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Abstract

Many drugs in common use possess pleiotropic properties that make them capable of interfering 

with carcinogenesis mechanisms. We discuss here the ability of pharmacological agents to 

mitigate the pulmonary carcinogenicity of mainstream cigarette smoke. The evaluated agents 

included antiinflammatory drugs (budesonide, celecoxib, aspirin, naproxen, licofelone), 

antidiabetic drugs (metformin, pioglitazone), antineoplastic agents (lapatinib, bexarotene, 

vorinostat), and other drugs and supplements (phenethyl isothiocyanate, myo-inositol, N-

acetylcysteine, ascorbic acid, berry extracts). The drugs have been evaluated in mouse models 

mimicking interventions either in current smokers or in ex-smokers or a prenatal 

chemoprevention. They displayed a broad spectrum of activities by attenuating either smoke-

induced preneoplastic lesions or benign tumors and/or malignant tumors. Together with 

epidemiological data, these findings provide useful information to predict the potential effects of 

pharmacological agents in smokers.
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Carcinogenicity of Cigarette Smoke in Humans and Animal Models

Tobacco smoke, and in particular cigarette smoke (CS), is a dominant risk factor in the 

epidemiology of human cancer and of several other chronic degenerative diseases 

worldwide. Mainstream CS (MCS) is generated at 1200–1600°C and is inhaled as an 

undiluted complex mixture by active smokers, whereas environmental CS (ECS), or second-

hand smoke, is a mixture of that portion of MCS that is exhaled by active smokers and of 
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sidestream CS (SCS) generated at 900°C at the tip of a lit cigarette and is inhaled by 

involuntary (or passive) smokers. Both MCS and ECS are categorized as Group 1 

carcinogens by the International Agency for Research on Cancer (IARC) [1]. In particular, 

exposure to MCS is associated with cancers affecting a number of anatomical sites. Due to 

obvious first-pass effects, the main target is the respiratory system, including the nasal 

cavity and paranasal sinuses, nasopharynx, oropharynx and hypopharynx, larynx, and above 

all the lung. In addition, MCS causes cancers in the urinary tract (kidney pelvis, ureter, and 

bladder), digestive system (oral cavity, esophagus, stomach, colon-rectum, liver, and 

pancreas), reproductive tract (ovary and uterine cervix), and hematopoietic system (myeloid 

leukemia) [1]. Furthermore, smoking is associated with a variety of chronic degenerative 

diseases, such as chronic obstructive pulmonary diseases (COPD), cardiovascular diseases, 

and cerebrovascular diseases, as well as reproductive effects. Overall, CS-related diseases 

result in a 10-year loss of life expectancy and are responsible for 443000 deaths in the USA 

and 650000 deaths in the EU [2]. The large majority of the smokers live nowadays in low- 

and middle-income countries, which in the future is expected to produce large disparities in 

cancer-related mortality rates between the developed and less developed countries of the 

world [3].

The overwhelming epidemiological evidence supporting the major role of CS in human 

cancer epidemiology are mechanistically strengthened by the fact that both MCS and ECS 

are positive in virtually all in vitro and in vivo short-term genotoxicity tests in which they 

have been tested. For instance, we demonstrated evident alterations of a variety of 

intermediate biomarkers in the lung and other organs of either MCS-exposed or ECS-

exposed rodents, such as chromosome aberrations, bulky adducts to either nuclear DNA or 

mitochondrial DNA, hemoglobin adducts, oxidative DNA damage, microRNA, 

transcriptome and proteome alterations, apoptosis and proliferation of bronchial epithelial 

cells [4,5]. Combustion of tobacco leaves generates more than 8000 identified chemical 

compounds, including molecules that virtually belong to any chemical family, 73 of which 

have been evaluated by IARC to be carcinogenic in humans and/or experimental animals 

[6]. The prototypes of carcinogenic CS compounds are polycyclic aromatic hydrocarbons, 

such as benzo(a)pyrene [B(a)P], tobacco-specific nitrosamines, such as 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N′-nitrosonornicotine (NNN), 

and reactive oxygen species (ROS) and in general free radicals [6].

It is very difficult to reproduce the carcinogenicity of CS in animal models, which limits the 

studies on CS and evaluation of protective effects. This drawback depends on the general 

difficulty to test complex mixtures rather than individual compounds in experimental 

settings as well as on various problems inherent to exposure by inhalation of rodents, such 

as the different anatomy of the upper respiratory tract and the fact that rodents are obligate 

nose-only breathers. As a consequence, most carcinogenicity studies in a variety of animal 

species showed that inhaled CS is either negative or just weakly positive [7–10]. Our 

attempts to use transgenic mice, such as p53 mutant mice [11], failed to enhance the 

carcinogenic response.

Physiologically, nucleotide and transcriptional alterations occur in the mouse lung at birth 

[12]. This finding prompted us to start exposure of mice soon after birth, when the 
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respiratory tract is particularly stressed, for a period corresponding to weaning, adolescence, 

and young adulthood in mice. In humans, that period would cover the post-natal time, 

followed by puberty, adolescence, and adulthood. Under these conditions, MCS becomes a 

potent carcinogen [13], especially when compared with exposure during adulthood [14].

Prevention of Smoking-Related Cancers

The most obvious strategy to prevent smoking-related cancers and other diseases is to 

minimize exposures to both MCS and ECS. Avoiding exposure to MCS can be achieved 

either by refraining from smoking (never-smokers) or by quitting smoking (ex-smokers), 

whereas diseases associated with exposure to ECS can be prevented by suitable regulations 

that prohibit smoking in public areas and indoor environments. Epidemiological studies 

have demonstrated, on a large scale, that a decrease in the consumption of cigarettes is 

successful in attenuating the epidemic of lung cancer either in selected groups of population 

or in the whole male population of several countries [15].

As a complementary strategy, it is possible to interfere with the mechanisms of the 

carcinogenesis process, at any stage [16], and to render the host organism more resistant 

during the long latency time (generally 2–3 decades) elapsing between the first exposure to 

CS and the clinical onset of CS-related cancers. This strategy, referred to as cancer 

chemoprevention, uses dietary and pharmacological agents. In the case of CS-related 

cancers, it is particularly targeted to (i) addicted active smokers who are unable to quit 

smoking, (ii) ex-smokers, who are at a substantially increased risk of developing lung cancer 

compared with lifetime never smokers [17], and (iii) passive smokers, including 

transplacentally exposed individuals.

The major limitations in evaluating the efficacy of chemopreventive agents against CS–

related cancers are represented by the problems encountered in clinical trials, which have 

often produced disappointing results to date [17–19]. In general, animal models provide a 

valuable tool to predict the potential efficacy of dietary and pharmacological agents. This is 

also the case for typical CS components, such as B(a)P and NNK, which have extensively 

been investigated in chemoprevention research [20,21]. However, due to the above 

discussed difficulties in inducing lung tumors in rodents exposed to CS as a complex 

mixture, it is problematic to evaluate its modulation by pharmacological agents and dietary 

interventions.

We review here the findings of epidemiological investigations, clinical trials, and preclinical 

studies concerning the effect of drugs in pulmonary carcinogenesis. Moreover, we report the 

results of a series of studies that evaluated, under comparable conditions, both safety and 

efficacy of 15 drugs or combinations thereof towards the carcinogenicity of MCS in the 

murine model developed in our laboratory [13]. As shown in Figure 1, in the 

chemoprevention studies in mice the pharmacological agents were administered per os 

according to 3 different protocols: (i) administration to the dams throughout pregnancy 

(prenatal intervention); (ii) administration to the litters after weaning (4–5 weeks) until the 

end of the experiment (intervention in current smokers); and (iii) administration starting 
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after discontinuation of exposure to MCS (4 months) and continuing until the end of the 

experiment (intervention in ex-smokers).

Some of the investigated pharmacological agents are among the most extensively prescribed 

drugs worldwide and are often used for long periods of time. Therefore, it is of interest to 

know how their use can potentially interfere with the pulmonary carcinogenesis process in 

current smokers and ex-smokers.

