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ABSTRACT

The main aim of this study was to reconcile and combined the result from
observational studies investigating on asbestos exposure and cigarette smoking to
develop lung cancer risk. Lung cancer is a leading cause of death worldwide. Cigarette
smoking and asbestos exposure are known causes of the cancer. At present, there are
many epidemiological studies investigating the effects of co-exposure of asbestos and
smoking on lung cancer development. However, those studies showed conflicting
results. Thus, we conducted a systematic review and meta-analysis, providing a
quantitative estimate of the increased risk of lung cancer associated with asbestos
exposure and cigarette smoking. I updated meta-analyses of published case-control
and cohort studies exploring occupational and/or environmental asbestos exposure and
tobacco smoking cause of lung cancer risk. Five electronic databases (PubMed,
EMBASE, ISI web of knowledge, Scopus and TOXLINE) were searched from
inception date to May, 2015 for observational study of lung cancer. We calculated
pooled odds ratio (ORs), pooled relative risk (RRs) and 95% confidence intervals
(Cls) using random effects model for the association of asbestos exposure and
smoking with lung cancer. Lung cancer patients were compared with non-exposed
asbestos and smoking controls, smoking controls and asbestos exposure controls. All
cohort (N=7) and case-control (N=10) studies included in analyses were stratified by
assessment of occupation/environmental exposure to asbestos and smoking. The
summary estimates were observed for cohort studies; co-exposure of asbestos and

smoking were associated with an increased risk of lung cancer compared with non-



exposed asbestos and smoking controls (RR 8.90; 95% CI 6.01-13.18), asbestos
exposure groups (RR 2.72; 95% CI 1.67-4.40) and only smoking groups (RR 6.42;
95% CI 4.23-9.75). Case-control studies, co-exposure of asbestos and smoking were
associated with an increased risk of lung cancer compared with non-exposed asbestos
and smoking controls (OR 8.70; 95% CI 5.78-13.10), asbestos exposure groups (OR
1.70; 95% CI 1.31-2.21) and only smoking groups (OR 5.65; 95% CI 3.38-9.42).
Synergy index (S) and multiplicative (V) were 1.44 (95% CI =1.26-1.77) and 0.91
(95% CI =0.63-1.30), respectively. Our results suggested that there was a statistical
significance increased risk of lung cancer associated with co-exposure of asbestos and

cigarette smoking in an additive synergism.
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CHARPTER I

INTRODUCTION

Statement of purpose

Lung cancer is the leading cause of death worldwide. Approximately, lung
cancer death in both genders was 26-28 percent in USA in 2014 [1]. Cigarette
smoking or tobacco smoke is the most important risk factor for the disease. Several
compounds found in cigarette smoke [i.e. benzo(a)pyrene, PAHs (polycyclic aromatic
hydrocarbons)] are classified as a human carcinogen by the International Agency for
Research on Cancer (IARC) [2]. Cigarette smoking related diseases are associated
with cardiovascular diseases, chronic obstructive pulmonary disease (COPD),
emphysema, coronary heart disease and lung diseases [3]. Many countries such as
Australia, Canada, China, Italy, Russia, and The USA has been classified as high
tobacco consumption (more than 20 cigarettes per smoker per day) [4]. Moreover,
there are other occupational exposures that are associated with lung cancer (i.e.
arsenic, radon, diesel smoke gas and asbestos) [5, 6].

Asbestos is a group of silicate mineral fibers, primarily exerting its toxicities
by inhalation [7]. Asbestos is classified as Group 1 human carcinogen by IARC [8].
Asbestos can be divided into two groups: serpentine and amphibole. Serpentine has
only chrysotile. Amphibole has five distinct chemicals; those include crocidolite,
actinolite, amosite, tremolite and anthophyllite. Scientific reports concerning adverse
effects of asbestos were documented from the 1900 onwards. Several epidemiologic
studies of asbestos exposure in mining and lung diseases were reported [9, 10, 11, 12].
Asbestos-related diseases are comprised of asbestosis, lung cancer and mesothelioma.
Mesothelioma, a cancer of mesothelial cells, is a rare form of lung cancer originating
in lining of the lung plural, pericardium and peritoneum. The disease has been used as
a marker of asbestos exposure [13]. However, onset mesothelioma delayed more than
30-40 years post exposures [14]. As a consequence the prolonged onset of
mesothelioma, it has been predicted that prevalence cases of mesothelioma will be

continued and expected to reach its peak in the 21* century [15]. There is evidence



demonstrating that asbestos can lead to lung diseases both in laboratory animals [9, 16]
and humans [10, 11, 17]. In humans, workers exposed to asbestos have a higher risk in
developing lung cancer than the non-exposed population. A number of observational
studies demonstrate that an interactive effect between asbestos exposure and cigarette
smoking was additive [18], or more than additive [19] or multiplicative [20, 21].

However, the type of interaction between asbestos and smoking is still inconclusive.

Objectives of the study

1. To examine the interaction between exposure to asbestos and smoking on

lung cancer risk.

2. To specify types of interaction whether or not the interaction between the
two is either additive or multiplicative synergism.

3. To compare subgroup analysis effects of cigarette smoking and asbestos

on lung cancer development,

Expected output of the study

1. The interactive effect of asbestos exposure and cigarette smoking will be

identified.

Expected outcome

1. To verify the theory of interaction about co-exposure of asbestos and
smoking.

2. The results of this study can be applied in risk assessment of asbestos and

smoking and in a policy making process.



CHAPTER 1II

LITERATURE REVIEW

Asbestos

Asbestos is a group of naturally occurring mineral fibers. It has been used
manufacturing product more than 3,000 products because of physical properties to
resist heat and corrosives. Asbestos is commonly divided into two groups: (i) the-
serpentine group which exclusively composed of chrysotile; and (ii) the amphibole
group comprising of five members including crocidolite, amosite, tremolite, actinolite

and anthophyllite (Figure 1).

[ SerpentineJ [ Amphibole ]
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Figure 1 Flow diagram of asbestos types and chemical properties

Electron microscopic characteristic of chrysotile and amphibole asbestos is
depicted in Figure 2A and 2B. For chrysotile, it contains magnesium (Mg) and silicon
(Si) while amphibole asbestos has ferrous (Fe2+) and ferric ion (Fe3+) which can



induce an ion oxidation and lead to an oxidative stress via the Fenton reaction.
A Fenton reaction is a process which generated free radicals. Fenton reaction has
played an important role in biology of amphibole affecting on lung diseases.

Physical characteristic of serpentine is curly and more flexible than
amphibole (Figure 2A). The amphiboles are likely straight-needle shape and can be
more harmful to tissue than serpentine can (Figure 2B) [7, 8].

(A)

Figure 2 (A) Chrysotile asbestos (B) Amphibole asbhestos

Source: The global spread of asbestos [22]

Since asbestos has an excellent physical characteristics (i.e. highly resistant to
heat), it has been widely in various kinds of heat resistant products [e.g. friction
material (automotive brake shoes/pads and clutch plates), cement construction
materials (roofing, cement pipes and shingles) and other insulation products].
However, its worldwide use has exponentially declined since 1980s, but asbestos is
still in use in some countries for example China, India, Kazakhtan and Thailand [23].

Countries with high consumption asbestos mostly are located in Asia [23]. In
2013, China, Russia and India were the top three countries of the highest asbestos
consumption rate (Figure 3). In South East Asia, Indonesia, Vietnam and Thailand
import and produce many products/materials containing asbestos. This region use a
large amount of asbestos, however, there was few reports of asbestos-related diseases

in South East Asia.



Global Asbestos Fiber Consumption in
2013

Ukraine ,Colombia

Vietnam
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Source: International Ban Asbestos Secretariat and Citi

Figure 3 Diagram of global asbestos fiber consumption in 2013

As previously mentioned, Thailand is continually imported chrysotile
asbestos but there are no asbestos mine. The imported asbestos was from Russia,
Brazil and Canada. Asbestos has been imported for more than 30 years. Imported
amount of asbestos to Thailand is about 100,000 tons between 1988 and 1997. During
2002-2005, the imported asbestos was at its peak (more than 150,000 tons). At
present, trend of asbestos use in Thailand is decreasing. Since 2007, imported asbestos
is less than 100,000 tons [23]. Nowadays, the serpentine is only type of asbestos
permitted to use in the country. Chrysotile, which accounts for over 90% of the
production of asbestos, is acclaimed nontoxic asbestos. Conversely, it has been
reported that a long chrysotile can cause certain lung diseases (i.e. asbestosis, lung
cancer) [24]. Therefore, public hazard from asbestos is still eminent in many countries.
Most countries in Asia have been establishing a public policy for banning or
controlling the use of asbestos, especially serpentine asbestos. A prediction of
malignant mesothelioma or asbestos-related diseases was expected to reach its a peak

at around year 2020 [25]. Determination of public policy for banning asbestos use



according to concerning asbestos-related health problems are still ongoing process in
developing countries.

Asbestos and lung diseases

It has been well known since early 1940s that long-term exposure to asbestos
can cause lung diseases [14]. Workers who had history exposed to asbestos had
a higher risk to have mesothelioma [11, 12, 17, 21, 26]. As a result, IARC (International
Agency for Research on Cancer) classified asbestos as a Group 1 known human
carcinogen [7, 8]. The United States Environmental Protection Agency (US-EPA) also
classified asbestos as a Class A known human carcinogen [27].

According to asbestos mining at Wittenoom, Western Australia during 1960-
1990s, The first case of mesothelioma was reported in 1962 [13, 14]. Although, the
latency period of developing asbestos-related diseases (malignant mesothelioma and
lung cancer) is approximately 30-40 years from an initial asbestos exposure but most
patients died within 9-12 months after their diagnosis [28]. Moreover, asbestos can
also cause other diseases including gastrointestinal cancer, ovarian cancer and bladder
cancer [29]. Recently, malignant mesothelioma cases were reported in Thailand [30].
This study is case reports of 2 cases of asbestos-related diseases (asbestosis and
malignant mesothelioma).

The asbestos-related lung diseases can be divided into three types. Those
include 1) asbestosis, 2) lung cancer, and 3) mesothelioma. Asbestosis, a non-
cancerous of the lungs, is caused by inhaling asbestos fibers. The inhaled fibers trigger
an inflammatory process, irritate lung tissues and cause fibrosis of the lining of the
lung surface. The latency period of asbestosis is approximately 10-20 years. Lung
cancer is a one of the diseases associated with cigarette smoking. There are two major
types of lung cancer. Those are 1) the small cell lung cancer (SCLC), and 2) non-small
cell lung cancers (NSCLC). The latency period for these cancers are 15-30 years.
Lastly, mesothelioma is a rare form of cancer. The hallmark of mesothelioma includes
exposure to asbestos fibers, erionite and the siman virus 40 (SV40).

Asbestos exposure from occupational and environmental settings

Adverse health effects from asbestos exposure are usually found in
occupational settings. Occupations with a higher risk in asbestos exposure include

miners, insulators, boilermakers, shipyard workers, textile workers, and builders.



