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Abstract Although tobacco use has been recognized as

one of the leading causes of cancer morbidity and mor-

tality, a role of smoking in the occurrence of prostate

cancer has not been established. However, evidence indi-

cates that factors that influence the incidence of prostate

cancer may differ from those that influence progression and

fatality from the disease. Thus, we reviewed and summa-

rized results from prospective cohort studies that assessed

the relation between smoking and fatal prostate cancer risk,

as well as epidemiological and clinical studies that focused

on aggressive behavior in prostate cancer, such as poorer

survival, advanced stage, or poorer differentiation at

diagnosis. The majority of the prospective cohort studies

showed that current smoking is associated with a moderate

increase of *30% in fatal prostate cancer risk compared to

never/non-smokers. This association is likely to be an

underestimate of the effect of smoking because most

studies had a single assessment of smoking at baseline and

long follow-up times, and the association was considerably

stronger in some sub-groups of heaviest smokers, or when

smoking was assessed in a relatively short period (within

10 years) prior to cancer mortality. Using aggressive

behavior of prostate cancer as outcome, current smoking

was associated with significantly elevated risk, ranging

from around twofold to threefold or higher. Although

alternative explanations, such as publication bias, residual

confounding, screening bias, and the influence of smoking-

related comorbidities cannot be ruled out entirely, these

findings suggest that smoking is associated with aggressive

behavior of prostate cancers or with a sub-group of rapidly

progressing prostate cancer. Based on evidence presented

in this review, cigarette smoking is likely to be a risk factor

for prostate cancer progression and should be considered as

a relevant exposure in prostate cancer research and pre-

vention of mortality from this cancer.
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Introduction

Prostate cancer is the most common cancer in men in the

United States, excluding non-melanoma skin cancer [1].

The process of prostate carcinogenesis is characterized by a

long latency of 20–40 years. Most prostate cancers remain

symptomless for years, even though they are categorized as

malignant histologically [2]. During the last decade, the

routine use of serum prostate-specific antigen (PSA)

screening for prostate cancer in some populations has led to

early detection of the disease. However, based on recent

evidence, PSA screening is unlikely to substantially reduce

prostate cancer mortality [3, 4]. Due to the heterogeneous

nature of this disease, a great challenge remains to differ-

entiate those tumors that will become clinically significant

and will lead, if left untreated, to death, and those that are

relatively indolent.
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Smoking has been identified as the most preventable

cause of cancer morbidity and mortality. However, epide-

miological evidence regarding the relation between

smoking and prostate cancer incidence has been generally

unsupportive [5, 6]. Hickey et al. [5] conducted a system-

atic review on this topic based on 23 prospective cohort

studies, five nested case–control studies, one retrospective

cohort study, and 36 case–control studies. The majority of

the cohort studies, with the exception of two, found no

association between smoking and prostate cancer inci-

dence, and most case–control studies produced null results

as well. These studies therefore provided strong evidence

that smoking is not a relevant risk factor for prostate can-

cer. Indeed, the International Agency of Cancer Research

does not consider prostate cancer to be tobacco related.

Recently, an increasing body of evidence suggests that

risk factors for prostate cancer incidence may differ from

those for progression of the disease, leading to mortality [7].

However, reviews of smoking and prostate cancer have

generally not considered the influence of smoking on

aggressive prostate cancer or cancer progression. Through

Medline literature search, we identified all published pro-

spective cohort studies that have examined smoking in

relation to fatal prostate cancer risk. The results of these

cohort studies are briefly presented in Table 1. We also

searched for studies that have examined the association of

smoking on prostate cancer survival, which are summarized

in Table 2. In addition, we considered studies that examined

aggressive behavior in prostate cancer defined by various

methods, including poorer differentiation or advanced stage

at diagnosis.

Studies examining cigarette smoking in relation

to prostate cancer mortality

Table 1 shows results of studies for smoking during life-

time and within 10 years prior to death and risk of fatal

prostate cancer. When death from prostate cancer was used

as the outcome, in contrast to incident prostate cancer, the

majority of the cohort studies yielded a positive association

between current smoking and prostate cancer mortality [8–

20]. This observed association is moderate, *30% increase

in risk for current smokers as a group, but may be higher in

the sub-group of heaviest smokers and particularly for

smoking 10 years prior to death. These studies are briefly

summarized next.

