lung diseases. This includes obstruc-
tive lung disease, such as chronic obstructive pulmonary disease, as well as fibrotic disease, such as
idiopathic pulmonary fibrosis and systemic sclerosis [36]. Further, the presence of infections, such as
with tuberculosis or HIV, is associated with increased risk of lung cancer [36]. Known risk factors and
clinical risk indicators for lung cancer are summarized in Table 8.1.

Diet and Nutrition

The background provided above has emphasized the known risk factors for lung cancer outside the
domain of diet and nutrition. This background provides essential contextual information for consider-
ing the potential role of dietary factors in the etiology of lung cancer, highlighting the fact that many
well-established risk factors for lung cancer have been identified (Fig. 8.1). The key message from
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this background information is that cigarette smoking is far and away the leading cause of lung cancer.
This is of central importance to a consideration of the role of diet and lung cancer for several reasons.
Not only is cigarette smoking the overwhelming cause of lung cancer, but smokers also tend to eat
less healthful diets than nonsmokers [49]. Cigarette smoking thus poses significant inferential
challenges to establishing a clear role for dietary factors in the etiology of lung cancer. Specifically,
this set of circumstances means that cigarette smoking is a major potential confounder that needs to
be carefully considered when evaluating a potential role for dietary factors in relation to lung cancer
risk, making it difficult to disentangle the potential impact of cigarette smoking on any observed
association between a dietary factor and lung cancer (Fig. 8.2). Complicating matters further is that
cigarette smoke can directly affect nutritional biomarkers; for example, smokers tend to have lower
levels of circulating antioxidant micronutrients even after accounting for differences in dietary intake,
implying that the oxidative stress from cigarette smoke leads to depletion of antioxidant micronutrients
[49, 50]. Similar associations have even been noted for secondhand smoke exposure [50, 51].

Additionally, associations between dietary factors and lung cancer risk are likely to be far weaker
than the association with active smoking. As discussed below, even for dietary factors that have a
robust inverse association with lung cancer the associations are very weak compared to the strong
increased risk caused by cigarette smoking. Thus, in interpreting evidence on the associations
between dietary factors and lung cancer, residual confounding by cigarette smoking is not easily
dismissed as a potential explanation. The facts that cigarette smoking is so closely intertwined with
risk of lung cancer and with diet and biomarkers of diet underscore not only the complexities
involved in studies of diet in relation to lung cancer, but also the imperative to control cigarette
smoking as carefully as possible.

The potential role of dietary factors on risk of lung cancer has been extensively investigated.
To provide a synopsis of the research in this area, evidence concerning relationships between lung
cancer and fruits, vegetables, micronutrients, phytochemicals, fat, body mass index, beverages, and
meat intake is described below. To provide a guide for assessing the evidence for each dietary factor,
evidence ratings from an objective assessment of the world’s evidence on these topics, summarized
in a seminal 2007 report of the World Cancer Research Fund (WCRF), are used for factors that were
assigned evidence ratings. The rating scale used included evidence ratings of “convincing,” “prob-
able,” and “limited—suggestive” for whether a dietary factor was associated with increased or
decreased risk of lung cancer. Key research published since the 2007 WCREF report are used to aug-
ment the review.

Cigarette
Smoking

\

Other Types of
Smoked Tobacco

Lung
Cancer

l

Other environmental risk factors, e.g.:
--Occupational exposures
Secondhand ~-Radiation

--Radon
Smoke Exposure --Air pollution (outdoor, indoor)

Environmental Exposures

Fig. 8.1 Major established environmental causes of lung cancer, with active cigarette smoking the primary determi-
nant of individual and population risk
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Fig. 8.2 A challenge to studying lifestyle factors such as physical activity and diet in relation to lung cancer risk is
the complex interrelationships between these factors and cigarette smoking