Routes of asbestos exposure are inhalation and oral exposure via drinking water and
cating contaminated foods [8]. Apart from the occupational exposure, environmental
exposures of asbestos are also documented [26, 31, 32]. Plausible environmental
exposures of asbestos are various. For example, 1) laundry which exposed to asbestos
from asbestos contaminating clothes; 2) neighbors who nearby asbestos mines or
industries; and 3) household exposure from asbestos-containing materials use. The
Goswanmi, et.al., 2013 indicated that the risk of mesothelioma for persons domestically
exposed is greater than five-fold compared to non-exposed populations [33]. In
addition, some exposed populations either from occupational or from domestic
asbestos exposure was not found asbestos-related diseases because they had differently
eliminated asbestos from lung. A clearance of asbestos from the lung is an important
factor for understanding of biodurability of asbestos.

Clearance of asbestos from the body

After inhaled into the lungs, the fibers can translocate to alveoli and lung
cavity shortly after an initiation of exposure. If there are many fibers depositing into
lungs, those fibers can lead to move and migration of leukocytes, thereby initiating
inflammatory responses. Whether or not the included fibers are decomposed or cleared
from the lung by macrophages depending on fiber types, fiber size and amount of
asbestos fibers exposure.

For both serpentine and amphiboles, it takes a long time to be eradicated from
human lungs. Due to the physical properties of amphiboles, these fibers have a double
chain of tetrahedral silicate which makes it persistent in the human lungs. While the
structure of chrysotile is a soluble magnesium layer, it is readily attacked a milieu at
pH 4-4.5 inside the macrophages. Although, the studies [24, 34] reported that
biopersistence of chrysotile is less prolonged compared to amphibole, they have
similar carcinogenic effects on human lungs.

Consequently, small or large fibers were also considered. Small fibers (less
than 5 pm in length) can be easily eliminated by alveoli macrophages. Long fibers
(more than 20 pm in length) were deposited on lung bifurcations and hardly removed.
They may be attributed to an increased ability to penetrate the lung plural cavity that is
target sites of origin of malignant mesothelioma. However, asbestos fibers are longer

than 200 pm, they cannot be discarded from macrophages because of fibers having



lengths greater than the macrophage diameter. A long-thin of amphibole can be
penetrated the peripheral lung more readily than chrysotile whereas the curly fibers of
chrysotile can be intercepted at airway bifurcations of lungs [35].

Moreover, an amount of asbestos exposure correlated with duration of
exposure or period of doing jobs plays an important role the clearance of asbestos
from the lungs. Studies reported that the populations who exposed asbestos were
consumed on a large amount and prolonged time. They will have a higher risk of Iung
disease than those who were not [12].

Although some studies [24, 34] reported that chrysotile asbestos is being less
potent than amphibole. Results from Bernstein, et al. there was no difference in the
potency of the two types regarding the induction of lung tumors [24]. There were
evidences demonstrating that humans can develop lung cancer from exposure to
chrysotile asbestos, when the exposure is high and sustained for long periods [36, 37].
It also suggests that the hazard may be low if even high exposures were of short
duration.

Mechanism of Asbestos Toxicity

The differences in biopersitence of asbestos types were described above.
Accordingly, bioactivities of these two asbestos fibers were found inconsistently.
Amphibole types claimed that cause more harmful than serpentine because of fiber
characteristics, biopersistence and toxicity. For amphibole type, it has chemical
properties that danger to lung tissue according with Fe ion induced fenton reaction
[38]. As known that amphiboles comprised of ferrous (Fe** ion) and ferric (Fe**ion).
The effects of Fe ions can induce Fenton reaction and lead to oxidative stress, causing

cell damage. Fenton’s reaction equation showed below:

Fe** +0; — Fe'* +0,
Fe* + H,0, > Fe** +OH™ +'OH
0, +H,0,—=—>0H" +"0OH + 0,




Chrysotile asbestos is a far less potent carcinogen than amphibole. However,
it is classified as type 1 carcinogen. A large number of chrysotile and prolonged
exposures are influenced on cell changes and translocation of neutrophils for fibers
elimination more likely to produce lung cancer from amphibole.

After inhaled asbestos into the lungs, some fibers will be removed by
macrophages whereas most of the fibers remain in the lungs. When leukocytes are
attracted into lung areas, this can initiate chronic inflammation. Recruited macrophage
cells performed phagocytosis of the asbestos fibers. However, some fibers were not
eliminated by macrophages called “frustrated phagocytosis” and then the macrophages
release inflammatory cytokines (i.e. tumor necrosis factor-o, interleukin-1p,
transforming growth factor-p and platelet-derived growth factor) and reaction species
[39]. Among these cytokines, TNF-o. plays an important role in the inflammatory
process. It can activate nuclear factor-kB which leads to mesothelial cell survival and
inhibits asbestos-induced cytotoxicity [40].

Yang, etal, study [41] reported that both chrysotile and amphibolies
exposures had similarly carcinogenic effective on human mesothelial cell. Thereby,
this increases the expression of HMGBI1 (high-mobility group box-1), leading to
undergo necrotic cell death and promoting an inflammatory response (Figure 4). Both
amphibole and chrysotile fibers can induce apoptosis and transformation of lung

tissues [39].
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Figure 4 Mechanism aspects of asbestos-induced carcinogenesis
Source: Sekido [40]

In addition, asbestos fibers are a potent activator of inflammatory cascade. A
Nod-like receptor-family protein 3 (NLRP3) inflammasome is a key mediator of
chronic inflammation, potentially causing cancer [42]. The NLRP3 inflammasome can
be changed, pro IL-1p, a pro-inflammatory cytokine to mature IL-1j (Figure 5).
Activated inflammatory cytokines were released to eradicate asbestos fibers. They can
produce cell damages and cell changes. Then, these cause cell transformation and
necrosis. Theses inflammatory processes were placed repeatedly. Subsequently
outcomes of these are lung diseases and cancer. This chronic inflammation leading to

asbestos-induced lung cancer can be a long process, up to 30-40 years.
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Figure 5 Role of Nod-like receptor-family protein 3 (NLRP3) inflammasome

for carcinogenesis

Source: Carbone M. and Yang H. [41]

Fiber analysis techniques
There are several techniques that can be used to identify fibers in
environmental and biological samples.
For environmental sample (i.e. an air sample from workplaces, manufactures,
Y/ environment), midget impinge, impinge and membrane filter techniques can be used
for collecting asbestos fibers that contaminated in the air. Then, detection of asbestos

fibers from collection samples was used by microscopy.
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For biological sample (i.e. lung tissues from biopsy and histology
examination), the samples can be detected by light and electron microscopy. An
electron microscopy comprises of scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). By the way, TEM is broadly distinguished
on asbestos fibers.

With regard to the efficiency of light and electron microscopy, an electron
microscopy can be detected the fiber 0.5 pm in length whereas light microscopy can
be identified the fiber more than 5 pm in length. Eventually, no analytical methods
could be detected the fiber less than 0.5 pm in length.

Additionally, exposure assessment of asbestos in epidemiological studies was
typically performed by questionnaire/interview, job matrix exposure and expert
assessment [43]. The only method is not perfectly for collecting data. Nonetheless,
most epidemiological studies were commonly recommended in combining on two or
more methods for setting on asbestos exposure assessment. Moreover, the potent of
expertise can be identified and separated the fibers increasing of powerful and accurate

on asbestos measurement method.

Cigarette smoking

There are over 5,000 compounds identified in tobacco smoke. Notably,
polycyclic aromatic hydrocarbons (PAHs) [e.g.benzo[a]pyrene (BaP)] and the
tobacco-specific nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
are likely to play major roles in smoking related carcinogenesis. According to IARC,
major compounds (BaP and NNK) in cigarette are classified as group 1 human
carcinogen [2]. Both NNK and BaP can bind covalently to DNA and cause mutations.
For NNK, NNN (N9-nitrosonornicotine) and aromatic amines can induce oxidative
stress and cellular damages. From several epidemiological studies, smoking can
increase the risk of developing lung cancer estimated 8-9 times compared to non-
smokers [3]. In addition, the lung cancer risk in passive smokers was about 1-2 times

compared to non-smoking subjects [42].
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Nicotine

> NNN
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Figure 6 Chemical structures of nicotine and its derivative
Source: GW Warren and AK Singh [44]

Prevalence of cigarette smoke in worldwide and Thailand

Mechanism of cigarette smoking toxicity

As known that several compounds (e.g. BaP, NNK, and aromatic amines) in
cigarette can adversely affect human health. Both NNK and BaP are metabolized by
cytochrome P450 3A4. Their metabolites can bind covalently to DNA and cause DNA
damages called “genotoxic effect” (Figure 7 showing metabolism of NNK and BaP,
they bind to DNA).

For nicotine, several reports suggested that nicotine is responsible for
addiction whereas it exert insignificant carcinogenic effects than its derivative.
Nicotine cannot enhance tumor growth but nicotine and its nitrosated derivative NNK
can cause DNA mutations directly [45].

A diagram on molecular mechanisms of genotoxic and non-genetoxic effects

by cigarette smoke was summarized in Figure 7:
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Initiation > Promotion > Progression >

Normal cells Initiated cells Tumor cells

Genotoxic effects Nongenotoxic effects (mMAChR, f-AR
and AhR)
l [ |

ROS production Proliferation Angiogenesis
DNA adducts Antiapoptosis Invasion
Failure in DNA Mitrocondrial Metastasis
repair dysfunction

\YJ Y J

y : Nicotine and its derivative, nitrosamines, and
Nitrosamines, PAHs PAHSs

Figure 7 Flow diagram of cigarette compounds induced tumor growth

Source: Chen, et al. [46]

Lung cancer

Definition

Lung cancer is the uncontrolled growth of abnormal cells in lungs. These
cells can multiply rapidly and turn into tumors. They can interfere with the function of
the lungs and, ultimately, spread to other parts of the body.

Pathogenesis

There are two major histological types of lung cancer in the present
classification, namely, small cell lung cancer and non-small cell lung cancer. Non-

small cell lung cancer is divided into three subtypes i) squamous-cell carcinoma, ii)
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large-cell carcinoma, and iii) adenocarcinoma. Aside from lung cancer, mesothelioma
is a type of lung cancer that can develop in the membrane]ining of the lungs and
abdomen. The disease is used as a maker for asbestos exposure. Cigarette smoking, on
the other hand, does not develop mesothelioma.

Prevalence of lung cancer

Worldwide people are smokers in both genders. An incidence in worldwide
over 1.2 million are dead from lung cancer. Of these, estimate accounts for 80% of
lung cancer in males and at least 50% in females [46]. Among males, death from lung
cancer is ranked second following prostate cancer whereas lung cancer in females is a
second death rate of subsequent breast cancer. In year 2014, it was forecasted that
there would be 500,000 cases of lung cancer in the U.S. [45]. Nonetheless, the
incidence rate in year 2015 was 43 cases per 100,000 persons. With this magnitude,
several countries recommend a smoking cessation program in their countries.