Yield of Tumors and Other Histopathological Lesions in the Murine Model

In each study, neonatal mice were randomized and divided into experimental groups, 

including untreated mice kept in filtered air for 7–8 months (sham-exposed mice), mice 

exposed to MCS, starting within 12 h after birth and continuing daily during the first 4 

months of life, followed by an additional 3–4 months in filtered air (MCS-exposed mice), 

and MCS-exposed mice treated with the investigated pharmacological agent(s) according to 

varying protocols (see Figure 1). Each experimental group was composed of 60 to 80 mice 

of both genders. Exposure to MCS resulted in a number of histopathological alterations, 

whose morphological appearance has been exemplified in previous papers [13,14,22]. In 

particular, compared with sham-exposed mice, MCS induced a significant increase in the 

incidence of several lung alterations, including emphysema, alveolar epithelial hyperplasia, 

blood vessel proliferation and hemangiomas, microadenomas, adenomas, and malignant 

tumors. In addition, exposure to MCS often caused liver parenchymal degeneration, kidney 

tubular epithelial hyperplasias and adenomas as well as epithelial hyperplasia and 

papillomas of the urinary bladder, whose increase was statistically significant in some 

studies.

For the sake of simplicity, we mainly focus here on evaluation of lung microadenomas, 

adenomas, and malignant tumors, examples of which are given on the top of Figure 2, while 

we refer to the individual papers for other lesions in the lung and other organs. MCS induced 

a strong tumorigenic response in mouse lung, with a sharp difference in tumor incidence 

between sham-exposed and MCS-exposed mice, which leaves a broad margin for 

appreciating possible protective effects of test agents. In fact, using a total of 1,025 mice 

either as negative controls (448 sham-exposed mice) or as positive controls (577 MCS-

exposed mice) in various studies, the overall incidence of microadenomas was the 38.3% in 

MCS-exposed mice vs. the 0.9% in sham-exposed mice, and the incidence of adenomas was 

the 25.5% vs. the 2.0%. Malignant tumors were totally absent in sham-exposed mice, 

whereas their incidence was the 11.3% in MCS-exposed mice. Microadenomas are 

preneoplastic lesions that are probably related to MCS-related chronic inflammation. At 

variance with adenomas, they are only detectable at the microscopic level and may regress 

spontaneously [23]. Adenomas are benign tumors that mostly originate from type II 

pneumocytes [24]. On the whole, by pooling the results of 5 studies [13,14,25–27] and 

irrespective of the administration of pharmacological agents, we detected a total of 165 foci 

of malignant tumors, which were classified as follows: 41 foci of bronchiolo-alveolar 

carcinoma (24.8%); 11 of squamous cellular carcinoma in situ (6.7%); 22 of squamous 

cellular carcinoma (13.3%); 3 of small cell carcinoma (1.8%); 9 of adenocarcinoma (5.5%); 

and 79 of adenosquamous carcinoma (47.9%). The incidence of individual malignant lesions 
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was too low to discriminate differential protective effects of drugs towards specific 

histopathological types.

Figure 2 summarizes the effects of 15 chemopreventive regimens (CHEM), administered 

under conditions mimicking an intervention in current smokers, on the incidence of 

microadenomas, adenomas, and malignant tumor in mouse lung. Inhibition of tumor 

incidence in each study was calculated as follows:

Thus, 0 means no inhibition, while 100 means a total inhibition. Values in bold indicate that 

the difference between the incidence of tumors in MCS-exposed mice in the absence of 

drugs and the incidence of tumors in MCS-exposed mice in the presence of a given drug was 

statistically significant. We refer to the original papers for details.

Overview of Experimental and Epidemiological Studies Evaluating 

Pharmacological Agents

Anti-Inflammatory Drugs

Anti-inflammatory agents provide a promising approach to the prevention of smoking-

associated cancers, owing to the fact that chronic inflammation plays a key role at different 

stages of the carcinogenesis process [33,34] and is crucial in tobacco smoke carcinogenesis 

[35].

We investigated a glucocorticoid and four nonsteroidal anti-inflammatory drugs (NSAIDs) 

for the ability to inhibit lung tumors in MCS-exposed mice. Glucocorticoids are potent 

inhibitors of flogosis by inhibiting inflammation-associated molecules. Their anti-

inflammatory effects are mediated either by direct binding of theglucocorticoid/

glucocorticoid receptor complex to glucocorticoid responsive elements in the promoter 

region of genes, or by an interaction of this complex with other transcription factors, in 

particular activating protein-1 (AP-1) and nuclear factor-kappa B (NF-κB) [36]. NSAIDs 

exert their anti-inflammatory activity mainly by interfering with the metabolism of 

arachidonic acid, a ω-6 essential fatty acid that is the substrate for various enzyme systems, 

including cyclooxygenases (COX), lipoxygenases (LOX), and cytochromes P450 (CYP). Of 

the two COX enzymes, COX-1 is the housekeeping isoform, and prostaglandins derived 

from COX-1 are involved in the homeostatic maintenance of the gastric mucosa. In contrast, 

COX-2 is the inducible isoform having a pro-inflammatory function, which is expressed in 

response to certain stimuli such as mitogens, cytokines and growth factors [37]. Arachidonic 

acid is also metabolized by 5-LOX to leukotrienes, one of which has been shown to be 

involved in the development of gastrointestinal ulcers [38]. In addition, NSAIDs may reduce 

the “inflammogenesis of cancer” not only by interfering with the arachidonic acid cascade 

but also by lowering the levels of inflammation mediators, such as cytokines, chemokines, 

and adhesion molecules [33,39,40].

De Flora et al. Page 5

Trends Pharmacol Sci. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Budesonide—Budesonide is an anti-inflammatory drug that is extensively used for the 

treatment of asthma and COPD. Epidemiological studies and clinical trials using this 

synthetic glucocorticoid did not clearly indicate protective effects in decreasing the risk of 

lung cancer [17], whereas animal studies have shown the ability of budesonide to inhibit the 

induction of lung tumors by CS components. In particular, in one study budesonide, 

administered by aerosol to avoid potential side-effects, inhibited the formation of B(a)P-

induced pulmonary adenomas in female A/J mice, an effect that was further potentiated by 

its combination with myo-inositol [41]. In another study, budesonide attenuated the 

multiplicity of B(a)P-induced lung tumors and their size in A/J mice. In addition, 

budesonide inhibited the B(a)P-induced hyperplasia of the bronchial epithelium in both 

wildtype and FHIT+/− B6/129 F1 mice and hyperplasia of alveolar walls in FHIT+/− B6/129 

F1 mice [42].

As shown in Figure 2, the dietary administration of budesonide to Swiss H mice after 

weaning, mimicking an intervention in current smokers, was quite effective in inhibiting 

induction of microadenomas, adenomas, and malignant tumors in mice exposed to MCS 

since birth. Interestingly, these striking protective effects were unchanged when this 

glucocorticoid was administered after discontinuation of exposure to MCS [28], thus 

mimicking an intervention in ex-smokers. Being a potent anti-inflammatory agent, 

budesonide is expected to work also in advanced carcinogenesis stages, as it was previously 

demonstrated in A/J mice treated with B(a)P, in which this glucocorticoid inhibited all 

stages of tumor progression, from hyperplasia to cancer [43]. Unfortunately, under all 

experimental conditions, administration of budesonide to MCS-exposed mice was found to 

increase the incidence of parenchymatous degeneration of the liver [28].