Fruit Intake

In total, the epidemiologic evidence strongly points toward greater levels of fruit consumption being
inversely associated with lung cancer risk. Based on a large and consistent body of data, the WCRF
systematic review rated the evidence on this topic as “probable” that fruit consumption is associated
with decreased risk of lung cancer [52]. Prospective cohort studies published since the 2007 WCRF
report provide at least modest support for the premise that fruit consumption protects against lung
cancer [53-55]. In the Shanghai Men’s Health Study, any level of fruit consumption above the lowest
fourth of total fruit intake was associated with a 24-25 % reduction in lung cancer risk [53]. In the
European Prospective Investigation into Cancer and Nutrition (EPIC), the RR for the highest-versus-
lowest fifth comparison was 0.80 (95 % CI 0.66-0.96, p-for-trend 0.01). In the NIH-AARP Diet and
Health Study, the highest-versus-lowest fifth of total fruit consumption relative risk (RR) was 0.91
(p-for-trend 0.10) in men and 0.97 (p-for-trend 0.70) in women [55]. In the studies that stratified by
smoking status, there was no clear pattern in the associations across the categories of never, former,
and current smokers [54, 55]. In the EPIC study the results were stratified by histologic type, but no
clear pattern emerged to suggest that fruit intake was clearly more strongly associated with specific
histologic types of lung cancer than other histologic types [54].

In general, no clear pattern emerges when studies have examined specific fruits or classes of fruits.
For example, in the studies cited above, berry intake was significantly associated with lower lung
cancer risk in the EPIC Cohort [54] whereas in the Shanghai Men’s Health Study a significant inverse
association was observed for watermelon intake and a borderline association with citrus fruits [53].
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Vegetable Intake

Paralleling the evidence for fruit consumption, the overall body of epidemiologic evidence suggests
vegetable consumption is inversely associated with lung cancer risk. However, the results for a link
between vegetable intake and lung cancer have been less consistent and the observed associations
have been weaker than for fruit. Reflecting the more equivocal evidence that vegetable intake may
exert protection against lung cancer, the WCRF report rated the overall evidence for vegetables as
“limited—suggestive” [52].

Since the publication of the 2007 WCREF report, results of prospective cohort studies have been
published in the same reports that catalogued results for fruit intake [53—-55]. In the Shanghai Men’s
Health Study, any level of vegetable consumption above the lowest fourth of total vegetable intake
was associated with a 10-12 % reduction in lung cancer risk that was not statistically significant [53].
In the European Prospective Investigation into Cancer and Nutrition (EPIC), the RR for the highest-
versus-lowest fifth comparison was 0.96 (95 % CI 0.79-1.17, p-for-trend 0.58). In the NIH-AARP
Diet and Health Study, the highest-versus-lowest fifth of total vegetable consumption relative risk
(RR) was 0.93 (p-for-trend 0.08) in men and 1.05 (p-for-trend 0.23) in women [55]. The results of
these three more recently published data from prospective cohort studies reinforce an overall body of
evidence that demonstrates much less compelling evidence to support an inverse association between
vegetable intake and lung cancer risk than which exists for fruit intake. This same observation was
noted in a review limited to data from Japan [56].

In one study that stratified by smoking status a strong and statistically significant inverse dose—
response trend was evident in former smokers [55], but this finding was not replicated in another
study that stratified according to never, former, and current smokers [54]. In the EPIC study the results
were stratified by histologic type and no clear pattern emerged to suggest a differential impact of
vegetable intake by histologic type [54].

For specific classes of vegetables, such as cruciferous vegetables, the results have been more strongly
and consistently associated with a reduced risk of lung cancer than for total vegetable intake. A system-
atic review and meta-analysis revealed a consistent body of evidence has been observed across studies
indicating that cruciferous vegetable intake is inversely associated with lung cancer risk [57]. In studies
published since the systematic review, the inverse association between cruciferous vegetable intake and
lung cancer risk has persisted even when cigarette smoking has been carefully controlled for in the study
design by matching [58, 59]. In the Shanghai Women’s Health Study, a prospective cohort study,
cruciferous vegetable intake was only marginally associated with lung cancer risk, with fully adjusted
RRs across quartiles of 1.0, 0.81 (95 % CI 0.62-1.07), 1.00 (95 % CI 0.76-1.30), and 0.73 (95 %
CI 0.54-1.00) [60]. As discussed below, the growing evidence of an inverse association between
cruciferous vegetable intake and lung cancer risk has generated enthusiasm for isothiocyanates, bioactive
phytochemicals abundant in cruciferous vegetables, as a promising chemopreventive agent.