Causes of lung cancer

There are several major causes of lung cancer. The most prominent causes
included cigarette smoke, asbestos, radon, arsenic and coal dust [2, 47]. The
epidemiological studies reported that lung cancer can be found in people who worked
with asbestos and also smoking [18, 19, 20, 21]. Cigarette smoke is well-known to
induce both types of cancer. A small cell lung cancer is mostly associated with

frequent smokers.

Possible Mechanism of Co-Exposure to Asbestos and Cigarette Smoking

An individual of mechanism on asbestos related lung diseases can explain in
several pathways. Asbestos fibers are directly got into lung. Smaii fibers (less than
5 pm) were further reached than large fibers. The long-thin fibers (more than 200 pm)
have acclaimed that make incomplete phagocytosis of macrophages. The amphibole
type has chemical properties (Fe ion) that were initiated Fenton reaction whereas a
large amount of chrysotile was caused chronic lung inflammation. An asbestos
exposure to continue developing lung cancer can be defined secretion of inflammatory

cytokines which induced inflammatory process [48, 49].
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For smoking, the compounds inside tobacco smoke had affected to lung.
They can induce irritation and cause cancer. The mode of action of those chemicals in
cigarette smoke described as following: polycyclic aromatic hydrocarbons
(benzo(a)pyrene and Nicotine-derived nitrosamine ketone). Their metabolite
compounds can activate multiple signaling pathways that contribute to lung cancer
carcinogenesis such as cell proliferation and survival signals.

As a sequence, it is well-known that both exposure of asbestos and smoking
were damaged on cells into lung. There are evidence reported that cigarette smoking
can be interrupted clearance of asbestos [50]. The possible of mechanism on two
exposures was explained on chronic inflammation association with cancer. Recent
studies [51, 52, 53] suggested that both exposure of asbestos and smoking were
powerfully originated reactive oxygen species (ROS). Then, they were triggered pro-
inflammatory cytokines and activated releasing cell mediators. The effect caused cell
proliferation and cell survival. Hence, inflammation is a hallmark of both asbestos
exposure and cigarette smoking and is observed both in animals and humans. These
are frequently associated with increased risk of cancers and slightly escalated on the

two exposures by synergy. However, the mechanism of two exposures is still debated.

Asbestos and smoking interaction

In brief on biological interaction, when asbestos is inhaled into the lungs, its
fibers can cause chronic inflammation for a long period of time. In addition, Fe ion in
its fibers can induce prolonged Fenton’s reaction, thereby, increase free radical
production. Taken together, these can eventually induce lung cancer. On the other
hand, carcinogens in cigarette smoke (i.e. BaP, NNK) can lead to mutations of DNA,
thereby, cancer.

Since co-exposure of these two known human carcinogens is likely among
populations, with their different modes of actions in carcinogenesis (chronic
inflammation oxidative stress for asbestos and DNA damage for smoking),
interactions between asbestos and smoking in lung cancer development are possible.
By statically interaction, while a person who exposed to two or more compounds/
chemicals at same time, results in health effects demonstrate that are greater than the

sum of the effects of the individual chemicals called “synergism”.



17

The nature of the joint effect of smoking and asbestos exposure on lung
cancer mortality was investigated using two indices for interaction effects: the
Synergy (S) on additive scale and Multiplicativity (V) indices on a multiplicative scale
[54, 55]. A value of S greater than one indicates some degree of interaction between
smoking and asbestos exposure on lung cancer risk, with a value of S equal to one
indicating no interaction (that is, the effect of the two factors on risk is additive). For
the second index, a value of ¥ equal to one indicates a multiplicative interaction,
whereas a value less than one indicate a less than multiplicative interaction. However,
there is not a systematic review and meta-analysis using these statistics to test both
hypotheses.

Therefore, this study aims for identify interaction between exposure to

asbestos and smoking using systematic review and meta-analysis.

Measures of interaction on an additive scale and multiplicative scale

According to the observational studies, they were two dichotomous patterns
for measurement. The two exposures divided into A and B:

1. ORasp+ andfor RRa+p+ is the odds ratio/relative risk of disease if both A
and B are present,

2. ORpsp-and/or RRasp-is the odds ratio/relative risk of disease if A is
present but B is absent, and

3. ORap+ and/or RRa.p+ is the relative risk of disease if A is absent but B is
present.

Interaction on additive

For calculation on an additive scale [56], it has 3 equations as follow:

1. Relative excess risk due to interaction (RERI):

RERI = OR,RR,,,, — OR,RR ,;_ ~OR,RR,_,, +1

RERI = 0 refers to no interaction or exactly additive interaction (additivity);
RERI > 0 refers to positive interaction or more than additivity;

RERI < 0 refers to negative interaction or less than additivity.



2. Proportion attributable to interaction (AP):

p__ RERI
OR,RR,,,,

AP = 0 refers to no interaction or exactly additivity;
AP > 0 refers to positive interaction or more than additivity;

AP <0 refers to negative interaction or less than additivity.
3. Synergy index (S):

RRA+B+ > ORA+B+ =1

S=
(RRy 5 sORyp — D+(RR, 5, OR, 5, 1)

S = 1 refers to no interaction or exactly additivity;
S > 1 refers to positive interaction or more than additivity;

S <1 refers to negative interaction or less than additivity.

Interaction on multiplicative [54]

For calculation on a multiplicative scale, it was used an equation as follow:

_ OR,RR,*OR,RR,.s.
OR,RR,,s *OR,RR, g,

V=1 refers to no interaction on the multiplicative scale;
V> 1 refers to positive multiplicative interaction,

¥ < 1 refers to negative multiplicative interaction.
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CHAPTER III

RESEARCH METHODOLOGY

The methodology of systematic review and meta-analysis has five processes
to select the studied that met criteria as follow: 1) Define question, 2) Searching,

3) Study selection, 4) Data extraction and quality assessment, and; 5) Data analysis.

e —— B T =

Study selection

v == M-:g'#'mwmn 2
Pata analysis ']

Figure 8 The processing of systematic review and meta-analysis

Search Strategy and study sclection

A Comprehensive and systematic search was performed on the following
databases: PubMed, Embase, Scopus, ISI Web of Knowledge, and TOXLINE
databases from their inception until May 2015. Combinations of the following key
words were used: asbestos, crocidolite, amosite, chrysotile, tremolite, actinolite,
anthophyllite, cigarette, cigarette smoke, cigarette smoking, pipe, cigar, tobacco,
tobacco smoking, lung cancer, mesothelioma, lung carcinoma, and lung

adenocarcinoma. There was no language restriction. Only observational studies were
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included. Additional studies were also hand-searched from bibliographies of the

selected studies.

Table 1 Search terms used for identify relevant studies

Words Search terms

Asbestos nasbestos”" OR "crocidolite" OR "amosite" OR "chrysotile" OR

"tremolite”" OR "actinolite" OR "anthophyllite"

Smoking "cigarette" OR "cigarette smoke" OR "cigarette smoking" OR
"pipe" OR "cigar" OR "tobacco" OR "tobacco smoking"

Lung cancer "lung cancer" OR "mesothelioma" OR "lung carcinoma" OR

"lung adenocarcinoma"

Inclusion and exclusion criteria

Studies were included if they met all of the following criteria: 1) original
articles published in peer-reviewed journals; 2) human studies; 3) observational
studies; 4) studies investigating associations between asbestos exposure and smoking
with lung cancer, and; 5) studies reporting sufficient data for calculating odds ratio and
relative risks. The studies that not meeting these inclusion criteria described above
were excluded. If there were duplicate populations, only the studies providing the most
details, more number of participants, followed populations for longer follow-up
periods, or the most recently published were selected for meta-analysis. Two
reviewers independently appraised titles and abstracts retrieved from the
comprehensive searches. The controversial reviews were discussed and resolved by a
third reviewer. If further details were required, the reviewers contacted the authors for

more information.

Data Abstraction and Quality Assessment

Information extracted from each study included first author, publication year,
geographic area, study type (hospital-based case-control, population-based case-
control, nested case-control, retrospective cohort, prospective cohort, and cross-

sectional), total number of cases, and controls, fiber type (chrysotile, crocidolite,
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tremolite), industry type, measurement of asbestos and/or smoking exposure, asbestos
exposure assessment method, definition of asbestos exposure and/or smoking, period
of employment/exposure, measurement method (asbestos exposure, smoking), and
classification of outcome. The Newcastle-Ottawa quality assessment scale (NOS) was
used to assess the quality of the selected observational studies. The categories of NOS
was based on selection of participants, comparability of study groups, and the

exposure of interest (case-control studies) or outcome of interest (cohort studies) [57].

Statistical Analysis

Subjects were characterized into four groups: non-exposure to asbestos and
non-smoking (A-S-), asbestos-exposed and non-smoking (A+S-), non-exposed
asbestos and smoking (A-S+), and asbestos-exposed and smoking (A+S+). The
primary outcome of the pooled analysis focused on comparing the summary effect of
lung cancer risk in people without asbestos exposure and non-smoking versus those
without asbestos exposure, non-smoking, and co-exposure to asbestos and smoking as
follows: (i) A+S- compared with A-S- (if) A-S+ compared with A-S-, and (iii) A+S+
compared with A-S- and interaction between asbestos and smoking were evaluated
using the Rothman Synergy Index [55]. Summary effect estimates were assessed
discretely by averaging the natural logarithmic OR and/or RR weighted by their
inverse variances. The pooled effect estimates were calculated using a random effects
model by the method of DerSimonian and Laird [58]. Heterogeneity among selected
studies was determined using the Q-statistic and I-squared tests [59]. I-squared i
values of 25%, 50%, and 75% represented low, moderate, and high degrees of
heterogeneity, respectively [60]. The meta-analysis of case-control and cohort studies
were conducted separately due to differences in the nature of study design [61].

Subgroup analyses were performed according to the geographic area (Europe,
America, others), asbestos type, study design (hospital or population, retrospective,
prospective), and stratification of smoking level were used to assess the impacts of
study characteristics on outcomes. Publication bias was quantified using funnel plot,
Begg’s test and Egger’s test, where p>0.05 for both tests was considered to have no
significant publication bias [62, 63]. All analyses were performed using STATA
software V.10.1 (Stata Corp, College Station, TX, USA).
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Determination of interactive effect

The joint effect of exposure to asbestos and smoking was first examined by
estimating odds ratio (ORs) and relative risk (RRs). To determine whether co-
exposure to asbestos and smoking is an additive and multiplicative scale, the synergy

() and multiplicative (¥) indices were calculated as follow [55, 64]:

Synergy index (S)

G = Ko — Xy
X+ X — 2X,

Multiplicative index (V)

K, X5

Where Xj is the odds ratio and/or relative risk for lung cancer among non-
exposed to asbestos and non-smokers; X, is the corresponding value for lung cancer
among asbestos exposure in non-smokers; Xy is for lung cancer and smoking in those
without asbestos-exposure; and Xys is for lung cancer and co-exposure to asbestos and
smoking. The synergy index (S) is an interaction on an additive scale. The
interpretation is S =1 suggests no interaction between asbestos exposure and smoking
on lung cancer; S >1 suggests a positive interaction (synergism); and S<I suggests a
negative interaction (i.e., antagonism). For the multiplicative index (¥), it can be
interpreted as either: when V=1, there is no interaction on the multiplicative scale;
when V >1, the multiplicative interaction is positive; or when F<1, it is negative.
Confidence intervals (CIs) were calculated using the method of Rothman, and
Andersson, et al. [55, 64, 65].