Celecoxib—The fact that the prostaglandins derived from COX-1 are involved in the 

homeostatic maintenance of the gastric mucosa prompted the development of selective 

COX-2 inhibitors, denominated coxibs. One of them is celecoxib (4-[5-(4-methylphenyl)-3-

(trifluoromethyl)-1H-pyrazol-1-yl]benzene-1-sulfonamide), which seems to be safer with 

regard to gastric damage compared to nonselective NSAIDs [44]. Coxibs have been tested in 

animal models of cancer chemoprevention [45], and celecoxib administration attenuated 

oxidative stress in mice exposed to cigarette smoke [46]. However, celecoxib failed to 

inhibit lung tumors in mice treated either with urethane or subjected to a two-stage 

carcinogenesis protocol in which 3-methylcholanthrene administration was followed by 

chronic butylated hydroxytoluene treatment [47]. In humans, a case-control study showed 

that use of selective COX-2 inhibitors, among which celecoxib, reduced the lung cancer 

risk, thus demonstrating that selective COX-2 blocking agents have strong potential for the 

chemoprevention of human lung cancer [48]. A trial of celecoxib in former smokers 

decreased the bronchial Ki-67 labeling index and reduced lung nodules on computed 

tomography, which supports the continued investigation of celecoxib for lung cancer 

chemoprevention in former smokers at a low risk of cardiovascular disease [49]. In fact, 

high dose celecoxib may involve cardiovascular risks, such as myocardial infarction, stroke, 

or heart failure, due to shunt of arachidonic acid into the LOX pathway, which plays a role 

in cardiovascular disease [50].
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Our results, obtained in mice exposed to MCS since birth, showed that celecoxib, 

administered after weaning at the dose of 1600 mg/kg diet, is able to inhibit the formation of 

microadenomas, which reflects the anti-inflammatory properties of this NSAID. Celecoxib 

failed to significantly affect the incidence of MCS-induced adenomas, but there was a slight 

decrease in their multiplicity, which reached the statistical significance threshold in male 

mice. In addition, celecoxib significantly interfered with the progression of lung tumors to 

malignancy (Figure 2). The protective ability of celecoxib was slightly lowered when this 

NSAID was administered starting after discontinuation of exposure to MCS, at 4 months of 

life. In addition, under both experimental conditions, celecoxib exhibited protective effects 

in the urinary tract of MCS-exposed mice [37]. Unfortunately, the selected dose of 

celecoxib, which did not produce any adverse effects in smoke-free mice treated for 6 

weeks, became rather toxic when administered to MCS-exposed mice for longer periods of 

time, as shown by alterations of survival and body weight data after 4 months of life and by 

an increase of liver degeneration in celecoxib-exposed mice treated with celecoxib [37]. 

Celecoxib is known to be primarily metabolized by CYP2C9, which is involved in the 

metabolism of tobacco smoke polycyclic aromatic hydrocarbons [51]. Accordingly, it has 

been cautioned that increased clinical vigilance is required during the co-administration of 

celecoxib and other substrates or inhibitors of CYP2C9 [52], as it could be the case for 

smokers.

Aspirin and Naproxen—The salicylate derivative aspirin, or acetylsalicylic acid, and the 

propionic acid derivative naproxen are nonselective inhibitors of both COX-1 and COX-2. 

Aspirin has emerged as the most likely NSAID for use in cancer chemoprevention, possibly 

in combination with a gastroprotective agent, because of its known cardiovascular benefits 

and available safety and efficacy data [53]. In animal models of pulmonary carcinogenesis, 

aspirin inhibited the lung tumors induced either by NNK in A/J mice [54] or by 7,12-

dimethylbenz(a)anthracene in Balb/c mice [55]. In humans, the protective role of aspirin and 

other NSAIDs is well established for colorectal cancer, whereas there are uncertainties 

regarding other types of cancer, including lung cancer [56]. A recent pooled analysis, 

evaluating the effect of allocation of aspirin on the 20-year risk of death, convincingly 

showed a significant attenuation of deaths due to lung cancer, particularly to 

adenocarcinoma [57]. As to naproxen, this NSAID has been shown to exert protective 

effects in some rodent models but failed to inhibit NNK-induced lung tumors in mice [54].

Based on subchronic toxicity studies, we used a dose of 1600 mg/kg diet for aspirin and 320 

mg/kg diet for naproxen. After four months of exposure of Swiss H mice to MCS, starting at 

birth, and 3 months of treatment with the two NSAIDs, naproxen attenuated the MCS-

induced systemic genotoxic damage but only in female mice [22]. After recovery in filtered 

air for an additional 3.5 months, MCS induced a variety of histopathological alterations in 

the lung. As shown in Figure 2, aspirin and naproxen failed to affect the incidence of 

microadenomas but exhibited a remarkable protective effect by decreasing the incidence of 

lung adenomas, an effect that was statistically significant in female mice. The incidence of 

malignant tumors was lower in MCS-exposed mice treated with either NSAID, but the 

difference was not statistically significant compared with MCS-exposed mice in the absence 

of chemopreventive agents [22]. Interestingly, similar findings were generated in a separate 
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study evaluating the protective effects of aspirin and naproxen, at the same doses, in A/J 

mice exposed to ECS. In fact, after exposure to ECS for 4 months followed by 5 months in 

filtered air, ECS induced a significant increase in the yield of surface lung tumors, the 

43.7% of which were adenomas and the 56.3% were adenocarcinomas, some of which bore 

Oct-4 (octamer-binding transcription factor 4), a marker of cell stemness. Both aspirin and 

naproxen attenuated the yield of lung tumors. Again, prevention of ECS-induced lung 

adenomas was statistically significant only in female mice treated with aspirin [58].

As noted in the study on berry extracts (see below), these results lend further support to the 

view that estrogens contribute to the CS pulmonary carcinogenicity. In fact, studies in A/J 

mice demonstrated the presence of 17β-estradiol in the lung and showed modulation of 

CYP1B1 and other estrogen metabolism genes by tobacco smoke [59]. Moreover, studies in 

heterozygous 129/SvJ Cyp1b1-KO mice suggested that tobacco smoke accelerates the 

production, within the lung, of estrogen metabolites that could potentially contribute to lung 

tumor development [60]. Estrogens are functional in the normal lung and tumor cell lines 

and can directly stimulate the transcription of estrogen-responsive genes in the nucleus of 

lung cells, thereby transactivating the epidermal growth factor (EGF) pathway [61]. In 

addition, it appears that NSAIDs have antiestrogenic properties, which result from their 

ability to inhibit COX-2. In fact, prostaglandin E2 upregulates the expression of the 

aromatase gene (aromatase CYP), the product of CYP19, which catalyzes the final step in 

estrogen biosynthesis [62]. It is noteworthy that the results obtained in our murine model 

were able to discriminate intergender differences in the antitumor effects of NSAIDs, 

whereas, in the analysis of individual patient data from randomized trials [57], “the 

protective effects of aspirin on lung cancer in humans were rather small, and it was not 

possible to point out any intergender differences” (P. Rothwell, personal communication). In 

a recent meta-analysis of randomized controlled trials, aspirin showed intergender 

differences in the primary prevention of cardiovascular events [63].

Licofelone—Licofelone (2-[6-(4-chlorophenyl)-2,2-dimethyl-7-phenyl-2,3-dihydro-1H-

pyrrolizin-5yl]acetic acid), an inhibitor of both COX-1 and COX-2 and additionally of 5-

LOX, has been proposed for the treatment of osteoarthritis [64]. It was found to have 

protective effects in carcinogenesis models, including pulmonary adenomatosis induced by 

B(a)P in A/J mice treated with licofelone via oropharyngeal aspiration [65].

We tested licofelone at the dose of 960 mg/kg diet, in the same study that evaluated safety 

and efficacy of celecoxib [29]. Like celecoxib, administration since weaning of licofelone to 

mice exposed to MCS during the first 4 months of life significantly reduced the incidence of 

microadenomas, whereas the reduction in the yield of both adenomas and malignant tumors 

was biologically appreciable, especially in female mice, but it did not reach the statistical 

significance threshold (Figure 2). In addition, licofelone significantly attenuated the 

incidences of both tubular epithelial hyperplasias in the kidney and of papillary epithelial 

hyperplasias in the urinary bladder of MCS-exposed mice [29]. In general, the protective 

effects of licofelone in both lung and kidney of MCS-exposed mice were more pronounced 

compared to celecoxib, which strengthens the assumption that dual inhibitors that block both 

COX and 5-LOX may provide synergistic antiinflammatory effects compared with COX 

inhibitors [66]. Unfortunately, like celecoxib, licofelone became rather toxic when 
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administered to MCS-exposed mice after discontinuation of exposure to MCS, when 

survival was worsened in mice treated with either NSAID, which failed to improve their 

body weights until the end of the experiment [29].

