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IMPACT OF SMOKING ON METABOLIC CHANGES
AND EFFECTIVENESS OF DRUGS USED FOR LUNG
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SUMMARY

Objective: This article reviews the published studies dealing with the influence of cigarette smoking on metabolic changes and effectiveness
of drugs used in the systemic chemotherapy of the lung cancer.

Methods: The literature search of interactions between cigarette smoking and drugs used for lung cancer was carried out. The abstracted
data mostly involved some induction of key drug-metabolizing enzymes of cytochrome CYP1A1/2, CYP2D6, CYP3A4 and isoforms of UDP-
glucuronosyltransferase.

Results: Metabolic changes are important both in the non-chemotherapy and for the drugs used in the chemotherapy. They can change phar-
macokinetic and pharmacodynamic effects of drugs. Primarily, we addressed potential differences in drug effects on smokers and non-smokers.
The increased clearance of erlotinib and irinotecan may have impact on effectiveness of the lung cancer therapy. The effects of taxanes and
gemcitabine are more complex.

Conclusion: The evaluated studies show that continued smoking after lung cancer diagnosis is related to poor prognosis, reduced survival,
risk of second primary malignancies, and increased cancer recurrence. Of particular importance is the deterioration in the quality of life and an
increased incidence of the adverse drug reactions in smokers. The patient's cigarette smoking history should be considered carefully and smoking
cessation must be taken into account.
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INTRODUCTION been repeatedly investigated. This review summarizes the effect
of cigarette smoking on the metabolic changes and effectiveness
Tobacco smoke is the leading preventable cause of cancer of drugs used in systemic chemotherapy for lung cancer.
development. Despite anti-smoking campaigns, cigarette smoking
remains highly prevalent in most countries. With 29% (24% of
men, 18% of women), the prevalence of smoking remains high ~Effects of Cigarette Smoking on Metabolism
in the Czech Republic (1). In addition to the carcinogenic effects of tobacco products,
Among various biological effects, cigarette smoke contains  the components of cigarette smoke can induce drug-metabolizing
several chemical constituents that can interact with drug me- enzymes. The best characterized are polycyclic aromatic hy-
tabolizing enzymes. These enzymes are important in drug me- drocarbons that induce mainly but not only several isoforms
tabolism and/or in the activation of procarcinogens. It can affect of cytochrome P450 enzymes (CYP). The induction of CYP,
drug therapy both by pharmacokinetic and by pharmacodynamic ~ which normally process xenobiotics, may accelerate clearance
mechanisms. The induction of drug-metabolizing enzymes is  of chemotherapeutics and reduce drug efficacy in the smokers,
important for pharmacokinetic interactions with consequences for ~ with impact on the clinical outcome. The most common isoforms
the concurrent drug therapy both for non-chemotherapy and for  of CYP related to the metabolism of often used systemic therapy
chemotherapy used drugs. The chemicals in smoke may interact  for lung cancer include CYP1A1/2, CYP2D6, CYP3A4 and some
by increasing the clearance of antipsychotics, antidepressants, isoforms of UDP-glucuronosyltransferase (3, 4).
benzodiazepines, oral contraceptives, and inhaled corticosteroids. The CYP1 family comprises three members, namely CYP1A1,
Nicotine in smoke may cause pharmacodynamic interaction as- 1A2, and 1B1. The CYP1A1 is mainly extrahepatic in humans
sociated with reduced beta-blocker effectiveness, i.e. by lowering  and is found in lung and placenta (5). The CYP1A2 is one of the
blood pressure and heart rate (2). The impact of smoking on the major CYPs in the human liver. This enzyme metabolizes about
effects of drugs used in chemotherapy of cancer patients has also  15% of drugs such as clozapine, theophylline, tacrine, and zol-
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mitriptan. CYP1 family members are the most common isoforms
that metabolize some systemic therapies used to treat lung cancer
such as erlotinib (3).

The CYP1A2 is also a major enzyme that bioactivates some
procarcinogens and metabolizes several endogenous compounds
such as steroids and arachidonic acids, which have an important
role in some physiological processes. Cigarette smoking is well-
established inducer of the CYP1A2 activity (6).

