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Bronchioloalveolar lung tumors induced
in “mice only” by non-genotoxic
chemicals are not useful for quantitative
assessment of pulmonary adenocarcinoma
risk in humans

Carr J Smith1,2 , Thomas A Perfetti3, and Judy A King4

Abstract
Chemicals classified as known human carcinogens by International Agency for Research on Cancer (IARC) show a
low level of concordance between rodents and humans for induction of pulmonary carcinoma. Rats and mice
exposed via inhalation for 2 years show a low level of concordance in both tumor development and organ site
location. In 2-year inhalation studies using rats and mice, when pulmonary tumors are seen in only male or female
mice or both, but not in either sex of rat, there is a high probability that the murine pulmonary tumor has been
produced via Clara cell or club cell (CC) metabolism of the inhaled chemical to a cytotoxic metabolite.
Cytotoxicity-induced mitogenesis increases mutagenesis via amplification of the background mutation rate. If the
chemical being tested is also negative in the Ames Salmonella mutagenicity assay, and only mouse pulmonary
tumors are induced, the probability that this pulmonary tumor is not relevant to human lung cancer risk goes
even higher. Mice have a larger percentage of CCs in their distal airways than rats, and a much larger percentage
than in humans. The CCs of mice have a much higher concentration of metabolic enzymes capable of metabolizing
xenobiotics than CCs in either rats or humans. A principal threat to validity of extrapolating from the murine
model lies in the unique capacity of murine CCs to metabolize a significant spectrum of xenobiotics which in turn
produces toxicants not seen in rat or human pulmonary pathophysiology.
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Executive summary

In the text to follow, a number of concepts will be devel-

oped and supported including the following:

� Clinical observations of the carcinogenicity of work-

place chemicals predated conduction of the first ani-

mal cancer bioassays.

� Rats and mice exposed via inhalation for 2 years

show a low level of concordance in both tumor

development and organ site location.

� Chemicals classified as known human carcinogens

by IARC show a low level of concordance between
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rodents and humans for induction of pulmonary

carcinoma.

� Cytotoxicity-induced mitogenesis increases muta-

genesis via amplification of the background muta-

tion rate.

� Mitogenesis in the presence of genotoxic agents

synergizes the carcinogenic effect. Increased lung

cancer rates in cigarette smokers with chronic

obstructive pulmonary disease (COPD) represent a

clinical demonstration of this process.

� Pulmonary inflammation can induce a localized

hypoxia that selects for preferential survival and

clonal expansion of epidermal growth factor recep-

tor (EGFR)–positive tumors by non-genotoxic

mechanisms.

� In many scenarios, oxidative stress from pulmonary

inflammation can exceed the amount of reactive

oxygen species (ROS) and reactive nitrogen species

(RNS) resulting from direct chemical damage to

mitochondria.

� Mice but not humans display high spontaneous

background lung cancer rates.

� In contrast with high spontaneous background lung

cancer rates, cigarette smoking duration is a stronger

predictor of lung cancer mortality than is cigarette

smoking intensity.

� Mouse lung tumors are much less histologically

diverse than human lung cancers.

� Human and murine lung tumors display different

behavior patterns including reduced vascularization,

stromatogenesis, and metastasis in murine tumors.

� The histogenetics of human and mouse lung cancers

differ significantly.

� Mice have a larger percentage of Clara cells or club

cells (CCs) in their distal airways than rats, and a

much larger percentage than in humans.

� The CCs of mice have a much higher concentration

of metabolic enzymes capable of metabolizing xeno-

biotics than CCs in either rats or humans.

� The increased xenobiotic metabolic capacity of

mouse CCs is proportional to its increased tendency

to develop chemically induced lung tumors as com-

pared with the rat.

� A principal threat to validity of extrapolating from

the murine model lies in the unique capacity of mur-

ine CCs to metabolize a significant spectrum of

xenobiotics which in turn produces toxicants not

seen in rat or human pulmonary pathophysiology.

Section one: Historical role of cancer bioassays

The original investigations of workplace-related can-

cers were initiated by the observations of unusual

tumors in association with certain occupations1 includ-

ing chimney sweeps,2,3 mule spinners,2,4,5 aniline dye

workers,6 clock workers using radium-impregnated

dye,7 and chemical workers exposed to benzene.8 Fol-

lowing detection in humans, the causative agents were

later studied in animals.9–14

In general, the ongoing efforts to remove carcinogens

from the workplace in developed countries have resulted in

amelioration of exposure.15 The paradigm of testing for

chemical induction of cancer in rodents has shifted from

confirmation of observation to intended prophylaxis. The

misperceptions resulting from anhistoric presentism have

inverted the chronological sequence of clinical observation

and animal testing and inappropriately elevated animal

testing to a preeminent role in detecting rather than describ-

ing environmental carcinogens.16 Table 1 shows a repre-

sentative subset of IARC-classified agents that were

recognized as cancerous (or potentially cancerous) prior

to testing in any animal.17–45 The average time lapsing

Table 1. IARC agents where clinical observation or epidemiological cancer data preceded animal cancer testing.

IARC agents
IARC
group

Earliest year for
epidemiological study
of cancer data (latency
periods 10–30 years)

Earliest year tested
for cancer with
rodents/rabbits References

Asbestos 1 1907 1962 Albin et al.17; Wagner18

Beryllium 1 1937 1946 Mancuso and El-Attar23; Mancuso20,21,22;
Gardner and Heslington19

Cadmium 1 1923 1961 Potts24; Haddow et al.25

1,3-Butadiene 1 1964 1984 McMichael et al.26; NTP27

Bis(chloromethyl) ether 1 1956 1975 Thiess et al.28; Kuschner et al.29

Ethylene oxide 1 1925 1981 Steenland et al.30; Dunkelberg31; Swaen et al.32

Glass wool 3 1933 1981 Boffetta et al.33; Lee et al.34

Sulfur mustard 1 1914 1950 Case and Lea35; Heston36

Radon gas 1 1556 1943 Rajewsky et al.378; Arnstein387; Rostoski et al.39

Crystalline silica 1 1942 1983 Rice et al.40; Holland et al.41

Vinyl chloride 1 1939 1978 Smulevich et al.42; Lee et al.43

TCDD 1 1953 1977 Van Miller et al.44; Ott and Zober45

TCDD: 2,3,7,8-tetrachlorodibenzo-para-dioxin.
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from first reported observation or collection of formal epi-

demiological data to conduction of the first animal tests

is 64 years (range 9–387 years). The intent of this ani-

mal testing was to provide data to substantiate that the

suspect agents were indeed dangerous and that certain

manufacturing, handling, shipping, and storage precau-

tions and or regulations were needed for the safety of

workers and consumers.

In addition to transposing the chronological sequence of

clinical observation and animal studies, the degree of con-

cordance between rodents and humans regarding pulmon-

ary carcinoma has been overstated.16 In 2-year National

Toxicology Program (NTP) inhalation studies, Smith and

Anderson46 have shown that concordance of pulmonary

tumor formation between phylogenetically similar rats and

mice is low, thereby questioning the potential degree of

concordance between much more phylogenetically distant

rodents and humans. Krewski47 has reported the concor-

dance between humans and mice for lung tumors associ-

ated with IARC group 1 (known human) carcinogen

exposure. Using a � statistic at 90% confidence, IARC

group 1 agents showed higher concordance than did group

2a, 2b, and group 3 chemicals and mixtures. The � value for

the concordance between humans and mice in group 1

chemicals was 0.17 (�0.2–0.53). A � value of between

0.01 and 0.20 represents only a slight concordance. The

concordance (human vs. mouse) for lung tumors was slight

and equal to tumors of the urinary system (0.12 (�0.05–

0.12)). The concordance (human vs. mouse) for all other

organ systems was higher than the lung system (� 0.51–

0.64 ¼ moderate to substantial).

Section two: “Clear” evidence of neoplasia in NTP
studies is required to facilitate statistical
and mechanistic analysis

Over the history of the NTP testing program up through

early 2018, 594 different 2-year rodent bioassays have

been conducted via different routes of exposure includ-

ing inhalation, feed, gavage, drinking water, dermal, and

intraperitoneal injection. These 594 bioassays resulted in

successful completion of final NTP reports for 479 che-

micals or chemical mixtures, with additional three che-

micals described in two Report on Carcinogens (RoC)

reports. Our research group has statistically and mechan-

istically analyzed the results from all completed final

NTP reports.46,48–52

NTP considers results from the Ames assay test to be

very important in its deliberations as illustrated by the fol-

lowing statement from a recent RoC.53

DNA reactivity combined with Salmonella mutagenicity is

highly correlated with induction of carcinogenicity in multiple

species/sexes of rodents and at multiple tissue sites.54 A pos-

itive response in the Salmonella test was shown to be the most

predictive in vitro indicator for rodent carcinogenicity (89% of

the Salmonella mutagens are rodent carcinogens).55,56 Addi-

tionally, no battery of tests that included the Salmonella test

improved the predictivity of the Salmonella test alone.

During the analysis of the NTP database, it was deter-

mined that only “clear” evidence of neoplasia was of suf-

ficient evidentiary strength to facilitate meaningful

statistical correlations in the NTP studies. For example,

in a study by Smith et al.,50 mechanistic aspects of various

factors potentially influencing tumor induction were con-

sidered. In this analysis, each of the 470 chemicals was

categorized from 1 to 48 by the level of “clear” neoplastic

evidence in male and female rats, and in male and female

mice, and given an ordinal rank from 1 to 135 following

additional considerations regarding tumor site concordance

and tumor multiplicity. The resultant tumorigenicity cate-

gory score and ordinal rank score were examined for asso-

ciations with results in the Ames Salmonella mutagenicity

assay, presence or absence of structural alerts of carcino-

genicity57–60 and three Hansch Quantitative structure activ-

ity relationship (QSAR) parameters, that is, calculated base

10 logarithm of the octanol–water partition coefficient,61

calculated molar refractivity,62,63 and McGowan molecular

volume.64,65 The Mann–Whitney–Wilcoxon rank sum test

showed that the trend in structural alerts versus categorical

ranking was highly significant (Z ¼ 7.03; p value near 0);

that is, positive structural alerts results are strongly associ-

ated with categorical ranks of increased tumorigenicity.