Antidiabetic Drugs

Both cancer and diabetes have an outstanding health impact all over the world. These 

diseases are often diagnosed within the same individual, and epidemiological studies suggest 

that diabetic patients have an increased risk of developing several types of cancer. Cancer 

and type 2 diabetes share many risk factors, both unmodifiable and modifiable, but the 

mechanisms underlying the links between these diseases are not completely understood [78]. 

In particular, although there is no epidemiological evidence that lung cancer is associated 

with an increased risk in diabetes [78], it appears that smoking is an independent risk factor 

not only for lung cancer and cancers at other sites [1] but also for the development of 

diabetes [79]. For these reasons, it is important to evaluate whether administration of 

antidiabetic drugs may be associated with a decreased risk of developing cancer. We 

investigated the two antidiabetic drugs metformin and pioglitazone for the ability to 

modulate the induction of lung tumors in MCS-exposed mice.

Metformin—Metformin (N,N-dimethylimidodicarbonimidic diamide) is at present the most 

widely prescribed drug in the world for the treatment of type 2 diabetes [67]. This biguanide 

represses hepatic gluconeogenesis, lowers circulating insulin and decreases insulin 

resistance by activating AMP-activated protein kinase (AMPK), which is the primary 

downstream kinase regulated by the tumor suppressor gene liver kinase B1 (LKB1). This 

mechanism results in an inhibition of the mammalian target of rapamycin (mTOR) [68]. The 

results of epidemiological studies evaluating the cancer protective properties of metformin 

are rather controversial [69–78]. With specific reference to the relationships between 

metformin and pulmonary carcinogenesis, an observational cohort study [76] and a case–

control study [77] led to the conclusion that metformin does not alter the risk of lung cancer 

in diabetic patients. However, a recent nationwide study in Taiwan suggested that metformin 

decreases lung cancer risk in diabetic patients in a dose-dependent manner [78]. In animal 

models, metformin was able to reduce the multiplicity of surface lung tumors when given 

both orally and intraperitoneally to A/J mice treated parenterally with NNK [79], whereas it 

slightly but significantly inhibited the incidence of total tumors but not that of solid or 

trabecular lung adenomas in 129/Sv mice treated parenterally with urethane [80].

In our laboratory, the oral administration of metformin to mice after weaning, at the dose of 

800 mg/kg diet, did not affect the systemic clastogenic damage induced by MCS during the 

first 4 months of life [27]. After an additional 3.5 months in filtered air, metformin did not 

significantly affect the yield of MCS-induced lung adenomas and malignant tumor, but it 

caused a significant decrease in both incidence and multiplicity of microadenomas, 

especially in males (Figure 2). In addition, the MCS-induced tubular epithelial hyperplasia 

in kidney was totally suppressed by metformin in males [27]. In the same study, it was 

shown that, at 10 weeks of life, metformin considerably decreased DNA adduct levels and 

oxidative DNA damage, and normalized the expression of several microRNAs in the lung of 

MCS-exposed mice [27]. Thus, there was a contrast between the ability of metformin to 
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modulate early biomarkers in the lung and preneoplastic lesions both in lung and kidney and 

its failure to protect towards induction by MCS of systemic clastogenic damage at 4 months 

and of lung tumors, either benign or malignant, at 7.5 months.

Regarding the greater susceptibility of male mice to the protective effects of metformin in 

lung and kidney, it is noteworthy that the cumulative urinary excretion and renal tissue-to-

plasma concentration ratio of metformin in male rats were found to be markedly higher 

compared to that of female rats due to gender-related differences in the expression of 

organic cation transporter 2 (rOCT2) [81]. It has also been shown that exposure of neonatal 

129/Sv mice to metformin slows down aging and prolongs lifespan in males but not in 

females [82].

Pioglitazone—Pioglitazone is a synthetic ligand of peroxisome proliferator-activated 

receptor γ (PPARγ) [83] and is approved for the therapy of type 2 diabetes. It has been 

proposed that PPARγ may be a target for cancer chemopreventive agents [84]. However, the 

clinical relevance of in vitro findings is unclear [67], and rodent studies even indicate that 

PPAR agonists can potentiate tumorigenesis, to such an extent that they have been 

considered to be multi-species carcinogens [85]. For instance, pioglitazone promoted lung 

cancer progression and metastasis in immunocompetent mice [86].

We tested oral pioglitazone, at the dose of 120 mg/kg diet, in mice exposed to MCS since 

birth. After 4 months, this thiazolidinedione failed to affect the systemic clastogenic damage 

produced by MCS and, after 7 months, it failed to inhibit the MCS-induced formation of 

microadenomas, adenomas, and malignant tumors (Figure 2). On the contrary, pioglitazone 

significantly enhanced the yield of pulmonary adenomas in MCS-exposed mice [30] and, in 

parallel, it enhanced the incidence of kidney lesions in the same mice, compared with mice 

exposed to MCS only [87].

It is noteworthy that a recent meta-analysis of 17 studies showed a modest excess risk of 

bladder cancer in type 2 diabetes patients treated with pioglitazone [88] and that PPAR 

agonists have been reported to be tumorigenic in multiple sites of rodents and in the 

urothelial epithelium of monkeys [89,90].

Antineoplastic Drugs

In recent years, the armamentarium available for the therapy of cancer has been enriched 

with targeted therapies that specifically modulate molecular mechanisms involved in the 

growth, progression, and spread of cancer cells. The same pharmacological agents would be 

expected to find useful applications, often with personalized approaches, by hampering the 

progression of a benign lesion into a malignant tumor (secondary prevention) and/or by 

avoiding local relapses and invasion and metastasis of cancer cells (tertiary prevention). 

With these premises, we assayed three anticancer drugs among the agents evaluated for the 

prevention of smoking-related tumors. They included a drug approved for breast cancer 

therapy (lapatinib) and two drugs proposed for the therapy of cutaneous cell lymphoma 

(bexarotene and vorinostat).
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Lapatinib—Lapatinib, or N-[3-chloro-4-[(3-fluorophenyl)methoxy]phenyl]-6-[5-

[(2methylsulfonylethylamino)methyl]-2-furyl]quinazolin-4-amine, is a dual tyrosine kinase 

inhibitor (TKI) targeting both the epidermal growth factor receptor (EGFR) and the human 

epidermal growth factor receptor-2 (HER-2, c-erbB2, c-neu). Based both on preclinical 

studies and clinical trials, lapatinib is indicated for the treatment of patients with advanced 

breast cancer or metastatic breast cancer whose tumors overexpress HER-2 [91]. Its use was 

approved by the US FDA (Food and Drug Administration) in 2007 and by the EMA 

(European Medicines Agency) in 2008, with a conditional marketing authorization that has 

been renewed every year. Since a variety of malignancies are associated with the mutation 

or increased expression of members of the EGFR or ErbB family, drugs targeting ErbB-

related pathways could find applications in the treatment of other cancers as well. With 

specific reference to lung cancer, both EGFR [92] and HER-2 [93] have been shown to play 

a role in smoke-related lung carcinogenesis. In vitro, lapatinib was found to reduce cell 

proliferation, DNA synthesis and colony formation capacity in A549 human 

bronchoalveolar carcinoma cells. Moreover, A549 tumor-bearing mice treated with lapatinib 

had significantly less tumors compared to untreated mice [94]. However, a randomized 

Phase II study in chemotherapy-naive patients with non-small cell lung cancer (NSCLC), 

which was later amended to target patients with bronchioloalveolar carcinoma or no 

smoking history, showed that lapatinib monotherapy did not induce a significant number of 

tumor regressions in NSCLC [95].

We tested lapatinib at the dose of 1600 mg/kg diet in mice exposed to MCS since birth. 