Studies showing an overall association with smoking

Most of the studies showed an association with smoking

regardless of the follow-up period. The Six-Prefecture

Cohort Study in Japan [9] followed 122,261 men from

1966 to 1981; smoking status was assessed by a baseline

questionnaire. A null association between smoking and

prostate cancer mortality was yielded, but among those

who consumed no less than 35 cigarettes daily, a threefold

increased risk was observed.

The Lutheran Brotherhood Study [10], a cohort of men

selected for mortality follow-up in 1966, used a baseline

questionnaire to collect information on tobacco habits. The

study found that, compared to non-smokers, the relative

risk of fatal prostate cancer was significantly elevated

among cigarette smokers, although there was no clear

dose–response for amount of cigarettes smoked. In addi-

tion, users of smokeless tobacco (relative risk, 4.5; 95%

confidence interval (CI), 2.1–9.7), and users of both ciga-

rettes and smokeless tobacco (relative risk, 2.9; 95% CI,

1.3–6.5) had increased risks. Age, race, and dietary fat

were controlled in the data analysis.

A cohort of 293,916 U.S. veterans [11], who responded

to a questionnaire regarding the use of tobacco, was fol-

lowed up for 26 years and 4,607 deaths from prostate

cancer were recorded. This study provides the largest

number of cases to date for evaluating the association of

tobacco habits on prostate cancer mortality. Compared to

never smokers, current cigarette smokers had a significant

higher relative risk of 1.18 and a dose–response with

number of cigarettes per day was observed (p for trend,

\0.001). Ex-smokers also had an elevated relative risk of

1.13.

The longitudinal cardiovascular disease studies in Nor-

way [12] reported mortality data in relation to smoking

history in 13 years’ follow-up of 68,000 men. Only 32

deaths from prostate cancer were identified. An overall

association was noted, but no dose–response was observed.

In a Swedish study [14], high-quality smoking infor-

mation, including amount and duration of smoking, was

collected in a large cohort of construction workers. Current

smokers were shown to have a significantly elevated rela-

tive risk of 1.26 for prostate cancer mortality compared

with never smokers. A statistically significant rising trend

was found with increasing years of smoking among current

smokers (p = 0.03) but not with increasing numbers of

cigarettes smoked per day.

Another prospective mortality study done in men who

were screened as part of the multiple risk factor interven-

tion trial (MRFIT) [15] also reported a significant associ-

ation between cigarette smoking status and fatal prostate

cancer (relative risk, 1.31; p \ 0.01). Elevated relative

risks were found in all smoking quintiles (cigarettes per

day), though a clear dose–response was not present.

The relation between smoking and the risk of fatal

prostate cancer was examined in the Cancer Prevention

Study II [16]. Smoking status was assessed in the baseline

questionnaire. During 9 years of follow-up, 1,748 men died
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from prostate cancer. Current cigarette smoking was sig-

nificantly associated with fatal prostate cancer, while past

cigarette smoking was not. Although elevated relative risks

were present in most smoking categories, a statistically

significant trend was not established either with number of

cigarettes smoked per day or with duration of years. Age,

race, family history, dietary fat, and vasectomy were con-

trolled in the data analysis.

The Health Professionals Follow-up Study [17] was

unique in its up-to-date assessment of exposure status based

on biennial questionnaires. Age, race, family history, die-

tary fat, and vasectomy were controlled in the data analysis.

Current smokers were found to be at elevated risk of fatal

prostate cancer, although it was not statistically significant.

Past smokers were at significantly increased risk.

The Whitehall Study [20] was a prospective cohort in

which 17,363 London-based government employees aged

40–69 years participated in a medical examination in the

1960s and were followed up for a maximum of 38 years.

Increased risk of prostate cancer death was significantly

associated with current smoking status at baseline. No

association was present between duration of smoking and

prostate cancer mortality. However, a 10-cigarette-per-day

increment for current smokers conferred a hazard ratio of

1.12 (95% CI, 0.96–1.31), suggestive of a dose–response of

smoking intensity for prostate cancer death.