CHAPTER 1V

RESUTS AND DISCUSSION

Study 1: An interaction of asbestos and smoking

Study Selection

I identified 2,499 records of which 2,479 were duplicated, irrelevant, review
articles, case reports, non-human or expetimental studies, or lacked lung cancer
outcomes or lacking control groups, and were excluded. Five additional publications
meeting the inclusion criteria were added from the bibliographies of the retrieved
articles (Figure 9). In the final review of 25 studies, we excluded 5 studies [37, 66, 67,
68, 69] due to duplicate populations, and 3 studies [17, 70, 71] had insufficient data.
Only one by Kjuus, et al. [72] was selected of three articles [67, 68, 72] which
analyzed the same data. Case-control studies by Bovenzi (1992 and 1993) [66, 73], the
cohort studies of McDonald and Liddell [37, 74]; and cohort studies of Klerk and Reid
[20, 69] also described the same populations of which the most recent [20, 73, 74] was
selected. The Blot, et al. study [17] did not report smoking status in asbestos-exposed
populations. Finally, the studies of Hilt et al. 1986, and Markowitz, et al. [70, 71] were
excluded because numbers of controls were missing. Therefore, a total of 17 studies
(10 case-control and 7 cohort studies) were included for meta-analysis. The 13
included studies were identified using the search terms, and another 4 studies derived

from their bibliographies.



24

c

% Records identified through Additional records identified

i dalabase searching {hrough other sources

% (n=2499) (n=5)

@

o
_ 3

Recovds afler duplicates removed

il (n=776)

+ ]

=

[=

H

* Records screened Records exduded
L (n=1728) ’ {n =1703)

-
) Fulllext arficles
. excluded, with reasons

Q Fultex articles n= a)

3 assessed for eligibility +5 Dupficates study

5 (n=25) popuiation

w «JInsuficient dala
L)

Studies included in

. quantifative synthesis

2 (meta-analysis)

e (n=17)

Figure 9 A Flow diagram of the systematic searching PRISMA

Study Characteristics

The characteristics and information of the included studies are shown in
Table 2 and Table 3. The 10 case-control studies [P, 21, 72, 73, 75, 76, 71, 78,
79], contained 10,223 participants in all of which 4,768 were population-based
controls, and 1,128 hospital-based controls. Seven cohort studies [10, 18, 20, 36, 74,
80, 81] had an aggregate of 64,924 participants, comprising of the 3,316 cases and
61,608 controls. In all the included studies asbestos exposure was occupational. Where
reported, the average participant age was approximately 60 (range 40-80 y) for case
control studies. Some [75, 76] reported the type of asbestos used (tremolite or mixed
asbestos), while the remaining eight [11, 19, 21, 72, 73, 77, 78, 79] did not categorize
the asbestos (Table 2 and 3). The settings for the exposure was occupational, either
asbestos mines (one study [75]), ship building/repair (two studies [11, 78]), textile
production (one study [76]), and the remaining six [19, 21, 72, 73, 77, 79] studies
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failed to specify. Environmental monitoring was measured by using the membrane
filter method and were analyzed by phase contrast microscopy [19] but most studies
relied on personal/telephone interview and/or questionnaire. Smoking habits of
participants were quantified by personal/telephone interview and/or questionnaire. If
the subject had already died, the appropriate information was sought from their next-
of-kin or spouse (Table 4 and Table 5).

Quality Assessment

The methodological quality of case-control studies was summarized as
a mean NOS of 6 (range 5-7) and a score of 6.7 (range 6-8) for cohort studies (Table 2
and Table 3).
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Quantitative Synthesis
(i) Case-control studies: A random-effects meta-analysis of 10 studies [11,
19, 21, 72, 73, 75, 76, 77, 78, 79] revealed associations between asbestos exposure
and/or smoking, and developing lung cancer. The summary odds ratio of (A+S-)
workers compared with (A-S-) workers was 1.70 (95% CI = 1.31-2.21). The summary
odds ratio of (A-S+) workers compared with (A-S-) was 5.65 (95% CI = 3.38-9.42).
Additionally, the summary odds ratio of (A+S+) workers compared with (A-S-)
workers was 8.70 (95% CI = 5.78-13.10). Evidence of heterogeneity was found in A-
S+/A-S- and A+S+/A-S- groups (X = 90.6%, p = 0.000 and P = 78.7%, p = 0.000),
subsequently (Figure 10). Such heterogeneity probably arises from the differing
interaction effects across varying levels of smoking exposure. As shown in Table 8,
the results of subgroup analyses according to different characteristics are in close
agreement with our major findings.
Publication bias: Begg’s funnel plot and Egger’s test were performed to
assess publication bias of the literature, Publication bias for (i) A+S- was p = 0.437
(Begg’s test), and 0.659 (Egger’s), (ii) A-S+ was p= 0.252 (Begg’s test), and 0.362
(Egger’s), and (iii) A+S+, p=0.154 (Begg’s test) and 0.294 (Egger’s test). Funnel plots
suggested evidence of publication bias. There was asymmetry of funnel plots
accordant with high heterogeneity studies (A-S+ and A+S+). However, trim and fill
analysis showed that the overall odds ratios were unchanged (data shown in

supplement).
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(A) study OddsRate %

(95% CI) Weight
Marlischalg (1697) : 1.08(0.38,3.08) 6.3
Blot (1978) 1.28(0.61,2.69) 1241
Blot (1980) 1.88 (1.00,3.54) 17.27
Paslorino (1983) ——-—-— 2.82(0.49, 16.28) 2.24
Kuss (1086) —ii— 243(1.12,5.28) 11.49
Dave (1988) ' —l—f— 1.15(0.42,3.19) ©6.66
Bovenzi (1993) i 1.03(0.88,4.95) 0.98
Luce (2000) —-—.- 0.67(0.22,2.04) 5.50
Guslavsson (2001) -—m— 281(1.31,602) 11.81
Vikeneuve (2012) - 1.75(0.96,3.18) 19.26
Overall (squared = 0.0%, p = 0.587) Q 1.70(1.31,2,21)  100.00

i b1 60

(B)

Odds Ratio %

Study (95% C1) Weight

Martischalg (1997) = 1.78(1.08,3.01)  10.50
Blot (1978) = 471(332,668) 1119
Blot {1980) e 3.00(2.02,474)  10.91
Pastorino (1963) —4—  547(238,1258) 890
Kjuss (1986) _,.__ 7.15(3.51, 14.55)  9.62
Dave (1988) —e—i- 268(0.95,7.60)  7.03
Bovenzi (1993) e 10.13(5.17,19.68) .81
Luce (2000) i 390(1.66,972) 857
Gustavsson (2001)

Vileneuve (2012)

—=—  20.78(13.82, 31.23) 10.08
|- 11.11 (8.74,14.12)  11.51

Overall (squared = 90.8%, p = 0.000) q> 5,65(3.38,0.42)  100.00
1 510 50
(C) s Odds Ratio %
Ry (95 % Ci) Welght
Martischalg (1697) et 557 (2.72,11.40) 9.6
Blot (1978) —q— 7.58 (4.71,12.20) 11.53
Blot (1080) —!—‘: 4,87 (2.83, 8.35) 11.03
Pastorino (1983) —a—  088(3922481) 805
Kjuss (1988) —a—  12.04(5.04,24.42) 9.70
Dave (i988) | 2.26(0.61,5.61) 8.1
Bovena (1893) —s—  15.80(8.06,31.31) 9.93
Luce (2000) —e— 5.21(1.05,13.91) 764
Gustavsson (2001) —e— 24,71(15.65, 39.02) 11.67
Vitensuve (2012) l-a- 12.82(9.41, 17.46) 12.67
Overall (I-squared = 78.7%, p = 0.000) 8.70(5.78,13.10)  100.00
1 540 50

Figure 10 Random-effects meta-analysis of the synergistic effect between

asbestos exposure and smoking cause lung cancer- Case

control study
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(A) Summary odds ratio of asbestos-exposed and non-smoking (A+S-)
compared with not asbestos-exposed and non-smoking (A-S-). (B) Summary odds
ratio of non-exposure to asbestos and smoking (A-S+) compared with not asbestos-
exposed and non-smoking (A-S-). (C) Summary odds ratio of asbestos-exposed and

smoking (A+S+) compared with not asbestos-exposed and non-smoking (A-S-)
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(A) Funnel plot with pseudo 85% confidence limits
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Figure 11 Funnel plot for 10 case-control studies of relationship between asbestos
and cigarette smoking on lung cancer with subjects whom are exposed
to asbestos and non-smokers (A), subjects whom are not exposed to
asbestos and smokers (B) and subjects whom are exposed to asbestos

and smokers (C)
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(ii) Cohort studies; Seven studies [10, 18, 20, 36, 74, 80, 81] were included
in our primary analysis (Figure 12). The summary relative risks for lung cancer in the
cohort studies of (A+S-) workers were 2.72 (95% CI = 1.67-4.40), (A-S+) workers
were 6.42 (95% CI = 4.23-9.75), and for (A+S+) workers were 8.90 (95% CI = 6.01-
13.18) compared with (A-S-) workers. The results of the cohort studies are consistent
with the analysis of the case-control studies. Evidence of heterogeneity was not found
in cohort studies (¥ = 0.0 %, p = 0.968, = 25.1%, p = 0.237 and F = 17.3%, p =
0.298).

