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Abstract
Malignant mesothelioma (MM) is a neoplasm arising from mesothelial cells lining the pleural,
peritoneal, and pericardial cavities. Over 20 million people in the US are at risk of developing MM
due to asbestos exposure. MM mortality rates are estimated to increase by 5-10% per year in most
industrialized countries until about 2020. The incidence of MM in men has continued to rise
during the past 50 years, while the incidence in women appears largely unchanged. It is estimated
that about 50-80% of pleural MM in men and 20-30% in women developed in individuals whose
history indicates asbestos exposure(s) above that expected from most background settings. While
rare for women, about 30% of peritoneal mesothelioma in men has been associated with exposure
to asbestos. Erionite is a potent carcinogenic mineral fiber capable of causing both pleural and
peritoneal MM. Since erionite is considerably less widespread than asbestos, the number of MM
cases associated with erionite exposure is smaller. Asbestos induces DNA alterations mostly by
inducing mesothelial cells and reactive macrophages to secrete mutagenic oxygen and nitrogen
species. In addition, asbestos carcinogenesis is linked to the chronic inflammatory process caused
by the deposition of a sufficient number of asbestos fibers and the consequent release of pro-
inflammatory molecules, especially HMGB-1, the master switch that starts the inflammatory
process, and TNF-alpha by macrophages and mesothelial cells. Genetic predisposition, radiation
exposure and viral infection are co-factors that can alone or together with asbestos and erionite
cause MM.
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INTRODUCTION
Malignant mesothelioma (MM) is a tumor of the lining of the lung and chest cavity (pleura)
or lining(s) of the abdomen (peritoneum) that is typically related to exposure to mineral
fibers such as asbestos and erionite. The duration, quality and intensity of the exposure(s)
are important variables in any mineral fiber related disease. Asbestos refers to a family of
silicate minerals divided into two major groups: the serpentine form of asbestos- chrysotile
and the amphibole forms (crocidolite, anthophyllite, actinolite amosite, and tremolite)
(Carbone et al., 2002). Erionite is a naturally occurring fibrous mineral that belongs to a
group of minerals called zeolites. Asbestos has been shown to cause asbestosis, pleural
fibrosis/plaques, lung and laryngeal cancer, and particularly MM (Carbone et al., 2002).
Erionite, on the other hand, appears to specifically cause MM and is more potent than
asbestos in causing MM (Wagner et al., 1985, Carbone et al., 2007). In this review we
examine the incidence of MM in men and women, the role of mineral fibers and co-factors
in MM pathogenesis and the role of exposure history and diagnosis in research and disease
management.

INCIDENCE
According to Surveillance, Epidemiology and End Results (SEER) Program data, the
incidence of MM in the U.S. is estimated to be between 1-2/million in states with minimal
exposure to mineral fibers and 10-15/million in states where large amounts of asbestos were
used (Altekruse et al., 2010). Development of MM has primarily been associated with the
widespread commercial use of asbestos in the early and mid 20th century. Prior to the
1950’s, MM tumors were very rare; however, presently, MM is responsible for
approximately 3,000 deaths per year in the U.S. and an additional 5,000 deaths in Western
Europe (Ismail-khan et al., 2006). The latency period, which is the interval between first
exposure and the development of MM, ranges from about 25 to 71 years and appears to be
influenced by the amount of exposure, because workers in trades with higher amounts of
exposure may experience shorter latencies compared to those exposed to lower amounts of
asbestos (Bianchi et al., 2007). However, latency periods for MM were similar among
individuals who left Turkish villages that experience a very high incidence of MM when
they were 6 years old and individuals who spent their whole lives in those villages, (Carbone
et al., 2007). Accordingly, there does not appear to be a linear dose-response relationship
between asbestos exposure and MM, i.e., the more the exposure the higher the risk (Carbone
et al., 2002). Rather, some individuals are more susceptible to asbestos or erionite
carcinogenicity than others, and once a sufficient amount of asbestos or erionite has been
inhaled, such as in a 6 year old child growing up in a village contaminated with erionite,
they will develop MM, which suggests that additional exposure(s) may not significantly
increase the risk (Carbone et al., 2002 and 2007). The threshold limit above which asbestos
and erionite will cause MM may vary among individuals due to genetics, exposure to
cofactors, the type of mineral fiber inhaled, etc. In the US, the incidence of MM has
dramatically increased since the late 50s until the beginning of this century and has
remained stable at about 2,500-3,000/year since then (Moolgavkar et al., 2009). Since about
100% of those who develop MM die of it, more than 100,000 US citizens are expected to die
of MM during the next 40 years. Due to its long latency period, it is estimated that MM
mortality rates will continue to increase by 5-10% per year in most industrialized countries
for the next 2-3 decades, despite asbestos abatement efforts (Britton, 2002; Goldberg et al.,
2006).
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MM: A PREVENTABLE TRAGEDY
MM is a particular and peculiar tragedy in the field of cancer, because most deaths are
linked to exposure to carcinogenic mineral fibers, and thus most MM deaths should be
preventable. We would like to note here that the US has invested billions of dollars to
implement measures aimed at preventing death of US citizens caused by terrorist attacks,
with the hypothesis that such attacks and consequent deaths can be prevented. Over the past
10 years, less than 5,000 people died in terrorist attacks in the US. During the same decade,
about 25,000 to 30,000 US citizens died of MM, which are largely preventable deaths. Yet,
the US invests less than 2-3 million dollars/year (total of federal grants/year) to support
medical research aimed at developing strategies to prevent or cure MM. At the same time,
the private sector spends/earns several billions of dollars/year in asbestos-related MM
litigation and asbestos abatement. Some of the largest US companies have gone bankrupt
because of this litigation and thousands of jobs have been lost (Lagnese 2005). Although
several large companies have paid billions in litigation costs and eventually become
bankrupt, to the best of our knowledge, none has made major investments to promote
research to prevent and treat MM, research that would have likely decreased the incidence of
MM and saved these companies from bankruptcy. The lack of funding for MM research has
severely hampered its progress, because many researchers are reluctant to enter or pursue
research in this field as limited availability of funding puts their careers in jeopardy. Due to
insufficient funding, new researchers are reluctant to enter the field and existing ones have
been forced to leave.

What is behind this? One influence is the myth — fueled by recent papers (Price and Ware,
2009; Tan et al., 2010) — that MM is disappearing. Believing this, an investor may rightly
ask, “Why spend money on MM, when it will soon be gone?” In our view, however, this
belief is mistaken.

Myth: MM will soon disappear
To support the myth that MM will soon disappear, four major assumptions are made. First, it
is assumed that nearly all MM are caused by exposure to asbestos. Second, it is assumed that
the higher rate in men is caused exclusively by a higher rate of asbestos exposure. Third, it is
assumed that asbestos exposure has been nearly eliminated. Finally, it is assumed that
asbestos exposure can be reduced to minimal by removing all asbestos from the
environment. If these assumptions were true, then the MM rate should decline. However, the
data do not support these assumptions. In contrast, the data show that the rate of MM in
males is not declining. In fact, in the US, the rate of MM has remained constant since 1994,
and is increasing in several countries. The rate of MM in women has remained unchanged
for several decades (Hillerdal 1999; Moolgavkar 2009). In the US, asbestos use in some
commercial products has not been banned (unlike the prohibition of the further use of
asbestos containing products in many European countries). The continued import of asbestos
containing products as well as potential exposure to asbestos in place will be risk factors for
induction of MM for decades. In addition, asbestos and erionite exposures can occur from
outcrops of asbestos and erionite containing soil in certain locations of the world including
the US (Maher B., 2010). Such environmental exposures must be promptly identified to
prevent the risk of “disturbing” these deposits and exposing the population, as it has
occurred in Cappadocia and more recently in certain areas of the US (Carbone et al., 2007;
Maher B., 2010). Finally, the presence of asbestos or “asbestos like” minerals may occur as
natural components of some non-asbestos minerals exploited for various commercial
applications (such as some deposits of vermiculite and talc) and in such cases it may be
difficult to realize that a fibrous component exists.
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The implementation of safety measures to reduce exposure in the workplace in the 30s and
40s led to the prediction that the incidence of asbestos-related malignancies would diminish
significantly. Richard Doll, in his seminal paper proving the link between asbestos exposure
and lung cancer, predicted that the risk of developing asbestos-related malignancies was
significantly reduced past 1933 thanks to new regulations to limit exposure in the workplace
(Doll, 1955). When these predictions were proven wrong, a new theory was developed that
MM would soon disappear due to the diminished use of asbestos and the asbestos abatement
efforts since the early 80s. According to this theory, starting in the 90s, MM would sharply
decline in the Western world. These optimistic projections may have had the immediate
effect of pleasing some, but ultimately they caused long-term harm because research was not
funded due to the overly optimistic notion that MM would vanish spontaneously.
Unfortunately, the incidence of MM has not shown any sign of vanishing anywhere in the
world (Hillerdall 1999; Price and Ware 2009; Moolgavkar 2009; Altekruse et al., 2010; Tan
et al., 2010). While asbestos exposure in the workplace has largely been eliminated in the
US and Europe, environmental exposure that result from outdoor air pollution has not and
may be increasing as natural deposits of asbestos and erionite are disturbed by human
activities including land development (Baumann et al., 2007; Maher B 2010). Asbestos is
widespread in the environment due to previous industrial use, because asbestos is extremely
difficult to remove, and because houses are built near natural geological deposits of asbestos
or erionite (Baumann et al., 2007). Moreover, as time passes, asbestos products degrade and
more asbestos fibers are dispersed in the environment, for example from the asbestos roofs
still present in many US homes. In other words, in the US and Europe, exposure to high
levels of asbestos in the work place has largely been eliminated. However, the number of
people exposed to “low” but “above background” levels of asbestos has increased. How
these changes will influence the future incidence of MM is unknown. Data available in the
literature do not allow an estimation of the risk of MM following “low” environmental
exposure to asbestos, for example in an urban city (Bourdes et al., 2000). When
environmental asbestos exposures are high, such as among the residents of Wittenoom, an
Australian town near a crocidolite mine, or in Casale Monferrato, an Italian town next to an
asbestos cement factory, or among individuals living near geological asbestos deposits in
New Caledonia, then the risk of developing MM is several folds higher (Bauman et al.,
2007; Magnani et al., 2001; Bourdes et al., 2000; Hillerdal 1999). A dramatic increase in
MM incidence is expected in the third world, particularly in India, where the use of asbestos
continues to increase exponentially and few, if any, precautions are taken to prevent
exposure (Burki et al., 2010). The impact of erionite in the incidence of MM in the USA
cannot be estimated yet as the extent of exposure remains to be determined.