The Mann–Whitney–Wilcoxon rank sum test showed that

the trend in structural alerts versus ordinal ranking was

highly significant (Z ¼ 7.02; p value near 0); that is, pos-

itive structural alerts results are strongly associated with

ordinal ranks of increased tumorigenicity. Therefore, the

use of “clear” neoplastic evidence as the metric of the

tumor-inducing potential of a chemical correlated strongly

with the best-established method for predicting the carci-

nogenicity of a chemical from its chemical structure, that

is, structural alerts.

Section three: Interactive role of inflammation
and proliferation

Non-genotoxic chemicals frequently induce neoplasia via
increased cellular proliferation. In the NTP database, 180 che-

micals have been identified whose current genotoxicity test

results are negative but that induce at least one tumor in

either rats or mice.52 Our examination of the NTP database

suggests that it is not possible to retrospectively determine

which of these 180 chemicals are definitively non-

genotoxic due to the absence of independent verification

for each particular assay. While the validity of an Ames test

on a particular chemical in the NTP database might not be

definitive, when all routes of administration are combined,

the overall dependability of the Ames test results in the

NTP database is high. The overall validity of the NTP

database Ames results are demonstrated by correlation of

Smith et al. 3



Ames “positive” status, Ames “negative” status, categori-

cal rank (1–48), and ordinal rank (1–135). The Mann–

Whitney–Wilcoxon rank sum test shows that the trend in

Ames versus category ranking is highly significant (Z ¼
�5.69; p value near 0); that is, positive Ames results are

strongly associated with categorical ranks of increased

tumorigenicity. The Mann–Whitney–Wilcoxon rank sum

test shows that the trend in Ames versus ordinal ranking

is highly significant (Z ¼ �5.65; p value near 0); that is,

positive Ames results are strongly associated with ordinal

ranks of increased tumorigenicity.50

A large and elegant body of research conducted in the

1980s explains the induction of tumors in 2-year rodent

bioassays by non-genotoxic chemicals. The mechanism is

amplification of the background mutation rate via cytotoxi-

city induced by high doses of the test chemicals, thereby

leading to increases in reparative cellular proliferation

rates.52 In the 1980s, Cohen and colleagues conducted a

series of studies that demonstrated that cellular prolifera-

tion could amplify the background mutation rate thereby

increasing tumor formation in experimental animals.66–69

The studies of Moolgavkar and Knudson also played an

important role during this era.70 Throughout the 1990s,

Ames and Gold incorporated these new findings into their

thinking, resulting in a series of publications, one of which

is highlighted by Smith and Perfetti,52 that is, Ames and

Gold.71 This paper published in Science was actually a

commentary on the Cohen and Ellwein paper published

in the same issue.67 A broader model incorporating the

potential environmental influence on cell number, prolif-

eration rates, and mutation rates (secondary to DNA reac-

tive carcinogens) formed the basis for the Cohen and the

Moolgavkar models.

In 2015 and 2017, Tomasetti and colleagues72,73 pro-

vided evidence for the clinical relevance in humans of the

Cohen and Ellwein,66,67 Cohen et al.,68 Moolgavkar and

Knudson,70 and Ames and Gold71 mechanism regarding

the amplification of the background mutation rate. These

authors sought to determine the relative contribution to

human cancers from inherited mutations, mutations

induced by environmental factors, or mutations resulting

from DNA replication errors (R). They compared the num-

ber of normal stem cell divisions with the risk of 17 cancer

types occurring in 69 different countries. Tomasetti and

Vogelstein73 reported the following results:

The data revealed a strong correlation (median¼ 0.80) between

cancer incidence and normal stem cell divisions in all countries,

regardless of their environment. The major role of R mutations

in cancer etiology was supported by an independent approach,

based solely on cancer genome sequencing and epidemiological

data, which suggested that R mutations are responsible for two-

thirds of the mutations in human cancers.

The analysis of Tomasetti and Vogelstein73 suggests

that accumulated mutations due to DNA replication are a

driving force behind the majority of human cancers, that is,

mitogenesis increases mutagenesis in humans as well as in

rodents. It should be noted that the conclusions of Toma-

setti and colleagues72,73 are basically in concert with those

expressed by Armitage and Doll in 1954.74 Both Armitage

and Doll74 and Tomasetti and Vogelstein73 held stem cell

number and proliferation rates constant. However, both

stem cell number and cellular proliferation rate can be

influenced by environmental factors.

Genotoxicity and increased cellular proliferation interact to
increase neoplasia. In 2015, Kiraly et al.75 provided an ele-

gant demonstration of inflammation-induced cell prolifera-

tion greatly potentiating exposure-induced mutations. For

many years, it has been recognized that cancer risk was

raised in certain chronic inflammatory diseases, for exam-

ple, phagedenic ulcer of the skin, reflux esophagitis with

Barrett’s esophagus, chronic atrophic gastritis, chronic

ulcerative colitis, cirrhosis of the liver, cholelithiasis of the

gallbladder, and Paget’s disease of the bone.68 Ulcerative

colitis may represent the most dramatic example of a strong

association between chronic inflammation and cancer. In

patients experiencing inflammation of the entire colon

(pancolitis) for 10 or more years, the relative risk for

developing colon cancer as compared with normal con-

trols is 20- to 30-fold.76 Thirty-five years following diag-

nosis, these relative risks are equivalent to an absolute risk

of 30%.77 (Fortunately, if initial pathologic examination

does not reveal dysplasia, the rate of progression to dys-

plasia and carcinoma is much lower than the 30% figure

noted in the aforementioned worst-case scenario.78,79)

With an understanding of the relationship between cancer

risk and chronic inflammatory disease and pathogen-

induced inflammation in hand, Kiraly et al.75 designed

two experiments.

In the first experiment, FYDR mice were exposed to a

potent inducer of pancreatic inflammation called cerulein.

(FYDR refers to “fluorescent yellow direct repeat” mice

harboring a reporter that detects misalignments during

homologous recombination (HR).) The cerulein-induced

pancreatic inflammation causes double-stranded breaks

(gH2AX foci). These double-stranded breaks are associ-

ated with an increase in cell proliferation. An acute

inflammation by itself did not increase HR. In contrast,

HR was increased significantly when inflammation-

induced DNA damage and inflammation-induced cell pro-

liferation overlapped.

In the second experiment, Kiraly et al.75 exposed mice

to the alkylating agent methylnitrosourea. While alkylation

alone induced some measure of HR, when paired with

inflammation-induced cell proliferation, HR was produced

in a synergistic fashion. These authors summarized their

findings as:

Taken together, these results show that, during an acute bout of

inflammation, there is a kinetic barrier separating DNA
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damage from cell proliferation that protects against mutations,

and that inflammation-induced cell proliferation greatly

potentiates exposure-induced mutations.

Increased lung cancer risk in smoking-associated COPD

is an exemplar of the synergistic role played by exposure to

chemical carcinogens in the presence of increased cell pro-

liferation as demonstrated by Kiraly et al.75 and others. The

two most common inflammatory conditions contributing to

obstructed airflow in COPD are chronic bronchitis and

emphysema.80 Figures 1 to 3 illustrate the interaction of

inflammatory cells with epithelial cells in human airways.

In the lower left of Figure 1, the lumen of the bronchial

branch shows acute inflammation by neutrophils, while the

upper right of Figure 1 shows chronic inflammation in

the lung wall. The upper part of Figure 2 shows respira-

tory epithelial cells with cilia and a few inflammatory

cells including an eosinophil infiltrating the tissue layer.

The bottom of Figure 2 shows neutrophils in the lumen

of the bronchial branch. The bronchial branch with

ciliated respiratory epithelial cells is seen in Figure 3.

The lumen in Figure 3 is to the lower left. Chronic

inflammation and a few eosinophils are observed in the

wall. Some inflammatory cells are also seen in the

respiratory epithelial cell layer.

A number of different cell types are stimulated to release

activated oxygen and nitrogen species (Figure 4) in the

lungs of COPD patients including cells involved in innate

immunity (neutrophils, macrophages, eosinophils, mast

cells, natural killer cells, g� T cells, innate lymphoid cells,

and dendritic cells), adaptive immunity (T and B lympho-

cytes), and structural cells (airway and alveolar epithelial

cells, endothelial cells, and fibroblasts) (Table 2).81–112

Recent screening studies have reaffirmed the results

from many previous studies113–120 that smokers with

COPD are particularly susceptible to lung cancer.121 The

chronic inflammation associated with COPD is postulated

to both cause cellular damage and promote cellular prolif-

eration.122–134 In addition, the chronic inflammation in

emphysema appears capable of conferring some level of

lung cancer risk even in the absence of the genotoxic expo-

sure from smoking.135,136

Inflammatory states are associated with hypoxia. Pulmonary

inflammation can result from a wide variety of agents and

actions causing injury to the cells lining the airways,

including inhalation of a wide variety of chemicals includ-

ing irritants, cytotoxic compounds, and certain metals and

Figure 1. Acute inflammation (neutrophils) in bronchial branch
(lumen) (lower left) and chronic inflammation in the wall (upper
right). H&E stain 10� objective (100�). H&E: hematoxylin and
eosin.

Figure 2. Respiratory epithelial cells with cilia (upper part of
photo) with few inflammatory cells in the layer (including an
eosinophil). Bottom of photo shows neutrophils in the lumen of
the bronchial branch. H&E stain 40� objective (400�). H&E:
hematoxylin and eosin.

