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12.1            Introduction 

 The adverse clinical consequences of asbestos fi ber inhalation are well described 
(Table  12.1 ) [ 1 ]. There are two aspects of exposure to the asbestos fi ber that alter the 
development of these asbestos-related diseases. The fi rst effector of risk for disease 
is dose. Fibrotic lung disease (asbestosis), malignancy, and pleural changes are all 
dose-dependent. Despite efforts by investigators to show that asbestos-induced 
fi brosis must be present to provoke lung cancer or to show that pleural plaques sub-
stantially increase the risk of lung cancer, the risks for each independently increase 
with exposure̶these three clinical features occur in parallel [ 2 – 5 ]. There is no 
timeline which allows the physician to predict if, or when, one will occur before the 
other. Each manifestation can occur singularly or together. Statistical evidence 
showing one or the other event leads to malignancy has been very diffi cult to sort 
out and has been a substantial source of disagreement among epidemiologists who 
have been interested in understanding this issue.
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   The second aspect associated with the development of disease attributed to 
asbestos exposure is time̶that is not only the time from fi rst exposure to the 
current exposure in those working, but also the total time from fi rst exposure to 
asbestos regardless of the working status. It is not suffi cient to address the impact of 
the years of fi ber inhalation. In former workers, additional years following ceasing 
employment (without exposure) can be relevant. The three manifestations described 
above̶mesothelioma, fi brosis, and lung cancer̶are impacted by this notion of 
latency, that is, the time from fi rst exposure to the development of disease; however, 
the manifestation most impacted is mesothelioma. 

 Mesothelioma is the most sensitive and specifi c marker of the adverse health 
effects attributed to asbestos [ 6 ]. It is sensitive because this tumor can develop from 
lesser asbestos fi ber exposures (in the presence of a substantial [usually more than 
30 years [latency]]) and specifi c as the great percentage of those with this disease 
can provide a history of workplace or environmental asbestos exposure. 

 Several recent publications lead one to realize that the implications of asbestos 
exposure are even more disconcerting as we learn more about the consequences of its 
inhalation. The fi rst report answers the question “Is the world-wide rate for mesothe-
lioma declining from rates recognized in 1995?” [ 7 ]. In seven countries, the mortality 
rate increased (in fi ve, in a statistically signifi cant manner). The mortality rates were 
essentially no different in 24 countries (in fi ve, rates declined but were not statisti-
cally different from the 1996 rates). In the U.S., for example, the permissible expo-
sure limit for asbestos and current standard for exposure was established in 1986 
(although less stringent rules were in place prior to this) and recent rates of importa-
tion and utilization of this fi ber has dramatically lessened to less than 1,000 metric 
tons yearly (from more than 700,000 metric tons/year in the 1950s) [ 8 ,  9 ]. Exposures 
to asbestos continue    in renovated or demolished buildings or as a result of continuing 
the importing policies of brake pads, asbestos fi ttings, and washers. As an example, 
there is clear evidence that the decline in asbestos utilization in the U.S. has been 
dramatic, yet there has been no change in the U.S. mesothelioma rate from 1995 to 
2006. Countries which banned asbestos ( n  = 50 as of 2009) and countries with the 
greatest decline in asbestos utilization from 1970 to 1985 showed the greatest annual 
rate of mesothelioma decline in the 1995–2006 period, yet, overall, when comparing 
1996–2005 data, the annual rate of mesothelioma deaths in 31 countries showed no 
statistically signifi cant decline. In this report, one can only conclude that even though 
current exposures are trending downward, it appears that the latency period remains 
the driving force for the continued development of this disease. 

 The second report helps explain why the changes that have been made in many 
countries are yet to alter the frequency of this disease. Using the relative risk for meso-
thelioma in workers who had stopped working (and therefore, exposure to asbestos) 

   Table 12.1    Asbestos related 
diseases  

 Asbestosis 
 Benign pleural disease 
 Bloody exudative effusions 
 Pleural plaques 
 Diffused pleural thickening 
 Mesothelioma 
 Lung cancer 
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between 3 and 15 years ago as a comparator, the authors showed that the risk for 
mesothelioma in those still working vs. those who had ceased employment more than 
30 years ago was not different [ 10 ]. A second report is a British case- control study com-
paring cases with mesothelioma to workers in different jobs. Among all tradesmen, 
carpenters were at the highest risk for disease development. Of consequence, the life-
time risk for mesothelioma was determined when asbestos exposure occurred prior to 
the age of 30years, even if the exposure lasted for less than 10 years. Increasing the 
exposures for a greater duration beyond the age of 30 years did not signifi cantly add 
to the risk of development of the disease [ 11 ]. 

 Of these clinical manifestations associated with asbestos fi ber inhalation, United 
States federal standards have been developed to protect workers from asbestosis. 
There is no intent in the standard to diminish the number of workers with lung can-
cer, pleural plaques, or mesothelioma. The implication is that the protective effect 
of the standard will lessen the number of cases of asbestosis and in that way lessen 
the other manifestations. Cross-sectional reports suggest that the implementation of 
this standard has dramatically altered the number of cases of asbestosis (Table  12.2 ), 
although, as noted above, there has been no measurable impact on the mesothelioma 
rate. The scene in the developing world is quite alarming. As an example, in India, 
several industrial hygiene surveys report very high levels of asbestos, even though 

   Table 12.2    Selected manuscripts of cross-sectional studies by decade showing changes in the 
prevalence of asbestosis in the U.S. over time   

 1965 
 In a population of 121 asbestos workers with a 40-year latency of asbestos exposure, 94.2 % had 

a radiologic diagnosis of asbestosis 
  Selikoff IJ et al. The occurrence among insulation workers in the United States. Ann NY Acad Sci 

1965; 132:139–155  

 1979 
 In 359 present and retired shipyard workers with ≥10 years of exposure, 44 % had parenchymal 

interstitial disease 
  Polakoff PL et al. Prevalence of radiographic abnormalities among northern California shipyard 

workers. Ann N Y Acad Sci 1979; 330:333–9  

 1988 
 In 1016 workers in the sheet metal industry employed) 35 years, parenchymal interstitial fi brosis 

(consistent with asbestosis) was found in 33.1 % 
  Selikoff IJ, Lilis R. Radiological abnormalities among sheet metal workers in the construction 

industry in the United States and Canada: relationship to asbestos exposure. Arch Environ 
Health 1991; 46:30–36  

 1998 
 In electricians with >20 years of union membership, the prevalence of small opacities was 2.1 % 
  Hessel PA et al. Lung health among electricians in Edmonton, Alberta, Canada. J Occup Environ 

Med 1998; 40: 1007–12  

 2009 
 Follow-up from 1988 study. 2181 sheet-metal workers who had a negative CXR in the initial 

study were re-tested from 1986 to 2004. 5.3 % had CXR changes consistent with asbestosis. 
Of cases, 91.3 % worked ≥29 years. Workers beginning after 1970 had no disease 

  Welch LS, Halle E. Asbestos-related disease among sheet-metal workers 1986–2004: 
radiographic changes over time. Am J Ind Med 2009; 52:519–22  
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there is no direct reporting of mesothelioma in the National Cancer Registry in 
association with asbestos [ 12 ].

   There is very strong epidemiologic evidence linking chronic exposure to asbes-
tos and lung cancer, mesothelioma, and pulmonary fi brosis, yet the underlying bio-
logical and chemical mechanisms that support this linkage are not as well described. 
The basic process involves fi ber deposition in the lung (with fi ber clearance, seques-
tering of the fi ber into the interstitium, or transmission of uncleared fi bers into the 
pleura). Uncleared fi bers begin the acute infl ammatory response and evolve into 
chronic infl ammation with continuous infl ammatory cell infi ltrates, reactive oxygen 
species (ROS) formation, cytokine release, and ultimately genotoxicity with DNA 
damage affecting cell replication and differentiation. The    interaction of the ROS 
with the pulmonary milieu plays a ubiquitous role in the overall destructive process 
of the uncleared asbestos fi ber, but numerous other processes occur to lead to dis-
ease. This leads to the question: What are the important features of the asbestos fi ber 
and what are the biologic and chemical events that occur in the lung in association 
with this fi ber that place a worker at life-long risk for the development of asbestos-
associated diseases?

12.2        The Asbestos Fiber 

 Fibers can be identifi ed and counted by phase contrast optical microscopy, scanning 
electron microscopy, polarized light microscopy, and transmission electron micros-
copy. Each of these technical approaches has strengths and weaknesses in fi ber 
identifi cation and visualization. Furthermore, although there is a considerable 
agreement of what defi nes a fi ber, disagreements remain. For example, the World 
Health Organization (WHO) considers fi bers suitable for counting if the particle is 
>5 μm in length with length to diameter ratio of at least 3:1 (known as WHO fi bers) 
[ 13 ]. The National Institute for Occupational Health (NIOSH) has recommended 
that a fi ber be defi ned as any particle >5 μm in length with a length to diameter ratio 
of 5:1 and a diameter <3 μm [ 14 ]. Fiber counting using different microscopic tech-
niques and different defi nitions yield very different outcomes [ 15 ]. 