Publication bias: Evaluation of publication bias for A+S-, A-S+ and A+S+
are Begg’s test (p =0.063) Egger’s test (p =0.079), Begg’s test (p = 0.026) Egger’s test
(p = 0.065) and Begg’s test (p =0.118) Egger’s test (p =0.254), respectively. These
results did not indicate a potential for publication bias when using funnel plots (data
shown in supplement). In addition, case-control studies estimates of the combined
effect of asbestos and smoking on lung cancer risk were in concordance with those

from cohort studies.
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) Relative Risk %
study (95% CI) Weight
Beny (1972) 216(0.11,44.42) 258
Liddell (1984) 260(1.10,656) 2932
Berry (1985) 1.43(0.15,13.48) 468
Reld (2008) ' = 2.16(0.66,7.03) 1678

Wang (2013) — 2.00(0.22,17.89) 407

Overall (-squared = 0.0%, p = 0.968) 2,72(1.67,440) 100.00

.
-
1
Markowltz (2013) - 339(160,7.15) 412
&

(B)
Study Relative Risk %
{95% 1) Woeight
Beny (1972) - 240(0.14,4073) 210
Rubino (1979) > 2.19(0.12,30.90) 2,00
Liddell (1984) _..._ 4.06(1.81,007)  18.40
Berry (1985) ; | AP ) 241(0.33,17.77) 406
Reld (2006) i 10.06 (4.07, 24.86) 15.59
Markowitz (2013) . 8.42(7.15,991)  53.28
Wang (2013) I VA 2.23(0.34, 14.57) 457
Overall (equared = 25,1%, p = 0,237 @ 6.42(4.23,9.75) 100,00
510 50
(C) .
N “oswen g
Berry (1972) ﬁ 7.40 (048, 118.60) 1.95
Rubino (1979) o 3.77(0.25,57.25) 203
Liddetl (1984) —IJ— 5.88 (2,67, 12.95) 18.64
Berry (1985) ' ————-—'— 3.96(0.56,28.26) 3.80
Reld (2006) - 16,28 (6.18, 37.74) 16.12

Markowitz (2013) - 10.73(8.06, 14.28) 54,22
Wang (2013) — —-—-— 2.48(0.39, 15.84) 4.24
Overall (l-squared = 17,3%, p = 0,298 @ 8.90(6.01,13.16) 100.00

1 5 10 50100

Figure 12 Random-effects meta-analysis of the synergistic effect between asbestos

exposure and smoking cause lung cancer- Cohort study
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(A) Summary relative risk of asbestos-exposed and non-smoking (A+S-)
compared with not asbestos-exposed and non-smoking (A-S-). (B) Summary relative
risk of non-exposure to asbestos and smoking (A-S+) compared with not asbestos-
exposed and non-smoking (A-S-). (C) Summary relative risk of asbestos-exposed and

smoking (A+S+) compared with not asbestos-exposed and non-smoking (A-S-)
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(A) Funnel plot with pseudo 95% confidence limits
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Figure 13 Funnel plot for 7 cohort studies of relationship between asbestos and

cigarette smoking on lung cancer with subjects whom are exposed to

asbestos and non-smokers (A), subjects whom are not exposed to

asbestos and smokers (B) and subjects whom are exposed to asbestos

and smokers (C)
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Interaction between asbestos exposure and cigarette smoking

Evaluation of interaction is summarized in Table 12. All 17 studies provided
data which enabled evaluation of the joint effects of co-exposure of both asbestos and
cigarette smoking on the risk of lung cancer. For case-control studies, the interaction
index of synergy (S) and multiplicative index (V) were 1.44 (95% CI = 1.26-1.77) and
0.91 (95% CI = 0.63-1.30), respectively, with corresponding values for the cohort
studies of 1.11 (95% CI = 1.00-1.28) and 0.51 (95% = 0.31-0.85). These results
suggest that the interaction between asbestos exposure and smoking can be a positive
interaction on the additive scale (an additive synergistic effect). There was a
suggestion of a negative multiplicative interaction for both case-control and cohort
studies. Notably our results do not show a multiplicative effect between the two

known human carcinogens.

Discussion

Our results demonstrate a positive synergistic interaction on an additive scale
between asbestos exposure and cigarette smoking in workers developing lung cancer
(Table 12). Employees exposed to asbestos and having a history of smoking have a
higher risk of developing lung cancer than those only exposed to one risk (either
smoking or asbestos alone). In contrast, the multiplicative index for case-control
studies was close to 1.0, although for cohort studies, a negative multiplication
interaction is suggested (7=0.51, 95%CI=0.31-0.85).

Some data suggests that smoking does not enhance mesothelioma [82], which
implies that the synergistic lung cancer risk arises from the two carcinogens
interacting in the same lung tissue. There are several mediators contributing to
cigarette smoke and asbestos-induced lung diseases. Both smoking [83] and asbestos
[49] elicit chronic inflammation, which is central to tumorigenesis and is augmented
through reduced active immunity, increased infections, and compromised tumor
surveillance [84, 85]. Tobacco smoke causes inflammation through a vast array of
chemical and particulate irritants. Mineral fibers are inflammatory primarily through
activation of Nod-like receptor-family protein 3 (NLRP3) of inflammasomes in tissue
macrophages. Asbestos fibers evoke vain attacks by macrophages ensuring their

continual activation while also adversely affecting function of other immune cells [S1,
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86]. Symptoms of inflammation include oxidative stress, which is worse in blue
asbestos (amosite, crocidolite, tremolite) containing Fe** ions which generate
additional reactive species through Fenton catalysis [87]. The prolonged bio-
persistence of these amphiboles further contributes to their greater carcinogenicity
than chrysotile and other mineral fibers. Tobacco smoke also contains multiple
carcinogens (e.g., 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone or NNK, 1,3-
butadiene, ethylene oxide, chromium, polonium-210, arsenic, ethyl carbamate, and
hydrazine) that directly interact with DNA [88]. Thus, the common localized
inflammatory actions of tobacco smoke and asbestos readily explains additive effects,
while the additional actions (direct carcinogenesis and Fenton catalysis) of each insult
could account for the additive synergistic interaction.

The present study has some limitations which are mostly inherent in this type
of study.

Odds ratios were roughly estimated from the included studies where the
measurement methods used and exposure classification varied between studies. For
example there were several studies claiming that the duration of asbestos exposure was
the same as the period of employment in the workplace. Therefore, short duration jobs
reduce the validity and reliability of questionnaires about occupational history. Some
studies [76, 77, 79] did not provide estimates of adjusted risks (age, sex, etc.).The
methods used to quantitate exposures to asbestos and cigarette smoke were arbitrary
and varied across studies. The type of asbestos used was usually not stated. The
diagnosis for lung cancer used different criteria (by physician, chest x-ray,
radiography, or information taken from the death certificate). In contrast, other studies
have objective exposure and clinical criteria (e.g., Markowitz, et al. [18]).The type of
lung cancer was rarely stated or even whether mesothelioma was excluded but
mesothelioma was never explicitly included. Some case-control studies [72, 78] used
control populations who had other diseases (e.g., myocardial infarction, bladder
cancer, other malignant neoplasms or other lung disease). Most of these diseases are
also smoking-related. Nevertheless, all case-control studies endeavored to match
controls for confounders. Some studies have data derived from recalling events that
took place 10 years or more before the interview/questionnaire, which raises the issue

of recall bias and misclassification. Subgroup analysis by smoking level retained high
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heterogeneity (Table 9) probably due to different methods of data collection and
measurement, uncertain duration of smoking (only daily number of cigarettes smoked
quoted).

Nevertheless, our study has some strength. It includes new data and the
selection criteria complied with the PRISMA and MOOSE guidelines to perform the
first systematic review and meta-analysis. Our analysis differed from previous
analyses because (i), the strict selection criteria and heterogeneity testing, (ii) testing
for statistical interaction (additive and multiplicative). Most studies randomly enrolled
greater numbers of confrol subjects from hospital registers or health authority
databases thus reducing selection bias. One study [78] excluded participants who
provided incomplete questionnaire data, were non-responders, or who had emigrated
from the area. These unavoidable variations in the study population and diverse
methods utilized readily explain the substantial heterogeneity we detected. While the
most dangerous asbestos types are no longer used, other siliceous fibers and chrysotile
(in developing nations) are still incorporated into many building products without
clear long-term health assessments in humans. Workers exposed to chrysotile showed
increased risk of lung cancer (Table 10) [24]. The scientific rigor of cohort studies has
improved since the early asbestos work. However, the long latencies for asbestos-
induced neoplasms [39] make retrospective study the only practical protocol. Cigarette
smoke inhalation and hence airway exposure can be accurately assessed (cigarette
numbers, inhalation, filters). However, our study reiterates the difficulty in accurately
assessing actual airway exposure to asbestos and was best assessed in the Markowitz,
et al. study. [18] Personal monitors provided the best indication of exposure but
ultimately, only random sputum fiber counts by public health agencies can provide
unbiased and accurate measures of exposure. Another problem highlighted by
Markowitz, et al. [18] and our study is accurately diagnosing the end-stage pathology.
Again, monitoring by independent public health authorities is the mechanism most
likely to yield accurate reporting. In addition, potential confounders including life-

style and especially local air quality data need collecting for the same cohorts.
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Study2: Smoking increased lung cancer risk in asbestos workers

The objective of this study was to demonstrate asbestos exposure or cigarette
smoke can adversely effect on lung cancer. Thus, the study was determined the
comparator of asbestos exposure and smoking on lung cancer risk. The subjects are
divided into 4 groups as following: (i) asbestos-exposed and smokers (A+S+; control
group); (ii) asbestos-exposed and non-smokers (A+S); (iii) no asbestos-exposed and
smokers (A-S+); and (iv) non asbestos-exposed and non-smokers (A-S-). An aim is to
summaries the overall association between cigarette smoking and asbestos exposure to
reflect estimates of lung cancer risk. Either cigarette smoking or asbestos exposure is

more enhanced on lung cancer development.

Quantitative Synthesis

Case-control studies

Ten case-control studies [11, 19, 21, 72, 73, 75, 76, 77, 78, 719] were included
in our further statistical analysis. All studies demonstrated the association between
exposure to asbestos and to smoking and lung cancer (Figure 14). Based on a random-
effect meta-analysis, our results show that the exposure to asbestos and smoking are
significantly associated with increased risk of lung cancer. Overall odd ratios of the
case-control studies of asbestos-exposed and smoking workers compared with non-
exposed asbestos and non-smoking workers are 8.70 (95% CI = 5.78-13.10). Overall
odd ratios of the case-control studies of asbestos-exposed and smoking workers
compared with exposed asbestos and non-smoking workers are 5.17 (95% CI = 3.66-
7.31). In addition, overall odd ratios of the case-control studies of asbestos-exposed
and smoking workers compared with non-exposed asbestos and smoking workers are
1.45 (95% CI = 1.23-1.72). Evaluation of publication bias for A+S-, A-S+ and A+S+
are Begg’s test (p =0.063) Egger’s test (p =0.079), Begg’s test (p = 0.026) Egger’s test
(p = 0.065) and Begg’s test (p =0.118) Egger’s test (p =(0.254), respectively. These
results did not indicate a potential for publication bias when using funnel plots There
was no publication bias found as assessed using funnel plots, Begg’s test (p = 0.627)

and Egger’s test (p = 0.341).
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Cohort studies