Intake and Biomarkers of Micronutrients

The inverse associations observed between fruit and vegetable consumption and lung cancer risk
spurred investigation into what the specific constituents may be that were linked to protection against
lung cancer. Fruits and vegetables are the major dietary source of specific antioxidant micronutrients,
and antioxidant micronutrients have been hypothesized to exert broad protection against malignancies
by protecting DNA from the damaging effects of oxidative stress [50]. Two alternative strategies have
been used to assess the potential role of micronutrients in lung cancer. One approach is to measure
reported micronutrient intake using food-frequency questionnaires. A second approach is biomarker



142 A.J. Alberg and J.M. Wrangle

based, measuring the circulating concentrations of micronutrients. When comparing the evidence
provided by these two measurement approaches, food-frequency questionnaires provide a better aver-
age measure of micronutrient intake, whereas assaying circulating micronutrient concentrations pro-
vides a biological measure that is more proximal to the cellular level where the biologic effect is
postulated to occur. However, circulating micronutrient concentrations will vary based on numerous
factors including recent diet and thus are transient in nature and may therefore have limited relevance
to the most biologically important exposure period. The strongest evidence for the biomarker approach
is generated from prospective cohort studies, where blood is collected from a population that is ini-
tially cancer free and the population is then followed for the occurrence of lung cancer. For these
reasons, these measurement approaches are best viewed as complementary.

The example of carotenoids exemplifies the complexities involved in attempting to determine
the role of diet in the etiology of lung cancer. A systematic review of prospective studies of both
dietary intake and prediagnostic blood concentrations indicated there was an inverse association
between carotenoids and lung cancer [61]. For example, both dietary intake and circulating concen-
trations of total carotenoids were associated with 20-30 % lower risk of lung cancer in the highest-
versus-lowest exposure categories [61]. In addition to these results for total carotenoids, prospective
studies also showed that circulating concentrations of specific carotenoids (a-carotene, f3-carotene,
B-cryptoxanthin, lutein, and lycopene) were consistently inversely associated with future lung can-
cer risk [61]. This body of evidence prompted the WCREF to rate foods containing carotenoids as
“probable” protective factors for lung cancer [52]. However, it cannot be determined with certainty
if the inverse association between carotenoids and lung cancer is directly due to carotenoid intake,
or whether carotenoid intake merely serves as a marker of the intake of other protective substances
or healthier dietary habits in general. As described in the section below on chemoprevention, this
point is amplified by the fact that the results of large-scale randomized controlled trials conclu-
sively demonstrated that B-carotene consumption is associated with increased risk of lung cancer
in smokers [61].

The emphasis of this section on carotenoids is useful to illustrate the issues facing the study of
micronutrients in relation to lung cancer in general. With respect to other micronutrients, for dietary
intake the evidence is most abundant for vitamins A, C, and E. The evidence relating measures of
retinol intake to lung cancer risk was rated by WCREF as providing “limited—suggestive” evidence
that retinol is actually associated with increased risk of lung cancer [52]. The evidence for foods con-
taining selenium was judged to be “limited—suggestive” of a protective association [52]. Studies of
vitamin C have tended to consistently point toward an inverse association, but the evidence was judged
insufficient for a conclusion by WCRE, as was the evidence for vitamin A, the B vitamins, and vitamin
E/tocopherol [52].

With respect to updates of the evidence since the 2007 WCREF report, strong inverse associations
were observed between serum B vitamin concentrations and subsequent lung cancer risk in the EPIC
Cohort [62], particularly for vitamin B and methionine. In the Melbourne Collaborative Cohort Study,
dietary intake of riboflavin was inversely associated with lung cancer risk in current smokers (highest-
versus-lowest RR 0.53 95 % CI 0.29-0.94) but not in never and former smokers; null associations were
observed for the B vitamins or methionine [63]. In the Women’s Health Initiative Cohort Study, a study
of postmenopausal women, dietary vitamin D intake was not associated with lower lung cancer risk
overall, but a statistically significant inverse association was observed in never smokers [64]. In the
Shanghai Women’s Health Study the RRs of lung cancer were 1.0 (referent), 0.87 (95 % CI 0.8—1.11),
and 0.78 (95 % CI 0.58-1.07) according to the low, middle, and high thirds of dietary vitamin E intake
(p-for-trend 0.12) [65]. These more recent results highlight the challenges to making strong inferences
about the associations between many micronutrients and lung cancer. If associations are observed at
all, they are not always statistically significant associations for the main results, and if associations
are observed they may only emerge in specific population subgroups. Evidence of this nature makes it
difficult to discern whether these associations are genuine or chance findings.
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Phytochemicals

Phytochemicals are low molecular weight molecules produced by plants. Of the many classes of
phytochemicals, those most commonly studied in relation to lung cancer include phytoestrogens,
flavonoids, and glucosinoids.