 Overall, reports on the relationship between fi ber dimensions and asbestosis 
show that the severity of pulmonary fi brosis, length of exposure, and type of expo-
sure are broadly proportional to the number of asbestos fi bers or asbestos bodies 
found in the parenchymal lung tissue [ 16 – 19 ]. In general, fi bers exceeding 20 μm in 
length are associated with asbestosis, and fi bers longer than 10 μm in length are the 
most carcinogenic. Inhalation of short amosite fi bers <5 μm in length produced 
virtually no fi brosis in rats compared with long amosite fi bers with 11 % >10 μm 
that produced extensive interstitial fi brosis at 12 months [ 17 ]. There is some evidence 
that fi bers less than 5 μm in length can also promote pulmonary fi brosis and malig-
nancy, especially when administered as a lung overload condition, as can occur in 
dust clouds [ 20 ]. 

 There is national and international agreement that exposure to asbestos fi bers 
causes lung and pleural cancer, as well as interstitial lung disease (asbestosis) [ 21 ,  22 ]. 
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Despite the perspective that the relationship of fi ber characteristics and diseases 
appears to be the best understood of all the inhaled particles recognized to cause 
disease [ 23 ], individuals with asbestos exposure may present with a series of ill-
nesses that are not obviously related. For example, it is not intuitive for the clinician 
to recognize that an exposure to an environmental agent that causes parenchymal 
fi brosis also has the potential to induce pleural malignancy. Although this link has 
been recognized epidemiologically, it has not been well explained physiologically. 
Even now, when there are some insights into the mechanisms of fi brosis associated 
with the persistence of fi bers and their make-up, there is no proven hypothesis which 
describes how fi bers leave the lung, enter the pleural space, and induce any of the 
pleural effects described in Table  12.1 . The link between these clinical manifesta-
tions could be attributed to the number of fi bers in the parenchyma as well as the 
duration that the fi bers have remained in the lung, the shape and dimensions of the 
fi bers (specifi cally length and diameter), the composition of the fi ber̶particularly 
the characteristics of the fi ber surface (important in biopersistence), and the interac-
tions between the pulmonary milieu and the fi ber which affects the way that the fi ber 
is handled (the genetic background of the host in association with the effects of envi-
ronmental agents [e.g., cigarette smoke, the presence of other fi brogenic dusts]). 
Animal reports show that once fi bers deposit in the parenchyma, they are no longer 
able to be cleared by the effi cient muco-ciliary escalator of the airway, and are dealt 
with by the substantially less effective phagocytotic properties of macrophages [ 24 ]. 

 The lung has the ability to respond differently to different particles; witness the 
different histologic features resulting from coal and silica exposures. Over time, an 
understanding of the relationship between the shape and dimensions of the different 
asbestos fi bers and their pathogenicity has evolved. The only serpentine fi ber is 
chrysotile. This accounts for 95 % of the asbestos previously used for industrial 
purposes in the U.S. The most often widely used amphibole fi ber is crocidolite, but 
this group also includes tremolite, amosite, anthophyllite, and actinolite. Chrysotile 
fi bers are soft, curly, and break easily while the amphiboles are fi rm and sharp. 

 Different types of asbestos fi bers provoke a different (lesser or greater) response. 
Authors have commented that the use of the word “asbestos” to include both serpen-
tine and the amphibole fi bers has made it more diffi cult to understand the relationships 
between the fi ber characteristics and disease [ 25 ]. As an example, not only are their 
shapes and sizes different but also chrysotile contains just trace amounts of iron while 
crocidolite can contain as much as 36 %. The elemental composition of the fi ber plays 
a role in its biochemical reactivity in the lung [ 26 ]. In a sense, this statement is borne 
out by the comprehensive review relating exposure to the asbestos fi bers with different 
characteristics and disease [ 27 ]. The authors performed a meta-analysis of the meso-
thelioma risk based on fi ber exposure recognized in the work environment in 15 epi-
demiologic studies and for the lung cancer risk in 11 epidemiologic studies. Fiber 
exposure was defi ned by the type of fi ber (chrysotile or crocidolite), fi ber length 
(either >5 and <10 or >10 m), and the fi ber diameter (<0.2, <0.4, >0.2 m and all 
widths). Based on fi bers 10 μm or longer, the risk for mesothelioma associated with 
exposure to chrysotile and crocidolite fi ber exposure was very different. The best esti-
mate for chrysotile potency to induce mesothelioma was approximately between 0 
and 1/200th that of crocidolite in inducing mesothelioma. Crocidolite was 
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approximately ten times more potent as an inducer of lung cancer compared to chrys-
otile when the fi ber was thin (width <0.4 μm and length <0.2 μm), but the potency for 
crocidolite was less, yet still more than chrysotile, when comparing the lung cancer 
rates following exposures to wider fi bers. Others have cited the carcinogenicity of 
longer amphiboles to be two orders of magnitude greater than that of chrysotile [ 28 ]. 

 This relationship between amphibole fi bers and mesothelioma was verifi ed in a 
case-control study. Lung samples from 69 male mesothelioma cases and 57 controls 
matched for age (all were under 50 years of age) and gender were evaluated and the 
mineral fi ber content identifi ed, fi bers sized, and the number of fi bers counted by 
electron microscopy. Exposure to amphibole fi bers contributed most to mesotheli-
oma. The presence of amosite and crocidolite fi bers accounted for 80 % of the 
cases, with tremolite adding another 7 % (all amphiboles). Because chrysotile has a 
much shorter biopersistence, its contribution was more diffi cult to estimate [ 29 ]. 

 An understanding of the way that the different fi bers in the lung are handled is 
incomplete. Churg and Wright addressed this in a 1994 review [ 30 ]. First, differ-
ences in the amounts of the types of fi bers deposited in the parenchyma are due to 
clearance rates and not deposition rates. Second, although exposures in most indus-
trial settings are greater to chrysotile fi bers compared to amphiboles, amphiboles 
persist in the lung in disproportionately large amounts and chrysotile in dispropor-
tionately small amounts. The process of leaching (loss of magnesium content) with 
gradual fi ber dissolution is well recognized in vitro, yet has not been suffi ciently 
proven in the human lung. Finally, the half-time for clearance of amphibole fi bers is 
thought to be years or decades, while the great majority of chrysotile fi bers are 
cleared in weeks to months, although in some instances the fi bers are sequestered in 
the interstitial space and persist [ 31 ]. Paradoxically, in some studies of fi ber persis-
tence of mesothelioma, chrysotile fi bers were recognized to be the major source of 
asbestos exposure, yet such fi bers may be identifi ed in only a minority of cases of 
mesothelioma, while amphiboles such as tremolite, which are only a very small 
fraction of the exposure and often considered contaminants to chrysotile exposures, 
are the main fi ber found in the lung [ 32 ,  33 ]. It appears that the majority of chryso-
tile fi bers are metabolized in a relatively short period, yet the persistence of these 
fi bers, particularly if they are sequestered in the lung (i.e., in the interstitium) appear 
to have the potential to contribute to disease. This general lack of biopersistence of 
chrysotile fi bers in the lung is the most likely explanation for its relative lack of 
virulence compared to amphibole fi bers [ 34 ]. 

 In the early 1980s, Stanton et al. published animal work showing that mesothe-
lioma rates in asbestos-exposed animals were fi ber size dependent. Specifi cally, if 
fi bers were long (>4 μm) and thin (<0.25 μm) in diameter there was substantially 
more disease compared to fi bers shorter and thicker [ 35 ]. Recent work has validated 
this conclusion in lung cancer. From 1940 to 1973, the North and South Carolina 
asbestos textile mills employed over 6,000 individuals. Chrysotile was the predomi-
nant fi ber used. When the development of lung cancer in this population was 
reviewed, the authors showed that lung cancer mortality was more strongly associ-
ated with those exposed to long, thin fi bers [ 36 ]. To complicate this further, cigarette 
smoking alters fi ber clearance. When the fi ber burden in the airway mucosa of 
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cigarette smokers with heavy occupational asbestos exposure was compared to a 
similarly exposed group of matched non-smokers, the amount of chrysotile fi bers 
was higher by approximately 50-fold ( p  < 0.006) and the concentration of amosite 
fi bers was increased approximately sixfold ( p  < 0.02) in smokers [ 37 ]. 