Seven studies [10, 18, 20, 36, 74, 80, 81] were included in our primary
analysis (Figure 11). Relative risk of the cohort studies of asbestos-exposed and
smoking workers compared with non-exposed asbestos and non-smoking workers is
8.90 (95% CI = 6.01-13.18). Overall relative risk of asbestos-exposed and smoking
workers compared with asbestos-exposed and non-smoking workers is 3.00 (95% CI =
1.69-4.59). Additionally, overall relative risk of asbestos-exposed and smoking
workers compared with non-exposed asbestos and smoking workers is 1.45 (95% CI =
1.23-1.73). No evidence of publication bias was observed from the five cohort studies,
using Begg’s test (p=0.414), Egger’s test (p=0.483) and a funnel plot (data not shown).
Publication bias: Begg’s funnel plot and Egger’s test were performed to assess
publication bias of the literature. Publication bias for (i) A+S- was p = 0.437 (Begg’s
test), and 0.659 (Egger’s), (ii) A-S+ was p= 0.252 (Begg'’s test), and 0.362 (Egger’s),
and (iii) A+S+, p=0.154 (Begg’s test) and 0.294 (Egger’s test). Funnel plots suggested
evidence of publication bias. There was asymmetry of funnel plots accordant with
high heterogeneity studies (A-S+ and A+S8+). However, trim and fill analysis showed

that the overall odds ratios were unchanged.
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Figure 14 Random-effects meta-analysis of the synergistic effect between
asbestos exposure and smoking cause lung cancer- Case control

study

(Upper) Summary odds ratios of non-exposure to asbestos-exposed and non-
smoking (A-S-) compared with asbestos-exposed and smoking (A+S+). (Middle)
Summary relative risk of asbestos-exposed and non-smoking (A+S-) compared with
asbestos-exposed and smoking (A+S+). (Lower) Summary odds ratio of non-exposure
to asbestos and smoking (A-S+).compared with asbestos-exposed and smoking

(A+S+)
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Figure 15 Funnel plot for 10 case-control studies of relationship between asbestos

and cigarette smoking on lung cancer with subjects whom are not

exposed to asbestos and non-smokers (Upper), subjects whom are

exposed to asbestos and non-smokers (Middle) and subjects whom are

not exposed to asbestos and smokers (Lower)
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Figure 16 Random-effects meta-analysis of the synergistic effect between

asbestos exposure and smoking cause lung cancer- Cohort study

(Upper) Summary relative risk of non-exposure to asbestos-exposed and non-
smoking (A-S-) compared with asbestos-exposed and smoking (A+S+). (Middle)
Summary relative risk of asbestos-exposed and non-smoking (A+S-) compared with
asbestos-exposed and smoking (A+S+). (Lower) Summary odds ratio of non-exposure
to asbestos and smoking (A-S+).compared with asbestos-exposed and smoking

(A+S+)
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Figure 17 Funnel plot for 7 cohort studies of relationship between asbestos and

cigarette smoking on lung cancer with subjects whom are not exposed

to asbestos and non-smokers (Upper), subjects whom are exposed to

asbhestos and non-smokers (Middle) and subjects whom are not

exposed to asbestos and smokers (Lower)
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Discussion

The results show that cigarette smoking increased risk of lung cancer when
compared with asbestos exposure alone. Those workers who both cigarette smoke and
have been exposed to asbestos have the highest risk of lung cancer. Smoking is an
important risk factor for lung cancer while asbestos exposure is co-factor for inducing
the lung disease. Cigarette smoking does not induce risk of malignant mesothelioma in
asbestos workers although it was a one factor causing of lung cancer. Thus, all
observational studies were included co-exposure of asbestos and smoking associated
with lung cancer for quantitative analysis.

In this meta-analysis was shown some limitations. Most studies did not reveal
the stage of lung cancers or the subtypes, which might also be source of the
heterogeneity. Other confounding variable were also found in smoker groups such as
examining method to provide classification of smoking. The number of cigarettes
smoked per day or pack-years was also an important factor for smokers over the
longest period of time. Moreover, a measurement of asbestos was differently used
occupational titles by questionnaire/interview and fiber analysis techniques. These can
be performed misclassification bias.

It was a document claimed that chrysotile is safer than amphibole. However,
the results of subgroup analysis shown that chrysotile exposure was increased risk of
lung cancer in asbestos workers (Table 5). Therefore, these results supported that an
adequately reporting was revealed chrysotile exposure causing of health problems.

This meta-analysis also is adequately considered in formulating policies in
Thailand and developing countries where continue used asbestos for regulation and
banning of asbestos. An evaluation of epidemiologic knowledge of exposure to

asbestos is more valuable of human history.



CHAPTER V

CONCLUSION

Conclusion

Study 1: An interaction of asbestos and smoking

The present meta-analysis collected and synthesized data currently available
and revealed a positive interaction on an additive scale between asbestos exposure and
smoking, while showing little evidence of an interaction on a multiplicative scale. The
combined effect of asbestos exposure with moderate and heavy smoking in lung
cancer suggested a strongly positive interaction on an additive scale.

Study2: Smoking increased lung eancer risk in asbestos workers

The workers who exposed asbestos and smoked had a highest risk of lung
cancer. Cigarette smoking is the most important risk factor for lung cancer in those

workers.
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Abstract

Smoking and asbestos exposure are important risks for lung cancer. Several epidemiologl-
cal sludies have linked asbestos exposure and smoking fo lung cancer. To reconciie and
unify thess results, we conducled a systemaltic review and meta-analysis to provide a quan-
titative sstimate of the Increased risk of lung cancer associated with asbestos exposure and
clgarette smoking and to classily their Inleraction. Five electronic databases were searched
from inception to May, 2015 for observational studies on lung cancer. All case-control (N =
10) and cohort (N = 7) studies were included in the analysis. We calculated pooled odds
ratios (ORs), relative risks (RRs) and 95% confidence intervals (Cls) using a random-effects
model for the assoclation of asbeslos exposure and smoking with lung cancer. Lung cancer
patients who were not exposed lo asbeslos and non-smoking (A-S-) were compared with;
(1) asbestos-exposed and non-smoking (A+S-), (i) non-exposura to asbestos and smoking
(A-S+), and (jii) asbestos-exposed and smoking (A+S+). Our mela-analysis shoved a sig-
nificant ditference In risk of developing lung cancer among asbestos exposed and/or smok-
ing workers compared to conlrols (A-S-), odds ratios for the disease (95% Cl) were ()} 1.70
(A+S-, 1.37-2.21), (i) 5.65; (A-S+, 3.38-9.42), (i) 8.70 (A+S+, 5.8-13.10). The additive
interaction index of synergy was 1.44 (5% Cl = 1.26-1.77) and the multiplicative index =
0.91 (95% CI = 0.63-1.30). Comesponding values for cohort studies were 1.11 (95% Cl=
1.00-1.28) and 0.51 (95% Cl = 0.31-0.85). Our results point to an additive synergismfor
lung cancer with co-exposure of asbestos and cigaretle smoking. Assessments of industrial
health risks should take smoking and other airbome health risks when setting cccupational
asbestos exposure limits.
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Introduction

Lung cancer is responsible for 20% of all global cancer deaths. Its latency period is long (~20
yr) and survival rate poor (10%) [1]. Meta-analyses of epidemiological studies demonstrated
that smoking had a strong relationship with lung cancer [2,3] and 70-90% of lung cancer
patients are directly attributed to cigarette smoking [4]. Several compounds in tobacco smoke
are classified as human carcinogens (Group 1) by the IARC including tobacco specific nitrosa-
mines and benzo(a)pyrene, a carcinogenic polycyclic aromatic hydrocarbon [4,5]. Second-
hand smoke also increases the risk of developing lung cancer by an estimated 25% in by-stand-
ers [6]. Besides smoking, other risk factors for lung cancer are arsenic, particulates from diesel
engine exhausts, radon, and exposure to asbestos and other mineral fibers, [7,8).

Asbestos is a group of naturally occurring silicate mineral fibers widely used in building
materials, vehicle brakes and thermal insulators since the 1900s. Asbestos types are classified
according to their structures, chemical composition and thermal stability. Chrysotile or white
asbestos (mainly Mg;(8i,05)(OH),) [9,10] accounts for most current use where asbestos is per-
mitted while amosite (brown) and crocidolite (blue asbestos), belonging to the amphibole
class, are stronger, more durable, and more heat resistant than chrysotile. There are many well
documented lung disease cases in asbestos factory workers and miners from 1900 onwards
[11-15]. The most common asbestos-associated diseases are benign pleural disease, asbestosls,
lung carcinoma (small cell, squamous, and adenocarcinoma) and mesothelioma [16], Mesothe-
lioma has a very high association with asbestos exposure but otherwise uncommon (17}, It has
high incidences among males of western countries and Japan where it is projected to peak
between 2012 and 2030, a latency of 40-50 years after the peak use of asbestos during the
1930s-1970s [18].

Numerous studies have shown a clear association between carcinogenesis and either smok-
ing or asbestos. However, associations may result from independent and unrelated mecha-
nisms and therefore show additive effects while effects greater than summed individual actions
implies biological interactions [19,20]. This is commonly referred to as synergism [21] but
additive synergism is more appropriate. Conversely, a smaller effect than the sum of effects
may be due to antagonistic interactions. Synergism might, less commonly, be multiplicative
due to different types of interaction, for example where an effect requires the activation of two
or more serial processes. Such distinctions are important for both possible treatment consider-
ations and public health such as identifying those at greatest risk of disease. Some authors have
sought to assess interactions between asbestos and smoking on lung cancer [22,23), and found
the effects to be additive [24], more than additive [25] and multiplicative [26,27]. In animal
experiments, co-exposure to asbestos and cigarette smoke also found contradictory interaction
models [28-30]. Two previous meta-analyses [31,32] found associations between asbestos
exposure and smoking for increased lung cancer risk and that the two carcinogenic effects were
greater than the sum of their separate actions but again failed to agree on the type of interaction
(multiplicative or additive). These reviews had some weakness (assessing individual interactive
effects in each study and could not explain the dose-response for asbestos exposure). Also, they
have been superseded by additional studies which relate asbestos exposure with smoking and
lung cancer [22-27). Besides increasing the power and weight of the data, these later studies
were better designed and controlled, especially the Markowitz et al. study [24], and therefore
better able to resolve these issues. Thus, we incorporated this data into a new systematic review
and meta-analysis. We anticipate that such a study will better inform the risk assessment pro-
cess in developing nations where most male semi-skilled workers are smokers, and occupa-
tional asbestos exposure continues to pose a health risk in populations where lung diseaseisa
leading cause of mortality [33].

PLOS ONE | DOI:10.1371oumal pona. 0135798  August 14, 2015 2/19



& PLOS | one

Asbestos, Smoking, Lung Cancer and Synecglam

Methods

The study was conducted and reported using the PRISMA (S1 PRISMA Checklist) [34] and
MOOSE [35] guidelines.

Search Strategy and study selection

We searched titles and abstracts PubMed, Embase, Scopus, IST Web of Knowledge, and TOX-
LINE databases from their inception to May 2015. Combinations of the following key words
were used: asbestos, crocidolite, amaosite, chrysotile, tremolite, actinolite, anthophyllite, ciga-
refte, cigareite smoke, cigarette smoking, pipe, cigar, tobacco, tobacco smoking, lung cancer,
mesothelioma, lung carcinoma, and lung adenocarcinoma. There was no language restriction,
Additional studies were also hand-searched from bibliographies of the selected studies.