The tumor promoting effects of steroid hormones can be blocked by phytoestrogens. Soya beans
are a primary source of a specific class of phytoestrogens known as isoflavonoids. The relatively few
studies to date of isoflavonoids in relation to lung cancer have not provided evidence of a link, and the
WCREF report found the evidence too limited to reach a conclusion [52]. Data from the Shanghai
Women’s Health Study have since been published indicating a strong inverse association between soy
food intake and lung cancer [66]. Yang et al. also carried out a meta-analysis of 7 case—control and 4
cohort studies of soy intake in relation to lung cancer and calculated a summary relative risk estimate
of 0.83 (95 % CI 0.72-0.96) for the highest-versus-lowest category comparisons.

Flavonoids are polyphenolic compounds found in many foods derived from plants; flavonoids
often exhibit potent antioxidant activity. Some fruits contain high levels of flavonoids, such as apples
(quercetin) and white grapefruit (naringin). Flavonoid intake has been at least weakly associated with
reduced risk of lung cancer in many, but not all, of the studies to date but the evidence was too limited
for a conclusion to be drawn in the WCRF report. The evidence that flavonoid intake from food
sources may be inversely associated with lung cancer risk continues to accrue [67].

Isothiocyanates are metabolites of the class of phytochemicals known as glucosinolates.
Isothiocyanates could exert anticancer effects by blocking carcinogens via induction of phase II
detoxification enzymes, such as glutathione S-transferase. Cruciferous vegetables contain high con-
centrations of glucosinolates, so that cruciferous vegetable intake is positively correlated with higher
endogenous isothiocyanate concentrations. As with cruciferous vegetables, lung cancer risk is also
consistently lower with higher intakes or urinary concentrations of isothiocyanates [68—70].

A postulated biologic relationship between isothiocyanates and a common polymorphism in the
GSTM1 gene provides an example of a potential gene—diet interaction relevant to lung carcinogenesis.
A growing focus in cancer epidemiology is to characterize interindividual susceptibility to cancer by
studying polymorphisms in genes involved in carcinogenic pathways, including how these genetic
markers interact with environmental exposures to contribute to cancer risk. The role of glutathione
S-transferase as a phase II detoxification enzyme has made a common polymorphism in the glutathi-
one S-transferase M1 (GSTM1) gene of interest in relation to lung cancer. Compared to persons with
the GSTM present genotype, those with the GSTM I null genotype have a small but statistically sig-
nificantly higher risk of lung cancer [71].

When isothiocyanates have been studied in combination with GSTM 1, the decreased risk of lung
cancer associated with isothiocyanates has been especially pronounced in persons with the GSTM I null
genotype [57]. This association could represent the cancer blocking activity of isothiocyanates being
allowed to play an enhanced role in GSTM null individuals because they are not being metabolized as
quickly as in those with the GSTM 1 present genotype. This example illustrates the potential interac-
tions between genetic and dietary factors. Integrating genetic and epigenetic markers into the study of
nutritional factors provides a mechanistically based approach that holds promise for advancing under-
standing of the complex role of diet in the etiology of lung cancer.

Fat

Evidence that dietary fat may facilitate tumor growth was reported as early as 1940. In case—control
studies, total fat intake is consistently associated with lung cancer risk, with less consistent results for
saturated fat, unsaturated fat, and cholesterol intake [72-75]. The prospective evidence shows a
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different picture, with some cohort studies observing lung cancer risk to increase with total fat and
saturated fat intake but not unsaturated fat and cholesterol, but the results of an important study
that was a large, pooled cohort study found lung cancer risk was not strongly associated with fat
(total, saturated or unsaturated) or cholesterol intake [76]. The evidence is equivocal, but the hint of
associations in the direction of increased risk in some studies is reflected in the assessment of the
overall evidence rating in the WCRF report that the evidence is “limited—suggestive” that total
dietary fat is associated with increased lung cancer risk [52]. With respect to specific food sources of
fats, the same level of evidence was applied to butter [52].