Mesothelioma in women
In women, MM often develops in the absence of evidence for asbestos exposure. However,
some studies have suggested that many female MM patients, like their male counterparts,
have a known history of asbestos exposure(s). Dawson et al (1993) found that 74/93 (80%)
female MM patients had a history of asbestos exposure in the United Kingdom. However, as
noted by the authors, these cases were from referrals (possibly legal?) to the Environmental
Lung Disease Research Group Department of Histopathology. Thus consideration of this
fact must be taken into account when interpreting these results. Using data from his medical-
legal files, Roggli et al (1997) reported a history of asbestos exposure in 45/59 (76%) of
female MM cases. However, since these data were derived from collections of legal cases,
there is inherent bias in favor of exposure. A note of caution should be introduced about the
reliability of history of exposure. Histories are generally reliable when examining a cohort
(for example of asbestos miners), but their reliability decreases at the individual level (i.e.,
for example employees of an asbestos mine may include accountants, lawyers, etc., who
may actually not physically work in the mine). Moreover, exposure among employees will
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vary depending on the type of job performed. Many workers and their surviving family
members do not have any idea if they have been exposed to asbestos containing products
and it is often impossible to obtain reliable information because the human eye can only
assess exposure to dust.

McDonald and McDonald (1980) examined all cases of fatal MM in North America through
the end of 1972 and of the 557 cases of MM reported, 162 (29%) occurred in women. In a
review of the literature through 1982, Hillerdal (1983) found that out of 2867 cases of MM,
619 (22%) occurred in women. In 2001, Murai (2001) analyzed all registered MM autopsy
cases in Japan from 1958-1996 and found that of 1,846 MM cases, 558 (30%) were female.
More recently, an article using an evidence-based medical approach reviewed the literature
linking non-occupational asbestos exposure and MM and reported that 314 out of 1028 cases
(31%) were female (Marchevsky et al., 2006).

Mortality data
In the US, the number of MM deaths is likely to exceed the estimated projection of 3000
year. This estimate is based on mortality data and death certificates. Percy et al, 1981
reviewed 48,836 cases of cancer and found that the underlying cause of cancer death was
inaccurate in 35% of them. The International Classification of Diseases (ICD) captures
cancer deaths: each cancer has its own code. MM is a special case in that only in 1999, with
the publication of ICD-10, MM was given its own code: C45. Until 1999, under ICD-9, MM
death was coded as ICD-163 (malignant neoplasm of the pleura) or ICD 162 (malignant
tumor of the trachea bronchus and lung) or ICD 199 (malignant neoplasm without
specification of site). Selikoff and collaborators found that 20% or more MM were
incorrectly coded using ICD-9 and therefore were not captured by the SEER data (Ribak et
al., 1991; Selikoff and Seidman, 1992). Even with the development of ICD-10, the
percentage of MM that are incorrectly coded, and therefore not captured by statistics,
remains at about 20-25% (Pinheiro et al., 2004, Camidge et al., 2006). The estimate for
incorrect coding is probably even higher for peritoneal MM, a cancer that is often
misdiagnosed as “carcinoma,” and vice-versa.

ASBESTOS AND MM
The role of serpentine form of asbestos (chrysotile) in causing MM is the subject of
continued debate while the role of amphibole asbestos in MM pathogenesis is well
established. Occupationally exposed individuals are commonly exposed to both serpentine
and amphibole forms of asbestos in the work environment. Furthermore chrysotile veins of
asbestos often contain amphibole forms of asbestos and thus products and resultant user
exposures may involve both forms. Tissue analysis from occupationally exposed individuals
often identifies mixed types of asbestos (Table 1). There seems to be a general agreement in
the literature that amphibole asbestos, and especially crocidolite, is a much more potent
carcinogen than serpentine asbestos such as chrysotile in causing MM (Sluis-Cremer 1991,
and 1992; Boutin et al., 1996; Boffetta 2007). However, it is accepted that chrysotile can
cause lung cancer in man and MM in rats, and some authors have proposed that even if
chrysotile is less potent than amphiboles, it is a known carcinogen that accounts for about
95% of the asbestos used worldwide, and therefore chrysotile is the main cause of MM. At
the opposite extreme are those who believe that there is no epidemiological evidence that
chrysotile can cause MM (reviewed in Tweedale and McCulloch 2004, and in Britton 2002).

Epidemiological and laboratory studies have demonstrated a clear connection between
exposure to amphibole asbestos fibers and the subsequent development of MM (Wagner et
al., 1960; Spirtas et al., 1994 Boffetta et al., 2007). The risk of asbestos exposure is
underscored by the observation that up to 4.7% of deaths among workers with ten or more
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years of heavy asbestos exposure, such as those working in crocidolite and amosite asbestos
mines in South Africa, were caused by MM (Sluis-Cremer, 1991 and 1992). Specifically,
Sluis-Cremer et al studied a cohort of 7317 white asbestos miners (3212 amosite miners,
3430 crocidolite miners, 675 exposed to both, crocidolite and amosite) of which only 8%
had been exposed for more than 10 years. There were 1225 deaths during the period of
observation, an excess of 331 over controls. Thirty of those deaths were due to MM, 20
among crocidolite miners (423 total deaths, 4.7%), 4 among amosite miners (648 total
deaths, 0.6%) and 6 among miners with mixed exposures (154 total deaths, 3.9%). Twenty-
eight of those 30 MM occurred 10 or more years since first employment (latency) and only 1
occurred in a worker with “only” 8 years since exposure. The exposure time in the
remaining case of MM could not be evaluated because this individual grew up in an area
highly contaminated with asbestos. None of these 30 MM had period of exposure of less
than 3 months (amosite and mixed exposure) or 12 months (crocidolite). Among the cases of
crocidolite-associated MM, 6 developed in individuals exposed for a period ranging from 12
to 95 months, 6 in miners exposed for 96-191 months, and 8 in miners exposed for more
than 192 months. Thus, crocidolite-induced MM developed only after long periods of
continued heavy exposure, on average 15 years. Among the 10 cases of amosite or mixed-
exposure MM, 4 developed after exposure of 3 to 11 months, 2 in miners exposed from 12
to 95 months, and 4 in miners exposed for more than 192 months. The mean latency of MM
from exposure was 44.9 years for crocidolite miners, 51 years for amosite miners, and 12.3
years for miners exposed to both, crocidolite and amosite. These findings underscore the risk
of MM in miners exposed to crocidolite and amosite. The risk of developing MM for
amosite miners was 1 order of magnitude lower than for crocidolite miners. Thus, prolonged
continuous exposures to asbestos of at least 3 months and usually 10 years were required to
induce MM. At the same time, these findings revealed that most individuals exposed for
prolonged time to extremely high levels of amosite and or crocidolite asbestos did not
develop MM (Sluis-Cremer, 1991 and 1992). The finding that individuals with less than 3
months of continuous exposure to asbestos did not develop MM were independently
supported by the observations that there were no MM among the Wittenoom crocidolite
miners in Australia exposed for less than 3 months (De Klerk et al., 1989), none among US
insulators exposed for less than 15 months (Selikoff et al., 1979), and only 1 rather than the
25 “expected’ among Rochdale textile workers exposed for less than 10 years (Peto et al.,
1985; Iwatsubo et al., 2002). It is important to appreciate that only prolonged exposures
increase the risk of MM to reassure individuals who may have had sporadic exposure and
who are concerned about their own risk of developing MM.