Incluslon and exclusion criteria

Studies were included if they met all of the following criteria: (1) original articles published in
peer-reviewed journals; (2) human studies; (3) observational studies; (4) studies investigating
associations between asbestos exposure and smoking with lung cancer, and; (5) studies report-
ing sufficient data for calculating odds ratios and relative risks. The studies not meeting the
inclusion criteria described above were excluded. If there were duplicate populations, only the
studies providing the most details, grater number of participants, followed populations for lon-
ger follow-up periods, or the most recently published were selected for meta-analysis, Two
reviewers (YN, WT) independently appraised titles and abstracts retrieved from the compre-
hensive searches. The controversial reviews were discussed and resolved by a third reviewer
(OL). If further details were required, the reviewers contacted the authors for more
information.

Data Abstraction and Quality Assessment

Information extracted from each study included first author, publication year, geographic area,
study type (hospital-based case-control, population-based case-control, nested case-control,
retrospective cohort, prospective cohort, and cross-sectional), total number of cases, and con-
trols, fiber type (chrysotile, crocidolite, tremolite), industry type, measurement of asbestos and/
or smoking exposure, asbestos exposure assessment method, definition of ashestos exposure
and/or smoking, period of employment/exposure, measurement method (ashestos exposure,
smoking), and classification of outcome, The Newcastle-Ottawa quality assessment scale
(NOS) was used to assess the quality of the selected observational studies. The categories of
NOS was based on selection of participants, comparability of study groups, and the exposure of
interest (case-control studies) or outcome of interest (cohort studies) [36). When each category
is satisfied it attracts one or sometimes two ‘star(s)’ and a2 maximum of 9 stars for either case-
control or cohort study, indicates the highest quality study [37].

Stalistical Analysis

Asbestos exposure was arbitrarily taken as more than 100 air-borne fiber-yr/ml of environmen-
tal air for >5% of their work time and cigarette smoking was categorized as smokers who
smoked >15 cigarettes/day. Those subjects having lower and shorfer fiber exposures and lower
cigarette consumption were deemed as non-exposed or non-smokers, respectively.

Using the above cut-offs, subjects were placed into four groups: (1) those people not exposed
to asbestos and non-smokers were classified as not exposed to asbestos and non-smoking (A-S-),
(2) workers exposed asbestos and non-smokers were classified as asbestos-exposed and non-
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smoking (A+5-), (3) those not exposed to asbestos but smoked were grouped as non-exposed to
asbestos and were smokers (A-S+), and (4) workers exposed to asbestos and smoked were classi-
fied as asbestos-exposed and smokers (A+5+), The primary outcome of the pooled analysis
focused on comparing the summary effect of lung cancer risk in people without asbestos expo-
sure and non-smoking versus co-exposure to asbestos and/or smoking as follows: (i) A+S- com-
pared with A-S- (ii) A-S+ compared with A-S-, and (iii) A+S+ compared with A-S- and
interaction between asbestos and smoking were evaluated using the Rothman Synergy Index
[38]. Summary effect estimates were assessed discretely by averaging the natural logarithmic OR
and/or RR weighted by their inverse variances. The pooled effect estimates were calculated using
a random effects model by the method of DerSimonian and Laird [39]. Heterogeneity among
selected studies was determined using the Q-statistic and I-squared tests [40]. I-squared (I°) val-
ues of 25%, 50%, and 75% represented low, moderate, and high degrees of heterogeneity, respec-
tively [41). The meta-analysis of case- control and cohort studies were conducted separately due
to differences in the nature of study design [42).

Subgroup analyses were performed according to the geographic area (Europe, America, oth-
ers), asbestos type, study design (hospital or population, retrospective, prospective), and strati-
fication of smoking level were used to assess the impacts of study characteristics on outcomes.
Publication bias was quantified using funnel plot, Begg's test and Egger's test, where p>0.05 for
both tests was considered to have no significant publication bias [43,44]. All analyses were per-
formed using STATA software V.10.1 (Stata Corp, College Station, TX, USA).

Determination of interactive effect

For measurement of interaction, there are 2 models to calculate this: the additive and the multi-
plicative scales. If these yield more than additive and multiplicative, there is a positive interac-
tion. If less than additive/multiplicative, it is referred to as a negative interaction. The word
“synergistic™ means the effect two exposures is greater than the combined effect of each expo-
sure, Thus, the value of interaction is more than either the additive or the multiplicative scales
as appropriate, Le., either additive or multiplicative synergism.

The joint effect of exposure to asbestos and smoking was first examined by estimating odds
ratio (ORs) and relative risk (RRs). To determine whether co-exposure to asbestos and smok-
ing is an additive and multiplicative scale, the synergy (S) and multiplicative (V) indices were
calculated as follow [38,45).

Synergy index (5)
g KXol
X X, —2X,
Multiplicative index (V)
_ Ko X Xy
e

Where X, is the odds ratio and/or relative risk for lung cancer among non-exposed toasbestos
and non-smokers; X, is the corresponding value for lung cancer among asbestos exposure in
non-smokers; X; is for lung cancer and smoking in those without asbestos-exposure; and X5
is for lung cancer and co-exposure to asbestos and smoking. The synergy index (S) is an inter-
action on an additive scale. The interpretation is § = 1 suggests no interaction between asbestos
exposure and smoking on lung cancer; § >1 suggests a positive interaction (synergism); and
S<1 suggesis a negalive interaction (Le., antagonism), For the muliiplicative index (¥), it can
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be interpreted as either: when V=1, there is no interaction on the multiplicative scale; when V'
>1, the multiplicative interaction is positive; or when V<1, it is negative. Confidence intervals
(CIs) were calculated using the method of Rothman, and Andersson et al. [38,45,46).

Resulis

Study Selection

We identified 2,499 records of which 2,479 were duplicated, irrelevant, review articles, case
reports, non-human or experimental studics, or lacked lung cancer outcomes or lacking con-
trol groups, and were excluded. Five additional publications meeting the inclusion criteria were
added from the bibliographies of the retrieved articles (Fig 1). In the final review of 25 studies,
we excluded 5 studies [47-51] due to duplicate populations, and 3 studies [52-54] had insuffi-
cient data. Only one by Kjuus et al [55] was selected of three articles [47,48,55] which analyzed
the same data. Case-control studies by Bovenzi (1992 and 1993) [49,56], the cohort studies of
McDonald 1980 and Liddell 1984 [51,57]; and cohort studies of Klerk 1991 and Reid 2006
[26,50] also described the same populations of which the most recent [26,56,57] was selected.
The Blot et al. study 1982 [52] did not report smoking status in asbestos-exposed populations.
Finally, the studies of Hilt et al. 1986, and Markowitz et al. 1992 [53,54] were excluded becauce
numbers of controls were missing. Therefore, a total of 17 studies (10 case-control and 7 cohort
studies) were included for meta-analysis. The 13 included studies were identified using the
search terms, and another 4 studies derived from their bibliographies.

Study Characteristics

The characteristics and information of the included studies are shown in Table 1. The 10 case-
control studies [22,25,27,55,56,58-62], contained 10,223 participants in all of which 4,768
were population-based controls, and 1,128 hospital-based controls. Seven cohort studies
[23,24,26,57,63-65] had an aggregate of 64,924 participants, comprising of the 3,316 cases and
61,608 controls, In all the included studies asbestos exposure was occupational. Where

) [(sewnng ] [ isenmtosson ]

e

S Inchded i
spless

moed | [

=10

Fig 1. Summary of study search and eelection.
G0i:10.137 Uournal pona. 0135783 9001
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Toble 1. Charscleriatics of studies Included In the mets-analysts.
First author(year) Locatin  ndustialtype®  Asbaslon  Studydesign Tolalpopuation Totalpopulation  Kos**

Wang (2013)

*Al studles are occupabonal exposures
**NOS = Newcastia Otlawa-Scale

ok 10,137 Uourmal pona 01357981001

reported, the average participant age was approximately 60 (range 40-807) for case control
studies. Some [22,60] reported the type of asbestos used (tremolite or mixed asbestos), while
the remaining eight [25,27,55,56,58,59,61,62] did not categorize the asbestos (Table 1), The set-
tings for the exposure was occupational, either asbestos mines (one study [22]), ship building/
repair (two studies [59,62)), textile production (one study [60]), and the remaining six
[25,27,55,56,58,61] studies failed to specify. Environmental monitoring was measured by using
the membrane filter method and were analyzed by phase contrast microscopy [25] but most
studies relied on personal/telephone interview and/or questionnaire. Smoking habits of partici-
pants were quantified by personal/telephone interview and/or questionnaire. If the subjecthad
already died, the appropriate information was sought from their next-of-kin or spouse
(Table 2).

There were seven cohort studies, and all of these collected asbestos exposure data prospec-
tively and also prospectively for smoking data in six studies and retrospectively in one [64).
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Table 2. Descriptions of Asbeatos Exposure and Smokdng of Included Studies.

Flrst author Meesurement of Definition of asbestos Definttion of
(year) exposure exposure ssbestos
oxposure
Norm-expoted

nteryviow.

) : Pereonal interview:

Biol(196)

Measurement of Definttion of Definition of
exposure emoking smokdng
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Teble 2. (Continved)

Flrst suthor Measurementof  Dafinition of ssbesios Defintion of Measurement of Definition of Definttion of

(yeas) exposure exposure asbestos exposure smoking smoking
exposure
Exposed Non-sxposed Exposed Non-exposed

Markowiz ~ Clinical

thod (xray  Occupational history 0 ; Not reporled smoked No smoked

6o 10.137 Uoumal pone. 0135768.1002

The mean follow-up period of cohort studies was 19.3 yr. Exposure was to chrysotile in three
studies [23,57,65), one study to crocidolite [26), and the asbestos type was unspecified in
remaining three studies [24,63,64] (Table 1), Four studles [23,26,57,65) were from mining and
three studies [24,63,64] originated from factories making asbestos products. Workplace asbes-
tos exposure was assessed by lung histology, counting fibers trapped by midget impingers or
membrane filters [23,57,65], a Jong-duration personal konimeter (26, or postal questionnaires
[63,64]. Only one study assessed exposure by chest X-ray radiographs and a low FEV1 by spi-
rometry [24), Smoking was assessed by inferviewing or questionnairing the workers or their
next-of-kin (Table 2). Diagnosis of lung cancer was confirmed by histological examination of
lung biopsies, chest X-ray, CT scan, MRI, bronchoscopy, or thoracoscopy. Most studies dlassi-
fied lung cancer using the International Classification of Diseases (ICD), published by the
World Health Organization (Table 3).