Body Mass Index

In contrast to the association seen for most types of cancer, prospective cohort studies consistently
show a strong inverse association between body mass index (BMI) and lung cancer risk. These remark-
ably strong, consistent findings clearly demonstrate that leanness is statistically associated with lung
cancer risk. The key remaining question is whether this association is genuine or whether it is indirect.
Confounding by cigarette smoking is a viable explanation for these findings because cigarette smoking
is strongly associated both with the risk of lung cancer and with leanness. The WCRF report thus rated
the evidence as “limited—suggestive” that “low body fatness” is associated with increased risk of lung
cancer [52].

However, the need to further test the hypothesis that leanness is a susceptibility factor for lung
cancer is indicated by the results of studies in which this association persists even after careful control
for cigarette smoking. As investigators continue to pursue this question further, the evidence contin-
ues to amass indicating that residual confounding by cigarette smoking may not completely explain
away this association. Since the WCREF report, evidence from case—control [77, 78] and cohort studies
[79-81] that have attempted to carefully control cigarette smoking still observe strong associations
between leanness and lung cancer risk. Interestingly, hints that higher body mass index may also be
associated with longer survival in lung cancer patients have also been observed [82, 83].

Beverages

Potential confounding by cigarette smoking recurs for the topic of beverage consumption. Many bev-
erages, including alcohol, coffee, tea, and milk have been studied for a possible link to lung cancer
[52]. The majority of studies of alcohol drinking in relation to lung cancer risk that have been adjusted
for age and cigarette smoking have observed either null or weak associations [84, 85].

Some studies have observed heavy coffee consumption to be associated with an elevated risk of
lung cancer after adjustment for cigarette smoking, but a host of case—control studies have generated
findings that fluctuate around the null [52]. The issue of confounding between coffee drinking and
other health behaviors, particularly cigarette smoking, has not been addressed adequately, indicating
that much stronger evidence is needed for coffee drinking to be considered a risk factor for lung can-
cer. Despite numerous in vitro and in vivo studies that have observed potential tumor-inhibitory effects
of tea [86], the epidemiologic evidence does not presently provide strong support for a link between
tea drinking and lung cancer risk [87, 88].

The associations observed between milk drinking and lung cancer have varied considerably. For
example, in a cohort followed up since childhood, milk drinking during childhood was significantly
inversely associated with lung cancer risk, suggesting drinking milk was protective [§9]. On the other
hand, in a large prospective study in Sweden, lactose intolerance was associated with nearly a halving
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in the risk of developing lung cancer, suggesting that avoidance of milk and dairy products led to a
reduction in lung cancer risk [90]. The lack of data on cigarette smoking in both of these studies
imposes a barrier to clear-cut inferences. Consistent with the equivocal nature of the evidence and
concerns about confounding by cigarette smoking, the WCRF report did not provide evidence ratings
for any of these beverages in relation to lung cancer risk [52].

Drinking water can be a route of exposure to environmental contaminants. This is exemplified by
the clear increase in lung cancer risk associated with drinking water that is contaminated with high
levels of arsenic [91]. Based on studies conducted in geographic regions where drinking water is con-
taminated with high concentrations of arsenic, the WCRF report rated the evidence as “convincing”
that high concentrations of arsenic in drinking water is a risk factor for lung cancer [52].

Meat and Fish

Increased lung cancer risk has been observed to be associated with greater intakes of red meat and
processed meat, but this evidence is counterbalanced by some null studies. The cooking method may
play arole, as heterocyclic amines from cooked meat may contribute to an increased lung cancer risk.
Based on the slight trending of the results toward increased risk, the WCREF report rated the evidence
for both red meat intake and processed meat intake to be “limited—suggestive” of increased risk.
The current evidence does not support a strong link between fish consumption and lung cancer; the
WCREF report did not rate this evidence.