 An analysis of the fi ber content in lung biopsy or autopsy specimens from resi-
dents of Quebec with asbestos-induced lung disease was recently reported. Of par-
ticular interest in this report was the ability to relate work history to lung fi ber content. 
Although the asbestos mines in Quebec contain nearly exclusive amounts of chryso-
tile with minimal amphibole contamination, 85 % of the workers presented chryso-
tile fi bers in the lung, while 76 %, 64 %, and 43 % had tremolite, amosite, and 
crocidolite, respectively. Half of the fi bers were short, 30 % were thin and only 20 % 
corresponded to the WHO defi nition of fi bers cited above. Mean years away from 
asbestos exposure for those with asbestosis was 17 years, 29 years with mesotheli-
oma, and 19 years with lung cancer. Although the number of chrysotile fi bers declined 
disproportionately more than amphiboles over time, chrysotile particles (many of 
lesser dimensions than necessary to be classifi ed as a fi ber) were still observed in the 
lungs of workers 30 years or more after last exposure and exceeded the level found in 
unexposed populations [ 38 ]. With such information, even though the mechanisms of 
metabolism and clearance of chrysotile fi bers in the lungs are recognized to occur, 
the role of chrysotile as an agent which may induce illness cannot be discounted. 

 Despite the work cited above, others have reported that the relationship between 
fi ber types and size, and the pulmonary (i.e., fi brosis and lung cancer risk) and pleu-
ral (pleural infl ammatory changes and mesothelioma) milieu is not clear-cut [ 39 ]. It 
appears that fi bers alone can cause disease. As an example, asbestos fi bers can 
directly interfere with chromosomal segregation during mitosis and damage DNA 
[ 40 ]. Certainly, the pulmonary milieu can be changed to alter the virulence of the 
asbestos fi ber. Cigarette smoking increases the lung manifestations of asbestos- 
related disease, again suggesting that the interaction between the fi ber and the lung 
milieu (in this example in the presence of cigarette smoke), and not entirely the fi ber 
itself (with its potentiating characteristics of length, diameter, aspect ratio, and 
type), is the culprit in these diseases [ 41 ]. 

12.2.1     How Fibers Cause Disease 

 Asbestosis is defi ned by the American College of Chest Physicians as bilateral 
diffuse interstitial fi brosis of the lungs caused by the inhalation of asbestos 
fibers [ 42 ]. Most patients with clinically recognized asbestosis present with 
dyspnea and dry cough, and physical examination typically reveals inspiratory 
rales at the lung bases. Functional changes on pulmonary function testing in the 
fully developed case of asbestosis are restrictive indices with a decreased diffus-
ing capacity for carbon monoxide. Histologic examination of the lung in milder 
cases of asbestosis may show characteristic changes, yet the concomitant spiro-
metric changes are not yet measurable [ 41 ]. The typical radiographic fi nding is a 
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lower zone reticulonodular infi ltrate on plain fi lms. Computed tomography 
 features appear to be very similar if not identical to those seen in usual interstitial 
pneumonia, i.e., peripheral bands, lines, thickened interlobular septa, and honey-
combing, with disease most severe at the lung bases [ 43 ,  44 ]. 

 The microscopic pathology of asbestosis refl ects the end product of the lung’s 
response to substantial fi ber exposure over a protracted period of time. The histo-
logic hallmarks of this disease are (1) interstitial fi brosis and (2) the presence of 
asbestos bodies within the pulmonary parenchyma. Although we address asbestosis 
as the end product of a chronic infl ammatory response, relatively few infl ammatory 
cells are recognizable. Infl ammation, when it can be recognized, occurs at the site 
of fi ber deposition along the airways and alveoli. The histologic features of the dis-
ease begin with relatively homogeneous fi brosis of the alveoli adjacent to the bron-
chioles in the peripheral aspects of the lower zones of the lung. Then, depending on 
the stimulus for progressive fi brosis, fi brosis can extend towards the hilum and 
encompass surrounding bronchioles. Fibrosis which may also develop in the walls 
of the respiratory bronchioles and alveolar ducts is strictly not asbestosis, and is best 
described as bronchiolar wall fi brosis. This is another characteristic response to 
asbestos exposure [ 45 ]. 

 The metabolic processes in the lung multiply the effects associated with the 
effects of the deposition of the asbestos fi ber in the lung (Table  12.3 ). Recurrent 
asbestos fi ber exposure interacts with the pulmonary milieu and generates ROS and 
other oxidants, induces an infl ux of infl ammatory cells̶initially macrophages and 
neutrophils, but with time fi broblasts, perpetuates a self-generating release of a 
large number of cytokines and growth factors. As an example, infl ammation and 
fi brosis as well as expression of genes linked to cell proliferation and antioxidant 
defense occur in a dose-related fashion after inhalation exposures to asbestos fi bers 
[ 46 ]. Although each of the following may be, in a sense a separate process, these 
events cannot be separated and contribute to the pathology resulting from asbestos 
fi ber inhalation. These processes include oxidative stress (perhaps the most inextri-
cably linked part of the process), infl ammation, fi brosis, and genotoxicity [ 47 ].   

12.3     Infl ammation and Fibrosis 

 Research performed in the 1980s served as the starting point for understanding the 
effects of asbestos fi ber inhalation and the acute infl ammatory pulmonary effects. 
A series of lung pathology follow-up studies of young rats that had undergone a 

  Table 12.3    Mechanisms 
of disease induced 
by the asbestos fi ber  

 The acute infl ammatory response 
 The chronic infl ammatory response 
 Fibrosis 
 Transformation into malignancy 
 Development of pleural abnormalities 
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singular 1-h nose-only exposure to chrysotile fi bers showed acute infl ammatory 
changes. After 2 days, unlike infectious infl ammation where the primary cell is the 
neutrophil or lymphocyte, the primary changes at the bifurcation of the alveolar 
duct was a dramatic thickening of the epithelial and interstitial layers, with a ten-
fold infl ux of alveolar macrophages (AMs) on the bifurcation and a threefold 
increase of macrophages in the interstitium. The features of infl ammation are most 
prominent at the site of fi ber deposition. After 1 month, the number of type I and 
II epithelial cells remained increased, and the interstitium was collagenous and 
even thicker. Alveolar macrophages are more prevalent and now cells refl ecting 
localized fi brosis, i.e., myofi broblasts, and smooth muscle cells are identifi able. No 
further follow up of these abnormalities was provided, leaving the authors to pon-
der whether fi brosis would continue or resolve, and what role serial exposures 
would play in further development of fi brosis [ 48 ]. Further studies of this model 
(this time with a 5 h exposure to asbestos and intraperitoneal injection of [3]thymi-
dine at 19, 24, and 48 h, 8 days and then 1 month post-exposure with sacrifi ce 4 h 
post-injection) with determination of the cell mitotic activity by the uptake of [3]
thymidine, revealed the most activity within the fi rst 48 h with a return to normal 
at 8 days and an unchanged level at 1 month. The increased uptake correlated 
pathologically with increased numbers of bronchial-alveolar epithelial and intersti-
tial cells. The enhanced mitotic activity of the cells was thought attributable to the 
fi bers present or factors released by stimulated macrophages attracted to the areas 
of fi bers [ 49 ]. Histologically, the early stage of asbestosis is characterized by dis-
crete foci of fi brosis within the walls of the respiratory bronchioles and alveolar 
duct bifurcations where there is an accumulation of asbestos bodies [ 19 ]. Inhalation 
of asbestos fi bers triggers the accumulation of AMs with an infl ammatory reaction, 
followed by more diffuse pulmonary involvement characterized by the loss of alve-
olar epithelial type I and II cells, fi broblast proliferation, and eventually collagen 
deposition. Macrophage ingestion of asbestos fi bers triggers a fi brogenic response 
from fi broblast proliferation through release of growth factors such as transform-
ing growth factor β (TGF-β) and platelet- derived growth factor (PDGF). These 
growth factors, in addition to numerous infl ammatory cytokines such as tumor 
necrosis factor-α (TNF α) and interleukin-1β (IL-1β), collectively promote colla-
gen deposition found in asbestosis [ 50 ]. 

 Histology, cell counts, biochemical markers of infl ammation, and the extent of 
cellular proliferation were determined in the lungs of a rat model following a 
“lesser” and “greater” airborne exposure for 20 days to chrysotile asbestos. Rats 
were sacrifi ced at varying times afterward. No effects were found in the “lesser” 
exposure group, while focal histologic changes of cellularity and fi brosis and a 
increasing number of neutrophils based on the time of sacrifi ce relative to end of 
exposure was recognized in animals with the “greater” exposure. In another group 
of rats with the same exposure, but sacrifi ced following a 20-day delay, assessment 
of DNA synthesis by pre-morbid injection of antibody to 5-bromo-2′-deoxyuridine 
(BrdU) labeled cells were measured in the interstitium of the lung parenchyma, the 
bronchi and bronchioles, and the cells of the visceral pleura. Like the data described 
in the manuscript above, a signifi cant increase of DNA synthesis in all three areas 

12 Asbestos Fibers: Mechanisms of Injury



212

occurred in rats sacrifi ced 5 days after ceasing exposure (initially), but not later on 
(at 20 days or in the group sacrifi ced 40 days after initiating exposure). The sugges-
tion is that for chronic infl ammation to develop, continuous or “chronic” exposure 
is necessary. Intriguingly, increased gene expression    of manganese-containing 
superoxide dismutase, an enzyme which protects lung cells from hyperoxic lung 
injury, occured in animals sacrifi ced at all three times, and led the authors to suggest 
that this was a marker of chronic infl ammation [ 51 ]. 