Figure 3. Bronchial branch with ciliated respiratory epithelial
cells. Lumen to the lower left. Chronic inflammation (and few
eosinophils) in the wall. Some inflammatory cells in the respira-
tory epithelial cell layer. H&E stain 20� objective (200�). H&E:
hematoxylin and eosin.
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metallic complexes.46 The vast majority of neutrophils and

macrophages found in pulmonary inflammation are not

normally resident in the lung, but rather are recruited to

inflammatory lesions.137 One of the metabolic changes asso-

ciated with active inflammation is development of hypoxia

with concomitant accumulation of lactic acid and sometimes

metabolic acidosis depending on the amount of lactic acid

and the degree of buffering in the tissue environment.138–140

A number of factors can contribute to inflammation-induced

tissue hypoxia including increased metabolic demands of

cells and reductions in metabolic substrates caused by

thrombosis (blood clots), trauma, compression (interstitial

hypertension), or atelectasis (airway plugging).141

Hypoxia due to inflammation is a stressor that can prefer-

entially select for expansion of clonal populations of cells

with particular mutations, for example, preferential survival

of EGFR-positive clones.142 In hypoxic mice with lung

tumors induced by urethane, significant overexpression of

EGFR, fibroblast growth factor receptor 2 (FGFR2) and

platelet-derived growth factor receptor (PDGFR) were

seen.142 Similarly, using the HCC827 NSCLC cell line, Lu

et al.143 provided evidence that hypoxia/HIF2� activation

mediates upregulation of EGFR protein levels. This observa-

tion provides a potential non-mutational explanation for the

EGFR overexpression often seen in human adenocarcinomas.

The authors hypothesized that, “The data presented in this

contribution also introduce the intriguing possibility that the

tumor microenvironment may act as a universal oncogenic

trigger that drives the autonomous growth of tumor cells.”

Human epidermal growth factor (EGF) is a 6 kDa pro-

tein and cytokine144,145 comprised of 53 amino acid resi-

dues and containing three intramolecular disulfide

bonds.146 Epidermal Growth Factor Receptor (EGFR) is a

protein found on the surface of some cells and to which

EGF binds. Cell division is stimulated following the bind-

ing of EGF to EGFR. EGFR is found at abnormally high

levels on the surface of many types of cancer cells, so these

cells may divide excessively in the presence of EGF. Alter-

nate names for EGFR are Erythroblastic leukemia viral

oncogene type B1 (ErbB1) and Human Epidermal growth

factor Receptor 1 (HER1).147

Non-small cell lung cancers (NSCLC) are a group of

lung cancers so named for either the normal cell of origin

or the microscopic appearance of the tumor cells. The

three main types of NSCLC are squamous cell carcinoma,

large cell carcinoma, and adenocarcinoma. NSCLC is the

most common kind of lung cancer.148 Approximately 10%
of patients with NSCLC in the United States and 35% in

East Asia have a mutation in the EGFR gene in the DNA

of their lung tumor.149–151 In both the United States and

East Asia, EGFR mutations are more common in tumors

from female never smokers (<100 cigarettes in patient’s

lifetime) with adenocarcinoma histology.149–151 The per-

centage of EGFR mutation frequency rises to 60–65% in

female East Asian never-smoker adenocarcinoma

patients.152 However, EGFR mutations are sometimes

seen in squamous cell carcinoma and large cell carcinoma

in both former and current smokers.153

The EGFR mutations occur within exons 18–21. (Both

the DNA sequence within a gene and the corresponding

sequence in RNA transcripts are termed exons.154) EGFR

exons 18–21 encode a portion of the EGFR kinase

domain. EGFR mutations are usually heterozygous and

display gene amplification, that is, increase in number

of copies.155 The overwhelming majority, that is, approx-

imately 90% of EGFR mutations, are deletions in exon 19

or point mutations in exon 21 L858 R.156 These mutations

increase the kinase activity of EGFR. Kinase-induced

phosphorylation activates signaling pathways that block

apoptosis.157 In the vast majority of cases, EGFR muta-

tions seen in NSCLC do not overlap with KRAS muta-

tions observed in the same tumors,153 although KRAS

mutations are found in 25–35% of newly diagnosed non-

small cell, non-squamous cell patients.152

Direct chemical induction of oxidative stress versus indirect
oxidative stress from inflammation. An imbalance between

the production of ROS such as superoxide anion (O2
��),

hydroxyl radical (�OH), hydrogen peroxide (H2O2), and

singlet oxygen (1O2) and their detoxification results in oxi-

dative stress thereby leading to cellular damage. When a

chemical is inhaled at a dose sufficient to induce cellular

damage, oxidative stress can be induced by two different

although not completely independent sources—(a) direct

toxicity to cells lining the airways; and (b) toxicity to cells

Figure 4. ROS and RNS. Source: https://slideplayer.com/slide/
5372691/17/images/6/ReactiveþOxygenþSpeciesþ%28ROS%29þ
ReactiveþNitrogenþSpeciesþ%28RNS%29.jpg. RNS: reactive
nitrogen species; ROS: reactive oxygen species.
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lining the airways from ROS, RNS, and enzymes released

via inflammatory processes.

The process of direct oxygen-related toxicity to cells can

be best illustrated by cell culture studies where a single

parenchymal cell type is cultured in the absence of the 12

cell types that can participate in inflammatory processes

listed in Table 2. The mitochondrial respiratory chain gen-

erates the majority of ROS. The electron flow rate through

respiratory chain complexes is the primary modulator of

mitochondrial ROS production. Approximately 1–4% of

mitochondrial oxygen consumption is diverted to the for-

mation of ROS under physiological conditions.158 Based on

the aforementioned ROS conversion rate, and an average

rate of utilization of oxygen in each human cell of approx-

imately 2.5 � 10–18 mol/s (i.e. 2.2 � 1010 molecules/

day), almost 1 billion molecules of ROS are being pro-

duced by each cell every day in vivo.158

Mechanistic studies are sometimes conducted in cul-

tured cells in an attempt to elucidate the mode of action

(MOA) of chemicals. The partial pressure (pO2) of ambient

atmospheric oxygen is 150 mm/Hg, which is equivalent to

21% O2. Inhaled O2 levels progressively decrease in

humans as the gas reaches various internal organs and tis-

sues.159 The level of O2 and its tissue distribution depends

on the balance between capillary blood flow and oxygen

utilization. In healthy humans, arterial pO2 averages

approximately 100 mm/Hg or 14% O2. As blood flow

reaches the highly vascularized parenchymal organs such

as lungs, liver, and kidneys, O2 levels range from 4% to

14%.159 In less vascularized organs and tissues including

brain, eye, and bone marrow, the O2 concentration ranges

between 0.5% and 7%.159 In contrast with the relatively

low O2 concentrations seen in human organs, in vitro cul-

tures of immortalized cells use a higher O2 concentration of

21%. Under these higher O2 concentrations, ROS produc-

tion can be increased several-fold. Cultured primary cells

are cultured at lower O2 levels than 21% due to their inabil-

ity to grow at higher O2. Although excess ROS can lead to

oxidative stress, moderate to low levels of ROS function in

cellular signaling pathways.160 Oxidative stress occurs in

all cell culture media. It is especially important in serum-

free and protein-free media because many of the anti-

oxidation properties of serum are missing.

Cells in culture may behave differently from cells in

vivo in many ways. Immortalized cells cultured under high

oxygen tension can demonstrate a higher inflammatory

response and greater redox imbalance.159 Halliwell161,162

has argued that cells that survive and grow in culture might

use ROS-dependent signal transduction pathways that

rarely or never operate in vivo. In addition, cell culture

media can catalyze the oxidation of certain test chemicals,

resulting in apparent cellular effects due in fact to oxidation

products such as ROS. Such artifacts may have affected

many studies on the effects of ascorbate, thiols, flavonoids,

and other polyphenolic compounds on cells in culture.161

Since 1978, NTP has conducted 596 studies and issued

480 reports. The term oxidative stress was introduced in

1985.163,164 Three hundred of the 596 studies had been

completed prior to the use of the term oxidative stress.

Since the introduction of the term in 1985, NTP has prof-

fered oxidative stress as a potential contributor to the for-

mation of rodent tumors on 58 occasions (Supplemental

Table). The 58 instances result from an amalgamation of

attributions. First, in some reports written after 1985, the

Table 2. Inflammatory cells and their secreted ROS and RNS.

Cell types ROS and RNS Reference

Neutrophils Superoxide anions (O2
��), hydrogen peroxide (H2O2), hydroxyl radical (�OH),

nitric oxide (NO), and peroxynitrite (ROONO)

81, 82, 83, 84

Macrophages Superoxide anions (O2
��), hydrogen peroxide (H2O2), hydroxyl radical (�OH),

nitric oxide (NO), and peroxynitrite (ROONO)

81, 82, 83, 84

Eosinophils Hydrogen peroxide (H2O2), nitric oxide (NO), nitrogen dioxide (NO2), and nitrite
(NO�2)

85, 86

Mast cells Superoxide anions (O2
��), hydrogen peroxide (H2O2), NO, and peroxynitrite 87, 88, 89, 90, 91

Natural killer cells Superoxide anions (O2
��), hydrogen peroxide (H2O2), NO 92, 93, 94, 95

Gamma delta T cells Superoxide anions (O2
��), hydrogen peroxide (H2O2), nitric oxide, peroxynitrite,

hypochlorous acid (HCl), and hydroxyl radical

96, 97, 98

Innate lymphoid cells (ILC 1) Superoxide anion, hydrogen peroxide, hydroxyl radical, peroxynitrite, NO,
NOþ(nitrosyl cation), and NO�(nitroxyl anion)

99, 100

Dendritic cells Superoxide anion, hydrogen peroxide, NO, nitrite (NO2
��), and peroxynitrite

(ONOO�)

101, 102

Adaptive immunity T lymphocytes Superoxide anion, hydrogen peroxide, and NO 97, 103

Adaptive immunity B lymphocytes Superoxide anion and hydrogen peroxide 104, 105, 106