Induction of CYP1A2 is linked to increased activity of the
enzyme, which in turn leads to reduced serum concentrations
and reduced efficacy of the substrates. CYP1A2 activity is sig-
nificantly higher in heavy smokers (more than 20 cigarettes/day)
than in nonsmokers. Genetic polymorphisms of the CYP1A2 gene
contribute to extensive inter-individual variability in the drug
metabolism and may favour cancer development and spread (7).
They are associated with altered inducibility of gene expression in
smokers and are also responsible for marked ethnic differences in
the distribution of CYP1A2 mutations. This means that different
ethnic groups could respond differently (8).

A more detailed information on the effects of the cigarette
smoke constituents on the drug-metabolising enzymes, the mo-
lecular basis for such effects, and the clinically important ways
in which cigarette smoking affects drug action were described by
Zewin and Benowitz (9).

CYP2D6 is an important member of cytochrome P450 en-
zymes. Its relative content in the non-induced human liver is
about 4% of all cytochrome P450 enzymes (10). Despite its
small percentage, the role of CYP2D6 in the drug metabolism is
extensive. The major drug substrates include, for example, tricy-
clic antidepressants, serotonin reuptake inhibitors, neuroleptics,
beta-blockers, and antiemetics. This enzyme has been reported to
have multiple single-nucleotide polymorphisms (SNPs) that can
lead to varying expression among the population. These different
SNPs are associated with specific phenotypes, namely, extensive
metabolizers, ultra-rapid metabolizers, and slow metabolizers. The
distribution of variant alleles of CYP2D6 in the Czech popula-
tion are in concordance with other Caucasian populations (11).

CYP3A4 is apparently the most important P450 enzyme
for drug metabolism in humans. This is not only because of its
amount in the liver and gut which may be increased by induc-
tion to more than 60% (10). It is responsible for metabolism of
more than 50% of the prescribed drugs, wherein, several of them
are used for systemic therapies for lung cancer. They comprise
taxanes, gefitinib, and erlotinib. This increase in transcription
leads to increased activity of the enzymes, which in turn can af-
fect pharmacokinetics of those drugs that are metabolized by the
CYP3A4 isoform (12).

In most human tissues, UDP-glucuronosyltransferases are
expressed in a tissue-specific and frequently inducible way. They
contribute to about 35% of phase II drug metabolism and are
involved in the glucuronidation of many endogenous compounds
and xenobiotics (13). Polycyclic aromatic hydrocarbons are
known to induce some isoforms of the UDP-glucuronosyltrans-
ferase family, which includes phase II drug-metabolizing enzymes
being responsible for glucuronic acid conjugation. Studies have
shown increased glucuronidation rates of drugs such as codeine
and propranolol in smokers. Recently, the UDP-glucuronosyl-
transferase gained recognition as the first pharmacogenomic test
to achieve FDA approval for use in conjunction with irinotecan.

Pharmacokinetic and Pharmacodynamic Effects of
Chemotherapeutic Drugs Related to Smoking

Here, we examine the main interactions of tobacco smoke
with the drugs often used in systemic therapy for lung cancer. We
primarily address the potential differences in the drug metabolism
in smokers versus nonsmokers.

Erlotinib

Erlotinib is a selective inhibitor of the epidermal growth fac-
tor receptor (EGFR) tyrosine kinase and inhibits proliferation
of tumor cells in vitro. The use of erlotinib in advanced lung
adenocarcinoma is currently approved for patients with an acti-
vating EGFR mutation. A small subset of patients with wild-type
EGFR genes may also respond to erlotinib. However, for this
group of patients, the observed improvement was not as great as
in the patients with EGFR mutations. Erlotinib is predominately
metabolized by CYP3A4 and to a lesser extent by CYP1A2 and
CYPIA1 enzymes. The question whether decreased erlotinib
exposure was seen in current smoking cancer patients versus
former or never smokers was investigated by Hamilton et al. (14).