Myth: MM are slow growing tumors that take several decades to produce clinical
symptoms

We wish now to briefly discuss the difference between the time that elapses between first
exposure to the diagnosis of the disease (latency period), and the period that elapses from
the time of the initial growth of the MM to diagnosis. MM is a rapidly growing and very
aggressive malignancy that most likely will produce clinical symptoms within a few years,
not decades, from its initial growth. If MM was a “slow growing tumor” that takes decades
to produce clinical symptoms, we would detect some of these early tumors and cure many
patients, such as in the case of cervical and colon cancer. Instead, it is the latency from
exposure to carcinogenic mineral fibers to the development of MM that is long and the
actual growth of MM occurs within months to years, not decades. The distinction implies
that a long period elapses during which the asbestos present in the pleural tissues promotes a
chronic inflammatory process that with time may favor the emergence of a malignant clone
in up to 5% of exposed individuals. This distinction is important because it implies that there
is a long period of time during which it may be possible to arrest or delay the carcinogenic
process.
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MECHANISMS OF ASBESTOS PATHOGENESIS
It has been estimated that approximately 60-70% of pleural MM are associated with a
history of asbestos exposure (Spirtas et al., 1994; Sebbag and Sugarbaker, 2001). Asbestos
causes DNA damage directly, possibly by mechanically interfering with the segregation of
chromosomes during mitosis (Olofsson and Mark, 1989), and indirectly by inducing
mesothelial cells and macrophages to release mutagenic reactive oxygen (ROS) and nitrogen
(iNOS) species (Xhao et al., 1996; Choe et al., 1997 and 1998; Quinlan et al., 1998; Xu et
al., 1999 and 2002).

A key mechanism by which asbestos causes the transformation of mesothelial cells has
recently been elucidated. Working with primary human mesothelial (HM) cells, Yang et al
(2010) discovered that asbestos induces necrotic cell death with resultant release of
HMGB-1 in the extra cellular space. HMGB-1 release causes a chronic inflammatory
response, macrophage accumulation and the secretion of TNF-alpha, which in turn activates
NF-kB, leading to the survival of HM that have accumulated genetic damage because of
asbestos exposure (Figure 1, Yang et al., 2006 and 2010). These studies provided a
mechanistic rationale to the observation by Liu et al (1998) that asbestos is not pathogenic in
transgenic mice that do not express the TNF-alpha receptor. On one hand, TNF-alpha
protects HM from asbestos-induced cell death and on the other promotes the growth of HM
that have accumulated DNA damage following asbestos exposure. The role of chronic
inflammation in favoring the growth of MM appears supported by the increased risk of
peritoneal MM in patients with familial Mediterranean fever (Bani-Hani and Gharaibeh
2005; Herschovici et al 2006, Ishak et al. 2006), a condition characterized by recurrent
polyserositis that mainly involves the peritoneum and the observation that MM may follow
pneumothorax and/or trauma (Gorovenko GG, Slepukha IM, et al 1986; Hillerdal and Berg
1972). MM has also been reported in dogs with idiopathic hemorrhagic effusions that
develop chronic reactive inflammation (Machida et al., 2004). Presently, we are using
animal models to test chemo-preventive strategies such as inhibiting HMGB-1 and the
inflammatory response associated with HMGB-1 release to prevent MM in high-risk
individuals.

Previous studies have shown that asbestos can induce apoptosis in a small fraction, about
8-18% of cells, exposed in tissue culture (Broaddus et al., 1996; Jimenez et al., 1997). In
contrast to necrosis, apoptosis does not cause the release of HMGB-1 into the extracellular
space and therefore does not cause inflammation (Yang et al 2010). By eliminating
mesothelial cells that have accumulated asbestos-induced mutations without promoting
inflammation, apoptosis may be regarded as a protective mechanism against the
development of MM.

Longer asbestos fibers (>8μm), especially amphibole asbestos, can become coated with iron
rich proteins, such as ferritin and hemosiderin, which appear to favor the production of
mutagenic ROS (reviewed in Heintz et al., 2010). Such structures are termed ferruginous
bodies and when formed on asbestos cores can correctly be defined as asbestos bodies. It
should be noted that definitive identification of an asbestos body requires EM analyses. A
recent study from Japan proposed that ferruginous bodies that often form around amphibole
asbestos contain high concentrations of radium, a finding that led the authors to suggest that
ionizing radiation from these bodies may cause DNA damage and cancer, including MM
(Nakamura et al., 2009). The possible significance of this study remains to be confirmed. At
the molecular level, crocidolite-mediated induction of the AP-1 pathway and related genes
has also been proposed as a factor in the development of MM in a series of papers by the
research team directed by B. Mossman and these data have been independently confirmed
by others (reviewed in Heintz et al., 2010).
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In addition, asbestos may directly induce these pathways by activating the epidermal growth
factor receptor and downstream pathways (Zanella C et al., 1999), which are often activated
in MM (Destro A et al., 2006). The hepatocyte growth/scatter factor (HGF) and its receptor
tyrosine kinase c-Met are highly expressed in most MM, especially those containing SV40;
HGF activation is mediated through a PI3K/ERK5/Fra-1 feedback pathway (Cacciotti et al.,
2001; Jagadeeswaran R et al. 2006; Ramos-Nino ME et al., 2008). Accordingly MAPK and
phosphatidylinositol-3-kinase (PI3K)-AKT and the downstream mTOR (the target for
rapamacyin) are often activated in MM (Altomare DA et al., 2005; Wilson SM et al., 2008).

FIBER CHARACTERISTICS IN LUNG AND PLEURA
Lung and pleural content analyses, in which the amount of asbestos present in the lung or
pleura are measured, are a more objective and reliable measure of exposure, although
asbestos is removed over time by physiological clearance mechanisms from the lungs and
probably from the pleura. The half-life of crocidolite in the lung has been estimated to be
7-8 years, and that of chrysotile is much shorter (Hillerdal 1999). Berry and collaborators
reviewed the literature and proposed that the elimination rate of amphibole asbestos from the
lungs is about 15-20% year (Berry et al., 1989). Contrast phase light microscopy allows for
the detection of fibers that are longer than 5 microns with a diameter larger than 0.2
microns. According to the Stanton’s hypothesis, which is based on experiments in rats, long
fibers (> 8 microns) are more potent in causing MM than shorter or thicker fibers when
compared on a one to one basis. Humans are exposed to a mixture of fibers of different sizes
that include “medium size fibers” longer than 5 micron as well as shorter and thin fibers.
The latter, include a large portion of amphibole fibers and the majority of chrysotile fibers,
and are invisible by optical microscopy. Thus these so-called “ultra thin” and “ultra short”
fibers must be evaluated using transmission electron microscopy (TEM). When using TEM,
short chrysotile fibers outnumbered long fibers in most pleural content analyses (Paoletti et
al., 1993; Dodson et al., 2003; Suzuki et al., 2005) with the exception of the study conducted
by Boutin et al (1996) that almost exclusively detected amphibole asbestos in the lymphatic
areas within the parietal pleura (designated as black spots). It should be noted that the
authors also exclusively reported amphibole fibers within the lung samples of these
individuals, but also noted a concern that sample loading may have interfered with detection
of small chrysotile structures in the tissue preparations. The so-called black spots that Boutin
et al (1996) sampled are the areas where lymphatics concentrate, forming relatively large
openings (“stoma”) on the parietal pleura. These areas acquire a black pigment that is often
seen on the pleura of smokers and of individuals living in industrialized towns. The
lymphatic pathways influence dust and asbestos relocation (Dodson et al., 2007). Other
authors have sampled various parts of the “whole” pleura (Paoletti et al., 1993; Suzuki et al.,
2005) or pleural plaques (Dodson et al., 1990) in occupationally exposed individuals but did
not specifically sample the “black spots”. Boutin et al., 1996 reported that in the “black
spots” 22.5% of the fibers were 5μm or longer and 10% were 8 μm or longer. These
observations compare with observations of LeBouffant et al. (1980) where 7% of the
amosite and 5% of the chrysotile in the parietal pleura were 5μm or longer. Sebastien et al.
(1980) reported 24% of the amphibole fibers and 14% of the chrysotile in the parietal pleura
exceeded 4μm in length. In the study by Dodson and colleagues (1990) 10% of the
amphiboles and 3.1% of the chrysotile were >5μm. Thus, the findings in the study by Boutin
et al. (1996) are in line with previous studies showing that the vast majority of asbestos
fibers in pleural tissue (in their study 77.5% and in their case amphiboles within “black
spots”) are <5μm. Mitchev et al (2002) from the same research team continued the study of
black spots and found “no relationship between the predominant locations of ‘black spots’
and hyaline pleural plaques”. Muller et al. (2001) evaluated “black spots” from the parietal
pleura of twelve individuals who were former coal miners from the German Ruhr region.
They stated that the “findings do not support the classification of black spots as an obligate
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early lesion in development of malignant mesothelioma”. Muller et al., 2001 found mixed
dust within the “black spots” but did not find amphibole fibers directly located in the “black
spots”. These findings have caused more controversy in this research field: in addition to the
type of asbestos, what type of fibers causes MM? More specifically, are the smaller
percentage of longer fibers that reach the pleura responsible for MM, or do both long as well
as short fibers contribute to the process? As described by Dodson et al. 2003, the literature
suggest that both types of fibers contribute to malignancy, although it is possible that fiber
for fiber, longer fibers are more pathogenic, but also less likely to reach the pleura. The one
thing all seem to agree with, is that ultrathin fibers, 0.3 micron or less in diameter, are those
most frequently, if not exclusively, detected in the pleura (Paoletti et al., 1993; Boutin et al.,
1996; Dodson et al., 2003; Suzuki et al., 2005). Although pleural and possibly peritoneal
analyses may reflect the exposure associated with MM more accurately, such samples are
rarely available. Therefore, lung samples are often used since asbestos has to transit through
the lung in order to reach the pleura. In one of the few studies that have attempted to
evaluate peritoneal tissue for the content of asbestos/ferruginous bodies, Dodson and
colleagues (2000) reported a comparison of the asbestos burden in lung tissue with that
found in omentum and mesentery samples from patients with MM. Their data confirmed
that asbestos fibers reach the peritoneum. A companion study by Dodson et al. (2001)
indicated that only an occasionally short uncoated asbestos fiber was found in similar
samples from individuals defined as representing the general population “i.e., background
exposure”.