Airway and alveolar epithelial cells Superoxide anions (O2
��), hydrogen peroxide (H2O2), hydroxyl radical (�OH),

nitric oxide (NO), and peroxynitrite (ROONO)

81, 82, 83, 84

Endothelial cells Superoxide anion, hydrogen peroxide, NO, nitrite, and peroxynitrite 107, 108

Fibroblasts Superoxide anion, hydrogen peroxide, NO, and peroxynitrite 109, 110, 111, 112

ROS: reactive oxygen species; RNS: reactive nitrogen species.
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authors retrospectively note that some chemicals tested

before 1985 would have invoked oxidative stress as a pos-

sible carcinogenic mechanism. Second, the majority of

NTP reports do not speculate about mechanisms underlying

the observation of rodent tumors. Third, 146/480 (30.4%)

NTP reports show no evidence of neoplasms. Fourth, many

of the chemicals tested by NTP have also been tested by

non-NTP scientists. Several of these non-NTP studies

invoked oxidative stress as a possible mechanism for car-

cinogenicity even when the NTP report authors did

not.165,166 For example, since 2014 there have been 832

articles written on the carcinogenicity of benzene. Of these,

121 (14.5%) have indicated that oxidative stress was the

primary cause of cancer by benzene.167

When a rodent inhales a chemical, it is difficult to dis-

entangle contributions to oxidative stress from the follow-

ing scenarios: (1) Direct damage to mitochondria of cells

lining the distal airways that does not induce inflammation.

(Significant cellular damage occurring in vivo and not eli-

citing any degree of inflammation appears unlikely.);

(2) Direct damage to mitochondria of cells lining the distal

airways, exposing either antigenic or immunogenic intra-

cellular contents or extracellular membrane components

that then elicits additional oxidative stress from activation

of one or more of the 12 different cell types described in

Table 2; (3) Metabolic conversion of the inhaled chemical

to a cytotoxic metabolite that then either damages the mito-

chondria, or exposes antigenic or immunogenic cellular

components that stimulate the inflammatory process; and

4) Without damaging cellular mitochondria lining the distal

airways, a chemical, particle, or dust elicits an inflamma-

tory response that secretes large amounts of ROS and RNS.

In the human lung, the inflammatory response can make a

profound contribution to the levels of oxidative stress as

seen in the clinical sequelae of a number of diseases or

conditions including silicosis,168,169 black lung (pneumo-

coniosis) in coal miners,170,171 idiopathic pulmonary

fibrosis,172,173 adult respiratory distress syndrome,174,175

bird fanciers lung,176,177 and other fibrotic lung conditions.

Section four: Differences between human and mouse
lung tumors

Pulmonary anatomy and physiology differ greatly between
humans and mice. There are many anatomical and physio-

logical differences between humans and mice. These dif-

ferences might be relevant to development of neoplasia in

2-year inhalation exposure studies in mice because inflam-

matory processes that would compromise lung function in

humans are tolerable in mice178 thereby facilitating the

cascade of inflammation-cell damage-reparative cell pro-

liferation-non-genotoxic tumor development.52 The total

lung capacity (TLC) of a mouse is only approximately 1

ml. By comparison, the TLC of a rat is about 10 times

larger at 10 ml, and the TLC of a human male is approx-

imately 6000 ml. The right lung in humans has three lobes:

inferior, middle, and superior. The mouse has four lobes in

the right lung—superior, middle, inferior, and postcaval.

The human left lung has an upper and lower lobe, while

the left lung of the mouse has but a single lobe. The branch-

ing patterns of the mouse and human also differ with mice

having fewer respiratory generations (13–17) and display-

ing monopodial (from single branch) branching. Human

lungs branch dichotomously and have 17–21 generations.

Airways constitute 11% of the mouse lung and 5.7% of the

rat lung. The mouse trachea has comparatively poorly orga-

nized cartilage with only the upper trachea possessing com-

plete rings seen in other mammals that become plates with

distal progression.179 The compositional percentages of

total lung occupied by parenchyma differ among mice

(18%), rat (24%), and human (12%).

A very significant difference between human and mouse

lung physiology is the extremely high respiration rate in

mice (84–350 breaths per minute),180,181 as compared with

humans (12–20 breaths per minute).182 (The high respira-

tion rate in mice facilitates body temperature maintenance.)

As compared with humans, mice have a large airway cali-

ber.183,184 If mice did not have such a large airway caliber,

the flow-resistive load resulting from 250–350 breaths per

minute would be prohibitive.180 Submucosal glands are

either absent or sufficiently scarce as to eliminate the secre-

tion of mucus in association with pulmonary inflammation

in mice.182 The combination of a large airway caliber and

absence of mucus facilitates a high tolerance to pulmonary

inflammation in mice.

Mice but not humans display high spontaneous background lung
cancer rates. Different mouse-inbred strains display wide

variations in the appearance of spontaneous lung tumors.

Several inbred mouse strains have been examined for spon-

taneous lung tumor rate. By decreasing incidence of spon-

taneous lung tumors, A/J (82%) > SWR/J (47%) > BALB/c

(33%) > CBA (17%) > C3 H (9%) > C57BL/6 (3%).183 The

O2O strain is also classified as intermediately sensitive

similar to the BALB/c strain, and the DBA strain is com-

parable to the highly resistant C57BL/6. The primary

mouse model employed by the NTP is the B6C3F1 (NTP

2013).184 This mouse strain is produced by crossing a

female C57BL/6 (3% spontaneous rate) and male C3 H

mouse (9% spontaneous rate). The cross product B6C3F1

mice have a higher spontaneous tumor rate than either of

the parent strain mice, that is, male B6C3F1 at 27.7% and

female B6C3F1 at 9.5% (n ¼ 950/sex; NTP 2013),184

demonstrating that the genetic factors underlying sponta-

neous tumor formation do not interact in a linear fashion.

Mouse strains with high background spontaneous tumor

formation are also more susceptible to chemically induced

tumorigenesis.

Human lung cancer cases display a pattern of develop-

ment antithetical to spontaneous tumor formation.

Although less than 10% of smokers develop lung cancer,185

smoking causes between 80% and 90% of cases.186 The
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average age of smoking initiation is approximately 20,

while the average age at diagnosis occurs some 50 years

later at about age 70.187 Few cases are diagnosed in patients

younger than age 45, with the majority of cases presenting

at over age 65.188

The relatively older ages of lung cancer presentation are

consistent with a sophisticated statistical analysis of the

lung cancer epidemiological literature conducted by Flan-

ders et al.189,190 These authors found that cigarette smoking

duration is a stronger predictor of lung cancer mortality

than is cigarette smoking intensity. This finding held

regardless of age in both men and women. Lung cancer

risk was proportional to approximately the second or third

power of cigarette smoking duration among men and

women 40–49 years of age.

Mice and rats are highly discordant in development of chemically
induced pulmonary tumors. The NTP reports 60 2-year inha-

lation studies in both mice and rats on single agents or

closely related agents. Fifty-eight of the 60 NTP inhalation

studies were amenable to statistical analysis. For the 58

compounds tested via inhalation by NTP, there is a high

degree of discordance between mice and rats in the suscept-

ibility to develop lung tumors. The causation of tumors at

anatomical sites outside the lung via the inhalation route is

also discordant in mice and rats, for example, 11/58 (19%)

of agents tested in the NTP inhalation studies using mice

and rats were negative in the Ames assay test and showed

lung tumors in mice only. Mouse and rat data are discordant

regarding the ability to induce tumors at organ sites outside

the lungs—0/58 as compared with 16/58, respectively.

Mice and rats display distinctly different patterns of both

lung tumor development and development of tumors out-

side the lungs.46 Mice and rats separated along the evolu-

tionary tree sometime between 12 and 24 million years ago.

In contrast, humans separated from rodents approximately

80 million years ago.191 Differential responses in rats and

mice to chemicals can be influenced by idiosyncratic P450

metabolism, immune system surveillance, DNA repair

mechanisms, macroanatomical differences (e.g. airways),

and microanatomical differences (e.g. predominance of

CCs lining mouse lung epithelium).192–196 Rats and mice

in the NTP database are highly discordant in both the devel-

opment of tumors and the site of tumor formation, despite

their relative phylogenetic closeness. This high discordance

begs the question of the potential degree of tumor discor-

dance between humans and rodents.

The ability to form lung tumors in mice in the absence of

genotoxicity demonstrates that other mechanisms, for

example, cytotoxicity followed by reparative cellular pro-

liferation, might be involved. Ten of the 11 chemicals

(90.9%) are insoluble or only slightly soluble in water,

soluble in organic solvents, and have moderately hydropho-

bic log base 10 octanol–water partition coefficients of 0.17,

1.85, 2.10, 2.13, 2.42, 2.53, 2.61, 3.15, 3.30, 3.66, and 3.80.

These moderate log p (log Kow) values are near the

optimum values for penetrating the lipid bilayer mem-

branes of cells.197 These chemicals induce hyperplasia in

the airways of mice. (Hyperplasia is an increase in the

number of cells resulting from cellular proliferation.)198

Mouse lung tumors are much less histologically diverse than
human lung cancer. Table 3 shows the extremely diverse

histological presentation of human lung cancers. In con-

trast, the vast majority of rodent lung tumors are of a single

histologic type200,201 termed bronchioloalveolar adenomas

or bronchioloalveolar carcinomas (BACs).199–202 This

rodent pulmonary lesion is named geographically for its

location in the bronchiolar alveolar region.203 Murine

BACs reportedly follow a progressive continuum from

hyperplasia to adenoma to carcinoma.204 Much less com-

mon rodent tumors termed cystic keratinizing epitheliomas

and squamous cell carcinomas can be observed following

inhalation of dioxin (2,3,7,8-tetrachlorodibenzo-para-

dioxin (TCDD)), titanium dioxide, talc, and nickel oxide

but these uncommon tumors are not seen in unexposed

control rodents.205 Even these uncommon rodent pulmon-

ary tumors are located in regions similar to the location of

the more common BACs, that is, distal bronchioles and

alveolar acini.