Studies showing an overall association with smoking

within 10 years of death

Four of the studies examined smoking within *10 years

prior to death from prostate cancer (Table 1). In all of these

analyses, cigarette smoking was associated with an

increased risk of fatal prostate cancer. In the Cancer Pre-

vention Study II [16], which showed an increased risk

overall had only 9 years of follow-up after the assessment

of smoking; as described earlier, this study showed an

association between smoking and prostate cancer mortality.

In the cohort of 293,916 U.S. veterans [11], which showed

a significant but moderate association overall (relative risk,

1.51), a considerably stronger association was observed

within the first 8.5 years of follow-up (relative risk, 2.42)

for [30 cigarettes per day.

In the Health Professionals Follow-up Study [17], recent

smoking history was found to be associated with fatal

prostate cancer; men who had quit more than 10 years

before were no longer at elevated risk (relative risk, 1.04;

95% CI, 0.66–1.64). Total lifetime cigarette pack-years

smoked was a risk factor for fatal prostate cancer (relative

risk, 1.18; 95% CI, 1.01–1.37 for a 20 pack-year increment).

However, when recent smoking history (the previous dec-

ade) was controlled for, the lifetime cigarette pack-years

smoked was no longer statistically significant (relative risk,T
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1.07; 95% CI, 0.85–1.36), suggesting only relatively recent

smoking history is etiologically relevant. A dose–response

relation existed between total pack-years of cigarettes

smoked over the prior 10 years and risk for fatal prostate

cancer (Table 1; p for trend = 0.02).

The relationship between smoking and the risk of fatal

prostate cancer was examined in two census cohorts in

Washington County, MD [19]. The two censuses were

conducted in 1963 and in 1975, in which 26,810 and

28,292 adult men provided information on their smoking

habits and were followed up for 37 and 25 years respec-

tively. No association between risk of prostate cancer and

smoking was found in either cohort. However, in a sub-

analysis using data from the first 10 years of follow-up,

past and current cigarette smokers were found to have a

greater risk of prostate cancer mortality in the 1963 census

cohort; the elevations in risk of death from prostate cancer

associated with past and current cigarette smoking were

weaker in the 1975 census cohort, but consistent with

twofold elevations in risk.

Studies not showing an overall association

with smoking

The Physicians’ Health Study [18] enrolled 22,071 U.S.

male physicians in 1982 and the average follow-up time

was 12.5 years. Smoking habits were assessed through

two questionnaires and a total of 113 fatal prostate cancer

cases were recorded. The study did not yield a statistically

significant association between cigarette smoking and

fatal prostate cancer. No dose–response was found either

with number of cigarettes smoked per day or with pack-

years of smoking, which was used as a measure of

cumulative smoking. Notably, the prevalence of cigarette

smoking was low at baseline; *10% of the cohort was

composed of current smokers, while past smokers com-

posed nearly 40%. The relative risk of fatal prostate

cancer for past smokers was 1.34, suggestive of a positive

association.

The British Physician Study reported its 40-year follow-

up results on mortality in relation to smoking habits more

than a decade ago [13]. A null association was found in

current and ex-smokers for death from prostate cancer. A

rising trend, statistically insignificant but compatible with

results from the positive studies, was observed with

increasing numbers of cigarettes smoked per day (mortality

rates per 100,000 person-years, 54, 73, and 84 for 1–14, 15–

24, and C25 cigarettes per day respectively). In a recent

follow-up report of the study [27], the nature of these results

did not change (mortality rates per 105 person-years, 66.7,

99.6, and 113.3 for 1–14, 15–24, and C25 cigarettes per day

respectively).

Table 2 Summary of effects of smoking on prostate cancer mortality in prostate cancer patients

Study No. of

patients

No. of

prostate

cancer deaths

Patients’ characteristics Follow-up

period

(years)

Exposure

of interest

RRa (95% CI)

Daniell [21] 235 57 Non-stage A prostate cancer 7 Current smoking 2.29 (1.36, 3.87)

Yu et al. [22] 1,820 N/A Predominantly white 6 Ever smoking 1.53 (1.0, 2.2)

Oefelein and

Resnick [23]