 In a sophisticated study which addressed the role of fi bers vs. mediators in the 
development of infl ammatory changes, investigators began with sex-mismatched 
chimeric and naïve female mice and provided 3, 9, or 40 days of asbestos expo-
sure. The female chimeric mice received a total body irradiation and then received 
bone marrow from another population of male mice, using the sex chromosome as 
a specifi c marker. At the time of sacrifi ce of groups, lung histology, broncho- 
alveolar fl uid (BALF) cell counts, and measurement of levels of numerous media-
tors in BALF were measured to assess infl ammatory activity. Not surprisingly, 
there was less asbestos-induced infl ammation in mice which had received irradia-
tion and bone marrow transplant. This effect was most exaggerated in the mice 
who had received the longest asbestos exposure. Using markers on donor cells, the 
loss of the natural bone-marrow-derived stem cells following whole-body irradia-
tion substantially lessened the number of infl ammatory cells in the lung with the 
associated lessening of release of infl ammatory mediators [ 52 ]. The need for bone 
marrow stem cells to propagate fi brosis refl ects the systemic infl ammation induced 
by asbestos. 

 In summary, the amount of infl ammatory response triggered by ingestion of 
asbestos fi bers is primarily related to the dose and length of the inhaled fi ber. 
High doses of inhaled asbestos fi bers over short periods promote an acute alveo-
lar macrophage predominant infl ammation, whereas low doses over prolonged 
exposure periods promote neutrophil-predominant chronic infl ammation. The 
ways that acute infl ammation becomes chronic infl ammation, and in some 
instances, fi brosis and even, malignancy, is complex and not well understood. As 
noted in the earlier studies cited above, acute infl ammation is a time-limited pro-
cess. Chronic infl ammation is not time-limited and refl ects on-going tissue dam-
age in a lung with underlying injury. In the example of asbestos, the failure to 
clear and the inability to metabolize the fi ber (in particular, amphibole fi bers) 
drives the process. The histology refl ects the continuing infl ux of infl ammatory 
cells with an uncontrolled release of cytokines and growth factors and the conse-
quences of such an event. The result of the attempt to get rid of the lung of the 
foreign body and repair previously injured tissue is a proliferative response with 
even more disordered tissue. Finally, this increases susceptibility to malignancy 
by causing DNA damage. 

 Chronic infl ammation, with its associated developing fi brosis, has the potential 
to dramatically alter how fi bers are removed from the lung. The effectiveness of the 
process described below depends on the integrity of the cells lining the airway, the 
presence of intact and unobstructed lymphatic vessels, and the relative lack of inter-
stitial infl ammation and fi brosis. Using principles of fl uid dynamics, Miserocchi 
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et al. explained how fi bers are translocated from the airway into the interstitium and 
from there into the pleural space [ 53 ]. First, fi bers in the alveolar lining fl uid reach 
the interstitium through phagocytosis by type I alveolar lining cells which allow a 
“pass-through” into the interstitium by combined osmotic (through active sodium 
absorption) and hydraulic (the interstitial pressure is less than the airway) pressure 
gradients. Macrophages become “frustrated” by their inability to phagocytize the 
long fi bers; the result being the release of mediators refl ecting the heightened meta-
bolic activity of these cells [ 54 ]. Alveolar epithelial cell (ACE) injury also damages 
fi broblasts and myofi broblasts and perpetuates the infl ammatory response in the 
interstitium with the laying down of increased amounts of extracellular matrix; the 
start of or the perpetuation of the underlying pathologic process of asbestosis. 
Second, asbestos fi bers can exit the lung through lymphatic vessels. In a normally 
functioning lung, very fi ne fi bers can be cleared in 24 h [ 55 ]. The lymphatic circula-
tion inevitably drains into the blood and, in that way, fi bers may be dispersed to all 
organs [ 56 ]. Fibers in lymphatic vessels and in the blood can enter the pleural space 
dragged by water fl ux gradients. Third, movement of fi bers from the lung paren-
chyma into the pleural space can occur directly. If there is an infl ammatory response 
in the lung (such as asbestos-induced alveolitis), the interstitial pressure is raised 
and this can drive fi bers in the lung parenchyma through minute pores in the visceral 
pleura into the pleural space. In this context, it is understandable how not only 
fi brotic lung disease and lung cancer are the end-products of asbestos-induced fi bro-
sis, but how malignant mesothelioma can be included as an infl ammatory-induced 
malignancy. 

12.3.1     Reactive Oxygen Species 

 An important mechanism for the development of infl ammation and fi brosis attribut-
able to asbestos fi ber inhalation is the formation of ROS. Although not as clearly 
defi ned as ROS, reactive nitrogen species are also important messengers of toxicity. 
Three separate mechanisms for ROS production have been implicated in the devel-
opment of asbestosis. These include fi ber surface reactivity due to iron homeostasis, 
cellular release from AMs, and mitochondria-derived ROS released from both 
infl ammatory cells such as lung epithelial cells [ 50 ]. Asbestos inhalation elicits an 
AM response to phagocytize and clear the fi bers, but this response results in ROS 
production by a Ras-related C3 botulinum toxin substrate 1 (Rac1) dependent 
mechanism as well as by the release of infl ammatory cytokines and growth factors. 
After ingestion by the AM, the asbestos body becomes a fi brous structure with 
asbestos in its core surrounded by mucopolysaccharides and iron-rich proteins such 
as ferritin and hemosiderin that are redox active [ 57 ]. Only a small proportion of the 
total fi ber burden of the lung ever becomes coated, probably not more than 10 %, 
and the proportion of coated fi bers increase with fi ber length [ 17 ]. The purpose and 
function of coated asbestos fi bers is to reduce their cytotoxicity since coated fi bers 
are less cytotoxic to alveolar macrophages than uncoated fi bers. The surface of 
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asbestos fi bers deposited in the lungs acquires iron that is redox active and cycles 
between reduced and oxidized forms. Additionally, alterations in iron homeostasis 
in the lung have been observed. The asbestos body generates the highly reactive 
hydroxyl radical (HO + ) from hydrogen peroxide (H 2 O 2 ) which can lead to alteration 
in antioxidant enzymes and DNA damage in target lung epithelial, AM, and meso-
thelial cells [ 20 ,  58 ]. 

 The cytotoxic effect of asbestos on mesothelial cells was shown to occur after 
phagocytosis of crocidolite fi bers which causing increased intracellular oxidation, 
breakage of DNA strands, apoptosis, and cell-cycle arrest; phagocytosis was con-
sidered as an independent variable for toxicity [ 59 ]. 

 There are a large number of cytokines which play a role in the infl ammation 
process as it relates. In their review of infl ammation and mesothelioma, Miller and 
Shukla [ 54 ] identifi ed TNF-α, TGF-β, platelet-derived growth factor (PGDF), 
insulin- like growth factor (IGF), interleukin-6, interleukin-8, vascular endothelial 
growth factor (VEGF), and hepatocyte growth factor (HGF). 

 As an example, in vivo activated AMs release mediators of infl ammation such as 
TNF-α. This cytokine, as well as others, contribute to the ultimate response of 
malignancy. Yet, in vitro, asbestos is very toxic to human mesothelial cells and these 
cells do not transform into malignant cells, but die. When TNF-α is added to human 
mesothelial cell culture in vitro, the response is an expression of TNF-alpha recep-
tor through the NF-κB-dependent mechanism on the human mesothelial cells. 
Instead of cell death when asbestos was added, when TNF-α is present, there was 
cell damage, but resistance to cell death. Taking this a step further, the investigators 
showed that through cytogenetic techniques, many of the surviving AMs had chro-
mosomal injury. They postulated that these AMs with genetic injury are susceptible 
to malignant transformation to mesothelioma [ 60 ]. 

 Galffy et al. showed high IL-8 levels in the pleural fl uid of malignant mesothe-
lioma patients compared to those with congestive heart failure. Follow up in vitro 
studies showed that IL-8 directly promoted malignant mesothelioma cell growth, 
but not mesothelial cell growth [ 61 ]. 