Human lung cancers are divided into small cell lung

cancer (SCLC) and non-small cell lung cancer

(NSCLC).206 SCLC was previously known as oat cell car-

cinoma. SCLC is a neuroendocrine carcinoma that exhibits

aggressive behavior, rapid growth, and early spread to dis-

tant sites.207–210 NSCLCs are a group of lung cancers so

named for either the normal cell of origin or the micro-

scopic appearance of the tumor cells. The three main types

of NSCLC are squamous cell carcinoma, large cell carci-

noma, and adenocarcinoma. NSCLC is the most common

kind of lung cancer.148 The lower portion of Figure 5 shows

a low power view of a section of human lung with adeno-

carcinoma. The upper portion of Figure 5 shows normal

human lung. Figure 6 shows a higher magnification of

adenocarcinoma of the human lung with notable nuclear

pleomorphism and mitotic figures. Proponents of employ-

ing mouse models in quantitative risk assessment represent

the rodent BAC tumor as comparable to human

adenocarcinomas.204

Human and murine lung tumors display different behavior
patterns. In contrast with rodent lung tumors, human lung

cancers can display an intense stromal response termed

desmoplasia. A desmoplastic reaction leads to the buildup

of tumor-associated connective tissue, resulting in a thick-

ening similar to scarring.211 Many tumors invade the sur-

rounding tissue prior to metastasizing,212 with

stromatogenesis playing an integral role in the invasive

process. Stromatogenesis entails the formation of new, spe-

cific type, stroma (matrix of connective tissue and blood

vessels) at sites of active tumor cell invasion.213 Endophy-

tic tumors grow inward into tissues in fingerlike
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projections.214 In a process termed intramural stromato-

genesis for endophytic tumors, newly formed stroma

wedges between tissue planes of least resistance thereby

cleaving paths for invading tumor cells. Exophytic

tumors grow outward.214 In a somewhat less frequent

process, new stroma forms toward a void space at either

an internal or external free space. Interaction between

the invading tumor cells and adjacent activated fibro-

blasts is postulated as stimulating the formation of this

new stroma.213

Consistent with the absence of a significant stromal

response, mouse lung tumors also possess a much lower

metastatic potential than human lung tumors.204 The meta-

static process involves the acquisition of genetic and/or

epigenetic alterations within tumor cells.212 Metastatic

potential is among the most clinically relevant tumor beha-

vioral characteristics as primary tumors that have not yet

metastasized usually do not kill the patient unless located in

a particularly unfortunate area that damages essential ana-

tomical structures.215

Table 3. College of American Pathology Histologic Typing of Human Lung Cancer.

Histologic type:

___ Adenocarcinoma in situ (AIS), non-mucinous
___ Adenocarcinoma in situ (AIS), mucinous
___ Minimally invasive adenocarcinoma, non-mucinous
___ Minimally invasive adenocarcinoma, mucinous
___ Invasive adenocarcinoma, lepidic predominant
þOther subtypes present (specify subtype(s), may also include percentages): ________________

___ Invasive adenocarcinoma, acinar predominant
þOther subtypes present (specify subtype(s), may also include percentages): ________________

___ Invasive adenocarcinoma, papillary predominant
þOther subtypes present (specify subtype(s), may also include percentages): ________________

___ Invasive adenocarcinoma, micropapillary predominant
þOther subtypes present (specify subtype(s), may also include percentages): ________________

___ Invasive adenocarcinoma, solid predominant
þOther subtypes present (specify subtype(s), may also include percentages): ________________

___ Invasive adenocarcinoma, predominant subtype cannot be determined (explain): ________________
þSubtypes present (specify subtype(s), may also include percentages): ________________

___ Invasive mucinous adenocarcinoma
___ Mixed invasive mucinous and nonmucinous adenocarcinoma
___ Colloid adenocarcinoma
___ Fetal adenocarcinoma
___ Enteric adenocarcinoma
___ Squamous cell carcinoma in situ (SCIS)
___ Invasive squamous cell carcinoma, keratinizing
___ Invasive squamous cell carcinoma, non-keratinizing
___ Invasive squamous cell carcinoma, basaloid
___ Small cell carcinoma
___ Combined small cell carcinoma (small cell carcinoma and non-small cell component) (specify type of non-small cell carcinoma

component): __________________________________
___ Large cell neuroendocrine carcinoma
___ Combined large cell neuroendocrine carcinoma (LCNEC and other non-small cell component)
(specify type of other non-small cell carcinoma component):_____________________
___ Typical carcinoid tumor
___ Atypical carcinoid tumor
___ Large cell carcinoma
___ Adenosquamous carcinoma
___ Pleomorphic carcinoma
___ Spindle cell carcinoma
___ Giant cell carcinoma
___ Carcinosarcoma
___ Pulmonary blastoma
___ Lymphoepithelioma-like carcinoma
___ NUT carcinoma
___ Mucoepidermoid carcinoma

Source: Adapted from Butnor et al.199

þData elements preceded by this symbol are not required for accreditation purposes. These optional elements may be clinically important but are not
yet validated or regularly used in patient management.
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Section five: Histogenetics of human and murine
lung tumors

Cellular and genetic origins of human lung adenocarcinoma
subtypes. Regardless of histological subtype, human lung can-

cers derive from normal lung tissues. The major anatomical

components of normal lung tissues are the air-conducting

system and the peripheral lung parenchyma. Gases are

exchanged in peripheral lung parenchyma, normally carbon

dioxide for oxygen. During embryonic development of the

lung, two lung buds are formed, followed by the morphogen-

esis of repeated branching thereby producing conducting air-

ways and finally the terminal sac and alveoli.206

Thyroid transcription factor 1 (TTF-1) is potentially a

lineage-specific survival oncogene of some lung adenocar-

cinomas.216,217 TTF-1 amplification and overexpression

contribute to lung cancer cell proliferation rates and sur-

vival. During the later stages of embryonic development,

TTF-1 is ubiquitously expressed in peripheral lung epithe-

lial cells such as small bronchioles and alveoli.218 The

peripheral bronchioloalveolar compartment contains the

terminal bronchioles, alveolar ducts, and alveoli. These

three structures are termed the terminal respiratory unit

(TRU). CCs and type II pneumocytes are normal cells

found within the peripheral bronchioloalveolar compart-

ment that can be transformed to tumor cells and give rise

to tumors expressing TTF-1.219 Figure 7 shows a section of

normal human lung stained for TTF-1 with nuclear stain.

Figure 8 presents a section of human lung adenocarcinoma

illustrating nuclear staining for TTF-1. In contrast with the

TRU, there are two different potential candidate progenitor

cells that give rise to tumors in the central conducting

airways (bronchi): bronchial basal cells and mucous

Figure 5. Low power view of section of human lung showing
adenocarcinoma in the lower portion of the image and normal
lung in the upper portion of the image (H&E stain) (4� objective
[40�]). H&E: hematoxylin and eosin.

Figure 6. Higher magnification of adenocarcinoma of the lung.
Note the nuclear pleomorphism and mitotic figures (H&E stain)
(20� objective [200�]). H&E: hematoxylin and eosin.

Figure 7. Section of normal lung stained for TTF-1 (nuclear stain)
(20� objective [200�]). TTF: thyroid transcription factor.

Figure 8. Section of lung adenocarcinoma showing nuclear
staining for TTF-1 (40� objective [400�]). TTF: thyroid tran-
scription factor.
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cells.219,220 These central airway tumors are TTF-1

negative.

Hierarchical cluster analysis is an algorithm that orga-

nizes similar objects into groups termed clusters. While

each cluster is distinct from every other cluster, the objects

within each cluster are broadly similar to each other.221,222

Hierarchical cluster analysis has been conducted on biop-

sies of adenocarcinomas based on the TTF-1 expression

profile and has demonstrated the presence of two major

histogenetic clusters: TRU- and non-TRU-type adenocar-

cinomas. Therefore, there are two major subsets of human

adenocarcinoma with distinct histogenetic origins.223

The international adenocarcinoma classification study

group206 has hypothesized that a subset of human lung

adenocarcinomas progress from atypical adenomatous

hyperplasia (AAH) to adenocarcinoma in situ to invasive

carcinoma. Following transformation (initiation) of a nor-

mal cell to a malignant phenotype, multiple genetic

changes might facilitate the tumor progression process in

a stepwise fashion.224–227 EGFR and KRAS mutations can

be seen in normal epithelium228,229 and in premalignant

AAH and are also observed in invasive adenocarcinoma.

However, increased numbers of EGFR gene copies only

become widespread in later stages of adenocarcinoma inva-

sion and metastases.230,231 Amplification (multiple gene

copies) of EGFR, KRAS, and TTF-1 all characterize the

progression process.217,230,231 Invasive adenocarcinomas

contain more p53 tumor suppressor gene mutations than

noninvasive adenocarcinomas.232–237 Despite the positive

association with invasiveness, the p53 mutation has not

been identified as a reliable prognostic marker or a thera-

peutic target.