222 61 Advanced prostate cancer 13.5 Current smoking N/A

Past smoking N/A

Pack-year smoked 5.3 (N/A)b

3.0 (N/A)c

Pickles et al. [24] 601 N/A Undergone radiation therapy for

localized prostate cancer

6 Current smoking 2.7 (N/A)d

Pantarotto et al. [25] 434 58 Undergone radiation therapy for

cT1–T4 N0M0 prostate cancer

10 Current smoking 1.78 (0.90, 3.53)

Past smoking 1.39 (0.64, 3.03)

Gong et al. [26] 752 54 Participants in a population-based

case–control study

*10 Current cigarettes 2.07 (1.04, 4.11)

1–9 pack-years 2.70 (1.10, 6.64)

10–14 pack-years 2.95 (1.08, 8.07)

[14 pack-years 5.82 (1.96, 17.26)

Past cigarettes 0.94 (0.50, 1.77)

Italicized values: the 95% CI were calculated based on the number of deaths in each category
a Never users or non-users were used as reference groups
b The RR is obtained from Cox proportional hazards model using all cause-mortality as the outcome (p = 0.0001)
c The RR is obtained from Cox proportional hazards model using hormone refractory prostate cancer as the outcome (p = 0.003)
d Log-rank test p = 0.08
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A random sample of 25,129 Swedish men in 1963 were

followed for cause-specific mortality through 1979 [8].

Past smokers at baseline did not have a higher death rate

from prostate cancer than never smokers (age and resi-

dence-standardized relative death rate, 1.0). The dose of

current smoking did not influence prostate cancer mortality

either; the relative death rates for 1–7, 8–15, and[5 g any

tobacco per day were 1.1, 0.8, and 0.9 respectively.

Studies examining cigarette smoking in relation

to survival in men with prostate cancer

Some studies examined cigarette smoking at the time of

diagnosis and survival from prostate cancer. Smokers who

develop prostate cancer also tended to have poorer survival

from the disease [21–26].The findings of these studies are

presented in Table 2 and summarized briefly in the fol-

lowing paragraphs.

A study of patients with newly diagnosed prostate can-

cer [21] showed that smoking was associated with being

diagnosed with stage D disease (odds ratio, 2.1; 95% CI,

1.3–4.3; p = 0.015). The 5-year tumor-specific mortality

rate was greater among smokers than non-smokers with

stage D2 disease (p \ 0.05), or with non-stage A disease

(p \ 0.001) (Table 2).

A hospital cancer registry study investigated the effect

of smoking history on survival of cancer patients [22]. The

risk ratio of mortality associated with ever smoking was

1.98 (95% CI, 1.1–3.7) for non-drinking prostate cancer

patients, after adjusting for age, gender, race, and grade. In

addition, whites experienced a higher fatality rate of

prostate cancer due to smoking (risk ratio, 1.53). Smoking

was also associated with higher risk of regional (risk ratio,

3.07; 95% CI, 1.2–7.9) and distant disease at diagnosis

(risk ratio, 1.29; 95% CI, 0.7–2.3).

One study in men with advanced prostate cancer on

androgen deprivation therapy [23] showed that tobacco use

correlated independently with shorter time to development

of hormone refractory prostate cancer (p for log-rank

test = 0.00002) and with poorer survival in a dose-

dependent manner (p for log-rank test = 0.00001).

A study investigating the effect of smoking on bio-

chemical outcome after radiotherapy [24] reported that

Houston biochemical relapse rates projected at 5 years

were significantly worse in current smokers when com-

pared to non-smokers (odds ratio, 1.68; 95% CI, 1.11–

2.56; p for log-rank test = 0.0019). The any cause-mor-

tality was significantly worse (p for log-rank test = 0.009)

among current smokers; the tumor-specific mortality was

also worse for current smokers (relative risk = 2.7),

though it was not statistically significant (p for log-rank

test = 0.08).

A recently published study [25] conducted a retrospec-

tive review of 434 prostate cancer patients treated with

radical radiotherapy. Smoking significantly increased the

risk of metastatic disease in current smokers (hazard ratio,

5.24; 95% CI, 1.75–15.72), as well as in former smokers

(hazard ratio, 2.90; 95% CI, 1.09–7.67). Increased risks,

though not statistically significant, for biochemical failure

(relative risk, 1.49; 95% CI, 0.88–2.40) and overall sur-

vival (relative risk, 1.72; 95% CI, 0.94–3.15) were also

reported.