Since the WCREF report, large-scale prospective cohort studies such as the PLCO Study, the EPIC
Study, and the NIH-AARP Diet and Health Study have published findings on the association of intake
of red meat and processed meat on lung cancer risk [92-94]. None of the results from these studies
showed strong associations, but the results from the NIH-AARP Diet and Health Study were statisti-
cally significant [94] whereas the results of the EPIC Study and the PLCO Study were not statistically
significant [92, 93]. Even in the studies when the results were not statistically significant the associa-
tions tend to be in the direction of red meat and processed meat being associated with increased lung
cancer risk. Thus, when the evidence is combined across studies in meta-analyses, the results show
statistically significantly increased risk of lung cancer for consumption of red meat and processed
meat [95, 96]. It remains to be clearly established whether or not red meat and processed meat genuinely
contribute to the etiology of lung cancer.

Diet and Prevention: Chemoprevention Trials

The promising data from observational epidemiologic studies seen for fruit and vegetable con-
sumption and for specific micronutrients led to interest in testing if antioxidant micronutrients
delivered in concentrated form as dietary supplements could prevent against lung cancer. The two
examples considered here are B-carotene, for which there was relatively strong a priori evidence for
protection, and vitamin E (a-tocopherol), for which there was not strong a priori evidence for
protection.

With respect to pB-carotene, four large-scale, randomized, double-blind, placebo-controlled trials
were undertaken to test the hypothesis that f-carotene supplementation protects against lung cancer
[97-100]. Two of the trials were implemented in populations at high risk of lung cancer [97, 98] and
two of the studies were in populations at average risk of lung cancer [99, 100]. All four studies indi-
cated that f-carotene supplementation in later adulthood does not protect against lung cancer. To the
contrary, f-carotene supplementation was associated with an increased risk of lung cancer among the
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high-risk populations of heavy smokers in the ATBC Cancer Prevention Study [97] and smokers and
asbestos-exposed workers in the CARET Study [98]. The WCREF thus rated this strong, consistent
evidence from two randomized controlled trials as “convincing” that f-carotene increases lung cancer
risk in current smokers. These experimental results thus not only failed to corroborate the evidence
from observational studies, but also clearly demonstrated that f-carotene supplementation increased
risk in groups at the highest risk of lung cancer.

In the two randomized controlled trials of B-carotene that comprised participants who were not at
excess lung cancer risk, the Physicians Health Study and the Women’s Health Study, neither trial showed
evidence the -carotene supplements protected against the development of lung cancer [99, 100]. In fact,
in the Women’s Health Study, more lung cancer cases were observed in the f-carotene arm (n=30) than
the placebo arm (n=21) [100]. Considered in total, large-scale randomized, placebo-controlled trials
have been carried out and provide very strong and consistent evidence that f-carotene supplementation
increases the risk of lung cancer in populations at high risk of lung cancer and does not protect against
lung cancer in more average-risk populations.

A substantial amount of evidence has amassed on the potential chemopreventive effect of vitamin
E supplementation for lung cancer. This evidence has been generated mostly from multiple random-
ized trials of vitamin E supplementation whose primary endpoints were cardiovascular disease. In the
Heart Outcomes Prevention Evaluation (HOPE) trial, the group randomly assigned to vitamin E had
a significantly lower lung cancer incidence rate (1.4 %) than the placebo group (2.0 %) (RR=0.72;
95 % CI, 0.53-0.98) [101]. In the ATBC study, a-tocopherol supplements had no impact on lung
cancer risk (RR=0.99; 95 % CI, 0.87-1.13) [97]. In the Women’s Health Study, vitamin E supple-
mentation did not lower lung cancer risk (RR=1.09; 95 % CI, 0.83—1.44) [102]. There has also been
interest in combining mixtures of antioxidant micronutrients. For example, the Medical Research
Council/British Heart Foundation Heart Protection Study (HPS) was a randomized placebo-controlled
trial to test antioxidant vitamin supplementation with vitamin E, vitamin C, and -carotene. Compared
with the placebo group, the lung cancer rate was slightly higher in the intervention arm (1.6 % vs.
1.4 %) [103].

In the HOPE Study, vitamin E supplements showed evidence of protecting against lung cancer, but
when all these randomized trials are considered together, the combined results of multiple randomized
controlled trials of vitamin E supplements are consistent with no effect on lung cancer risk.