Current smokers achieved significantly lower erlotinib expo-
sure following a single 150 or 300 mg dose than the nonsmokers.
Following the 150 mg dose, the geometric mean erlotinib area un-
der the concentration curve (AUC) in smokers was 2.8-fold lower
than in nonsmokers and similar to that of nonsmokers at the 300
mg dose. C__in smokers was two-thirds of that in nonsmokers,
and C,,, in smokers was 8.3-fold lower than in the nonsmokers.
The median C,,, of smokers at the 300 mg dose was slightly less
than the C,,, of smokers at the 150 mg dose. The median C__was
greater in smokers at the 300 mg dose than in the nonsmokers at
the 150 mg dose. This study confirms that the pharmacokinetics
of erlotinib differs between current smokers and nonsmokers. The
observation that AUC,  and C,, were significantly decreased in
smokers compared with nonsmokers, and a smaller decrease in
C .. was observed, is consistent with increased metabolic clear-
ance of erlotinib in the current smokers.

Several studies summarized in a review by O’Malley et al.
(4) show that smoking alters the pharmacokinetics of erlotinib,
with decreased plasma concentrations and increased clearance in
the smokers. It has been hypothesized that these findings may be
due, in part, to induction of the cytochrome P450 CYP1A1 and
CYP1A2 isoforms by the cigarette smoke, leading to increased
catabolism and clearance. This has important clinical implications.
The nonsmokers had a higher incidence of adverse events, pos-
sibly indicating increased erlotinib exposure compared with the
smoker cohort. The most crucial intervention is smoking cessa-
tion. However, one must take into consideration the altered phar-
macokinetics of erlotinib in the patients who have recently quit
smoking, yet still demonstrate increased CYP induction (15-17).

Taxanes

Both docetaxel and paclitaxel are antimicrotubule agents me-
tabolized by CYP3A and CYP2C8. They are used as a first-line
treatment of non-small-lung cancer (NSCLC), often with a plati-
num compound. The effects of smoking on the pharmacokinetic
variables and toxicity profiles of both docetaxel and paclitaxel
were studied by de Graan et al. (18).

The authors conducted a retrospective study of patients with
advanced non-small-cell lung carcinoma (NSCLC) enrolled
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in multiple trials involving drug concentration analyses. The
smoking status, toxicity profiles, and pharmacokinetic param-
eters (calculated by nonlinear mixed-effect modeling population
analysis) were determined in 566 patients treated with docetaxel
or paclitaxel. Smokers treated with docetaxel showed less grade
IV neutropenia (35% vs. 52%, p = 0.010) than nonsmokers.
Smokers treated with paclitaxel had less grade III-1V leukopenia
than nonsmokers (12% vs. 25%, p=0.030), and the white blood
cell (WBC) nadir was lower in nonsmokers (median: 2.7 - 10%/L;
range: 0.05-10° to 11.6-10°/L) than in smokers (median:
3.3 -10°/L; range: 0.8 - 10° to 10.2- 10°/L; p = 0.020). Of interest,
significantly lower WBC counts and absolute neutrophil counts
at baseline were seen in nonsmoking patients treated with pa-
clitaxel (p<0.001). Pharmacokinetic parameters were similar in
smokers and nonsmokers for both taxanes. The results show that
cigarette smoking does not alter the pharmacokinetic determinants
of docetaxel and paclitaxel; nevertheless, smokers treated with
docetaxel and paclitaxel have less neutropenia and leukopenia.

Irinotecan

Irinotecan is a substrate for several cytochrome P450 and
UGT1AL1 isoenzymes, which are known to be induced by tobacco
smoke. The potential clinical effects of smoking on irinotecan
pharmacokinetics were investigated by van der Bol et al. (19).