One study enrolled 752 prostate cancer patients aged

40–64 years and followed them for mortality [26]. Current

smoking at the time of diagnosis was strongly associated

with prostate cancer death (hazard ratio, 2.66; 95% CI,

1.10–6.43; p = 0.03). In addition, for men who had quit

smoking for less than 10 years before cancer diagnosis, a

non-significant increase in prostate cancer-specific mor-

tality rate was observed (hazard ratio, 1.48; 95% CI, 0.50–

4.37; p = 0.48). Notably, the risk of prostate cancer death

increased with total pack-years smoked during the 10 years

preceding diagnosis (hazard ratio, 2.70, 2.95, and 5.82

for 1–9, 10–14, and [14 pack-years respectively; p for

trend = 0.0002).

Studies examining cigarette smoking in relation

to aggressive behavior in prostate cancer

Several studies did not evaluate mortality from prostate

cancer, but assessed indicators of aggressive behavior at

the time of diagnosis [28–34]. In a medical records review

study [28], 670 patients who had undergone radiation

therapy and/or surgery from 1980 to 1990 for prostate

cancer, tumor grade was evaluated consistently. A statis-

tically significant difference was found in tumor grade

between smokers and non-smokers. Among smokers, 15.0,

27.1, and 57.9% had well, moderate, and poorly differen-

tiated tumor respectively; while in non-smokers, the dis-

tribution was 37.1% for well, 45.2% for moderate, and

17.7% for poorly differentiated tumor (p B 0.00005).

Smokers were also more likely to have stage D cancer

compared to non-smokers (68.3 vs. 53.3%, p = 0.01).

In the Iowa 65? Rural Health Study [29], smoking

status, particularly current heavy smoking, was found to be

associated with higher risk of prostate cancer. The asso-

ciations were stronger for regional or distant disease at

diagnosis [relative risk, 1.8, 4.7, and 8.7 for former

smoking, current smoking (\1 pack/day), and current

smoking (C1 pack/day) respectively; p for trend = 0.004].

In a study of prostate cancer patients before age 55 years

who had undergone radical prostatectomy, men with low-

volume prostate tumors (B0.5 ml) were compared to age-

and ethnicity-matched men with clinically relevant prostate
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cancer (volume [ 0.5 ml or extracapsular extension) to

identify epidemiological determinants of clinically signif-

icant prostate cancer [30]. Patients with clinically relevant

tumors were more likely to be current smokers, and to

report more pack-years smoked, than patients with low-

volume tumors. Among men with low-volume tumors,

those with combined Gleason score of 7 (4?3) or higher

were more likely to be current smokers compared to those

with combined Gleason score of 7 (3?4) or lower.

A study evaluating the relationship between cancer stage

at diagnosis and smoking history [31], also reported higher

risks of regional (relative risk, 1.53; 95% CI, 1.17–2.02)

and metastatic prostate cancer (relative risk, 1.83; 95% CI,

1.09–3.06) for current smokers when compared to never

smokers.

A recent population-based case–control study of men

with prostate cancer [32] reported that current smokers had

an increased risk of prostate cancer (odds ratio, 1.4; 95%

CI, 1.0–2.0) relative to non-smokers, and a dose–response

relationship was observed with number of pack-years

smoked (p for trend = 0.03). The odds ratio was 1.6 (95%

CI 1.1–2.2) for men with[40 pack-years of smoking, but a

stronger association was observed in men with more

aggressive prostate cancer defined as regional or distant

stage or Gleason score 8–10 (odds ratio, 2.0; 95% CI, 1.3–

3.1. Smoking cessation was associated with a decline in

risk (p for trend = 0.02) compared with current smokers.

In a retrospective medical record review study, the

association of cigarette smoking with extraprostatic pros-

tate cancer was assessed among patients who underwent

radical retropubic prostatectomy [33]. Compared to never

smokers former smokers had higher risk of extraprostatic

disease at diagnosis (odds ratio, 1.49; 95% CI, 0.92–2.42);

the risk of extraprostatic prostate cancer was the highest

among current smokers (odds ratio, 3.85; 95% CI, 1.44–

10.33). This risk also increased with the reported amount of

pack-years smoked (odds ratio, 1.23, 2.29, 1.45, 3.01, and

3.66 for 1–10, 11–20, 21–30, 31–40, and [40 pack-years

respectively; p for trend = 0.005).