Lung Content Analysis
Using analytical transmission electron microscopy (ATEM), we performed lung content
analysis in 38 lung tissue biopsies surgically resected by H.I.P. from patients who were seen
for analyses and treatment unrelated to litigation and who were diagnosed with pleural MM
by M.C. Of these 38, 8 were women and 4 had reported a history of exposure to asbestos
compared to 16/30 men with such history (Table 1). Of the 4 asbestos-exposed women,
history suggested exposure through the household (father with occupational history of
exposure) in three, and one might have been exposed through the use of contaminated
talcum powder. Both exposure to asbestos and duration of exposure were documented with
the use of the American Thoracic Division of Lung Disease Adult questionnaire. We tested
reliability of exposure history by performing lung-biopsy content analyses from each of the
38 patients. The preparative technique and the asbestos count scheme followed the model
described by Mitha and Pooley 1993 and Berry et al., 1989. The ATEM data included all
fibers (>1μm) with an aspect ratio greater than 3:1 as evaluated at high magnification using
an ATEM with the fiber type being determined by morphology, selected area diffraction and
X-ray energy dispersive analysis. As expected, these studies revealed that all patients had
some asbestos in their lungs. Asbestos fibers are commonly found in the lungs of individuals
living in industrialized areas and there is no magic number that clearly separates amount of
asbestos that is associated with an increased risk of MM (exposed individuals) from that
found in the general population. Based on previous studies performed in the laboratory of
F.D. Pooley who performed these studies, amounts of asbestos below 1 million per gram of
dry lung were found in most of the “background control populations” studied from
Australia, United Kingdom, and North America (Berry et al., 1989). These are the so called
background amounts of asbestos that are found in the lungs of most people living in
industrialized areas and that are not associated with a detectable increase in the incidence of
MM. We arbitrarily decided to lower this threshold to 0.5 million/dry gram to increase the
chance to capture those individuals in our cohort with levels of asbestos that might justify
the definition of “exposed”. The findings showed a variation in total fiber burden as well as
fiber type. It was common to find “commercial” types of asbestos (chrysotile, amosite, and/
or crocidolite) and “non-commercial forms” (tremolite and anthophyllite) within most of the
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samples. The total amount of non-commercial amphiboles exceeded the total of the
commercial forms in eight cases (Cases 1, 6, 12, 14,19,25,32 and 33). These observations
are consistent with tissue burden characteristics found in other studies of lung tissue from
individuals with MM (Dodson et al., 1997), (Dodson et al., 2003), (Dodson et al., 2005).
The results showed that 25 (21 men and 4 women) of the 38 individuals had levels of
asbestos (total particles = total amphiboles + chrysotile) above 0.5. Of interest, 11 of the
patients with above 0.5 millions/dry gm tissue levels of asbestos in their lungs had reported
a negative history of exposure (3 women and 8 men). Thus of 18 individuals reporting no
history of asbestos exposure only 7 had been truly unexposed and 11 were unaware that they
had been exposed. On the other hand, 6 patients (3 men and 3 women) who had reported a
history of exposure had only background levels of asbestos in their lungs. Thus, of 20
individuals reporting exposure -16 men and 4 women - only 14 had been truly exposed. In
other words we found a lack of association between actual asbestos levels in the lungs and
exposure history: [χ2(1)=0.33, p=0.56]. These findings underscore the limitation of relying
on histories to assess exposure at the individual level. Only analytical electron microscopic
analyses of pleura, lymph node and lung samples can reveal if, how much and the type(s) of
mineral fibers that an individual has been exposed to. Morphologically, many fibers in
human tissue are short (<5 μm) or very thin (even if longer than 5 μm) and thus require the
level of resolution afforded by ATEM for detection. Even these analyses have some
limitations based on tissue burden determined by ATEM since the content of the lung tissue
represents what is left at the time of sampling after the impact of clearance/translocation of
inhaled dusts/fibers (Berry et al., 1989). Even less reliable are attempts to devise
complicated formulas and questionnaires to attribute the amount of exposure to different
categories of workers years and often decades after the exposure took place. Such studies are
based on extrapolations that are error prone (Hillerdal 1999). For example, when more than
one expert interpreted these questionnaires, they often provided discordant results
(Rodelsperger 2001).

On average, the 8 women we studied were 14 years younger than men at diagnosis
(p=0.001). The amounts of asbestos detected in these women did not exceed those found in
men. This observation suggests that factors in addition to asbestos influenced the
development of MM in these women. Genetics may play a role as, in genetically susceptible
families in Cappadocia, we observed that MM develops at an earlier age compared to
sporadic MM (Carbone et al., 2007). However, our results include too few women to reach a
definitive conclusion about the sex differences in the pathogenesis of MM. Our study shows
that even histories taken by trained personnel and according to established guidelines may
be unreliable.

It should be noted that there is no real magic number to establish a firm threshold between
exposed and not exposed. If one were to exclude chrysotile exposure that some do not
believe contributes to MM, only 18/38 would qualify as exposed (total amphiboles >0.5).
We used the total fiber count to encompass any type of asbestos exposure that might
contribute to MM. In addition, if more strict criteria were to be implemented, i.e. a cut off of
1.0 as used in the laboratory that performed these analyses (Berry et al., 1989), then only 18
individuals out of 38 would qualify as exposed (total particles >1.0). In summary,
individuals with amount of asbestos >1 have clearly been exposed to asbestos, as one would
expect in individuals working in the asbestos industry, and those with amounts between 0.5
and 1.0 contain asbestos levels that are at the upper limits of background and the
interpretation of these results as exposed at levels “above” or “at background levels” in these
individuals is subjective. We decided to include them in the “exposed” category, as it
appears possible that these relatively low levels of exposure in individuals susceptible to
mineral fiber carcinogenesis due to genetic predisposition or exposure to co-factors may be
sufficient to cause MM. The development of MM in individuals exposed to low levels of
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asbestos fibers argues against a classic dose response relationship (i.e., otherwise many more
than 4.7% of asbestos miners should have died of MM). The absence of this dose response
relationship and the relative infrequency of MM development in heavily asbestos exposed
individuals suggest that additional factors, either alone or in conjunction with asbestos may
play a role in the development of this malignancy (Carbone et al., 2002).