The histogenetics of lung cancer in mice differs greatly

from that seen in human lung cancer. The cellular origin of

rodent BACs is frequently reported as type II pneumocytes

or CCs but demonstrating the precise cellular origin of

mouse lung tumors can be technically challenging.238,239

In an extremely thorough analysis of mouse models for

human lung cancer, Meuwissen and Berns240 state that the

cellular origin of murine pulmonary adenocarcinomas is

unknown. Murine pulmonary adenocarcinomas might

arise from CCs, alveolar type II pneumocytes, multipotent

stem cells, or from derivative lineages descended from

these cells.241–247

In Meuwissen and Berns,240 these authors provide a

detailed summary of many of the genetic changes associ-

ated with murine mouse lung cancer models. The wide

susceptibility across inbred mouse strains to chemically

induced neoplasia has led to a search for etiological clues

in strain-associated differences in molecular genetics. The

more chemically sensitive mouse strains are hypothesized

to be sensitive to lung cancer248 due to enhanced KRAS

expression249 caused by a polymorphism in intron 2 of

KRAS.250,251 In addition to the strain-associated suscept-

ibility toward KRAS mutation, various strains of mice

exposed to a variety of different chemical agents have been

reported to be related to a voluminous array of tumor-

associated genetic configurations not seen in humans

including the following representative but not comprehen-

sive list: Cdkn2a polymorphism;252–254 three pulmonary

adenoma susceptibility (PAS) loci;255,256 Pas-1;257,258 link-

age of K-Ras to the Pas-1 locus;259 two non-Pas-1 lung

tumor susceptibility loci on chromosome 6;26012 additional

Pas loci;256, 261–263 and 30 different loci conferring sus-

ceptibility to lung cancer, abbreviated as Sluc.264–266

Molecular analysis of murine tumors has been con-

ducted as a function of tumor initiation and development

timeline. In both spontaneous and chemically induced mur-

ine tumors, hyperplastic lesions have displayed KRAS

mutations267,268 suggesting that this genetic change can

be an early event.269 In contrast with the early event of

KRAS mutation, tumor-suppressor gene inactivation is

usually a late event in chemically induced mouse lung

tumor development.270

Section six: Role of CCs in human respiratory diseases
and mouse lung tumor development

Unique biology of human CCs. In humans, the respiratory

bronchioles form the margin between the larger conducting

airways and the distal respiratory zone where gases are

exchanged.271 Five different cell types are found in the

respiratory bronchioles: ciliated cells (most common);

microvillar cells (few); small granule cells (few); and

bronchiolar cells known as club cells or Clara cells. In the

epithelium of the alveoli, there are four different cell types

including type I pneumocytes, type II pneumocytes, type

III pneumocytes (rare), and numerous pulmonary macro-

phages.272 CCs are also known as bronchiolar cells or non-

ciliated non-mucous secretory cells of the bronchiolar

epithelium.273 The presence of a large number of mito-

chondria facilitates a high level of metabolic activity in

CCs. Each CC usually contains six, approximately

0.3 mm diameter dense granules located near the basement

membrane. The composition of the granule contents

includes proteins, glycoproteins, and lipids. CCs contain

substantial amounts of cytochrome P450 enzymes and

mixed-function oxidases working collaboratively. In both

an apocrine (membrane budding) and merocrine (secretion)

manner,273,274 CCs produce and secrete a number of differ-

ent substances. Innervating adrenergic fibers stimulate the

secretory activity of CCs.275

Nonhuman primates are much closer phylogenetically to

humans than are rodents, for example, the rhesus macaque

monkey and humans shared a common ancestor only

approximately 25 million years ago,276 as compared with

80 million years ago for the lineal divergence of rodents

and humans.191 Differences in pulmonary anatomy and

physiology between even monkeys and humans are suffi-

ciently large that Boers et al.277 stated that “Even species

with an extensive branching of respiratory bronchioles, e.g.

nonhuman primates,278 are far from an ideal model for the
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human lung, in contrast to the speculation of Plopper and

colleagues.”279 Airway organization, epithelial cell compo-

sition, and CC ultrastructure differ between humans and all

other animals.

Based on an autopsy study on seven healthy human

lungs, CCs comprise approximately 9% of the total popu-

lation of airway epithelial cells. CCs are almost absent in

the mucus membranes of the proximal segments of the

bronchial tree including the trachea, primary bronchi (first

branch), lobar bronchi (narrower secondary bronchi), and

segmental bronchi (narrower tertiary and further branching

bronchi). Approximately 11–22% of CCs (0.99–1.98% of

total lung epithelial cells) are located in the terminal

bronchioles. Despite their scarcity, under physiological

conditions CCs constitute approximately 15–44% of all

proliferating cells in the terminal bronchioles.277,280 Possi-

bly due to the difference in CC numbers, the proliferation

percentage in the respiratory bronchioles (44%) is higher

than in the terminal bronchioles (15%).

Direct experimental evidence on the proliferative

response of the human lung to injury cannot be collected

under the clinical exigencies of treating such an injury.

Circumstantial evidence suggests that chronic pulmonary

injury in humans might reduce rather than increase CC

numbers. CC numbers are reduced in cigarette smo-

kers.281–283 In addition, CC secretory proteins CC10 and

P1 detected in serum and bronchoalveolar lavage fluid are

decreased in smokers,281 patients with bacterial pneumo-

nia,284 and patients with COPD and lung cancer.285 In con-

trast, in rodents CCs clearly proliferate as a response to

lung injury. Results from oxidant gas pulse-chase exposure

studies suggest that the majority if not all rabbit and rat CCs

proliferate in response to injury.286 CCs participate in cell

renewal in hamster bronchial epithelium.287 CC division is

the predominant contributor to the proliferative response of

the bronchiolar epithelium after exposure of rats to NO2
288

or O3.289

In an elegant series of publications, Cruzan and col-

leagues have demonstrated that the MOA of the mouse-

specific lung carcinogen styrene is neither quantitatively

nor qualitatively relevant to humans.290 The pulmonary

CCs in mice contain high levels of the metabolic enzyme

CYP2F2 which hydroxylates the aromatic ring of styrene

producing 4-hydroxystyrene, 3,4-dihydroxystyrene, and 4-

hydroxystyrene-7,8-oxide as metabolites.291 The hydroxy-

lation of aromatic rings in the synthesis of Coenzyme Q is

thought to be the normal function of CYP2F2.292 In addi-

tion to styrene, the tumorigenicity of naphthalene and cou-

marin in mouse lung also results from a similar metabolism

of these chemicals by high levels of CC CYP2F2.293 Rats

do not develop lung tumors from inhaling styrene, naphtha-

lene, and coumarin because although rat CYP2F4 appears

to be equally active to mouse CYP2F2 in metabolizing

these chemicals, CYP2F4 occurs at a much lower concen-

tration in rat CCs with cytotoxic metabolite production

insufficient to cause reparative cell proliferation and tumor

development. The difference between humans and mice is

dramatically greater than between rats and mice. Human

lungs contain very few CCs as compared with rats and

especially mice. Human lung microsomes only marginally

or do not metabolize styrene, naphthalene, and coumarin.

In addition, morphological differences between human

CCs and mouse CCs render the mouse cells as much more

sensitive to damage via reactive metabolites.293

Cytotoxic and proliferative effects of hydrophobic chemicals. Up

through 2017, the NTP had tested a total of 60 single agents

or mixtures in 2-year inhalation studies in both rats and

mice. Fifty-eight of the 60 inhalation studies were amen-

able to statistical analysis. Eleven out of 58 agents tested in

the NTP inhalation studies using rats and mice were nega-

tive in the Ames assay and showed lung tumors in mice

only.46 Ten of the 11 chemicals (90.9%) are insoluble or

slightly soluble in water, soluble in organic solvents, and

have moderately hydrophobic log base 10 octanol–water

partition coefficients: Nitrobenzene, CAS No. 98-95-3,

slightly soluble in water, soluble in organic solvents. Log

p ¼ 1.85; Trichloroethylene, CAS No. 79-01-6, slightly

soluble in water, soluble in ethanol, acetone, diethyl ether,

and chloroform, and miscible in oil. Log p ¼ 2.61; Viny-

lidene chloride, CAS No. 75-35-4, clear volatile liquid,

insoluble in water but miscible with most organic solvents.

Log p ¼ 2.13; 1-Bromopropane, CAS No. 106-94-5,

slightly soluble in water, soluble in most organic solvents.

Log p ¼ 2.10; Cumene, CAS No. 98-82-8, alkylated ben-

zene volatile at room temperature. Log p ¼ 3.66;

Divinylbenzene-HP, CAS No. 1321-74-0, insoluble in

water and soluble in methanol and ether. Log p ¼ 3.8;

Naphthalene, CAS No. 91-20-3, not soluble in water, solu-

ble in organic solvents. Log p¼ 3.3; Chloroprene, CAS No.

126-99-8, practically insoluble in water, soluble in alcohol,

and miscible with acetone, benzene, and ethyl ether. Log

p ¼ 2.53; Ethylbenzene, CAS No. 100-41-4, practically

insoluble in water but soluble in most organic solvents. Log

p ¼ 3.15; Nitromethane, CAS No. 75-52-5, soluble in

water, alcohol, ether, acetone, and dimethylformamide.

Log p ¼ 0.17; and Isoprene, CAS No. 78-79-5, Log

p ¼ 2.42.

These moderate log p (log Kow) values of 0.17, 1.85,

2.10, 2.13, 2.42, 2.53, 2.61, 3.15, 3.30, 3.66, and 3.80 are

near the optimum values for penetrating the lipid bilayer

membranes of cells.198 These chemicals induce hyperpla-

sia in the airways of mice. Of these 11 chemicals, the non-

genotoxic mechanism of mouse lung tumor induction

described above by Cruzan et al.293 has been elucidated

for cumene and naphthalene. A third member of the list of

11 chemicals, trichloroethylene is both acutely toxic and

carcinogenic to the mouse lung via the production of

reactive metabolites by CCs following exposure via inha-

lation. As in the cases of styrene, cumene, and naphtha-

lene, the absence of metabolic capacity in human lung
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suggests that the risk of human lung cancer from trichlor-

oethylene is minimal.234

The induction of pulmonary tumors via CC metabolism

of a chemical to a cytotoxic metabolite that elicits cellular

proliferation is not limited to mice and rats. Hukkanen

et al.294 describe the following species as capable of meta-

bolizing the listed chemical to a pneumotoxic metabo-

lite(s): 3-methylindole metabolized via CYP2F and

CYP4B1 by the CCs of cow, goat, mouse, and rat;

4-ipomeanol metabolized via CYP4B1 by the CCs of the

rabbit; coumarin metabolized via CYP2B subfamily by

the CCs of the mouse; dichloroethylene metabolized via

CYP2E1 by the CCs of the mouse; and ethyl carbamate

and vinyl carbamate metabolized by CYP2E1 by the CCs

of the rat and mouse. In summary, the discovery that a

chemical is metabolized to a pneumotoxic metabolite in

an animal, especially a mouse, but not in a human is a

common finding.