 Interleukin 6 (IL-6) is a key mediator in the pathway of chronic infl ammation 
and fi brosis. Asbestos fi bers and asbestos-induced oxidative stress stimulates IL-6 
expression and secretion in pulmonary type II-like epithelial cells and in normal 
human bronchial epithelial cells. The extent of this process depends on the intracel-
lular redox-oxidative state. Intracellular OH –  scavengers such as  N -acetylcysteine 
(a precursor of glutathione) lessened IL-6 secretion by the asbestos fi ber or hydro-
gen peroxide (H 2 O 2 ). The presence of the asbestos fi ber and H 2 O 2  stimulate DNA- 
binding activity to the nuclear factor-kappa B (NF-κB), and NF-IL-6-recognized 
sites in the IL-6 promoter, the result being IL-6 induction. This can be blocked by 
another OH –  radical scavenger, tetramethylthiourea. The chronic infl ammatory 
changes build towards fi brosis. Using the measurement of [3H]thymidine incorpo-
ration to determine mitotic changes, adding recombinant IL-6 stimulated lung fi bro-
blast growth. Furthermore, elevated IL-6 levels were found in bronchoalveolar 
lavage fl uids from patients diagnosed with lung fi brosis and work-related histories 
of long-term asbestos exposure [ 62 ].  
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12.3.2     Mitochondrial Reactive Oxygen Species 

 Another factor associated with the infl ammatory process is the generation of ROS 
from the mitochondria of key target cells. In the case of infl ammatory cells, recent 
animal studies using murine models have established a prominent role for AM mito-
chondrial H 2 O 2  production in mediating the fi brogenic response of asbestosis [ 63 – 66 ]. 
Observations from these studies include the recognition that:

    1.    Alveolar macrophages exposed to asbestos produce H 2 O 2 . This may be inhibited 
by catalase or through mitigation of AM mitochondrial oxidative stress.   

   2.    Ras-related C3 botulinum toxin substrate 1 (Rac1) has been localized in the AM 
mitochondria of patients with asbestosis. Rac1 augments AM mitochondrial 
H 2 O 2  production.   

   3.    Knockdown of the complex III iron–sulfur protein in the mitochondrial electron 
transport chain reduces asbestos-induced AM H 2 O 2  production.   

   4.    Deletion of Rac1 in the AMs of asbestos-exposed mice shows reduced oxidative 
stress and pulmonary fi brosis.    

  The observations from these studies demonstrate that ingestion of asbestos fi bers 
triggers H 2 O 2  production in AM through the transfer of electrons from complex III 
to Rac1. Mitochondrial ROS production is also found in other important target cells, 
such as lung epithelial and mesothelial cells. Higher levels of mitochondrial ROS 
production and oxidative stress trigger DNA damage, p53 activation, cell-cycle 
blockade, and cell death. It has been speculated that Rac1 may be a possible 
biomarker for the presence of pulmonary fi brosis related to asbestos [ 67 ].  

12.3.3     Epithelial Cell Apoptosis 

 Asbestos-induced AM and AEC mitochondrial ROS production promotes AEC apop-
tosis that appears to be important for myofi broblast differentiation, collagen deposi-
tion by myofi broblasts, and ultimately pulmonary fi brosis. The two mechanisms by 
which cells undergo apoptosis include the extrinsic (death receptor related) and intrin-
sic (mitochondria-regulated) death pathways. Diverse stimuli, including ROS, deoxy-
ribonucleic acid (DNA) damage, and asbestos activate the intrinsic death pathway by 
increasing the permeability of the outer mitochondrial membrane; reducing the mito-
chondrial membrane potential and releasing apoptotic proteins, including cytochrome 
c. Considerable in vitro and in vivo data show that asbestos can induce both lytic cell 
death and apoptosis. Apoptosis is a regulated, ATP- dependent process characterized 
by membrane blebbing, cell shrinkage, nuclear chromatin condensation, and DNA 
fragmentation. Unlike the infl ammatory signaling arising from lytic cell death, apop-
tosis enables cells with extensive DNA damage to be eliminated without inciting 
an infl ammatory response. Substantial evidence convincingly confi rms that AEC 
apoptosis is important in the pathophysiology of pulmonary fi brosis [ 50 ]. 
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 Numerous studies have demonstrated fi ndings relating pulmonary fi brosis to 
apoptosis. Animal models of asbestosis demonstrate and patients with idiopathic 
pulmonary fibrosis develop significant injury to the alveolar epithelium. 
The AECs of patients with idiopathic pulmonary fi brosis have shown to have 
DNA strand- break formation and apoptosis. Asbestos is well described to induce 
AEC DNA damage and apoptosis. Additionally, murine models have shown that 
the presence of AEC apoptosis is suffi cient for inducing pulmonary fi brosis. 
Blocking of AEC- targeted apoptosis is protective for the development of pulmo-
nary fi brosis. Prevention of αvβ6 integrin release from lung epithelial cells, a key 
activator of latent TGF-β, prevents TGF-β activation and pulmonary fi brosis. 
Although these data fi rmly implicate AEC apoptosis in the pathophysiology of 
pulmonary fi brosis following exposure to various agents, including asbestos, 
future studies are necessary to defi ne the precise molecular mechanisms involved 
in apoptosis.  

12.3.4     p53 Cellular Response 

 Tumor protein 53 (p53) integrates various signals and initiates cellular responses 
to include cell-cycle arrest, cell differentiation, apoptosis, and other functions. 
A normal- functioning p53 response after exposure to DNA-damaging agents prevents 
the accumulation of cellular mutations. Over half of all human cancers have p53 
mutations and p53 null mice have a marked increase in cancer predisposition. 
p53 is also redox sensitive, and its transcriptional function is linked to oxidative 
stress, which allows it to mediate the cellular effects including the induction of 
apoptotic cell death [ 68 ,  69 ]. The precise mechanism of p53 regulation of cellular 
apoptosis has not been elucidated but p53 activates mitochondrial-related death 
through gene expression of pro-apoptotic stimuli and suppression of anti-apoptotic 
genetic expression. High levels of apoptosis due to asbestos fi bers may promote a 
fi brotic response in the form of asbestosis.   

12.4     Genotoxicity of Asbestos 

 Asbestos-induced genotoxicity has been demonstrated in mesothelial and lung epithe-
lial cells and studies show that all forms of asbestos are genotoxic to lung cells. 
Asbestosis exposure and fi ber toxicity is clearly linked to the development of lung 
cancer and pleural mesothelioma. The development of carcinoma in asbestos expo-
sure may be multifactorial as related to chronic infl ammation from asbestosis, the 
genotoxicity of inhaled asbestos particles, and environmental factors such as cigarette 
smoking [ 70 ]. Asbestos-related bronchogenic carcinoma most often occurs in the set-
ting of alveolitis with thickening of alveolar walls and peribronchial regions of the 
lung [ 19 ]. Animal models of asbestosis have further demonstrated adenoid 
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proliferation in the respiratory bronchioles in the background of chronic infl ammation 
and fi brosis. In asbestos, workers with greater than 20 years of exposure, it is not pos-
sible to separate the mechanisms of carcinogenesis of the lung from those of infl am-
mation or fi brosis̶the processes run in parallel. Based on case-control studies, there 
is an increase in lung cancer cases even in the absence of demonstrable pulmonary 
fi brosis [ 71 ]. The link of asbestosis with lung cancer is substantial as noted by the 
excess number of deaths due to lung cancer in patients with asbestosis [ 72 ]. Currently, 
the worldwide incidence of asbestos-induced cancer and other diseases is still on the 
rise because of their long latency periods [ 7 ]. A major factor in the development of 
lung cancer may be the formation of ROS which target mitochondrial and cause muta-
genic events [ 58 ]. Accumulating evidence have demonstrated that asbestos is geno-
toxic as assessed using a variety of techniques such as assays of DNA damage and 
apoptosis, chromosomal damage, aneuploidy studies, sister chromatid exchange, and 
altered cell ploidy [ 73 ]. An additional factor in the development of bronchogenic 
carcinoma is the high rate of cigarette smoking identifi ed in asbestos-exposed indi-
viduals. Similar to the well-established increased risk of lung cancer in patients with 
idiopathic pulmonary fi brosis, there are numerous reports that show a direct relation-
ship between excess asbestosis cases and lung cancer mortality [ 2 ]. 