After 10 weeks, lapatinib significantly attenuated the MCS-related nucleotide changes 

(bulky DNA adducts and oxidative DNA damage) and upregulated several low-intensity 

microRNAs in lung. At the end of the period of exposure to MCS (4 months), a decrease in 

the frequency of MN PCNE in MCS-exposed mice treated with lapatinib after weaning did 

not reach the statistical significance threshold [31]. After 7.5 months, lapatinib had poor 

effects on MCS-induced histopathological alterations. When given under conditions 

simulating an intervention either in current smokers or in ex-smokers, this quinazoline 

derivative did not affect tumor incidence (Figure 2) but lowered the multiplicity of 

microadenomas, an effect that became statistically significant when combining the two 

genders. In addition, under both conditions, lapatinib inhibited the MCS-induced tubular 

epithelial hyperplasia of kidney, especially in male mice. However, this drug was 

hepatotoxic to MCS-exposed female mice. Thus, on the whole, lapatinib appears to have a 

low impact in the smoke-related lung carcinogenesis models used, especially in terms of 

modulation of the tumorigenic response [31].

Vorinostat—Vorinostat, or suberoylanilide hydroxamic acid (SAHA, Zolinza®), is an 

inhibitor of histone deacetylases (HDACs), including all 11 known human class I and class 

II HDACs [96]. Vorinostat has been shown to upregulate gap junctional intercellular 

communications in nonmalignant human peritoneal mesothelial cells via acetylation of 

histones H3 and H4 in the chromatin fragments associated with the connexin 43 (Cx43) 

gene locus [97].

Treatment of EGFR-dependent human lung cancer cell lines with a HDAC inhibitor induced 

apoptosis through Hsp90 acetylation, and combination with a TKI resulted in a synergistic 
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tumor cell death [98]. A prospective, non-randomized, multicenter, Phase I/II trial evaluated 

the activity of vorinostat plus the TKI erlotinib in EGFR-mutated NSCLC patients. The 

results showed that full dose of continuous erlotinib with vorinostat 400 mg p.o. on alternate 

weeks can be safely administered. However, the combination had no meaningful activity in 

EGFR-mutated NSCLC patients after TKI progression, and accordingly further studies of 

vorinostat and erlotinib in advanced NSCLC patients were not recommended [99]. In 

experimental animals, preliminary imaging studies with a lung cancer model in A/J mice 

suggested that positron emission tomography (PET) using 6([(18)F]fluoroacetamido)-1-

hexanoicanilide [(18)F-FAHA] may target HDAC in lung cancer for early diagnosis of 

NNK-induced pulmonary tumorigenesis [100]. In the same mouse strain, administration of 

vorinostat 26 weeks after NNK initiation caused a significant decrease in total and large 

tumors, which was more pronounced by its combination with either budesonide or 

atorvastatin [101]. Moreover, the combination of SAHA with a triterpenoid was effective in 

decreasing the lung tumor yield in A/J mice treated with vinyl carbamate [102].

In our laboratory, vorinostat downregulated the expression of HDAC in the lung of Swiss H 

mice. The most remarkably upregulated protein was P25, a P53-dependent regulator of cell 

cycle, which is targeted by two miRNAs modulated by vorinostat, i.e. miR-106 and miR-302 

[30]. However, treatment with the drug at 1000 mg/kg diet did not attenuate the systemic 

genotoxic damage induced in after 4 months of exposure of mice to MCS. As shown in 

Figure 2, after 7 months SAHA moderately attenuated the MCS-related increase of 

incidence of microadenomas, but did not attenuate at all the incidences of both adenomas 

and malignant tumors. Therefore, in spite of the fact that epigenetic alterations have been 

implicated in the aggressive behavior of lung cancer, treatment of mice with SAHA failed to 

mitigate the carcinogenic effects of MCS [30].

Bexarotene—Bexarotene, or 9cUAB30 (Targretin®), is a rexinoid, i.e., a selective ligand 

for the retinoid X receptor (RXR). Preclinical studies suggest that receptor-selective 

retinoids are promising agents for the prevention of breast cancer and that they may be 

particularly useful in preventing estrogen receptor–negative breast cancer [103]. Moreover, 

bexarotene has shown some clinical efficacy in the treatment of cutaneous T cell lymphoma 

[104] and, based both on experimental data and clinical studies, this drug holds promises 

also in the prevention of lung cancer [105]. Bexarotene was evaluated in animal models of 

lung carcinogenesis by testing CS components. In female A/J mice, this retinoid attenuated 

the multiplicity of lung tumors induced either by vinyl carbamate or NNK [106]. Another 

study used genetically engineered B5 (A/J × Trp53F2-10/F2-10;Rb1F19/F19) mice, in 

which Rb1 and p53 alleles were conditionally inactivated in the lung epithelium by using 

adenovirus-mediated somatic gene transfer of Cre recombinase. This genetic alteration 

results in the spontaneous development of aggressive lung tumors that have morphologic 

and immunophenotypic similarities to small cell lung carcinoma. Bexarotene, given by oral 

gavage at the dose of 180 mg/kg body weight to mice two weeks before intratracheal 

administration of adeno-Cre virus, significantly reduced tumor incidence [105].

In our laboratory, bexarotene was administered at the dose of 240 mg/kg diet to post-

weaning Swiss H mice exposed to MCS since birth. This rexinoid failed to attenuate the 

systemic clastogenic damage induced in the peripheral blood of mice after 4 months of 
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exposure to MCS. As shown in Figure 2, after 7 months bexarotene did not produce any 

significant effects on the incidence either of microadenomas or of adenomas or malignant 

tumors in MCS-exposed mice. Therefore, administration of bexarotene alone did not exert 

any protection in the murine model used [30].

However, combination of bexarotene with pioglitazone was very effective in attenuating the 

MCS-induced cytogenetic damage in male mice and in inhibiting formation of malignant 

tumors in the lung, which were almost totally prevented (Figure 2). Moreover, the 

previously discussed adverse effects of pioglitazone, both in the respiratory tract [30] and in 

the urinary tract [87] of MCS-exposed mice, were lost when this antidiabetic drug was 

combined with bexarotene. From a mechanistic point of view, it should be taken into 

account that both RXRs and PPARs belong to the nuclear hormone superfamily and 

contribute to control the expression of multiple target genes. Interestingly, RXR is an 

obligate heterodymeric partner for PPARs [108,109], which may explain the finding that not 

only tumorigenicity of pioglitazone is suppressed when PPARγ is bound to RXR but even 

that this combination is successful in preventing the formation of MCS-induced malignant 

tumors in the lung.

Other Drugs and Dietary Supplements

We include in this category a variety of compounds, some of which are of natural origin or 

are even constituents of the body where they play physiological functions. These molecules, 

which are either derived from the human diet or synthetized as over-the-counter drugs, 

possess an array of properties that render them suitable candidates for applications both in 

curative medicine and preventive medicine. They are also investigated for the ability to 

modulate several mechanisms involved in the carcinogenesis process.

Phenethyl Isothiocyanate—Phenethyl isothiocyanate (PEITC) is a naturally occurring 

compound contained in watercress (Nasturtium officinale), a plant belonging to the family of 

brassica vegetables (Brassicaceae). In epidemiological studies, consumption of 

isothiocyanate-rich vegetables has been associated with a decreased lung cancer risk in 

relationships with glutathione S-transferase polymorphisms [110]. The main mechanism of 

PEITC and other isothiocyanates is that these agents modify the metabolism of carcinogens 

both by inhibiting Phase I cytochrome P450 (CYP) activities involved in the activation of 

procarcinogens and by inducing Phase II detoxifying enzymes [110]. In addition, PEITC 

affects multigene expression in the lung of smoke–exposed rats [111] and is also an inducer 

of apoptosis [112]. PEITC significantly reduced both lung tumor multiplicity and incidence 

in mice treated with NNK but failed to affect the weak tumorigenicity of ECS in A/J mice 

[113].

When given to MCS-exposed mice at the dose of 1000 mg/kg diet, under conditions 

mimicking an intervention in current smokers, PEITC totally prevented the formation of 

microadenomas in female mice and had a borderline protective effect towards the induction 

of adenomas in males (Figure 2). PEITC lost part of its protective activity when 

administered under conditions mimicking an intervention in ex-smokers [28], which is 
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consistent with the notion that this agent interferes with the metabolism of carcinogens 

occurring during the initial steps of the carcinogenesis process.