The authors reviewed the data of 190 patients who received
irinotecan (90-minute intravenous administration on a 3-week
schedule) through nine prospective trials. In smokers, the dose-
normalized area under the plasma concentration-time curve of
irinotecan was significantly lower (median: 28.7 vs. 33.9 ng
-h/mL/mg, p=0.001) compared with nonsmokers. In addition,
smokers showed an almost 40% lower exposure to SN-38 (me-
dian: 0.54 vs. 0.87 ng-h/mL/mg, p<0.001) and a higher relative
extent of glucuronidation of SN-38 into SN-38G (median: 6.6
vs. 4.5, p=0.006). Smokers experienced considerably less he-
matologic toxicity. In particular, the incidence of grade 3 to 4
neutropenia was 6% in smokers versus 38% in nonsmokers (OR
0.10, 95% CI 0.02-0.43, p<0.001). This study indicates that
smoking significantly lowers both the exposure to irinotecan
and treatment-induced neutropenia, indicating a potential risk of
treatment failure.

Gemcitabine

Gemcitabine is a prodrug, a deoxycytidine analogue that re-
quires intracellular uptake and phosphorylation to be activated.
This nucleoside analogue exhibits cytotoxic effects through
inhibition of DNA synthesis. Gemcitabine is inactivated by cy-
tidine deaminase to the inactive metabolite. The overexpression
of cytidine deaminase induced by smoking may lead to increased
catabolism and reduced efficacy of gemcitabine in smokers and
former smokers.

Kanai et al. (20) investigated the correlation between smok-
ing history and gemcitabine-induced neutropenia in 103 patients
treated with gemcitabine for different types of cancer.

There was a significantly higher incidence of grade 3—4 neu-
tropenia among patients without a history of smoking (55.7%)
than among those with a history of smoking (23.6%, including
current and ex-smokers) (OR 0.244, 95% CI 0.105-0.569, p<
0.001). The authors analyzed the correlation between gemcitabine-
induced neutropenia and various clinical factors, Logistic regres-

sion analysis identified a history of smoking as an independent
inverse predictor of gemcitabine-induced neutropenia (OR 0.188,
95% CI 0.057-0.618, p = 0.006). Patients without a history of
smoking may be at higher risk of developing gemcitabine-induced
neutropenia.

Nicotine

As a main component of smoke, nicotine is primarily me-
tabolized to cotinine by CYP2A6. Variability of metabolism rate
contributes to susceptibility to tobacco dependence, response to
smoking cessation treatment, and lung cancer risk. In liver, nico-
tine is extensively metabolized by several enzymes including the
CYP2AG6, the aldehyde oxidases and the uridine 5'-diphosphate-
glucuronyl transferases. Various drugs that use these metabolic
pathways can have an effect on nicotine metabolism as reviewed
by Hukkanen et al. (21). Cotinine, the main metabolite of nicotine,
has been shown to be a reliable marker of nicotine exposure and
is more reflective of recent rather than acute nicotine use. The
effect of smoking on hepatic enzymes is not related to the nicotine
component of tobacco. However, there may be a direct effect of
nicotine on molecular effectors of cellular apoptosis induced by
several chemotherapies for lung cancer.

Nicotine is not a carcinogen, but together with its metabolites
that occur during the burning process it could support tumor
growth (22). It can upregulate the expression of some growth
factors, such as TGF1, VEGF that are involved in neoangiogen-
esis, and downregulates TGF-beta, which helps tumor cells to
proliferate. There is an increase in prescriptions for various forms
of nicotine replacement therapies. Therefore, we looked up for
studies addressing possible interactions between these therapies
and the systemic chemotherapy for lung cancer. The nicotine
replacement therapy does not influence the CYP1A2 activity
and we did not find any human trials evaluating pharmacokinetic
interactions between the nicotine replacement therapies and the
systemic therapies used to treat lung cancer.

Effect of Smoking Cessation on Lung Cancer Treat-
ment Effectiveness

Although the importance of smoking cessation in the primary
prevention of cancer is well recognized, many cancer patients
continue to smoke after diagnosis. We selected papers that have
reported the smoking status and pharmacodynamic changes of
drugs used for systemic therapy of lung cancer published in the
period 1980-2016. The clinical impact of smoking cessation on
the lung cancer treatment effectiveness is summarized in Table 1.
Seven studies of our review were clinical trials with prospective
design, six studies utilized retrospective data only. The results of
the studies were often influenced by some methodological dif-
ferences, e.g., prospective or retrospective design, histologic type
of the lung cancer and its staging, smoking status, and outcomes.
It is also evident that continuing or quitting smoking after the
diagnosis of the malignancy could not be measured by a single
parameter such as survival, course of the disease, adverse effect
of therapy, and quality of life.