The differential anatomic distribution between the few

CCs in human airways and the many CCs in murine air-

ways probably affects the absorption and metabolism of

hydrophobic chemicals. Many inhaled, highly lipophilic

compounds, for example, polycyclic aromatic hydrocar-

bons (PAHs), have longer retention times with resultant

higher local doses in bronchial and bronchiolar epithelium

than less lipophilic compounds.277, 295,296–298 Gerde

et al.299 have constructed a dosimetric model for inhaled

PAHs in which a larger fraction of inhaled PAHs is depos-

ited in the alveolar region, that is, respiratory bronchioles.

PAHs depositing in this region absorb into circulating

blood at such a rapid rate that there is little time for local

metabolism. Only 5% of human lung cancers develop in

this region. In humans, this region of low metabolism is the

same area where the few CCs that are proliferating are

found, that is, proliferation percentage in human respiratory

bronchioles (44%) is higher than in the terminal bronchioles

(15%). In “Genotoxicity and increased cellular proliferation

interact to increase neoplasia” section, results from Kiraly

et al.75 were discussed to illustrate that the coincidence of

exposure to mutagens in the presence of cellular prolifera-

tion is of special concern to elevation of cancer risk. The

relative scarcity of human lung tumor development in this

alveolar region is consistent with a lack of chemical meta-

bolism coinciding with the vast majority of the CCs that are

proliferating, although the absolute number of CCs in human

epithelium is small. In stark contrast with the distribution of

proliferating CCs in the human lung, both the proximal

intrapulmonary epithelium and the terminal bronchiolar

epithelium in the mouse are predominately lined with CCs,

59–61% and 60–80%, respectively.300

Section seven: Conclusions relevant to quantitative
risk assessment

In 2-year inhalation studies using rats and mice, when pul-

monary tumors are seen in only the male or female mice or

both, but not in either sex of rat, there is a high probability

that the murine pulmonary tumor has been produced via CC

metabolism of the inhaled chemical to a cytotoxic metabo-

lite. If the chemical being tested is also negative in the

Ames Salmonella mutagenicity assay, and only mouse pul-

monary tumors are induced, the probability that this pul-

monary tumor is not relevant to human lung cancer risk

goes even higher.

In addition to increasing awareness of the idiosyncratic

nature of mouse pulmonary tumors, an emphasis on recent,

state-of-the-art genotoxicity test batteries rather than

reliance on older non-good laboratory practice (non-GLP)

genotoxicity results on chemicals lacking a certificate of

analysis is needed to facilitate proper MOA analysis of

chemically induced tumors.52 In summary, bronchioloalveo-

lar lung tumors induced in “mice only” by non-genotoxic

chemicals are not useful for quantitative assessment of

pulmonary adenocarcinoma risk in humans.
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169. Anlar HG, Bacanli M, _Iritaş S, et al. Effects of occupational

silica exposure on oxidative stress and immune system para-

meters in ceramic workers in Turkey. J Toxicol Environ

Health A 2017; 80(13–15): 688–696.

170. Wang MF, Li RZ, Li Y, et al. Clinical statistics analysis on

the characteristics of pneumoconiosis of Chinese miner pop-

ulation. J Thorac Dis 2016; 8(8): 2203–2211.

Smith et al. 19

https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=falseHYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;&HYPERLINK&ldquo;https://www.cancer.gov/publications/dictionaries/cancer-terms/search?contains=false&q=epidermal+growth+factor&rdquo;q=epidermal+growth+factor
https://www.cancer.gov/publications/dictionaries/cancer-terms/def/non-small-cell-lung-cancer
https://www.cancer.gov/publications/dictionaries/cancer-terms/def/non-small-cell-lung-cancer
https://www.cancer.gov/publications/dictionaries/cancer-terms/def/non-small-cell-lung-cancer
https://www.targetedonc.com/case-based-peer-perspectives/lung-cancer/langer-egfr-nsclc/egfr-mutations-in-nsclc
https://www.targetedonc.com/case-based-peer-perspectives/lung-cancer/langer-egfr-nsclc/egfr-mutations-in-nsclc
https://www.targetedonc.com/case-based-peer-perspectives/lung-cancer/langer-egfr-nsclc/egfr-mutations-in-nsclc
https://www.mycancergenome.org/content/disease/lung-cancer/egfr/
https://www.mycancergenome.org/content/disease/lung-cancer/egfr/
https://www.biology-online.org/dictionary/Exon
https://www.biology-online.org/dictionary/Exon


171. Vallyathan V, Shi X and Castranova V. Reactive oxygen

species: their relation to pneumoconiosis and carcinogen-

esis. Environ Health Perspect 1998; 106(5): 1151–1155.

172. Fois AG, Paliogiannis P, Sotgia S, et al. Evaluation of oxi-

dative stress biomarkers in idiopathic pulmonary fibrosis

and therapeutic applications: a systematic review. Resp Res

2018; 19: 51.

173. Cheresh P, Kim SJ, Tulasiram S, et al. Oxidative stress and

pulmonary fibrosis. Biochim Biophys Acta 2013; 1832(7):

1028–1040.

174. Brigham KL. Oxidant stress and adult respiratory distress

syndrome. Eur Respir J Suppl 1990; 11: 482s–484s.

175. Patel VJ, Roy SB, Mehta HJ, et al. Alternative and natural

therapies for acute lung injury and acute respiratory distress

syndrome. Biomed Res Int 2018; 2476824. DOI: 10.1155/

2018/2476824.

176. Ohtani Y, Kojima K, Sumi Y, et al. Inhalation provocation

tests in chronic bird fancier’s lung. Chest 2000; 118:

1382–1389.

177. Morell F, Roger A, Reyes L, et al. Bird fancier’s lung: a

series of 86 patients. Medicine 2008; 87(2): 110–130.

178. Irvin CG and Bates JH. Measuring the lung function in the

mouse: the challenge of size. Respir Res 2003; 4(1): 4.

179. Metzger RJ, Klein OD, Martin GR, et al. The branching

program of mouse lung development. Nature 2008;

453(7196): 745–750.

180. Bennett FM and Tenney SM. Comparative mechanics of the

mammalian respiratory system. Respir Physiol 1982; 49:

131–140.

181. Schofield JC and Brown MJ. Oakland University, Office of

Research Administration. Training and Information Man-

ual: Animal Care and Use First Edition 1997, http://

wwwp.oakland.edu/Assets/upload/docs/Research/IACUC_

Training-Manual_with_TOC_Final.pdf (1997, accessed 28

April 2018).

182. Ganong WF and Barrett KE. Review of medical physiology,

Vol. 21. New York: McGraw-Hill Medical, 2005, https://

dash.harvard.edu/bitstream/handle/1/29946751/Manuscript.

Guder.et.al.pdf?sequence¼1 (2005, accessed 3 May 2018).

183. McBride JT. Architecture of the tracheobronchial tree. In:

Parent RA (ed) In treatise on pulmonary toxicology: com-

parative biology of the normal lung. Boca Raton: CRC

Press, 1992, pp. 49–61.

184. Gomes RFM and Bates JHT. Geometric determinants of

airway resistance in two isomorphic rodent species. Respir

Physiol Neurobiol 2002; 130: 317–325.

185. Manenti G and Dragani TA. Pas1 haplotype-dependent

genetic predisposition to lung tumorigenesis in rodents: a

meta-analysis. Carcinogenesis 2005; 26: 875–882.

186. National Toxicology Program (NTP). NTP historical con-

trols for NTP-2000, diet. Durham: National Toxicology Pro-

gram, 2013.

187. American Cancer Society. Key statistics for lung cancer,

https://www.cancer.org/cancer/non-small-cell-lung-cancer/

about/key-statistics.html (2018, accessed 22 May 2018).

188. Wanjek C. Smoking’s many myths examined. Live Science/

Health, https://www.livescience.com/3093-smoking-myths-

examined.html (2008, accessed 15 May 2018).

189. U.S. Department of Health and Human Services (US HHS).

The health consequences of smoking: a report of the surgeon

general. Atlanta: Centers for Disease Control and Preven-

tion (US), 2004.

190. Flanders WD, Lally CA, Zhu BP, et al. Lung cancer

mortality in relation to age, duration of smoking, and daily

cigarette consumption. Cancer Res 2003; 63(19):

6556–6562.

191. Gibbs RA, Weinstock GM, Metzker ML, et al. Genome

sequence of the Brown Norway rat yields insights into mam-

malian evolution. Nature 2004; 428(6982): 493–521.

192. Radermacher P and Haouzi P. A mouse is not a rat is not a

man: species-specific metabolic responses to sepsis—a nail

in the coffin of murine models for critical care research? Int

Care Med Exp 2013; 1: 7.

193. Strupp C, Banas DA, Cohen SM, et al. Relationship of

metabolism and cell proliferation to the mode of action of

fluensulfone-induced mouse lung tumors: analysis of their

human relevance using the IPCS framework. Toxicol Sci

2012; 128(1): 284–294.

194. Martignoni M, Groothuis G and De Kanter R. Comparison of

mouse and rat cytochrome P450-mediated metabolism in liver

and intestine. Drug Metab Dispos 2006; 34(6): 1047–1054.

195. MacRae SL, Croken MM, Calder RB, et al. DNA repair in

species with extreme lifespan differences. Aging (Albany

NY) 2015; 7(12): 1171–1182.