CO-FACTORS IN THE PATHOGENESIS OF MM
SV40

Simian Virus 40 (SV40), a DNA tumor virus endemic to the Asian macaque species of
monkeys, may be one such etiological factor (Carbone et al., 2002). Between 1954-1978,
millions of people were exposed to the virus through contaminated Salk and Sabin polio
vaccines (Cutrone et al., 2005). Within 6-9 months, SV40 causes MM in 60% of hamsters
injected intracardially. Moreover, intrapleural injections lead to the development of MM in
100% of the animals within 4-6 months (Cicala et al., 1993). The capacity of SV40 to cause
tumors in humans is debated. A review by the Institute of Medicine concluded that there is
no epidemiological evidence in favor or against the hypothesis that SV40-contaminated
vaccines caused malignancy in humans (Stratton et al., 2003). However, an analysis of
human MM biopsies revealed that SV40 sequences were present in about half of them
(Carbone et al., 1994). In human MM biopsies, SV40 has been shown to bind and inactivate
p53 and pRb, and to activate c-met, IGF-I and other oncogenes (Carbone et al., 2002;
Gazdar et al., 2002; Bocchetta et al., 2008). These finding were substantiated by several
other labs as well as by a multi-laboratory study sponsored by the International
Mesothelioma Interest Group (Testa et al., 1998). Other studies found that only a low
percentage, 5-6%, of MM contained SV40 and suggested that both the low incidence and the
low amunt of SV40 present argued against a pathogenic role (Lopez-Rios et al., 2004; Aoe
et al., 2006; Ziegler et al., 2007).

Among the 38 MM subjects reported in Table 1, 20 contained SV40 as determined by PCR
and verified by DNA sequencing using the PYV and PYV reverse set of primers that
amplify a 172 bp region of the early region of the SV40 DNA according to established
procedures (Gazdar et al., 2002). Among the 8 women, 3 contained SV40. There was no
significant correlation with asbestos exposure. HM are unusually susceptible to SV40
infection and transformation (Bocchetta et al., 2000). In contrast, other human cell types
such as fibroblasts are lysed following infection (Bocchetta et al., 2000), or cannot be
infected at all, such as kidney tubular epithelial cells (Low et al., 2004). Following infection,
SV40 remains episomal in HM and viral replication is prevented by a unique antisense
suppression mechanism (Carbone et al., 2008). Bocchetta et al (2000) reported that in tissue
culture, HM exposed to both asbestos and SV40 become transformed at a higher rate than
HM exposed to SV40 alone (i.e. asbestos alone does not cause malignant transformation of
primary HM in vitro). Further evidence in support of co-carcinogenesis was provided when
Kroczynska et al (2006) found that asbestos and SV40 had synergistic effects in causing
MM in hamsters. Experiments in transgenic mice confirmed the co-carcinogeneic properties
of SV40 with asbestos (Robinson et al., 2006; Pietruska and Kane, 2007). Although it is well
accepted that SV40 causes MM in animals and data unequivocally show that SV40 acts as a
co-factor for asbestos carcinogenesis, the role of SV40 in causing human MM is
controversial (Carbone and Albelda et al, 2007; Rivera et al., 2008).

Genetics and Erionite
Multiple reports have suggested that certain individuals in familial cohorts may be
genetically predisposed to MM. Risberg et al (1980) proposed that genetics, in addition to
asbestos exposure, was responsible for the development of MM in a father, his three sons
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and one daughter. Krousel et al (1986) reported three MM occurrences in a mother and two
of her five children despite only one of her children having occupational exposure to
asbestos. Similarly, Ascoli et al (1998) reported an aggregation of MM in three sisters and
one male cousin, which is suggestive of a hereditary predisposition. Other case reports in the
literature correlate women and other family members with MM (Musti, 2002; Bianchi et al.,
2004; Picklesimer et al., 2005).

Evidence supporting genetic predisposition to MM comes from the Cappadocian region of
Turkey where MM causes up to 50% of deaths in the villages of Karain, Sarihidir, and
Tuzköy as a result of the inhabitants building their homes from stones containing high levels
of erionite, a very carcinogenic mineral fiber that specifically causes MM (Roushdy-
Hammady et al., 2001; Dogan et al., 2006). In these villages the incidence or lung cancer is
not significantly increased compared to other regions in Turkey, indicating that erionite
carcinogenesis is not exactly comparable to asbestos carcinogenesis, since asbestos also
causes lung cancer. In the Turkish villages, the Male/Female ratios of MM were: 76/74 (out
of 305 total deaths in Karain), 54/51 (out of 432 total deaths in Tuzkoy), and 7/8 (out of 87
total deaths in Sarihidir) (Carbone et al., 2007). Thus, the incidence of MM in men and
women is similar in Cappadocia. This is the only incidence of MM in which both sexes are
equally affected; further indicating that erionite is very potent in causing MM. Moreover, it
was observed that MM in Cappadocia was very prevalent in certain families and less in
other families (Carbone et al., 2007). Quantitative mineralogical analysis of erionite samples
from the villages in Turkey and from the United States revealed that the composition of
erionite in the U.S. and in Turkey is identical (Dogan et al., 2006). Pedigree analysis of the
affected families supports the interpretation of genetic predisposition to mineral fiber
carcinogenesis. The data indicate that erionite is the major cause of the MM epidemic in
Turkey and genetics influences the risk of developing MM following exposure to erionite in
the villages of Cappadocia (Dogan et al., 2006).

It should be noted that erionite is a very potent carcinogen that specifically causes MM in
humans as well as in animals. Erionite is much more potent than asbestos in causing MM;
for example, 48% of animals injected with asbestos developed MM compared to almost
100% MM incidence in animals injected with erionite (Wagner et al., 1985). Sporadic cases
of MM caused by erionite have been reported outside of Turkey (Ilgren et al., 2008; Kliment
et al., 2009). The unprecedented very high incidence of MM in Cappadocia may be
exacerbated by the unfortunate combination of erionite exposure and genetic predisposition
to mineral fiber carcinogenesis. Incidences of MM similar to those observed in the
Cappadocian families have also been detected in some U.S. and European families. In these
cases, genetic predisposition and exposure to asbestos appears to be the most likely cause. In
other words, there are some families who are very sensitive to mineral fiber carcinogenesis
and whether the fiber is asbestos or erionite does not appear to make any difference. With
support from the NCI, some of us, in collaboration with N. Cox (University of Chicago) and
JR Testa (Fox Chase Cancer Center) are trying to identify the gene(s) that influence
susceptibility to mineral fiber carcinogenesis. Identification of the putative MM-
susceptibility gene(s) is crucial to enable us to devise novel specific mechanistic therapeutic
approaches.

Radiation
Prior radiation therapy has been linked to the pathogenesis of MM. In a study by Roggli et al
(1997), 5/62 female MM patients gave a history of prior radiation exposure. One woman
received radiation therapy for the treatment of Wilm’s tumor as a child and analysis of her
lung tissue showed asbestos levels no different from those found in the general population.
Whether this MM case is also related to the absence of the Wilm’s tumor suppressor protein
is unknown. The other four women were treated for various other malignancies, and despite

Carbone et al. Page 12

J Cell Physiol. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the history of household exposure to asbestos provided by two of these four women, lung
tissue analysis showed no pleural plaques or asbestosis in either of them, suggesting that
previous radiation exposure may have been the causal factor. In addition to radiation
treatment, other sources of radiation have also been described as risk factors to MM. A
recent review by Goodman et al (2009) evaluating the impact of various ionizing radiation
sources including atomic energy plants and Thorotrast concluded that there appears to be
enough evidence to support a causal link between ionizing radiation and MM. Other reports
have corroborated the link between radiation exposure and MM (Sugarbaker et al., 2008;
Merler and Roberti, 2008).

The association between MM, asbestos and erionite exposure, SV40 infection, genetic
predisposition, and radiation exposures suggests that a multi factorial etiology may be more
common than presently appreciated. Probably any factor that leads to HM necrosis,
proliferation, inflammation, and DNA damage may contribute to the development of MM,
especially in genetically predisposed individuals and in the presence of a background of
DNA damage caused by asbestos, erionite, radiation, SV40 and other carcinogens.

MESOTHELIOMA PATHOGENESIS
Pleural mesothelioma

Prior to 1950, the incidence of pleural MM in both men and women was similar, with an
average of 1 or 2 cases per million (Ross and McDonald, 1995). However, following the
dramatic increase in commercial use of asbestos during the first half of the 20th century,
pleural MM rates rose dramatically in men, but not in women. Using the Surveillance,
Epidemiology, and End Results (SEER) database, Connelly et al (1987) reported that the
incidence of pleural MM among white women in the U.S. remained almost unchanged in
approximately 2 cases per million persons in both 1973 and 1984 while corresponding rates
among white men were 5.1 per million and 14.1 per million respectively. Analysis of the
SEER database from 1990-1995 by Jemal et al (2000) revealed that the incidence of pleural
MM was 16.3 cases per million among white males compared to 2.6 per million among
white females. Most recently, analysis of the SEER database from 1973-2005 using
extensions of the age-period-cohort (APC) model by Moolgavkar et al (2009) revealed that
the age-adjusted rates for pleural MM in men appear to have stabilized since increasing from
7.5 per million person-years in 1973 to approximately 15 per million person-years in the
early 1990s in states that used large amounts of asbestos. In contrast, corresponding data in
women shows a relatively consistent incidence of 2.5 per million person-years over the same
period. It is obvious that these numbers do not “add up” with some studies reporting that 1/3
of MM occur in women and others reporting that female MM accounts for only 1/8 of the
total. However, all studies agree that there has been a steady rise in the incidence of MM in
men but not in women over the past half century.