The results of our review could be represented by two studies
that used a prospective design.

Chen et al. (23) conducted a prospective cohort study of
limited-stage small-cell lung cancer (SCLC) subjects investigat-
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Table 1. Studies evaluating impact of smoking on lung cancer treatment effectiveness

Study (year) Histologic type Study design subjects (n) Main results
. , 0S of smokers < 96 weeks, of non-smokers
Johnston-Early et al. (1980) (30) | SCLC Retrospective, chemo-radiotherapy (112) 103-220 weeks
Tucker et al. (1997) (31) SCLC Retrospective, chemo-radiotherapy (611) Risk of smoking related second primary
cancers was 3.5-fold
g 0/ i % 0/ i
Videtic et al. (2003) (32) SCLC Retrospective, chemo-radiotherapy (215) 5 vear QS was 8.9% n ex-smokers, 4% in
continuing smokers
Garces et al. (2004) (33) SCLC Prospective, questionnaire (1,028) gc"onri“”'“g smoking negafively impacts QOL
Johnson et al. (2005) (34) NSCL Prospective randomized, FDA erlotinib review | 24% higher ratg of erlotinib clearance in smok
(731) ers, better OS in never-smokers
. . - OS hazard ratio of smokers 0.9 (0.7-1.0),
Shepherd et al. (2005) (35) NSCL Randomized double-blind, erlotinib (713) 0.4 (0,3-0,6) of those who never smoked
Baser et al. (2006) (36) NSCL Retrospective performance status (206) Better performance status in ex-smokers
Clark et al. (2006) (37) NSCL Retrospective double-blind, erlotinib (311) In never-smokers significant benefitin OS
Retrospective, performance status, .
Tsao et al. (2006) (38) NSCL chemo-radiotherapy (1,370) Improved outcome in never-smokers
Zhou et al. (2006) (24) NSCL Prospective, (543) Increased OS and RFS in nonsmokers
. I
Chen etal. (2010) (23) SCLC Prospective, chemo-radiotherapy (284) Decrea§ed nslf of death by 45% n patients
who quit smoking
Balduyck et al. (2011) (39) NSCL Prospective, lung cancer surgery (70) Poorer post-operative QOL in current smokers
Weiss et al. (2016) (40) NSCL CI|n|ch trial, carboplatin, pemetrexed, Better activity and acceptable toxicity in
bevacizumab (38) never-smokers

SCLC - small-cell lung carcinoma; NSCL — non-small-cell lung carcinoma; OS — overall survival; RFS — recurrence-free survival; QOL — quality of life

ing the possible independent impact of various factors (age, sex,
smoking status at the time of diagnosis, smoking cessation, per-
formance status, treatment regimens) on survival and magnitude
of the impact. Neither smoking status at the time of limited-stage
small-cell lung cancer diagnosis (ex-smokers or current smokers)
nor intensity (pack-years smoked) had a significant impact on the
lung cancer survival. Patients who quit at or after diagnosis cut
the risk of death by 45% (HR =0.55, 95% CI1 0.38-0.79); patients
who quit before lung cancer diagnosis also experienced survival
benefit (HR =0.72, 95% CI 0.52—1.00). This study demonstrated
the negative impact of continued cigarette smoking on survival,
therefore, clinicians and all care providers should strongly encour-
age smoking cessation at the diagnosis of limited-stage SCLC.

In the study by Zhou et al. (24), 543 subjects with early-stage
NSCLC were prospectively followed up after surgical resection
to evaluate whether smoking cessation before diagnosis affects
survival. The end points in this study were overall survival and
recurrence-free survival. Smoking cessation was associated with
a non-statistically significant better overall survival in the entire
study population. The significantly beneficial effect of smoking
cessation on recurrence-free survival or overall survival was
observed only in women. The authors concluded that smoking
cessation is associated with improved survival in early-stage
NSCLC patients. The longer is the time since cessation of smok-
ing, the better is the survival outcome.