In a study assessing the effect of cigarette smoking on

biochemical outcome after permanent prostate brachytherapy,

a trend (though not statistically significant) for more bio-

chemical failure was demonstrated in current smokers [34],

but death was not assessed.

Discussion

Smokers are not at appreciably higher risk of developing

prostate cancer [5]. However, based on the evidence from

studies examining aggressive or fatal prostate cancer sum-

marized in this review, smokers appear to have more

advanced disease at diagnosis, a worse prognosis, and a

greater risk of fatal prostate cancer. Some evidence also

suggests more poorly differentiated cancers, but this

requires confirmation. An approximate 30% increase in risk

of prostate cancer-specific mortality for current smokers,

compared to non/never smokers, was observed in the

majority of the prospective cohort studies. Furthermore, in

the analyses that focused on a shorter time period after the

smoking assessment (e.g., within 10 years) [11, 16, 17, 19]

or used aggressive behavior of prostate cancer as outcome

[21–23, 25, 29, 31–33], the elevation in risk associated with

smoking was considerably higher, ranging from around

twofold to threefold or higher. Most studies did not show a

clear dose–response with smoking intensity, though the

largest study comprising almost half of the total cases did

[11]. Because all studies, except for one [17], were based on

a single assessment of smoking followed by long follow-up

periods, up to 40 years, and recent smoking closer to the

time of diagnosis appears to be most relevant, the dose–

response relationship could have been obscured by mea-

surement error of the etiologically relevant time period in

many studies. Of note, in some studies with long follow-up

periods after a single assessment of smoking status, asso-

ciations were considerably stronger and displayed a clear

dose–response when the analysis was limited to the earlier

follow-up period [11, 19]. Also, although most studies did

not find past smokers to be at elevated risk, studies that

isolated recent past quitters (within 10 years), did find an

elevation in mortality [16, 17]. Furthermore, duration of

smoking generally did not predict risk, further supporting

Table 3 Summary of potential causal and non-causal explanations for the association between smoking and aggressive prostate cancer

Potential causal mechanisms Potential non-causal explanations

Mutations in cancer progression genes from tobacco-related

carcinogens

Delayed diagnosis due to less screening in smokers

Hormonal alterations (e.g., increase in androgen) Mortality from tobacco-related comorbidities attributed to prostate

cancer

Enhancement of tumor angiogenesis Residual confounding

Reduction in immunity (e.g., natural killer cells) Publication bias
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that a relatively short time period before diagnosis is the

critical time period for assessing the effect of smoking.

Potential causal and non-causal explanations of the

association between smoking and aggressive prostate can-

cer are summarized in Table 3. Although the existence of

publication bias cannot be ruled out entirely, this positive

association between smoking and prostate cancer mortality

is unlikely to be a chance finding. We identified 26 studies

that examined some aspect of smoking and aggressive

prostate cancer and almost all found support, or at least

suggestive evidence, of a relationship. Among studies of

prostate cancer mortality, the null findings are mostly in

small studies with low power, and in studies with a single

assessment of smoking and a long follow-up period. The

three largest studies [ [11] (n = 4,607 deaths), [16]

(n = 1,748 deaths), [15] (n = 826 deaths)], which com-

prised about two-thirds of all the fatal prostate cancer cases

for all the studies combined, showed similar elevated risks

of about 30% associated with current smoking at baseline.

The British Physician Study did not report a positive

relationship between smoking and prostate cancer mortal-

ity, which cannot be attributed to small number of deaths.

However, the smoking status was assessed at baseline in

this study and was not updated during 40 years of follow-

up. During the course of the study, the smoking prevalence

among the physician participants dropped dramatically

[13]. Therefore, at the time of the analysis, a very limited

number of recent smokers remained in the cohort, which

likely severely reduced power to detect any effect of recent

smoking.

Residual or uncontrolled confounding is also a potential

alternative explanation, which cannot be ruled out defini-

tively. However, it is unlikely to entirely account for the

associations given the relatively strong magnitude of the

association in some circumstances, and controlling for

multiple factors in some of the cohorts did not change the

results for smoking.