One obvious reason for these gender-related differences in the MM trend is that historically
men have been exposed to asbestos while working in asbestos mines, shipyards, cement
factories, etc. While this is certainly true, this cannot fully explain why the incidence of MM
has not increased in women. For example, during the Second World War, many women took
the place of men in asbestos exposed occupations. However, no appreciable increase of MM
in women was noted. Moreover, asbestos exposure does not occur only in the workplace.
For example, the development of MM in wives of asbestos workers demonstrates that
sufficient amounts of asbestos were carried home by these men to cause MM in their wives
(at least during the early years of asbestos exposure, i.e. during the 30’s and 40’s when
levels of asbestos dust in the work place were high). Asbestos is also present in schools,
public and private buildings, etc. There are natural deposits of asbestos and erionite in the
U.S. to which local populations are increasingly exposed because these areas are being
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developed. Yet, there has not been a significant increase in the incidence of MM in women
in the US. A hypothesis that may help account for the low incidence of MM in women
comes from a recent report by Pinton et al (2009). The authors found that both normal pleura
and a fraction of malignant pleural mesothelioma tissue express estrogen receptor (ER) beta.
Multivariate analysis of 78 MM patients indicated that high levels of ER beta was an
independent protective factor of all-cause mortality (HR= 0.2; 95% CI, 0.05-0.6), although
only 4 out of 19 women (21.1%) and 8 out of 59 men (13.6%) were classified as having high
levels. In addition, the authors confirmed that ER beta-mediated inhibition of MM cell
proliferation, in vitro, was possible through treatment with 17beta-estradiol (E2). These data
were supported by a recent study by Chua et al (2009a and b) who investigated the
expression of sex steroid receptors in 20 peritoneal MM patient tumor specimens. They
found a higher expression of estrogen receptors in females (M= 0.6%, F= 1.7%) in addition
to higher expressions of progesterone receptors (M= 1.0%, F= 1.4%). Thus, there is some
initial molecular evidence that may support a role for sex hormones and their receptors as a
possible mechanism that might help to explain the lower incidence of MM in women. These
results need to be validated and expanded upon by future studies; for example, by testing the
hypothesis that ER beta expression may be linked to the epithelial MM phenotype.

Due to its aggressive nature and resistance to chemotherapy, development of pleural MM
leads to a median survival of approximately 14 months from the time of diagnosis in patients
undergoing surgery (Flores et al., 2008). However, MM patients who are candidates for
surgery generally have less advanced disease. Total survival, including patients who are not
candidates for surgical resection, is less than 1 year from diagnosis (Bertino et al., 2009).
Survival is influenced by stage, and in 663 consecutive patients (538 men, 125 women) who
underwent pleurectomy or extrapleural pneumectomy from 1990 until 2006, median survival
was 38 months for stage I, 19 months for stage II, 11 months for stage III and 7 months for
stage IV (Flores et al., 2008).

Peritoneal Mesothelioma
Pleural MM outnumbers peritoneal MM in both sexes (Boffetta, 2007; Moolgavkar et al.,
2009). Griffiths et al (1980) reported that between 1965-1978, among 25 men and 10
women with MM at the Austin Hospital in Australia, 31 MM were in the pleura, 3 in the
peritoneum (1 female) and 1 was in the pericardium. In Australia, between 1947-1980, 560
cases of MM arose in the pleura and 66 in the peritoneum (Musk et al., 1989). Murai (2001)
examined 1,784 cases of MM in Japan and reported that pleural MM was predominant in
both sexes compared to the frequency of peritoneal MM in females and males, which was
35.5% and 19.3% respectively.

The mortality of peritoneal MM used to be dismal but has significantly decreased due to
novel therapeutic approaches (Yan et al., 2006). Early diagnosis is rare, partly due to the
relative rarity of peritoneal MM. Initially, patients are often misdiagnosed with the more
common benign and malignant gastrointestinal conditions (Chua et al., 2009b; Hesdorffer et
al., 2008). Based on select European cancer registries and the U.S. SEER database, the
incidence rate in industrialized countries range between approximately 0.5-3 cases per
million in men and between 0.2-2 cases per million in women (Boffetta, 2007), a markedly
less M:F discrepancy than for pleural MM. This finding supports the interpretation that most
peritoneal MM is not asbestos-related. Sebbag and Sugarbaker (2001) observed that
peritoneal MM has a much weaker association with asbestos than pleural MM, with rates of
15-30% and 60-70% respectively. These data did not distinguish between men and women.

Analysis of the SEER database from 1973-2005 showed no significant temporal trends for
both men and women (Moolgavkar et al., 2009). These authors found that asbestos exposure
was responsible for only a minor fraction of peritoneal MM in the SEER data from
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1973-2005. Accordingly, peritoneal MM is often reported in men and women with no
known asbestos exposure. The etiology in these cases is unclear, although some of the cases
may be due to unknown asbestos/erionite exposure as well as exposure to other carcinogens.
In a study of 7 peritoneal MM in women with no known asbestos exposure, 6 out of 7 cases
had asbestos fibers burdens lower or similar to that found in normal ovarian tissue in the
control group with no history of exposure (Heller et al., 1999). Other studies based on
history of exposure, often taken decades later, suffer from the inherent imprecision of this
methodology (Carbone and Bedrossian, 2006).

It has been suggested that higher asbestos exposure levels are needed to induce MM in the
peritoneum compared to the pleura. Dawson et al (1993) reported that peritoneal MM in
women was associated with an increased lung amphibole burden and high levels of fibrosis.
Furthermore, lung tissue evaluated in patients with peritoneal MM has shown higher
asbestos burdens than lung tissue from patients with pleural MM (Heller et al., 1999). It
appears possible that in heavily exposed individuals, asbestos fibers migrate through the
lymphatic system in sufficient amounts to the peritoneum to cause MM. The ability of
asbestos fibers to migrate through the lymphatics was first suggested by studies in mice in
which subcutaneously injected asbestos was found in lymph nodes, pleura and peritoneum
(Roe et al., 1967). In the absence of heavy exposure, asbestos fibers mostly accumulate in
the lungs where some of them may promote the occurrence of lung cancer while others have
been shown to migrate to the lymph nodes/lymphatics as well as to the pleura and eventually
to the peritoneum promoting MM development. It could be speculated that in individuals
who have not been heavily exposed, the fibers do not reach the peritoneum in sufficient
quantities to stimulate the occurrence of MM. Concerning the clinical presentation of
peritoneal MM, a retrospective study by Eltabbakh (1999) of 15 women with peritoneal MM
revealed that women most commonly presented with abdominal distension (73%),
abdominal pain (40%), ascites (60%), abdominopelvic masses (93%), thrombocytosis
(27%), and thromboembolic manifestations (20%). Median survival of these patients was
12.5 months. However, median survival was longer in those who underwent cytoreductive
therapy versus biopsy alone (13.5 versus 6 months). Patients who received chemotherapy
also survived significantly longer (29 versus 1 month), suggesting that cytoreductive surgery
and/or chemotherapy is of significant benefit to women with malignant peritoneal MM.
Recent advances in cytoreductive surgery and perioperative intraperitoneal chemotherapy
protocols for peritoneal MM have increased median survival to 60-90 months (Yan et al.,
2006). However, this is a subset of patients with early disease that is eligible for this type of
therapy. Women with peritoneal MM have been observed to have better overall survival
than men with peritoneal MM although the exact reasons are unclear (Yan et al., 2006). In
the study by Yan et al (2006) at the Washington Cancer Institute, 34 men and 28 women
underwent combined therapy. Reported survival rates in women at years 1, 3, and 5 were 96,
72, and 63% respectively, significantly better than corresponding survival rates in men that
were 74, 48, and 42%. The authors concluded that among other factors, the observed
survival benefit might be related to favorable clinical and histopathological (i.e. epithelial
MM, tubulopapillary variant) features specific to the female cohort.