The importance of smoking cessation for all cancer patients,
especially those with smoking-related tumors, has been shown by
Florou et al. (25). The authors demonstrated clinical importance
of smoking cessation on the survival rates, quality of life, pain,
and performance status. Smoking in subjects with gastric and

lung cancer is also associated with an increased risk of developing
second primary tumors. Of particular importance is the evidence
that continued smoking is associated with adverse effects during
anti-cancer treatment. Smoking also promotes tumor progression
and increases resistance to chemotherapy. In addition, continued
smoking is related to inferior outcomes of treatment with targeted
therapy using erlotinib. The question arises whether an increase
in dose of other systemic therapies for lung cancer will result in a
clinically significant difference in response or overall outcomes.
There are no prospective studies that specifically link smoking-
mediated induction of the drug metabolism to the therapy efficacy.

Our review summarizes the published literature regarding the
influence of smoking as it relates to alterations of the metabolism
of systemic therapy in lung cancer. Cigarette smoke can also lead
to increased activation of several phase I and II drug-metabolizing
enzymes during chemotherapy. Pharmacokinetic and pharmaco-
dynamic interactions between cigarette smoking and systemic
chemotherapy for lung cancer may significantly impact the drug
clearance, delivery, toxicity, and efficacy.

Studies evaluating the impact of smoking on cancer treatment
effectiveness show that continued smoking after the diagnosis of
cancer has substantial adverse effects on cancer patients. Several
papers report the benefits of smoking cessation and the negative
effects of continued smoking on the survival parameters, treatment
effectiveness, and quality of life (4, 26).

Florou et al. (25) demonstrated the importance of smoking
cessation for all cancer patients. There was an increased risk of
all-cause mortality and decreased survival, especially for those
with smoking-related tumors, such as lung cancer and oral cancer.
In subjects with oral cancer, smoking cessation or reduction leads
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to a significant reduction in mortality. There is also evidence that
tobacco smoking aggravates and prolongs radiotherapy-induced
complications.

Clinical experience indicates that after lung cancer diagnosis,
motivation and intention for smoking cessation are greatly in-
creased. However, up to one third of patients continue to smoke
after diagnosis or relapse after initial attempts to quit (27). When
all studies of the review were analyzed in the short and long term,
there was no statistical significance of tobacco smoking cessation
intervention in addition to usual care. However, when examin-
ing the effect of a multifaceted approach (pharmacological and
nonpharmacological) to smoking cessation, the analysis suggested
a more positive result.

Zvolska et al. (28) assessed clinical practice guidelines of
selected medical professional societies to determine whether
or not tobacco dependence treatment recommendations were
included. Despite the clinical significance of smoking, there was
no mention of smoking in 27.7% (26/94) of documents related to
cardiovascular and respiratory diseases as well as cancer. Only
16% (15/94) of documents listed smoking as a risk factor.

CONCLUSION

This article reviews the published literature regarding the influ-
ence of smoking on alteration of metabolism in systemic therapy
of lung cancer. Cigarette smoke can lead to increased activation
of several phase I and I1 drug-metabolizing enzymes also during
chemotherapy. Pharmacokinetic and pharmacodynamic interac-
tions between the cigarette smoking and the systemic chemo-
therapy for lung cancer may impact drug clearance, delivery,
toxicity, and efficacy significantly.

The Surgeon General Report highlights 50 years of progress
in tobacco control and prevention and presents new data on the
health consequences of smoking (29). The 2014 report concludes
that smoking by cancer patients and survivors increases overall
mortality, cancer-specific mortality, and risk of developing a
second primary cancer with further associations with increased
cancer recurrence and cancer treatment toxicity. As a result, ad-
dressing smoking by cancer patients is increasingly recognized as
an essential part of cancer care. Cigarette smoking history should
be carefully considered and smoking cessation must be taken into
account when designing treatment plans.
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