An alternative explanation for the positive association

between smoking and aggressive prostate cancer may be

screening bias: smokers may be less health-conscious than

non-smokers; therefore, they may tend to avoid medical

contacts, leading to a later diagnosis of the disease. The

influence of potentially differential behaviors of seeking

medical surveillance between smokers and non-smokers

was examined in the Health Professional Follow-up Cohort

[17]. No evidence suggesting substantial differential

screening behaviors among smokers and non-smokers was

found. Additionally, the study investigators also assessed

the potential differential screening behaviors between

smokers and non-smokers, which may result in a delay in

diagnosis and treatment, and consequently the increase in

mortality among smokers. In an analysis limited to men

who had reported a negative digital rectal examination in

the prior 2 years, the only common screening test at the

time, even stronger associations were found between

smoking and metastatic [relative risk (C15 cigarettes per

day), 4.2; 95% CI, 1.6, 10.9] and fatal prostate cancers

[relative risk (C15 cigarettes per day), 5.8; 95% CI, 1.9,

17.2]. This finding suggests that smoking is associated with

a sub-group of rapidly progressing prostate cancer that are

fatal shortly after diagnosis, which is a relatively uncom-

mon scenario for prostate cancer. Further, the majority of

studies with positive results were conducted before the

PSA test was widely available. Results from recent ran-

domized prostate cancer screening trials [3, 4] showed that

prostate cancer-specific mortality rate did not differ sig-

nificantly between the screening and the control groups,

especially in the first 10 years of follow-up. Given the

above evidence, it is unlikely that screening bias is entirely

responsible for the positive association of smoking and

prostate cancer mortality.

Another possible explanation of the findings is that

smokers with prostate cancer die of smoking-related

comorbidities, but the cause of death was attributed to

prostate cancer. In the Health Professional Follow-up

Study [17], study physicians, blinded to the exposure data,

re-examined medical records to determine the accurate

cause of death. Among men diagnosed with prostate can-

cer, smoking-related conditions (coronary heart disease,

angina, cerebral vascular disease, other heart disease, and

diabetes mellitus) predicted death from causes other than

prostate cancer, but not death attributed to prostate cancer.

Therefore, deaths attributed to prostate cancer were likely

to be truly prostate cancer specific. Moreover, many studies

of smoking and aggressive prostate cancer behavior found

that smoking is associated with characteristics of prostate

cancer (e.g., advanced stage or higher grade at diagnosis, or

more biochemical or distant failure) that all predict fatal

prostate cancer, suggesting that the link between smoking

and prostate cancer mortality is prostate cancer mediated

rather than through a generalized weakened health status.

The pathophysiological mechanisms underlying the

positive association between smoking and aggressive

prostate cancer are unclear. Cigarette smoking significantly

increases plasma levels of total and free testosterone in

men [35, 36]. Testosterone and its metabolite dihydrotes-

tosterone (DHT) are known to play an important role in

prostatic carcinogenesis. Moreover, cigarettes contain a

variety of carcinogens, including N-nitroso compounds and

cadmium, both of which can promote tumorigenesis in the

prostate [37, 38]. In addition to the carcinogens in tobacco

smoke, smoking is likely to affect the progression of

prostate cancer through non-mutagenic effects. Angiogen-

esis, a process that is pivotal to cancer progression and

metastasis, is a possible target of smoking. In laboratory

experiments, nicotine has been shown to stimulate
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neovascularization, increase capillary growth, and accel-

erate tumor growth in association with enhanced vascu-

larity [39–41]. A clinical study in Sweden [42] examined

the association between smoking habits and fluid absorp-

tion during transurethral prostatic resection in 1,160

patients. Compared with patients who never smoked, past

and current smokers are more prone to large-scale fluid

absorption during the procedure with relative risks of 2.1

(95% CI, 1.1–4.3) and 2.8 (95% CI, 1.3–5.9) respectively.

The investigator hypothesized that the increased risk of

large-scale fluid absorption among smokers is likely due to

increased blood vessel growth in the prostate gland. This

hypothesis is further supported by the finding that plasma

vascular endothelial growth factor level is higher in current

smokers than in other patients [42].