Observational Versus Experimental Evidence

The evidence for vitamin E supplements to provide protection against lung cancer was not strongly
supported by human data, but the epidemiologic evidence for B-carotene, as reviewed above, was
robust. Thus, the discordance between the results of observational epidemiologic studies that consis-
tently showed an inverse association between dietary intake and circulating concentrations of p-carotene
and lung cancer risk and the results of the large-scale chemoprevention trials provoked considerable
introspection about potential underlying explanations. Among the factors that have been considered
include: (1) the protective effect may apply more to the earlier stages of carcinogenesis, so J-carotene
was administered too late to impede lung carcinogenesis particularly in the trials that focused at those
at high risk of lung cancer; (2) the supplemental doses administered were far higher than the normal
dietary range; and (3) compounds present in fruits and vegetables other than -carotene may protect
against lung cancer. Clearly, fruits and vegetables comprise complex mixtures of antioxidants, phyto-
chemicals, and other compounds that may each exert anticancer properties. This is not a comprehen-
sive list, but still provides insights into the complexity involved in taking the findings from basic and
epidemiological research to characterize the nutritional factors that influence lung carcinogenesis and
translating this information into strategies to prevent lung cancer.
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Conclusions

Key questions concerning the relationship between diet and lung cancer continue to progress toward
resolution. As summarized in Table 8.2, several promising leads have emerged to suggest that nutri-
tional factors could have a substantial impact on lung cancer risk in humans. For example, persons
who eat more fruits and vegetables clearly have a lower risk of lung cancer than persons who consume
less of these foods. In observational studies, the same holds true for intake of specific micronutrients,
such as carotenoids. The specific constituents of fruits and vegetables that may confer protection are
unknown. An important unanswered question is whether fruits and vegetables directly confer protec-
tion against lung cancer. An alternative explanation that is difficult to dismiss is that fruit and vegeta-
ble consumption is a marker of other differences between individuals who eat healthy and unhealthy
diets that are leading to uncontrolled confounding. The association between fruit and vegetable con-
sumption and lower risk of lung cancer has the potential to contribute to prevention.

In recent years, published epidemiologic studies have improved considerably in using methods to
provide the strictest possible control for cigarette smoking, such as matching cases and controls in the
study design, limiting the study population to never smokers, and carefully stratifying by smoking
history in the analyses. Continued movement in this direction will help to resolve long-standing
questions about dietary factors and lung cancer by addressing head-on the persistent concern about
residual confounding by cigarette smoking.

Research that continues to provide fresh insights into the influence of diet and nutrition on the
occurrence of lung cancer is critical to move the field forward, helping to define new strategies to
prevent lung cancer. Increased mechanistic understanding about the complex interactions micronutri-
ents play in the pathogenesis of malignancies may contribute to focusing on particular dietary compo-
nents most relevant for study. As an example, various micronutrients have been shown to modify
the action of enzymes responsible for methylating DNA and creating various histone modifications,

Table 8.2 Summary of World Cancer Research Fund evidence ratings for dietary factors and lung cancer

A. Convincing evidence of decreased risk
None

B. Probable evidence of decreased risk
Fruits
Foods containing carotenoids

C. Limited-suggestive evidence of decreased risk
Non-starchy vegetables
Foods containing selenium
Selenium
Foods containing quercetin

D. Limited-suggestive evidence of increased risk
Red meat
Processed meat
Total fat
Butter
Retinol
Low body fatness

E. Probable evidence of increased risk
None

F. Convincing increased risk
Arsenic in drinking water
Beta-carotene in smokers
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the types of epigenetic modifications that have been demonstrated to be associated with the pathogenesis
of lung cancer and other solid tumor malignancies. Additionally, a promising research strategy to
more thoroughly investigate across food and nutrient categories is to study dietary patterns as opposed
to individual dietary constituents. In this approach investigators are able to categorize overall diets
according to whether they meet a predefined definition of “healthy eating” or “mixed dishes” pattern
of eating [104, 105].

As progress is made in further understanding the role of diet and nutrition in lung cancer etiology, this
progress should not obscure the fact that cigarette smoking is the predominant cause of lung cancer.
Many important questions remain concerning the role of diet and nutrition in relation to lung cancer, but
the primary way that the lung cancer epidemic will be controlled is to prevent the uptake of cigarette
smoking among children and effectively assist addicted smokers to stop smoking cigarettes.
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