Myo-Inositol—Myo-inositol, or cis-1,2,3,5-trans-4,6-cyclohexanehexol (formerly 

incorrectly classified as vitamin B8), is a constituent of a variety of foods and is also 

available in some dietary supplements and energy drinks as an essential nutrient. Dietary 

myo-inositol was successful in inhibiting the formation of pulmonary adenomas in mice 

treated with either B(a)P or NNK [114,115] but failed to inhibit lung tumors in vinyl 

carbamate-treated mice [16]. Dietary myo-inositol was also effective in combination with 

either budesonide or beclomethasone dipropionate, also when these glucocorticoids were 

administered by aerosol [41]. Moreover, combination of myo-inositol with dexamethasone 

was the only chemopreventive regimen that attenuated the weak carcinogenicity of 

unfractionated ECS [7].

In our laboratory, myo-inositol was administered to MCS-exposed mice at the dose of 8000 

mg/kg diet, according to the protocol mimicking an intervention in current smokers. At four 

months of age, at the end of the period of exposure to MCS, myo-inositol did not 

significantly affect the MCS-related increase in the frequency of MN NCE. After seven 

months, myo-inositol failed to attenuate the increased incidence of alveolar epithelial 

hyperplasia and bronchial epithelial hyperplasia in the lung of MCS-exposed mice [30]. 

Likewise, as shown in Figure 2, no significant protective effect was observed on induction 

by MCS of lung microadenomas and adenomas. However, myo-inositol decreased both 

incidence and multiplicity of malignant tumors, an effect that became close to statistical 

significance only for multiplicity in combined genders [30].

N-acetyl-L-cysteine—The aminothiol N-acetyl-L-cysteine (NAC) is a drug used as a 

mucolytic agent and as an antitoxic agent towards paracetamol overdosage. Moreover, it is 

used as a dietary supplement. NAC works in the extracellular environment and is a precursor 

of intracellular L-cysteine, which is the rate-limiting amino acid in the synthesis of reduced 

glutathione (GSH). A number of studies performed during the past 30 years have provided 

evidence for the potential ability of NAC to prevent cancer and other mutation-related 

diseases, thanks to a broad array of mechanisms. Its primary mechanisms depend on its 

nucleophilicity and ability to scavenge free radicals and reactive oxygen species. Secondary 

mechanisms and effects include modulation of metabolism, effects in mitochondria, 

modulation of DNA repair, inhibition of genotoxicity and cell transformation, modulation of 

signal transduction pathways, regulation of cell survival and apoptosis, antiinflammatory 

activity, antiangiogenetic activity, immunological effects, influence on cell cycle 

progression, and inhibition of invasion and metastasis [117].

By focusing on smoke-related pulmonary carcinogenesis, treatment with NAC had no 

benefit in a multicenter intervention study, called EUROSCAN, in 2592 patients affected by 

head and neck cancer or by lung cancer, most of whom were former or currents smokers. No 

significant effect was observed in the arm of patients treated with NAC (600 mg/day), either 

alone or in combination with retinyl palmitate, relatively to local/regional recurrences, 

second primary tumors, distant metastases, or death [118]. By contrast, NAC exerted 

protective effects in a randomized double blind phase II chemoprevention trial in apparently 
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healthy smoking volunteers. In fact, while in the placebo group there was no significant 

variation in any of the investigated biomarkers, after 6 months of treatment with NAC (2 x 

600 mg/day) a significant decrease occurred in some of the investigated biomarkers, 

including the levels of bulky DNA adducts and 8-hydroxy-2′-deoxyguanosine in 

bronchoalveolar lavage cells as well as the frequency of micronuclei in mouth floor and soft 

palate cells [119]. Moreover, a time-course evaluation of the urinary excretion of mutagens 

in smokers receiving oral NAC (600–800 mg/day) showed a significant decrease of urinary 

mutagenicity in six out of 10 subjects, starting on the first day of NAC administration until 

withdrawal of treatment with the drug [120]. Several studies evaluated the ability of NAC to 

exert protective effects in animal models of lung tumorigenesis caused by individual CS 

components. Oral NAC significantly attenuated lung tumor incidence and/or multiplicity in 

mice treated with urethane (ethyl carbamate) [113,121–123]. Two studies are available in 

rats and mice treated with the tobacco-specific nitrosamine NNK. In Fischer rats receiving 

subcutaneous injections of NNK, NAC decreased the incidence of nasal cavity tumors in a 

dose-dependent way but failed to affect the incidence of lung tumors. In that study, however, 

lung tumor multiplicity had not been evaluated [124]. In NNK-treated A/J mice, NAC 

significantly retarded malignant progression in the lung [125]. Based on studies in NNK- 

and B(a)P-treated A/J mice, the combination of NAC with isothiocyanates was also 

proposed [124]. Moreover, NAC decreased the size of B(a)P-induced lung tumors in A/J 

mice and inhibited the B(a)P-induced hyperplasia of the bronchial epithelium in both 

wildtype and FHIT+/− B6/129 F1 mice [42]. NAC failed to affect the lung tumor yield in A/J 

mice exposed to unfractionated ECS [113] but, intriguingly, it was able to inhibit the 

tumorigenicity of the ECS gas phase [126], which is responsible for the carcinogenicity of 

the whole mixture [127].

As shown in Figure 2, administration of NAC with the drinking water after weaning, at the 

calculated concentration of 1000 mg/kg body weight, proved to be quite effective in 

inhibiting the yield of lung microadenomas and adenomas in mice exposed to MCS since 

birth. A considerable decrease of malignant tumors was also observed, with an effect that 

was borderline to statistical significance in female mice, in which no malignant tumor was 

detected [28]. These findings reflect the broad array of protective mechanisms of this 

aminothiol, which cover all stages of the carcinogenesis process.

In addition, NAC was also assayed in the same mouse model after transplacental treatment 

(see Figure 1). NAC was added to the drinking water of pregnant mice at a concentration 

accounting for a calculated daily intake of 1000 mg/kg body weight. The offspring was 

exposed to MCS during the first 4 months of life. After an additional 3 months in filtered air, 

the 61.1% of MCS-exposed mice born from untreated dams had lung tumors, with a 

multiplicity of 3.24 ± 0.53 tumors/mouse (mean ± SE). Treatment with NAC during 

pregnancy exerted a striking protective effect on the yield of MCS-induced lung tumors after 

birth. In fact, only the 17.0% of these mice developed lung tumors, with an overall 

multiplicity of 0.65 ± 0.21 tumors/mouse. Prenatal NAC also protected the mice from 

induction by MCS of emphysema and alveolar epithelial hyperplasia and of urinary bladder 

epithelial hyperplasia as well [25]. These results were confirmed, although with less sharp 

effects, in a further study using the same protocol [26]. In that study, a significant decrease 
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of adenomas occurred in the lung of MCS-exposed mice whose dams had been treated with 

NAC during pregnancy. Interestingly, exposure to MCS of mice born from untreated dams 

also resulted in a significant increase of blood vessel proliferation in the lung, which was 

inhibited by prenatal NAC [26]. This conclusion is consistent with the findings that 

exposure of mice to ECS downregulates microRNAs involved in regulation of angiogenesis, 

such as let-7a, let-7b, let-7f, and miR-345, in mouse lung [128], and that NAC shows 

antiangiogenetic properties both in vitro [129] and in vivo [130]. The fact that NAC was able 

to inhibit the carcinogenicity of MCS in neonatal mice also when it was administered only 

during pregnancy correlates with the conclusion that prenatal NAC inhibits genomic and 

postgenomic alterations occurring spontaneously in mouse lung as a consequence of birth-

related oxidative stress [12].

Ascorbic Acid—Ascorbic acid, or vitamin C, is a major exogenous antioxidant, which 

possesses a variety of properties, the most important of which is its reducing ability as an 

electron donor [131]. In preclinical models, ascorbic acid protected A/J mice from the 

induction of lung adenomas induced by a subscapular injection of B(a)P within 24 hours 

after birth [132]. However, in spite of the quite extensive use of this vitamin for a variety of 

preventive purposes, from randomized controlled clinical trials there appears to be no 

evidence for recommending supplements of vitamin C for decreasing lung cancer mortality 

in healthy people [133].