Epigenetic mechanisms are also possible. In one study

[43], current smoking status was significantly correlated

with aberrant CpG hypermethylation of adenomatous pol-

yposis coli (APC), glutathione S-transferase pi (GSTP1),

and multidrug resistance one (MDR1) in prostate cancer

cases (p = 0.03). Such aberrant methylation profiles were

correlated with several prognostic markers including high

tumor stages, high Gleason score, high preoperative PSA,

and advanced pathological features.

From recent evidence provided by genetic association

studies [44–50], it is likely that the effect of smoking on

prostate cancer risk is modified by genetic polymorphisms

in the xenobiotic metabolism pathway. Although the

sample sizes of these studies were limited, the results for

the glutathione S-transferase mu (GSTM1) polymorphism

and smoking were fairly consistent: smokers with a

GSTM1 null phenotype appear to have elevated risk for

prostate cancer. Nock et al. [49] reported that this inter-

action was significant only in highly aggressive prostate

cancer, suggesting this pathway may affect the progression

of malignant lesions in the prostate. Additionally, the

cytochrome p450 (CYP) family enzymes are also involved

in hormone metabolism, particularly estrogen and testos-

terone [51]. Prostate cancer is a hormone-related malig-

nancy; therefore, the occurrence, progression, and survival

of this disease may be influenced through changes in hor-

mone profiles associated with smoking [35, 36]. Therefore,

genetic polymorphisms in these enzymes are likely to

affect prostate cancer survival.

Interactions between smoking and environmental factors

are likely to exist as well. The Alpha-Tocopherol, Beta

Carotene Cancer Prevention study, a study of male smok-

ers, reported a 34% reduction in prostate cancer incidence

in men randomized to daily 50 mg alpha-tocopherol sup-

plementation compared to those who received a placebo

[52]. A further report from this study [53] showed the

association was greater for prostate cancer mortality than

incidence. Mortality from prostate cancer was 41%

significantly lower among men who received alpha-

tocopherol. The Prostate, Lung, Colorectal, and Ovarian

Cancer Screening Trial [54] also reported that, among

current and recent (quit within the previous 10 years)

smokers, decreasing risks of advanced prostate cancer

(Gleason score C 7 or stage III or IV) were associated with

increasing dose (for [400 IU/day vs. non-user: relative

risk, 0.29; p for trend = 0.01), as well as prolonging

duration (for C10 years vs. non-user: relative risk, 0.30; p

for trend = 0.01) of vitamin E supplementation. Also, in a

recent randomized controlled trial [55], supplementation

with antioxidants (including 400 IU vitamin E) was found

to decrease the risk of prostate cancer compared to the

placebo group (relative risk, 0.6; 95% CI, 0.49–0.86).

Subgroup analysis revealed that this decrease in risk was

only significant among smokers. In the Health Profes-

sionals Follow-up Study, among current smokers and

recent quitters, men who consumed at least 100 IU of

supplemental vitamin E per day had a borderline statisti-

cally significant relative risk of 0.44 for metastatic or fatal

prostate cancer compared with non-users [56]. Among non-

smokers, no association with metastatic or fatal prostate

cancer was found with vitamin E. These results suggest

long-term vitamin E supplementation may offer smokers

certain protection against aggressive prostate cancer. A

recent randomized trial of vitamin E and prostate cancer

did not show a benefit on total prostate cancer, but any

effect on aggressive prostate cancer among smokers could

not be examined [57].

In conclusion, although smoking is not likely to be an

important risk factor for prostate cancer incidence, men

who are smoking cigarettes within approximately a decade

before diagnosis appear to have a worse prognosis and

greater fatality from the disease. Although the reasons for

this association are not clear, the overall evidence suggests

that smoking directly contributes to a more aggressive

prostate cancer phenotype, rather than increasing risk

indirectly such as through delayed diagnosis. Thus, smok-

ing should be considered as a relevant exposure in prostate

cancer research and prevention of mortality from this can-

cer. To better understand the underlying mechanisms and

the consequences of smoking on tissue molecular markers

of aggressive behavior in prostate cancer, future studies

using survival from prostate cancer as outcome are needed,

in which detailed, preferably updated information on

smoking habits and screening behavior should be collected.

From a public health perspective, prevention of smoking or

cessation even relatively late in life may have benefits in

reducing mortality from prostate cancer.
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