12.4.1     Mechanisms of Lung Cancer and Mesothelioma 

 Many of the processes outlined previously on the development of asbestosis in 
exposed individuals also apply to lung cancer and mesothelioma [ 74 ]. Long latency 
periods for lung cancer over 20 years and greater than 40 years for mesothelioma 
suggest a multistep process of acute then chronic infl ammation with persistent fi ber- 
induced stimulation with resultant infl ammatory cell infi ltration, release of cyto-
kines, production of ROS, and DNA damage with disordered cell replication. 
Importantly, once disordered pulmonary architecture with histologically identifi -
able infl ammatory changes, the fi ber clearance process is adversely affected and the 
infl ammatory process has the potential to become heightened. ROS such as super-
oxide, hydroxyl radical, and hydrogen peroxide play a major role and are catalyzed 
by iron species on inhaled asbestos fi bers. Additionally, there is generation of nitric 
oxide involved in this infl ammatory process [ 75 ]. ROS, along with chemokines and 
cytokines, may cause alterations in growth and differentiation of target epithelial 
and mesothelial cells. In vitro studies of ROS have demonstrated breaks in DNA in 
solution and cultured cells. More recent evidence suggests the overall carcinogenic 
activity of asbestos is encompassed by several processes to include DNA damage 
caused by reactive oxygen and nitrogen species production, chromosome tangling 
with associated DNA damage, and adsorption of various carcinogens around asbes-
tos fi bers [ 76 ]. Asbestos fi bers initiate a number of signaling and survival pathways 
in mesothelial cells and lung epithelial cells and these pathways are up regulated in 
lung cancers and mesothelioma, where they contribute to tumor development, 
homeostasis, and resistance to chemotherapy [ 77 ].  
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12.4.2     Tobacco Smoking 

 Tobacco smoking is a common confounder in human studies involving asbestos 
workers due to historical rates of smoking in this population [ 78 ]. This increase in 
lung cancer among smokers is partially due to the impairment of asbestos clearance in 
smokers, which probably accounts for the observation that tobacco smoke augments 
asbestos pulmonary toxicity [ 79 ]. Asbestos fi bers can also act as condensation nuclei 
for aromatic hydrocarbons that result in a more effective transfer and uptake in tra-
cheal epithelial cells. Cigarette smoke exposure increases the retention of short fi bers 
more than the retention of long fi bers. An increase in the short fi ber load in smokers 
may play a role in fi brogenesis [ 80 ]. In addition, several models have likewise demon-
strated that cigarette smoke causes single-stranded breaks in DNA [ 81 ].  

12.4.3     Reactive Oxygen Species 

 Asbestos-initiated chronic oxidative stress and initiation of ROS production con-
tributes to carcinogenesis by the promotion of oxidative DNA damage and altera-
tion of redox signaling pathways in exposed epithelial and mesothelial cells [ 82 ]. 
The surface iron associated with asbestos bodies generates hydroxyl radical forma-
tion either through a redox reaction or by catalyzing a Fenton-like reaction. The 
uptake of asbestos fi bers can stimulate phagocytic cells such as AMs and polymor-
phonuclear leukocytes to release a variety of ROS to include the superoxide anion 
(O 2  − ), hydrogen peroxide (H 2 O 2 ), and probably hydroxyl radicals through 
membrane- associated NADPH (nicotinamide adenine dinucleotide phosphate) oxi-
dase [ 83 ]. These ROS contribute to genotoxicity through DNA damage and cell 
apoptosis with the subsequent development of malignancies. Evidence for ROS 
causation is demonstrated by several key concepts. Iron chelators and antioxidants 
prevent asbestos-induced DNA damage and apoptosis, there is a direct relationship 
between the surface iron on the fi bers and DNA-strand break formation, and fi nally 
asbestos induces the formation of oxidative DNA lesions [ 72 ].  

12.4.4     DNA Damage and Apoptosis 

 Extensive studies have provided details on the molecular mechanisms underlying 
asbestos-induced DNA damage and apoptosis [ 41 ,  68 ] Apoptosis is a highly regu-
lated physiologic cell death process critical for development, host defense, and 
prevention of malignant transformation and infl ammation throughout the body. 
Two major mechanisms regulating apoptosis are (1) the intrinsic pathway mediated 
by the mitochondria (caused by DNA damage), and (2) the extrinsic pathway 
induced by death-signaling ligands, such as TNF-α or FAS ligands [ 71 ,  84 ]. Several 
mechanisms, including iron-derived free radicals (ROS) as previously described, 
the mitochondrial intrinsic death pathway, the extrinsic death receptor pathway, and 
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altered DNA repair, have been implicated. These mechanisms, along with reactive 
nitrogen species, act in conjunction to cause apoptosis. Within the intrinsic death 
pathway, mitochondrial DNA is more susceptible to oxidative damage (such as that 
caused by asbestos-induced ROS). Studies suggest that failure of normal apoptosis 
may contribute to cancer formation. Both iron-derived ROS and TNF-α mediate the 
apoptotic death receptor pathway and increased antioxidant defenses of malignant 
cells may resist apoptosis. Finally, DNA damage induced by asbestos-derived free 
radicals activates nuclear transcription factors and activated protein 1 that governs 
apoptosis, proliferation, and infl ammatory changes [ 85 ].  

12.4.5     p53 Expression 

 An alteration in p53 expression has been implicated in the pathophysiology of 
asbestos-associated bronchogenic lung cancer [ 86 ]. Asbestos activates both p53 and 
p21 expression in lung epithelial and mesothelial cells that result in cell-cycle arrest 
[ 87 ]. Increased p53 levels have been detected in the lung cancers of asbestosis 
patients. Specifi c p53 point mutations are present in the lung epithelium of asbestos- 
exposed individuals as well as smokers. Studies performed to examine asbestos- 
induced whole genome expression profi ling confi rm that p53 activation plays a 
crucial role (along with nearly 2,500 other genes) in the regulation of tumor sup-
pression, cell-cycle arrest, apoptosis, and cell survival [ 88 ]. As such, p53 plays an 
important role in the regulation of lung cellular DNA-damage response following 
exposure to oxidative stress, as occurs with both tobacco smoke and asbestos inha-
lation. It has been noted that additional research is necessary to determine how 
p53-dependent signaling alters mitochondria-regulated epithelial cell apoptosis and 
whether this is a target to prevent malignant transformation due to asbestosis [ 50 ]. 

 In summary, current evidence suggests that all forms of asbestos are directly 
genotoxic to relevant lung target cells, both pulmonary epithelial cells and mesothe-
lial cells. Asbestos-induced genotoxicity can be found as either DNA damage or cell 
death through apoptosis. Both mechanisms trigger DNA repair mechanisms and 
complex cellular signaling pathways that ultimately determine cell death. These 
responses include cell-cycle arrest, transcriptional and posttranscriptional activation 
of select genes involved in DNA repair, and apoptosis. At the lung tissue level, it is 
speculated that high levels of apoptosis may promote a fi brotic response/asbestosis, 
while persistent DNA damage resulting from defects in apoptosis may lead to the 
formation of either bronchogenic carcinoma or mesothelioma [ 72 ].   

12.5     Conclusion 

 The cellular processes of acute and chronic infl ammation, fi brosis, and genotoxicity 
(all with associated mechanisms of ROS-mediated injury) run parallel to the clinical 
processes of asbestosis, malignant pleural disease, and parenchymal malignancy. 
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There are common mechanisms for the development of these clinical manifestations 
in the presence of asbestos exposure. It is not surprising that there remains confu-
sion regarding the requirement that pulmonary fi brosis precede lung cancer, as the 
processes of fi brosis and the development of pulmonary malignancy are dose- 
related events with common mechanisms. Yet, the explanation of how the switch is 
“turned” and how fi brosis becomes malignancy remains elusive.     

  Disclaimer   The views expressed herein are those of the authors and do not refl ect the offi cial 
policy or position of the Department of the Army, Department of Defense, or the US Government. 
The authors are employees of the US government. This work was prepared as part of their offi cial 
duties and, as such, there is no copyright to be transferred.  

   References 

    1.   Banks DE, Dedhia HV (2011) Health effects of asbestos exposure. In: Jindal SK (chief ed) 
Text book of pulmonary and critical care medicine, vol 2, chap 108. Jaypee Brothers Medical 
Publishers, New Delhi, India  

     2.    Weiss W (1999) Asbestosis: a marker for the increased risk of lung cancer among workers 
exposed to asbestos. Chest 115:536–549  

   3.    Hillerdal G (1994) Pleural plaques and risk for bronchial carcinoma and mesothelioma. Chest 
105:144–150  

   4.    Banks DE, Wang M-L, Parker JE (1999) Asbestos exposure, asbestosis, and lung cancer. Chest 
115:320–322  

    5.    Ameille J, Brochard P, Letourneux M et al (2011) Asbestos-related cancer risk in patients with 
asbestosis or pleural plaques. Rev Mal Respir 28:e11–e17  

    6.    Weill H, Hughes JM, Churg AM (2004) Changing trends in U.S. mesothelioma incidence. 
Occup Environ Med 61:438–441  

     7.    Nishikawa K, Takahashi K, Karjalainen A et al (2008) Recent mortality from pleural mesothe-
lioma, historical patterns of asbestos use, and adoption of bans: a global assessment. Environ 
Health Perspect 116:1675–1680  

    8.     http://pubs.usgs.gov/circ/2006/1298/    . Accessed 16 April 2013  
    9.     http://minerals.usgs.gov/minerals/pubs/commodity/asbestos/myb1-2010-asbes.pdf    . Accessed 