Quality Assessment

The methodological quality of case-control studies was summarized as a mean NOS of 6
(range 5-7) and a score of 6.7 (range 6-8) for cohort studies (Tzble 1),

Quantitative Synthesis

(i) Case-control studies: A random-effects meta-analysis of 10 studies [22,25,27,55,56,58—~
62] revealed associations between asbestos exposure and/or smoking, and developing
lung cancer, The summary odds ratio of (A+5-) workers compared with (A-S-) workers
was 1.70 (95% CI = 1.31-2.21). The summary odds ratio of (A-§+) workers compared
with (A-S-) was 5.65 (95% CI = 3.38-9.42), Additionally, the summary odds ratio of (A+S
+) workers compared with (A-S-) workers was 8.70 (95% CI = 5.78-13.10). Evidence of
heterogeneity was found in A-8+/A-8- and A+S+/A-S- groups (I = 0.6%, p = 0,000 and
P =78.7%, p = 0.000) (Fig 2A-2C). As shown in Tzble 4, the results of subgroup analyses
according to different characteristics are in close agreement with our major findings. Such
heterogentity probably arises from the differing interaction effects across varying levels of
smoking exposure. We stratified studies with similar smoking classification by subdivision
into 3 levels: non-smokers (non-smoking or light smoking), moderate smokers (1-19 cig-
arettes/day) and heavy smokers (>20 cigarettes/day) (Table 5). There were no differences
between non-smokers 2.63 (95% 1.43-4.83) and light smokers 2.63 (95% 1.57-4.42) for
exposed.-asbestos group. But for both subgroups, the moderate and heavy smoking cate-
gories showed elevated odds ratios with asbestos exposure.
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Table 3. Descriptions of Outcoma of Included Studies.

Author Case confirmation Disgnosis Lung cancer classiiication Control matching Perod of exposure
(Year) maethod pariod or employment

ICD slands for Inlsmational Classiication of Diseases
60t10.137 {foumal pona. 01357886003

Publication bias: Begg's funnel plot and Egger's test were performed to assess publication
bias of the literature, Publication bias for (i) A+S- was p = 0.437 (Begg's test), and 0.659
(Egger’s), (ii) A-S+ was p = 0.252 (Begg's test), and 0.362 (Egger’s), and (iil) A+S+,
p=0.154 (Begg's test) and 0.294 (Egger’s test) suggesting no bias. Funnel plots suggested
evidence of publication bias. There was asymmetry of funnel plots accordant with high
heterogeneity studies (A-S+ and A+S+), However, trim and fill analysis showed that the
overall odds ratios were unchanged (data shown in supplement, S1 Fig).

(ii) Cohort studies: Seven studies [23,24,26,57,63-65] were included in our primary analysis
(Fig 3A-3C). The summary relative risks for lung cancer in the cohort studies of (A+8-)
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Table 4. Effect of the Exposure fo Asbesios (A) and/or Cigarette Smoking (8) on Lung Cancer Risk.

Groups No. of ORs ORs ORs Pior Pfor Pfor r I r
) studies and and and  heterogensity heterogensity haterogenstty (%) (%) (%)
RRs*® RRs* RRa*

(©5%C) (85%CD) (95% CN)

A 8 AandS A s Asnd S A S8 A

Reference*®

*Odds ratios Is for case-control, refative risk Is for cohort study
** Referance Is equal ona as control group

6ot 10.137 1 joumal pona.0 135768 1004

workers was 2,72 (95% CI = 1.67-4.40), (A-S+) workers was 6.42 (95% CI = 4.23-9.75),
e and for (A+5+) workers was 8.90 (95% CI = 6.01-13.18) compared with (A-5-) workers,
The results of the cohort studies are consistent with the analysis of the case-control stud-
ies. Evidence of heterogeneity was not found in cohort studies (I = 0.0%, p = 0.968, P =
25.1%, p = 0.237 and F = 17.3%, p = 0.298). In addition, case-control studies estimates of
the combined effect of asbestos and smoking on lung cancer risk were in concordance
with those from cohort studies.
Publication bias: Evaluation of publication bias for A+S-, A-5+ and A+5+ are Begg’s test
(p = 0.063) Egger's test (p = 0.079), Begg's test (p = 0.026) Egger's test (p = 0.065) and
Begg's test (p=0.118) Egger’s test (p = 0.254), respectively, These results did not indicate
a potential for publication bias when using funnel plots (data shown in supplement, 52

Fig).
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Table 5. Effect of the Exposure to Asbestos (A) andior Clgarette Smoking (8) on Lung Cancer Risk In Case-Control Studies, Stratified by smokdng

levels,
Smokdng MNo.of ORs(95% ORs(95% ORs(05% Pfor Pfor Pfor [ ol
lavel studies ?\) heterogensity  heterogenslty  heterogensity (%) (%)

¢ c)
8 Aand 8 A 8 Aend 8 A

Got 10,137 Uoumal pone. 01357681006

Interaction between asbestos exposure and cigarette smoking

Evaluation of interaction is summarized in Table 6. All 17 studies provided data which enabled
evaluation of the joint effects of co-exposure of both asbestos and cigarette smoking on the risk
of lung cancer, Por case-control studies, the interaction index of synergy (S) and multiplicative
index (V) were 1.44 (95% CI = 1.26-1.77) and 0.91 (95% CI = 0.63-1.30), respectively, with
corresponding values for the cohort studies of 1.11 (95% CI = 1.00-1.28) and 0.51 (95% =
0.31-0.85). These results suggest that the interaction between asbestos exposure and smoking
can be a positive interaction on the additive scale (an additive synergistic effect). There wasa
suggestion of a negative multiplicative interaction for both case-control and cohort studies.
Notably our results do not show a multiplicative effect between the two known human
carcinogens,

Discusslon

Qur results demonstrate a positive synergistic interaction on an additive scale between asbestos
exposure and cigarette smoking in workers developing lung cancer (Table 6). Employees
exposed lo asbestos and having a history of smoking have a higher risk of developing lung can-
cer than those only exposed to one risk (either smoking or asbestos alone). In contrast, the
multiplicative index for case-control studies was close to 1.0, although for cohort studies, a neg-
ative multiplication interaction is suggested (V = 0.51, 95%CI = 0.31-0.85).

Some data suggests that smoking does not enhance mesothelioma [66], which implies that
the synergistic lung cancer risk arises from the two carcinogens interacting in the same lung tis-
sue, There are several mediators contributing to cigarette smoke and asbestos-induced lung
diseases. Both smoking [67] and asbestos [68] elicit chronic inflammation, which is central to
tumorigenesis and is augmented through reduced active immunity, increased infections, and
compromised tumor surveillance [69,70]. Tobacco smoke causes inflammation through a vast
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Table 8. Synergy snd Multiplicative Indices between Ast Exposure and Cigarstie Smokdng
Overall risk estimates  Reforsnce  Asbestos Smoking Asbestos and smoking  Interaction ndex®  Interaction index®

Relalive Risk

* Rothman synargy index

6ot 10,137 {oumal pone. 01357834006

array of chemical and particulate irritants. Mineral fibers are inflammatory primarily through
activation of Nod-like receptor-family protein 3 (NLRP3) of inflammasomes in tissue macro-
phages. Asbestos fibers evoke vain attacks by macrophages ensuring their continual activation
while also adversely affecting function of other immune cells [71,72]. Symptoms of inflamma-
tion include oxidative stress, which is worse in blue asbestos (amosite, crocidolite, tremolite)
containing Pe ions which generate additional reactive species through Fenton catalysis [73].
The prolonged bio-persistence of these amphiboles further contributes to their greater carcino-
genicity than chrysotile and other mineral fibers. Tobacco smoke also contains multiple carcin-
ogens (e.g., 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone or NNK, 1,3-butadiene, ethylene
oxide, chromium, polonium-210, arsenic, ethyl carbamate, and hydrazine) that directly interact
with DNA [74]. Thus, the common localized inflammatory actions of tobacco smoke and
asbestos readily explains additive effects, while the additional actions (direct carcinogenesis
and Fenton catalysis) of each insult could account for the additive synergistic interaction.

The present study has some limitations which are mostly inherent in this type of study.

Odds ratios were roughly estimated from the included studies where the measurement
methods used and exposure classification varied between studies. For example there were sev-
eral studies claiming that the duration of asbestos exposure was the same as the period of
employment in the workplace, Therefore, short duration jobs reduce the validity and reliability
of questionnaires about occupational history, Some studies [58,60,61] did not provide esti-
mates of adjusted risks (age, sex, etc.), The methods used to quantitate exposures to asbestos
and cigarette smoke were arbitrary and varied across studies. The type of asbestos used was
usually not stated. The diagnosis for lung cancer used different criteria (by physician, chest x-
ray, radiography, or information taken from the death certificate). In contrast, other studies
have objective exposure and clinical criteria (e.g., Markowitz et al. [24)). The type of lung can.
cer was rarely stated or even whether mesothelioma was excluded but mesothelioma was never
explicitly included. Some case-control studies [55,59] used control populations who had other
diseases (e.g, myocardial infarction, bladder cancer, other malignant neoplasms or other lung
disease). Most of these diseases are also smoking-related. Nevertheless, all case-control studics
endeavored to match controls for confounders. Some studies have data derived from recalling
events that took place 10 years or more before the interview/questionnaire, which raises the
issue of recall bias and misclassification. Subgroup analysis by smoking level retained high het-
erogeneity (Table 5) probably due to different methods of data collection and measurement,
uncertain duration of smoking (only daily number of cigarettes smoked quoted).

Nevertheless, our study has some strength. It includes new data and the selection criteria
complied with the PRISMA and MOOSE guidelines to perform the first systematic review and
meta-analysis. Our analysis differed from previous analyses because (i), the strict selection cri-
teria and heterogeneity testing, (ii) testing for statistical interaction (additive and multiplica-
tive). Most studies randomly enrolled greater numbers of control subjects from hospital
registers or health authority databases thus reducing selection bias. One study [59] excluded
participants who provided incomplete questionnaire data, were non-responders, or who had
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emigrated from the area. These unavoldable variations in the study population and diverse
methods utilized readily explain the substantial heterogeneity we detected.

While the most dangerous asbestos types are no longer used, other siliceous fibers and
chrysotile (in developing nations) are still incorporated into many building products without
clear long-term health assessments in humans. Workers exposed to chrysotile showed
increased risk of lung cancer (Table 4) [75). The scientific rigor of cohort studies has improved
since the early asbestos work. However, the long latencies for asbestos-induced neoplasms [76)
make retrospective study the only practical protocol. Cigarette smoke inhalation and hence air-
way exposure can be accurately assessed (cigarette numbers, inhalation, filters). However, our
study reiterates the difficulty in accurately assessing actual airway exposure to asbestos and was
best assessed In the Markowilz et al. study [24). Personal monitors provided the best indication
of exposure but ultimately, only random sputum fiber counts by public health agencies can
provide unbiased and accurate measures of exposure, Another problem highlighted by Marko-
witz et al. [24] and our study is accurately diagnosing the end-stage pathology. Again, monitor-
ing by independent public health authorities is the mechanism most likely to yield accurate
reporting. In addition, potential confounders including life-style and especially local air quality
data need collecting for the same cohorts.

Conclusion

The present meta-analysis collected and synthesized data currently available and revealed a
positive interaction on an additive scale between asbestos exposure and smoking, while show-
ing litile evidence of an interaction on a multiplicative scale. The combined effect of asbestos
exposure with moderate and heavy smoking in lung cancer suggested a strong positive interac-
tion on an additive scale, Le., an additive synergism.
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