In the above described model of transplacental chemoprevention in mice, administration of 

ascorbic acid with the drinking water throughout pregnancy, at a concentration accounting 

for a calculated daily intake of 1000 mg/kg body weight, protected the MCS-exposed 

offspring from the induction of lung blood vessel proliferation and microadenomas and from 

the occurrence of papillary epithelial hyperplasia of the urinary bladder. In addition, 

ascorbic acid decreased the incidence of pulmonary malignant tumors, but this effect was 

borderline to statistical significance in female mice only [26].

Berry Extracts—Berries have been reported to possess a broad array of health protective 

properties, such as antioxidative, antimutagenic, anticancer, cardioprotective, 

hepatoprotective, gastroprotective, antidiabetic, antiinflammatory, antibacterial, antiviral, 

radioprotective, and immunomodulatory activities [134]. These activities have been related 

to a multitude of bioactive phytochemical contained in these colorful fruits, including 

phenolic molecules such as anthocyanins, flavonols, flavanols, proanthocyanidins, 

ellagitannins and phenolic acids; α-carotene, β-carotene and lutein; phytosterols such as β-

sitosterol and stigmasterol; triterpene esters; and vitamins A, C and E and folic acid; calcium 

and selenium [135]. Although many studies showed that berry extracts can inhibit the 

formation of neoplastic and preneoplastic lesions, either “spontaneous” in transgenic mice or 

induced by individual carcinogens, using a variety of experimental rodent models [32], 

freeze-dried strawberries failed to affect the yield of tumors in the lung of A/J mice treated 

with either NNK or B(a)P [136].

We evaluated the ability of berry extracts to inhibit the formation of lung tumors in mice 

exposed to MCS by testing aqueous extracts either of Aronia melanocarpa (black 

chokeberry or BCB) or Fragaria ananassa (strawberry or SB). These extracts, containing 

De Flora et al. Page 16

Trends Pharmacol Sci. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



high concentrations of polyphenols and in particular of anthocyanins, were given after 

weaning to mice exposed to MCS since birth as the only source of drinking water. At 4 

months of life, immediately after discontinuation of exposure to MCS, both BCB and SB 

extracts produced a significant protective effect towards MCS-induced cytogenetical 

damage, but only in female mice [32]. At 8 months of life, MCS produced a variety of 

histopathological alterations in the lung and other organs of mice. However, no malignant 

tumors were observed in this study, presumably because it was the only experiment in which 

we used Swiss ICR mice rather than Swiss H mice. Both BCB and SB extracts attenuated 

MCS-induced emphysema as well as the yield of lung adenomas. An example of the results 

obtained with a 17.5% BCB extract is shown in Figure 2. It is noteworthy that the protective 

effect was more pronounced in female mice. In addition, both berries inhibited the MCS-

induced liver parenchymal degeneration, and again this effect was more pronounced in 

female mice [32].

These gender differences strengthen the view that (a) estrogens play a role in pulmonary 

carcinogenesis and (b) berries are able to modulate enzymes involved in estrogen 

metabolism. β-Estradiol and estrogen receptors have been shown to be co-localized in the 

murine airway epithelium, and CS induces early changes in gene expression that highlight 

the importance of estrogens in the lung tissue [59,137]. Black raspberry and ellagic acid, a 

major component of berries, interfere in estrogen-induced mammary tumorigenesis by 

reducing the expression of CYP1A1, CYP1B1, and other phase I enzymes metabolizing β-

estradiol [138]. In addition, anthocyanins and ellagic acid have been found to display 

estrogen receptor modulating activity [139,140].

Considerations about Modulation of Smoke-Related Lung Carcinogenesis 

in Smokers

Epidemiological and experimental data demonstrate that some drugs, which are in common 

use for other therapeutic or preventive purposes, are also able to interfere with different 

mechanisms of the pulmonary carcinogenesis process. This circumstance depends on the 

fact that some drugs possess pleiotropic properties that render them applicable to cure or to 

prevent different diseases. In addition, in spite of their clinical diversities, chronic 

degenerative diseases may share common risk factors (also including CS), common 

protective factors as well as common pathogenetic mechanisms [141]. Thus, certain 

pharmacological agents can be repurposed for cancer control, and exploring established non-

cancer drugs for anticancer activities provides an opportunity rapidly to advance strategies 

into clinical trials [142].

In interpreting our data, it should be kept in mind that the investigated drugs had not to 

counteract the adverse effects of a single carcinogen but rather those of a complex mixture 

that contains a broad variety of carcinogens. Therefore, in principle, an optimal protective 

agent would be expected to be able to mitigate at the same time the carcinogenicity of 

several CS components belonging to different chemical classes and working with different 

mechanisms of action. Of the compounds tested, the ligands of the nuclear hormone 

superfamily bexarotene and pioglitazone were the only agents that, when tested individually, 

had no apparent effect on the MCS-related induction of preneoplastic and neoplastic lesions. 
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Lapatinib, vorinostat, and metformin only affected the yield of MCS-induced 

microadenomas, which are inflammation-related, reversible preneoplastic lesions. Likewise, 

PEITC and the NSAIDs celecoxib (selective COX-2 inhibitor) and licofelone (inhibitor of 

COX-1, COX-2 and 5-LOX) mainly attenuated induction by MCS of microadenomas and 

exhibited marginal effects on formation of adenomas. Some of these drugs, such as 

lapatinib, metformin and licofelone, inhibited the formation of MCS-induced preneoplastic 

lesions not only in the lung but also in the urinary tract. These protective effects are 

important because targeting premalignant lesions is one of the prerequisites for the 

application of chemopreventive agents in clinical trials [143]. However, anthocyanin-rich 

berry extracts and the COX-1 and COX-2 inhibitors aspirin and naproxen had no effect on 

microadenomas but inhibited MCS-induced adenomas in females, which suggests that, at 

least in the model used, the antiproliferative properties of these agents prevailed on 

antiinflammatory mechanisms. Other agents specifically attenuated more advanced stages of 

the MCS-related carcinogenesis. This was the case for myo-inositol, with borderline effects, 

and especially of the combination of pioglitazone plus bexarotene, whose targets (PPAR and 

RXR) are obligate heterodymeric partners, which almost totally prevented the formation of 

malignant tumors. Finally, budesonide and NAC were found to affect all stages of MCS-

related carcinogenesis, which underlies the multiple mechanisms of action of these agents.

Interestingly, when administered during pregnancy, the antioxidants NAC and ascorbic acid 

were found to inhibit the induction of lung tumors and other lesions induced by exposure to 

MCS after birth. This finding highlights the crucial role played by oxidative stress in the 

lung of newborns, both “physiological” and CS-induced. It underscores the feasibility of a 

possible strategy of transplacental chemoprevention, aimed at protecting not only the 

newborn from oxidative stress but also the adult from CS-related diseases appearing later in 

life. In fact, according to the “Barker hypothesis”, early life exposure to toxic agents is an 

important risk factor for the development of late-life diseases [144], and perinatal exposure 

to carcinogens is suspected to contribute to both childhood cancers and cancers appearing 

later in life [145].

The murine model used proved to be suitable not only for evaluating the ability of drugs to 

affect MCS-related carcinogenesis but also for detecting possible adverse effects. In fact, 

although all agents had preliminarily been checked for the lack of apparent toxicity in 

subchronic studies using MCS-free mice, some of them displayed adverse effects when 

administered for longer periods of time to MCS-exposed mice. Thus, celecoxib and 

licofelone were found to affect survival and/or body weight gain, as compared with MCS-

exposed mice in the absence of chemopreventive agents. In some cases, histopathological 

signs of liver toxicity were observed, as it was the case with budesonide, lapatinib, and 

celecoxib. As previously commented, toxicity of celecoxib may be ascribed to interactions 

with CS components that affect pathways metabolizing this COX-2 inhibitor. The worse 

adverse effects were observed with pioglitazone, which even increased the incidence of both 

lung adenomas and kidney lesions in MCS-exposed mice. Our finding that this drug, which 

is extensively used for the treatment of diabetes, may potentially increase the tumorigenicity 

in the lung of smokers deserves particular attention. As a general comment, no side effects 

can be tolerated when chemopreventive agents are administered to healthy individuals, in 

primary prevention settings, but some risk-benefit compromises can be accepted when the 
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drugs are administered in more advanced stages of the carcinogenesis process or when the 

benefits resulting from the therapy with a drug outweigh the risks of side effects.