EXPOSURE HISTORY
Exposure can be classified as direct from asbestos-related occupations, indirect through
family members, neighborhood conditions, or from environmental factors. In reality, it is
often difficult to distinguish between these types as people have multiple types of exposures
or may be unaware of any exposure at all. Vianna and Polan (1978) reported the results of
52 histologically confirmed MM cases among female residents of New York State who died
between 1967 and 1977. Thirty-seven of these patients had no identifiable exposure history
and among the patients with history of exposure, six worked in the asbestos industry, two
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were exposed through family members and one additional patient lived near an asbestos
factory. The remaining eight patients may have had indirect exposure by washing the
contaminated clothes of their husband or relatives who worked directly with asbestos.
Dawson et al (1993) reported that 51/93 (55%) female MM patients reported an
occupational history of asbestos exposure while 13/93 (14%) claimed indirect exposures
through family contacts. In another study, Roggli et al (1997) examined the rates of
exposure in 59 female MM cases and found that 19% of these women reported occupational
asbestos exposure. Of the remaining women, household contact was the predominant
method of asbestos exposure (61%). Since both studies include medical-legal cases, they are
biased in favor of exposure (i.e., presumably patients who have not been exposed to asbestos
are less likely to sue).

Indirect Exposure
Indirect exposure occurs in the wives and children of asbestos workers. The main source of
indirect exposure is the husband’s work clothing. Washing or handling of the contaminated
clothing can aerosolize substantial amounts of asbestos. It has been well established that
family members of workers in asbestos industries are at risk for the development of MM.
Probably, the largest study was that conducted by Magnani et al (1993). The authors studied
mortality of wives married to workers in the asbestos cement industry in Casale Monferrato,
Italy. Active from 1907-1986, this was the largest asbestos cement factory in Italy. Their
analysis of 1,740 female household members monitored from 1965-1988 found that 4 of the
women died from pleural tumors (3 confirmed MM) versus the expected number of 0.5.
More recent results from the study with over 40 years of follow-up showed that 21 women
died from pleural tumors compared to the 1.2 expected. In addition, the authors reported 11
incident cases of pleural MM from 1990-2001 (Ferrante et al., 2007). Likewise, reporting on
1,145 (123 women) histologically confirmed cases of MM from his medical-legal
consultation files, Roggli et al (2002) observed women with MM predominated among
household contacts of asbestos workers (79%). However, since these are medico-legal cases,
they are biased in favor of exposure; and although they confirm that household contacts can
develop MM, they do not contribute to our understanding of the true incidence of MM in
household contacts. Many other studies have shown a connection between indirect asbestos
exposure and MM (Lieben and Pistamka, 1967; Anderson et al., 1976; Vianna and Polan,
1978; Li et al., 1978; Epler et al., 1980; Nicholson, 1983; Krousel et al., 1986; Dodoli et al.,
1992; Bianchi et al., 1993; Dawson et al., 1993; Magnani et al., 1993; Schneider and
Woitowitz, 1995; Schneider et al., 1996; Roggli et al., 1997; Paoletti et al., 2000; Murai,
2001, Leigh et al., 2002; Roggli et al., 2002; Dodson et al., 2003). It is encouraging that the
number of reports in recent years (Bianchi et al., 2004; Miller, 2005; Ampleford and Ohar,
2007; Ferrante et al., 2007; Patel et al., 2008) has seemingly decreased, which may be
attributed to societal changes (i.e. the number of women who wash their husband’s clothes
has declined during the past 30 years). While there are more case reports detailing MM in
women, due to their anecdotal nature, not all of them are reported here. It should be noted
that the levels of indirect exposure were particularly high during the first half of the 20th

century, well before measures to reduce exposure and the risk that workers carried asbestos
home were implemented in the workplace in the US and Europe. Such measures were
implemented at different times in different countries, and in some countries such as India,
appropriate measures are still either lacking or are inadequate (Burki 2010).

Neighborhood Exposure
Neighborhood exposure occurs in those who reside in an area near asbestos mines or
factories using or producing asbestos based goods. Evidence of this association was reported
in a retrospective study by Magnani et al (1995). In Casale Monferrato, Italy, 64 cases of
MM were identified in which patients had no occupational or familial exposure to asbestos.
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The incidence of histologically confirmed MM among local residents (annual × 100,000;
age adjusted) was 4.2 in men and 2.3 in women compared to rates from the Cancer Registry
of Varese (a nearby town) and Italian Cancer Registries which was 1.0 and 1.8 in men and
0.3 and 0.6 in women respectively. Two more recent case-controlled epidemiological studies
by the same authors provide further evidence linking the association between residential
exposure and the risk of MM development (Magnani et al., 2000; Magnani et al., 2001).
Kurumatani and Kumagai (2009) proposed that the distance of place of residence to an
asbestos plant was related to the risk of MM. It should be noted that approaches based on
proximity inevitably lead to exposure misclassification, which will attenuate or bias the
exposure response association. It is difficult to make accurate predictions without detailed
information on individual behavior within the concentrated area (Driece et al., 2010).

It has been estimated that in South Africa, home to many asbestos mines, neighborhood and
environmental exposure account for about 26% of all MM (Abratt et al., 2005). Kielkowski
et al (2000) conducted a birth cohort mortality study in Prieska, South Africa, a small remote
town located near a crocidolite asbestos mining area that was active from the early 1890s to
the late 1960s. In addition to the mines that were the main source of exposure, other possible
sources of exposure cited included asbestos dumps (on which children played) and spillage
of fibers during transport. Of the reported cases of cancer, 28/118 (24%) was due to MM,
and of these 28 cases, 8 were in women (cause-specific mortality of 172 per million person-
years) and 20 were in men (cause-specific mortality of 366 per million person-years). The
study showed that although males were more likely to die from MM as expected, high
mortality in the female group was likely indicative of very high environmental exposure as
they were rarely employed in the asbestos industry in this area. Thus, although a
comprehensive evaluation of exposure in women is sometimes difficult, especially among
women living in close proximity to an asbestos factory where more than one source of
exposure is likely, there is evidence to conclude that proximal neighborhood exposure to a
crocidolite mine is risk factor for MM development.

Environmental Exposure
Environmental exposure occurs in individuals who live near natural asbestos and erionite
deposits. Asbestos can be released into the air through construction practices or the normal
process of erosion. Such exposure may have occurred in Biancavilla, a town in eastern
Sicily. An epidemiological study by Paoletti et al (2000) showed a significantly increased
mortality from MM among men and women in Biancavilla between 1980 and 1993, despite
an absence of industrial activities involving asbestos in the area. Results showed a
particularly evident increase in mortality from pleural MM in females (15 cases), people 65
years of age or younger, and during the years 1988-1993. The only possible suggested
exposure to asbestos was through stone quarries located in Monte Calvario (northeast of
Biancavilla), whose products contained intermediate phases between the fibrous amphiboles
actinolite and tremolite, since stones from this quarry were used to build homes in
Biancavilla. Similarly, residential proximity to naturally occurring asbestos in California
was found to increase the incidence rate for MM. Pan et al (2005) conducted a cancer
registry-based case control study and found 554 women with MM in California from
1988-1997. They found that people who lived closer to an asbestos source had a greater
chance of developing MM and they estimated that the odds of developing MM decreased by
6.3% for every 10 km farther from the nearest asbestos source compared to controls. The
interpretation of these results is biased by the same concerns raised under neighborhood
exposure (see Driece et al., 2010).

A particularly interesting type of environmental exposure occurs in New Caledonia where
villages in proximity of deposits of serpentine asbestos experience an increased rate of MM
(Baumann et al., 2007). As discussed in the “genetics” section, environmental exposure to
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erionite is the main cause of the MM epidemic in Turkey (Carbone et al., 2007). Finally, as
time passes asbestos “in place” degrades and millions of asbestos fibers are dispersed into
the environment, such as from asbestos roofs still covering many US homes. It has been
estimated that in Japan, the risk of environmental asbestos exposure will contribute to
13,000-30,000 cases of MM by the year 2030 (Azuma et al., 2009). Overall, enough
evidence exists to state that environmental exposure to asbestos and erionite is a risk factor
that causes MM in both men and women (Baumann et al., 2007; Carbone et al., 2007;
Magnani et al., 2001; Bourdes et al., 2001).