16 April 2013  
    10.    La Vecchia C, Boffetta P (2012) Role of stopping exposure and recent exposure to asbestos in 

the risk of mesothelioma. Eur J Cancer Prev 21:227–230  
    11.    Rake C, Gilham C, Hatch J et al (2009) Occupational, domestic and environmental mesothe-

lioma risks in the British population: a case–control study. Br J Cancer 100:1175–1183  
    12.    Dave SK, Beckett WS (2005) Occupational asbestos exposure and predictable asbestos-related 

diseases in India. Am J Ind Med 48:137–143  
    13.    WHO (2000) Air quality guidelines. World Health Organizations, Geneva  
    14.   National Institute for Occupational Safety and Health Analytic Methods (2013) Asbestos 

and other fi bers by PCM.   http://www.cdc.gov/niosh/docs/2003-154/pdfs/7400.pdf    . Accessed 
15 May 2013  

    15.    Breysse PN, Lees PSJ, Rooney BC (1999) Comparison of NIOSH method 7400 A and B 
counting rules for assessing synthetic vitreous fi ber exposures. Am Ind Hyg Assoc J 
60:526–532  

    16.    Churg A (1982) Fiber counting and analysis in the diagnosis of asbestos-related disease. Hum 
Pathol 13:381–392  

D.E. Banks et al.

http://pubs.usgs.gov/circ/2006/1298/
http://minerals.usgs.gov/minerals/pubs/commodity/asbestos/myb1-2010-asbes.pdf
http://www.cdc.gov/niosh/docs/2003-154/pdfs/7400.pdf


221

     17.    Davis JMG, Gylseth B, Morgan A (1986) Assessment of mineral fi bres from human lung tis-
sue. Thorax 41:167–175  

   18.    Churg A, Wright JL, Depaoli L, Wiggs B (1989) Mineralogic correlates of fi brosis in chrysotile 
miners and millers. Am Rev Respir Dis 139:891–896  

      19.    Rom WN, Travis WD, Brody AR (1991) Cellular and molecular basis of the asbestos-related 
diseases. Am Rev Respir Dis 143:408–422  

     20.    Mossman BT, Lippmann M, Hesterberg TW et al (2011) Pulmonary endpoints (lung carci-
noma and asbestosis) following inhalation exposure to asbestos. J Toxicol Environ Health 
14:76–121  

    21.   IARC (2012) IARC monographs on the evaluation of carcinogenic risks to humans, vol 100C. 
A review of human carcinogens: arsenic, metals, fi bres and dusts. Asbestos (chrysotile, 
amosite, crocidolite, tremolite, actinolite and anthophyllite). International Agency for Research 
on Cancer, Lyon, France, pp 219–309  

    22.   National Toxicology Program (2011) Report on carcinogens, 12th edn. U.S. Department of 
Health and Human Services, Public Health Service.   http://ntp.niehs.nih.gov/ntp/roc/twelfth/
roc12.pdf    . Accessed 6 May 2013  

    23.      Donaldson K, Murphy FA, Duffi n R et al (2010) Asbestos, carbon nanotubes and the pleural 
mesothelium: a review of the hypothesis regarding the role of long fi bre retention in the pari-
etal pleura, infl ammation and mesothelioma.   http://www.particleandfi bretoxicology.com/con-
tent/7/1/5    . Accessed 15 May 2013  

    24.    Schlesinger RB, Ben-Jebria A, Dahl AR et al (1997) Deposition of inhaled toxicants. In: 
Massaro EL (ed) Handbook of human toxicology. CRC Press, Boca Raton, pp 493–550  

    25.    Bernstein D, Dunnigan J, Hesterberg T et al (2013) Health risk of chrysotile revisited. Crit Rev 
Toxicol 43:154–183  

    26.    Lund LG, Aust AE (1991) Iron-catalyzed reactions may be responsible for the biochemical 
and biological effects of asbestos. Biofactors 3:83–89  

    27.    Berman DW, Crump KS (2008) A meta-analysis of asbestos-related cancer risk that addresses 
fi ber size and mineral type. Crit Rev Toxicol 38(S1):49–73  

    28.    Case BW, Abraham JL, Meeker G et al (2011) Applying defi nitions of “asbestos” to environ-
mental and “low-dose” exposure levels and health effects, particularly malignant mesothelioma. 
J Toxicol Environ Health 14:3–39  

    29.    McDonald JC, Armstrong BG, Edwards CW et al (2001) Case-referent survey of young adults 
with mesothelioma: I. Lung fi bre analysis. Ann Occup Hyg 45:513–518  

    30.    Churg A, Wright JL (1994) Persistence of natural mineral fi bers in human lungs: an overview. 
Environ Health Perspect 102(suppl 5):229–233  

    31.    Warheit DB, Snajdr SI, Hartsky MA et al (1997) Lung proliferative and clearance responses to 
inhaled para-aramid RFP in exposed hamsters and rats: comparisons with chrysotile asbestos 
fi bers. Environ Health Perspect 105(suppl 5):1219–1222  

    32.    Roggli VL, Vollmer RT, Butnor KJ et al (2002) Tremolite and mesothelioma. Ann Occup Hyg 
46:447–453  

    33.    McDonald AD, Case BW, Churg A et al (1997) Mesothelioma in Quebec chrysotile miners 
and millers: epidemiology and aetiology. Ann Occup Hyg 41:707–719  

    34.    Hodgson JT, Darnton A (2000) The quantitative risks for mesothelioma and lung cancer in 
relation to asbestos exposure. Ann Occup Hyg 44:565–601  

    35.    Stanton MF, Layard M, Tigeris A et al (1981) Relation of particle dimension to carcinogenicity 
in amphibole asbestoses and other fi brous minerals. J Natl Cancer Inst 67:965–967  

    36.    Loomis D, Dement JM, Elliott L et al (2012) Increased lung cancer mortality among chrysotile 
asbestos textile workers is more strongly associated with exposure to long thin fi bers. Occup 
Environ Med 69:564–568  

    37.    Churg A, Stevens B (1995) Enhanced retention of asbestos fi bers in the airways of human 
smokers. Am J Respir Crit Care Med 151:1409–1413  

    38.    Adib G, Labreche F, DeGuire L et al (2013) Short, fi ne and WHO fi bers in the lungs of Quebec 
workers with an asbestos-related disease. Am J Ind Med. doi:  10.1002/ajim22180      

12 Asbestos Fibers: Mechanisms of Injury

http://ntp.niehs.nih.gov/ntp/roc/twelfth/roc12.pdf
http://ntp.niehs.nih.gov/ntp/roc/twelfth/roc12.pdf
http://www.particleandfibretoxicology.com/content/7/1/5
http://www.particleandfibretoxicology.com/content/7/1/5
http://dx.doi.org/10.1002/ajim22180


222

    39.    Becklake MR, Case BW (1994) Fibre burden and asbestos-related lung disease: determinants 
of dose–response relationships. Am J Respir Crit Care Med 150:1488–1492  

    40.    Olofsson K, Mark J (1989) Specifi city of asbestos-induced chromosomal aberrations in short- 
term cultured human mesothelial cells. Cancer Genet Cytogenet 41:33–39  

      41.    Mossman BT, Churg A (1998) Mechanisms in the pathogenesis of asbestosis and silicosis. 
Am J Respir Crit Care Med 157:1666–1680  

    42.    Banks DE, Shi R, McLarty J et al (2009) American College of Chest Physicians consensus 
statement on the respiratory health effects of asbestos: results of a Delphi study. Chest 
135:1619–1627  

    43.    Muller NL, Miller RR (1990) Computed tomography of chronic diffuse infi ltrative lung disease. 
Am Rev Respir Dis 142(1206–1215):1440–1448  

    44.    Staples CA (1992) Computed tomography in the evaluation of benign asbestos-related disease. 
Radiol Clin North Am 30:1191–1207  

    45.    Roggli VL, Gibbs AR, Attanoos R et al (2010) Pathology of asbestosis̶an update of the 
diagnostic criteria. Report of the Asbestosis Committee of the College of American Pathologists 
and Pulmonary Pathology Society. Arch Pathol Lab Med 134:462–480  

    46.    Quinlan TR, Marsh JP, Janssen YMW et al (1994) Dose responsive increases in pulmonary 
fi brosis after inhalation of asbestos. Am J Respir Crit Care Med 150:200–206  

    47.    Donaldson K, Poland CA (2012) Inhaled nanoparticles and lung cancer̶what we can learn 
from conventional particle toxicology. Swiss Med Wkly 142:w13547  

    48.    Chang L-Y, Overby LH, Brody AR et al (1988) Progressive lung cell reactions and extracel-
lular matrix production after a brief exposure to asbestos. Am J Pathol 131:156–170  

    49.    Brody AR, Overby LH (1989) Incorporation of tritiated thymidine by epithelial and interstitial 
cells in the broncho-alveolar regions of asbestos-exposed rats. Am J Pathol 134:133–140  

       50.    Liu G, Cheresh P, Kamp DW (2013) Molecular basis of asbestos-induced lung disease. Annu 
Rev Pathol 8:161–187  

    51.    Jannsen YMW, Marsh JP, Driscoll KE et al (1994) Increased expression of manganese- 
containing superoxide dismutase in rat lungs after inhalation of infl ammatory and fi brogenic 
minerals. Free Radic Biol Med 16:315–322  