In evaluating the translatability to humans of the results obtained, it should be kept in mind 

that the murine model used has several advantages but also suffers from some limitations. A 

practical limitation is that this bioassay is complex and time-consuming, especially for the 

long time needed to execute a huge number of histopathological examinations of tissue 

sections. Moreover, there are obvious differences in the anatomy, physiology, and 

biochemistry of the respiratory tract in rodents and humans [24]. Furthermore, a common 

drawback of animal models is represented by the high doses both of the carcinogen and of 

the putative protective agents that it is necessary to use in order to detect significant results 

within a relatively short period of time. About the dose of smoke, it should be taken into 

account that the mice were exposed whole-body to MCS, while humans directly inhale 

concentrated MCS into their respiratory airways, which probably results in an even higher 

intake of CS carcinogens. As to the doses of drugs, they were selected based on subchronic 

toxicity studies that covered a wide range of doses, including doses that are realistic for 

clinical uses. Since in most cases there was no adverse effect either on survival and body 

weight gain or on general appearance and behavior during the 6 weeks of the toxicity study, 

we selected subtoxic doses that were something higher than those used in humans. In 

comparing human and mouse doses, however, it should be noted that, due to metabolic 

reasons, mice eat as often as they can. Accordingly, by incorporating the drugs in the diet, 

their oral intake in mice is highly fractionated during the day, to an extent that is not feasible 

in humans even by taking several pills per day.

However, use of the animal model has the advantage that exposure to both CS and putative 

protective agents occurs under well controlled conditions, which were always the same in 

different experiments and yielded reproducible data across all the studies performed. This 

murine model is unique in that it convincingly reproduces the carcinogenicity of CS in 

experimental animals and accordingly it is suitable to evaluate its modulation by 

chemopreventive agents. The results obtained, together with the findings of parallel 

molecular studies, allowed us to make inferences regarding the mechanisms of action of the 

investigated drugs and their intervention stage throughout the lung carcinogenesis process. 

By modifying the period of treatment with test agents with respect to exposure to MCS, 

which always covered the first 4 months of life, it was possible to mimic different types of 

intervention.

In addition, the method used was effective in pointing out gender differences in response to 

pharmacological agents, which can hardly be detected in epidemiological studies. In 

particular, female mice were more responsive than male mice regarding inhibition of MCS-

induced lung adenomas by the COX-1/COX-2 inhibitors aspirin and naproxen and by 

anthocyanin-rich berry extracts. As previously discussed, these differences may be ascribed 

to the ability of these agents to regulate pathways involved in the metabolism of estrogens in 

pulmonary carcinogenesis. Indeed, targeting the estrogen pathway has been proposed for the 

treatment and prevention of lung cancer [146]. On the other hand, male mice were more 

responsive than female mice to metformin in the modulation of early biomarkers in the lung 

and of preneoplastic lesions both in lung and kidney.
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Finally, a further advantage of experimental studies over clinical trials is that it is more 

feasible to assess the outcome of combinations of drugs. The assessment of the efficacy and 

safety of individual chemopreventive agents is quite complex, but even more difficult is to 

evaluate combinations of different agents. Yet, like therapy with protocols combining 

different drugs is the optimal strategy to cure cancer and many other diseases, combined 

chemoprevention is expected to be the preferable approach to prevent cancer. The 

association between pioglitazone and bexarotene, which was designed in the light of 

mechanistic expectations, provides a convincing example of how drugs that are individually 

inactive may become highly effective in preventing the progression towards malignancy of 

smoke-induced lung tumors when they are combined.

Concluding Remarks

Dietary and pharmacological interventions provide well established strategies for the 

prevention of cardiovascular diseases, especially in high-risk individuals. Potentially, a large 

number of pharmacological agents would be expected to be able to interfere in the 

carcinogenesis process thereby mitigating the risk of developing cancer. Such a type of 

strategy would be of paramount importance for lung cancer prevention, due to the high 

proportion of addicted current smokers, ex-smokers, and involuntary smokers in the 

population. However, there are still numerous questions that must be addressed (see 

Outstanding Questions). One of the critical points is that chemoprevention trials in humans 

are quite difficult and time-consuming, and they are often either negative or inconclusive. 

Animal studies are quite useful to evaluate the ability of pharmacological and dietary agents 

to modulate carcinogenesis mechanisms under well standardized experimental conditions 

and to predict, at least potentially, their efficacy in humans. The strong interindividual 

variability in response to drugs further complicates the assessment of protective properties in 

humans. Indeed, we have simple methods, such as measurement of arterial pressure or of 

blood cholesterol, which can be used to evaluate the efficacy of drugs for the prevention of 

cardiovascular diseases. We are still in search of suitable biomarkers that may be used to 

predict the efficacy of pharmacological agents and of combinations thereof in the prevention 

of lung cancer, possibly via pharmacogenomics approaches in the single individual.

Outstanding Questions

To more fully predict the ability of pharmacological agents to modulate pulmonary 

carcinogenesis in cigarette smokers, the following outstanding questions must be 

addressed.

• In analogy with established strategies applied to the prevention of 

cardiovascular diseases, can we propose the use of pharmacological agents for 

lung cancer prevention in individuals at risk?

• Will methodologies, both experimental and epidemiological, be optimized in 

order to predict accurately the modulation of smoking-related cancers in 

addicted smokers, ex-smokers, and involuntary smokers?
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• Are the mechanisms of action of drugs thoroughly understood in order to 

envisage their potential ability to interfere in the carcinogenesis process and to 

design rational combinations of chemopreventive agents?

• Will we be able to develop and validate biomarkers aimed at predicting the 

efficacy and safety of drugs used for preventative purposes?

• Can we evaluate the interindividual variability in response to pharmacological 

agents in order to choose the optimal drugs for lung cancer prevention tailored 

on an individual base?
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Trends

• Many drugs possess pleiotropic properties that, potentially, would be expected 

to interfere with carcinogenesis mechanisms.

• Assessment of protective effects in humans is exceedingly challenging, and 

there are difficulties in reproducing smoke carcinogenicity in experimental 

animals.

• A murine model can be used to evaluate pharmacological agents by simulating 

interventions either in current smokers or in ex-smokers or even mimicking a 

transplacental chemoprevention.

• Reviewed agents include anti-inflammatory drugs, antidiabetic drugs, 

antineoplastic agents, and other drugs and supplements.

• These drugs displayed a broad spectrum of activities by attenuating smoke-

induced preneoplastic lesions or benign tumors (adenomas) and/or malignant 

tumors in mouse lungs.

• Both experimental and epidemiological data contribute to predict possible 

effects of pharmacological agents in smokers.
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Figure 1. 
Outline of the Murine Model Used for Detecting the Carcinogenicity of MCS. The mice 

were exposed whole-body during the first 4 months of life. The pharmacological agents 

were administered with the diet either during pregnancy (prenatal treatment) or after 

weaning (intervention in current smokers) or after discontinuation of exposure do MCS 

(intervention in ex-smokers).
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Figure 2. 
Inhibition of the Incidence of Microadenomas, Adenomas, and Malignant Tumors in Mouse 

Lung. The mice were exposed to MCS during the first 4 months of life and subjected to 15 

chemopreventive regimens, administered under conditions mimicking an intervention in 

current smokers. See text for the calculation of inhibition of tumor incidence and for other 

details. Values in bold indicate that the difference between the incidence of tumors in MCS-

exposed mice in the absence of drugs and the incidence of tumors in MCS-exposed mice in 

the presence of a given drug was statistically significant. The values in brackets under the 

name of test drugs are the reference numbers.
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