PATHOLOGICAL FEATURES
Any type of malignancy can spread to the pleura and peritoneum and when they do, they
often cause an effusion. Of course, MM patients also develop effusions. Thus, as for other
cancers, often the first specimen that is analyzed in a MM patient is pleural or peritoneal
fluid by cytology. Overall, about 1/3 of all effusions are malignant, and among them MM is
rare, thus cytologists rarely see these tumors and misdiagnoses are relatively common. In
men the most common causes of malignant pleural effusions are, in order, lung cancer,
tumors of the GI tract and pancreatic cancer, and of malignant peritoneal effusions,
carcinomas of the GI tract, followed by carcinoma of the pancreas and of the lung. In
women, the most common causes of malignant pleural effusions are, in order, cancer of the
breast, lung and ovary, and of malignant peritoneal effusions, carcinomas of the ovary, GI
tract, and pancreas. Less than 1% of malignant effusions are caused by MM. Although
cytology is very useful to suggest the diagnosis of MM, it is insufficient to confirm the
diagnosis as other malignancies can show identical morphology. Therefore, the current
standard of treatment requires that the diagnosis be confirmed by a biopsy followed by
immunohistochemistry of the tumor specimen using a large panel of markers to distinguish
MM from other tumors. Moreover, if the resources are available, and always when the
results of immunohistochemistry are not clear-cut, EM studies should be conducted to
confirm the diagnosis. Too many times these procedures are by-passed and the diagnosis is
rendered on insufficient information. Due to these short-cuts, and at times because of
pathologists who are not used to see this type of tumor, the diagnosis of MM is relatively
frequently incorrect. Iwatsubo et al (2002) reported that 10% of the previously diagnosed
MM they reviewed were in fact carcinomas and other malignancies that had been incorrectly
diagnosed as MM. They suggested that the risk of misdiagnosis is higher when a patient has
a documented history of asbestos exposure (Iwatsubo et al., 2002). In a large follow-up
study that covered 25% of the French population, Goldberg et al (2006) reported that initial
diagnosis of MM was confirmed in 67% of the cases, ruled out in 13% of the cases
previously diagnosed as MM, and left uncertain in the remaining previously diagnosed MM
with clinical evidence favoring MM in half of the uncertain cases. In our experience, the
opposite mistake, incorrect diagnosis of a carcinoma or a sarcoma in a patient with MM, is
also relatively common, particularly in small hospitals that rarely see MM patients (Carbone
and Bedrossian 2006). Thus, too many patients continue to be misdiagnosed and
consequently do not receive proper treatment for their pleural or peritoneal tumors.
Probably, the most critical issue when dealing with a patient with a pleural or peritoneal
tumor is to perform all the necessary tests to reach a reliable diagnosis (Husain 2009;
Carbone and Bedrossian, 2006; Fresco, 2005).

The pathological features of MM in women are similar to those observed in men. The three
most common histological subtypes are epithelial, biphasic, and sarcomatoid, of which
epithelioid MM is the most common (Husain et al., 2009; Goldberg et al., 2006). Some
studies have shown a greater proportion of the epithelial variant in women compared to men.
In a study of 52 female MM patients, Roggli et al (1997) reported that 29/52 (56%) pleural
MM were epithelial, 14/52 were biphasic (27%), and 9/52 (17%) were sarcomatoid variants.
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According to this study, the ratio of epithelial to biphasic to sarcomatoid pleural MM
showed a greater proportion of epithelial variants in women (56:27:17) compared to men
(41:35:23). In addition, the proportion of epithelial tumors was also increased in the 9
peritoneal female MM patients in the same series with the epithelial type accounting for
56% in women compared to 49% in men. This preponderance of the epithelial variant in
women has also been reported in other series. For example, in Canada, Magner and
McDonald (1972) showed a greater proportion of the epithelial subtype in women - 19/32
(59%) compared to men 26/67 (39%). The reasons for the different subtype proportions are
unknown. However, because epithelial MM has a much better survival than other
histological subtypes, women with MM have better survival rates than men.

Differential Diagnosis
It has been suggested that some studies may have mistakenly included tumors that resemble
peritoneal MM, such as papillary carcinomas of the peritoneum and of the ovary and tumors
originating from the extraovarian Mullerian system or endosalpingosis (Dawson et al., 1993;
Husain et al., 2009). Special caution must be exercised when making the diagnosis of
epithelial peritoneal MM in females because peritoneal MM can sometimes be mistaken for
other tumor types that involve the peritoneum due to overlapping histological patterns
(Ordonez, 2007). In particular, peritoneal MM must be distinguished from primary and
secondary serous papillary carcinomas of the peritoneum and ovary, well-differentiated
papillary mesotheliomas of the peritoneum. Similar to its pleural counterpart,
immunohistochemistry, histology, electron microscopy, radiological imaging, and clinical
experience are crucial in making an accurate diagnosis, which can have wide-ranging effects
on subsequent treatment.

Serous carcinomas diffusely involving the peritoneum without an apparent origin in the
ovaries (in women) can be difficult to differentiate from epithelioid peritoneal MM,
although a number of distinct histological features commonly seen in serous carcinomas
(e.g. cellular papillae, slit-like spaces and Psammoma bodies) that are less frequently
observed in peritoneal MM makes the diagnosis solely by histological diagnosis possible
(Baker et al., 2005), but in our opinion unreliable without further testing.
Immunohistochemistry plays an important role in helping to differentiate between these two
distinct pathological entities (Ordonez, 1998, 2006). Electron microscopy remains the gold
standard for ultimate diagnosis, as the microvilli of serous papillary carcinomas tend to be
sparse and short in contrast to the numerous long slender microvilli seen in MM (Fresco,
2005).

Well-differentiated papillary mesotheliomas (WDPMs) are unusual tumors that arise
predominantly in the peritoneum of young to middle-aged women (Daya and McCaughey,
1990). WDPM may also occur in men and may rarely arise in the pericardium, pleura, and
tunica vaginalis (Butnor et al., 2001). The majority of WDPMs behave in a clinically
indolent fashion, in contrast to the highly aggressive course of MM. The prognostic
significance of age, sex, and tumor location, as well as the role of chemotherapy, remains to
be determined for WDPMs (Butnor et al., 2001). Asbestos exposure, however, does not
appear to cause WDPM.

Deciduoid MM are rare in both women and men. The deciduoid appearance may
predominate or represent a minor component within a more conventional appearing
epithelioid MM. The immunohistochemical profile is similar to epithelial MM. In addition,
positivity for neuronal markers is present in some cases (Shanks et al., 2000). Deciduoid
MM is a part of the histopathologic spectrum encountered in epithelioid MM that can be
associated with asbestos exposure (Shanks et al., 2000; Shia et al., 2002).
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Finally, there are rare cases of epithelial peritoneal MM with proven invasion, which are
found predominantly in women and behave in an indolent fashion. Michele Carbone (M.C.)
has seen over 10 such patients over the past 25 years with survival ranging from 8 to more
than 30 years. While most of these patients were young (28-50 years old), one patient was a
67 years old man who had had MM for 9 years and was the only male patient seen in this
group. Most of these patients had received different forms of treatment in the past, had not
received treatment for years and presented to the clinic because of recurrent accumulation of
ascitic or pleural fluid. Some of these patients seem to develop a condition of diffuse
mesothelial hyperplasia with multiple mesothelial lesions, at times located in both
peritoneum and pleura, ranging from atypical hyperplasia, WDPM, multicystic
mesothelioma, and with areas showing true tumor invasion. Imunohistochemistry and EM
were used to confirm the diagnosis. However, these tumors behave indolently, creating a
sub-category of pseudo-MM that cannot be histologically distinguished from an epithelial
MM, but which clearly has a different biological behavior and is compatible with long and
possibly indefinite survival. It should be noted that M.C. receives numerous non-legal
referrals for MM diagnosis from different countries. It is likely that while very rare, several
cases were seen because they are unique and therefore more likely to be sent to M.C. for a
second opinion. The relevance of this rare finding is that a pathological diagnosis of MM
does not necessarily equate to a death sentence and this message should be transmitted to the
patient.

CONCLUSION
MM is a very aggressive malignancy that often develops in asbestos exposed individuals.
There are significant differences in the strength of this association. Pleural MM in men is
strongly associated with asbestos exposure and most of them occur in asbestos exposed
individuals. In women, a lower percent, about 30%, of MM is associated with asbestos
exposure. About 30% of peritoneal MM in men is associated with above background
asbestos exposure. The association of peritoneal MM in women to asbestos exposure is
epidemiologically weak to undetectable. Thus, factors other than asbestos appear to be the
main cause of MM in women. The gender-based difference in MM caused by erionite is less
striking, probably due to the higher potency of erionite in causing MM compared to
asbestos.

Although MM has been considered to be untreatable for a long time, in recent years, medical
intervention has been successful in increasing median survival of peritoneal mesothelioma
from a dismal 9 months to 5 years or more. Early diagnosis is critical, especially for patients
with peritoneal MM, because prolonged survival can be best achieved among patients who
are candidates for surgery. Thus, it is expected that the development of serological markers
for the early detection of MM will lead to a further increase of the median survival of
peritoneal MM patients by increasing the percent of these patients who are candidates for
surgical intervention. Moreover, it is hoped that early detection will also lead to improved
survival of patients with pleural MM, similar to what has been achieved for peritoneal MM
in recent years.
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Figure 1.
Asbestos causes necrotic cell death in HM, which leads to the release of HMGB1 into the
extra cellular space. HMGB1 release causes macrophages accumulation, inflammatory
response, and especially the secretion of TNF-alpha. TNF-alpha activates NF-kB pathway,
which increases HM survival after asbestos exposure. This allows HM with asbestos-
induced DNA damage to divide rather than die and, if key genetic alterations accumulate, to
eventually develop into MM.
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