    52.    Levis J, Loi R, Butnor KJ et al (2008) Decreased asbestos-induced lung infl ammation and 
fi brosis after radiation and bone marrow transplantation. Am J Respir Cell Mol Biol 
38:16–25  

    53.   Miserochi G, Sancini S, Mantegazza F et al (2008) Translocation pathways for inhaled 
asbestos fi bers. Environ Health 7:4.   http://www.ehjournal.net/content/7/1/4    . Accessed 15 
October 2011  

     54.    Miller J, Shulka A (2012) The role of infl ammation in development and therapy in malignant 
mesothelioma. Am Med J 3:240–248  

    55.   Oberdorster G, Morrow PE, Spurny K (1988) Size dependent lymphatic short term clearance 
of amosite fi bers in the lung. Ann Occup Hyg 32(inhaled particles VI):149–156  

    56.    Dodson RF, O’Sullivan MF, Huang J et al (2000) Asbestos in extrapulmonary sites: omentum 
and mesentery. Chest 117:486–493  

    57.    Warnock ML, Wolery G (1987) Asbestos bodies or fi bers and the diagnosis of asbestosis. 
Environ Res 44:29–44  

     58.    Huang SXL, Partridge MA, Ghandhi SA et al (2012) Mitochondria-derived reactive intermedi-
ate species mediate asbestos-induced genotoxicity and oxidative stress–responsive signaling 
pathways. Environ Health Perspect 120:840–847  

    59.    Liu W, Ernst JD, Broaddus VC (2000) Phagocytosis of crocidolite asbestos induces oxidative 
stress, DNA damage, and apoptosis in mesothelial cells. Am J Respir Cell Mol Biol 
23(3):371–378  

    60.   Yang H, Bocchetta M, Kroczynska B et al (2013) TNF-alpha inhibits asbestos-induced 
cytotoxicity via a NF-KB-dependent pathway, a possible mechanism for asbestos-induced 
oncogenesis.   www.pnas.org/cgi/doi/10.1073/pnas.0604008103    . Accessed 22 June 2013  

    61.    Galffy G, Mohammed KA, Dowling PA et al (1999) Interleukin-8: an autocrine growth factor 
for malignant mesothelioma. Cancer Res 59:367–371  

D.E. Banks et al.

http://www.ehjournal.net/content/7/1/4
http://dx.doi.org/www.pnas.org/cgi/doi/10.1073/pnas.0604008103


223

    62.    Simeonova PP, Toriumi W, Kommineni C et al (1997) Molecular regulation of IL-6 activation 
by asbestos in lung epithelial cells: role of reactive oxygen species. J Immunol 159:
3921–3928  

    63.    Murthy S, Adamcakova-Dodd A, Perry SS et al (2009) Modulation of reactive oxygen species 
by Rac1 or catalase prevents asbestos-induced pulmonary fi brosis. Am J Physiol Lung Cell 
Mol Physiol 297:846–855  

   64.    Murthy S, Ryan A, He C, Mallampalli RK et al (2010) Rac1-mediated mitochondrial H 2 O 2  
generation regulates MMP-9 gene expression in macrophages via inhibition of SP-1 and AP-1. 
J Biol Chem 285:25062–25073  

   65.    He C, Murthy S, McCormick ML et al (2011) Mitochondrial Cu, Zn superoxide dismutase 
mediates pulmonary fi brosis by augmenting H 2 O 2  generation. J Biol Chem 286(15):
597–607  

    66.    Osborn-Heaford HL, Ryan AJ, Murthy S et al (2012) Mitochondrial Rac1 import and electron 
transfer from cytochrome c is required for pulmonary fi brosis. J Biol Chem 287:3301–3312  

    67.    Kamp DW (2009) Asbestos-induced lung diseases: an update. Transl Res 153(4):143–152  
     68.    Liu G, Beri R, Mueller A, Kamp DW (2010) Molecular mechanisms of asbestos-induced lung 

epithelial cell apoptosis. Chem Biol Interact 188:309–318  
    69.    Brady CA, Jiang D, Mello SS, Johnson TM, Jarvis LA et al (2011) Distinct p53 transcriptional 

programs dictate acute DNA-damage responses and tumor suppression. Cell 145:571–583  
    70.    Jaurand MC (1997) Mechanisms of fi ber-induced genotoxicity. Environ Health Perspect 

105(suppl 5):1073–1084  
     71.    Jones RN, Hughes JM, Weill H (1996) Asbestos exposure, asbestosis, and asbestos- attributable 

lung cancer. Thorax 51(suppl 2):S9–S15  
      72.    Kipen HM, Lilis R, Suzuki Y et al (1987) Pulmonary fi brosis in asbestos insulation workers 

with lung cancer: a radiological and histopathological evaluation. Br J Ind Med 44:96–100  
    73.    Upadhyay D, Kamp DW (2003) Asbestos-induced pulmonary toxicity: role of DNA damage 

and apoptosis. Exp Biol Med 228:650–659  
    74.    Davis JM, Cowie HA (1990) The relationship between fi brosis and cancer in experimental 

animals exposed to asbestos and other fi bers. Environ Health Perspect 88:305–309  
    75.    Quinlan TR, Berube KA, Hacker MP et al (1998) Mechanisms of asbestos-induced nitric oxide 

production by rat alveolar macrophages in inhalation and in vitro models. Free Radic Biol Med 
24(5):778–788  

    76.   Matsuzaki H, Maeda M, Lee S et al (2012) Asbestos-induced cellular and molecular alteration 
of immunocompetent cells and their relationship with chronic infl ammation and carcinogene-
sis. J Biomed Biotechnol Article ID 492608, 9p  

    77.    Heintz NH, Janssen-Heininger YMW, Mossman BT (2010) Asbestos, lung cancers, and meso-
theliomas from molecular approaches to targeting tumor survival pathways. Am J Respir Cell 
Mol Biol 42:133–139  

    78.    Mossman BT, Kamp DW, Weitzman SA (1996) Mechanisms of carcinogenesis and clinical 
features of asbestos-associated cancers. Cancer Invest 14(5):466–480  

    79.    Nelson HH, Kelsey KT (2002) The molecular epidemiology of asbestos and tobacco in lung 
cancer. Oncogene 21:7284–7288  

    80.    Lee PN (2001) Relation between exposure to asbestos and smoking jointly and the risk of lung 
cancer. Occup Environ Med 58:145–153  

    81.    Borish ET, Cosgrove JP, Church DF et al (1985) Cigarette tar causes single-strand breaks in 
DNA. Biochem Biophys Res Commun 133:780–786  

    82.    Kamp DW, Weitzman SA (1999) The molecular basis of asbestos induced lung injury. Thorax 
54(7):638–652  

    83.    Kamp DW, Graceffa P, Pryor WA et al (1992) The role of free radicals in asbestos-induced 
diseases. Free Radic Biol Med 12(4):293–315  

    84.    Nelson A, Mendoza T, Hoyle GW et al (2001) Enhancement of fi brogenesis by the p53 tumor 
suppressor protein in asbestos-exposed rodents. Chest 120(1 suppl):33S  

    85.    Mossman BT, Faux S, Janssen Y et al (1997) Cell signaling pathways elicited by asbestos. 
Environ Health Perspect 105:1121–1125  

12 Asbestos Fibers: Mechanisms of Injury



224

    86.    Mishra A, Liu J-Y, Brody AR et al (1997) Inhaled asbestos fi bers induce p53 expression in the 
rat lung. Am J Respir Cell Mol Biol 16:479–485  

    87.    Paakko P, Ramet M, Vahakangas K et al (1998) Crocidolite asbestos causes an induction of 
p53 and apoptosis in cultured A549 lung carcinoma cells. Apoptosis 3:203–212  

    88.    Nymark P, Lindholm PM, Korpela MV, Lahti L, Ruosaari S et al (2007) Gene expression 
profi les in asbestos-exposed epithelial and mesothelial cell lines. BMC Genomics 8:1–17    

D.E. Banks et al.


	Chapter 12: Asbestos Fibers: Mechanisms of Injury
	12.1 Introduction
	12.2 The Asbestos Fiber
	12.2.1 How Fibers Cause Disease

	12.3 Inflammation and Fibrosis
	12.3.1 Reactive Oxygen Species
	12.3.2 Mitochondrial Reactive Oxygen Species
	12.3.3 Epithelial Cell Apoptosis
	12.3.4 p53 Cellular Response

	12.4 Genotoxicity of Asbestos
	12.4.1 Mechanisms of Lung Cancer and Mesothelioma
	12.4.2 Tobacco Smoking
	12.4.3 Reactive Oxygen Species
	12.4.4 DNA Damage and Apoptosis
	12.4.5 p53 Expression

	12.5 Conclusion
	References