196. Piper MT, Dintzis SM and Montine KS (eds). Comparative

anatomy and histology: a mouse, rat, and human atlas. 2nd

ed. New York: Academic Press, 2017, p. 570.

197. Newcombe RG. Statistics in medicine, Vol. 17. New York:

John Wiley & Sons, 1998, pp. 857–872.

198. Cambridge MedChem Consulting. Brain penetration, a work

in progress, www.cambridgemedchemconsulting.com/

resources/ADME/brian_penetration.html (2012, accessed

15 December 2016).

199. Butnor KJ, Beasley MB, Dacic S, et al. (With guidance from

the CAP Cancer and CAP pathology electronic reporting

committees). Protocol for the examination of specimens

from patients with primary non-small cell carcinoma, small

cell carcinoma, or carcinoid tumor of the lung version: lung

4.0.0.2 (includes pTNM requirements from the 8th Edition,

AJCC Staging Manual), College of American Pathologists

Protocol Posting Date, June 2017.

200. Boorman GA and Eustis SL. Lung. In: Boorman GA, Eustis

SL, Elwell MR, Montgomery CA and MacKenzie WF (eds)

Pathology of the Fischer rat: reference and atlas. San

Diego: Academic Press, 1990, pp. 71–94.

201. Dixon D, Herbert HA, Sills RC, et al. Lungs, pleura and

mediastinum. In: Maronpot RR (ed) Pathology of the mouse.

St Louis: Cache River Press, 1999, pp. 293–332.

202. Renne R, Brix A, Harkema J, et al. Proliferative and non-

proliferative lesions of the rat and mouse respiratory tract.

Toxicol Pathol 2009; 37(Suppl 7): 5S–73S.

20 Toxicology Research and Application

http://wwwp.oakland.edu/Assets/upload/docs/Research/IACUC_Training-Manual_with_TOC_Final.pdf
http://wwwp.oakland.edu/Assets/upload/docs/Research/IACUC_Training-Manual_with_TOC_Final.pdf
http://wwwp.oakland.edu/Assets/upload/docs/Research/IACUC_Training-Manual_with_TOC_Final.pdf
https://dash.harvard.edu/bitstream/handle/1/29946751/Manuscript.Guder.et.al.pdf?sequence=1
https://dash.harvard.edu/bitstream/handle/1/29946751/Manuscript.Guder.et.al.pdf?sequence=1
https://dash.harvard.edu/bitstream/handle/1/29946751/Manuscript.Guder.et.al.pdf?sequence=1
https://dash.harvard.edu/bitstream/handle/1/29946751/Manuscript.Guder.et.al.pdf?sequence=1
https://www.cancer.org/cancer/non-small-cell-lung-cancer/about/key-statistics.html
https://www.cancer.org/cancer/non-small-cell-lung-cancer/about/key-statistics.html
https://www.livescience.com/3093-smoking-myths-examined.html
https://www.livescience.com/3093-smoking-myths-examined.html
http://www.cambridgemedchemconsulting.com/resources/ADME/brian_penetration.html
http://www.cambridgemedchemconsulting.com/resources/ADME/brian_penetration.html


203. Nikitin AY, Alcaraz A, Anver MR, et al. Classification of

proliferative pulmonary lesions of the mouse: recommenda-

tions of the mouse models of human cancers consortium.

Cancer Res 2004; 64: 2307–2316.

204. Pandiri A. Comparative pathobiology of environmentally

induced lung cancers in humans and rodents. Toxicol Pathol

2014; XX: 1–8.

205. Dixon D, Herbert RA, Kissling GE, et al. Summary of che-

mically induced pulmonary lesions in the National Toxicol-

ogy Program (NTP) toxicology and carcinogenesis studies.

Toxicol Pathol 2008; 36: 428–439.

206. Travis WD, Brambilla E, Noguchi M, et al. International

Association for the Study of Lung Cancer/American Thor-

acic Society/European Respiratory Society: international

multidisciplinary classification of lung adenocarcinoma.

J Thorac Oncol 2011; 6(2): 244–285.

207. Malhotra J, Boffetta P and Mucci L. Cancer of the lung,

larynx, and pleura. In: Adami H, Hunter D, Laglou P and

Mucci L (eds) Textbook of cancer epidemiology. 3rd ed.

New York: Oxford University Press, 2018, pp. 327–354.

208. Kalemkerian GP and Schneider BJ. Advances in small cell

lung cancer. Hematol Oncol Clin North Am 2017; 31(1):

143–156.

209. Cascone T, Gold KA and Glisson BS. Small cell carcinoma

of the lung. In: Kantarjian H and Wolff R (eds) The MD

Anderson manual of medical oncology. 3rd ed. New York:

McGraw-Hill Education, 2016, pp. 323–342.

210. Pietanza MC, Krug LM, Wu AJ, et al. Small cell and neu-

roendocrine tumors of the lung. In: DeVita VT Jr, Lawrence

TS and Rosenberg SA (eds) DeVita, Hellman, and Rosen-

berg’s cancer: principles & practice of oncology. 10th ed.

Philadelphia: Wolters Kluwer Health, 2015, pp. 536–559.

211. Bremnes RM, Dønnem T, Al-Saad S, et al. The role of tumor

stroma in cancer progression and prognosis: emphasis on

carcinoma-associated fibroblasts and non-small cell lung

cancer. J Thorac Oncol 2011; 6(1): 209–211.

212. Valastyan S and Weinberg RA. Tumor metastasis: molecu-

lar insights and evolving paradigms. Cell 2011; 147(2):

275–292.

213. Giatromanolaki A, Sivridis E and Koukourakis MI. The

pathology of tumor stromatogenesis. Cancer Biol Ther

2007; 6(5): 639–645.

214. Borell U. The prognostic importance of the gross morphol-

ogy of carcinoma of the uterine cervix. Acta Radiol 1953;

39(2): 141–160.

215. Martin TA, Ye L, Sanders AJ, et al. Cancer invasion and

metastasis: molecular and cellular perspective. In: Madame

Curie Bioscience Database [Internet]. Austin: Landes Bio-

science, 2000–2013, https://www.ncbi.nlm.nih.gov/books/

NBK164700/ (2013, accessed 16 May 2018).

216. Weir BA, Woo MS, Getz G, et al. Characterizing the cancer

genome in lung adenocarcinoma. Nature 2007; 450:

893–898.

217. Tanaka H, Yanagisawa K, Shinjo K, et al. Lineage-specific

dependency of lung adenocarcinomas on the lung develop-

ment regulator TTF-1. Cancer Res 2007; 67: 6007–6011.

218. Kim JY, Lee KH, Lee BK, et al. Peroxynitrite modulates

release of inflammatory mediators from guinea pig lung

mast cells activated by antigen-antibody reaction. Int Arch

Allerg Immunol 2005; 137(2): 104–114.

219. Colby TV, Leslie KO and Yousem SA. Lungs. In: Mills SE

(ed) Histology for pathologists. 3rd ed. Philadelphia: Lip-

pincott Williams & Wilkins, 2007, pp. 473–504.

220. Wang BY, Gil J, Kaufman D, et al. P63 in pulmonary epithe-

lium, pulmonary squamous neoplasms, and other pulmonary

tumors. Hum Pathol 2002; 33: 921–926.

221. Bock HH. Probabilistic models in cluster analysis. Comput

Stat Data Anal 1996; 23: 5–28.

222. Bock HH and Diday E. Analysis of symbolic data. Explora-

tory methods for extracting statistical information from

complex data. Heidelberg: Springer, 2000.

223. Takeuchi T, Tomida S, Yatabe Y, et al. Expression profile-

defined classification of lung adenocarcinoma shows close

relationship with underlying major genetic changes and

clinicopathologic behaviors. J Clin Oncol 2006; 24:

1679–1688.

224. Travis WD, Brambilla E, Muller-Hermelink HK, et al.

Pathology and genetics: Tumours of the lung, pleura, thy-

mus and heart. Lyon: IARC Press, 2004.

225. Colby TV, Wistuba II and Gazdar A. Precursors to pulmon-

ary neoplasia. Adv Anat Pathol 1998; 5: 205–215.

226. Westra WH. Early glandular neoplasia of the lung. Respir

Res 2000; 1: 163–169.

227. Sakamoto H, Shimizu J, Horio Y, et al. Disproportionate

representation of KRAS gene mutation in atypical adenoma-

tous hyperplasia, but even distribution of EGFR gene muta-

tion from preinvasive to invasive adenocarcinomas. J Pathol

2007; 212: 287–294.

228. Tang X, Shigematsu H, Bekele BN, et al. EGFR tyrosine

kinase domain mutations are detected in histologically nor-

mal respiratory epithelium in lung cancer patients. Cancer

Res 2005; 65: 7568–7572.

229. Tang X, Varella-Garcia M, Xavier AC, et al. Epidermal

growth factor receptor abnormalities in the pathogenesis and

progression of lung adenocarcinomas. Cancer Prev Res

(Philadelphia, PA) 2008; 1: 192–200.

230. Soh J, Toyooka S, Ichihara S, et al. Sequential molecular

changes during multistage pathogenesis of small peripheral

adenocarcinomas of the lung. J Thorac Oncol 2008; 3:

340–347.

231. Tang ZQ, Han LY, Lin HH, et al. Derivation of stable

microarray cancer-differentiating signatures using consen-

sus scoring of multiple random sampling and gene-ranking

consistency evaluation. Cancer Res 2007; 67: 9996–10003.

232. Marchetti A, Pellegrini S, Bertacca G, et al. FHIT and p53

gene abnormalities in bronchioloalveolar carcinomas. Cor-

relations with clinicopathological data and K-ras mutations.

J Pathol 1998; 184: 240–246.

233. Huang CL, Taki T, Adachi M, et al. Mutations of p53 and K-

ras genes as prognostic factors for non-small cell lung can-

cer. Int J Oncol 1998; 12: 553–563.

Smith et al. 21

https://www.ncbi.nlm.nih.gov/books/NBK164700/
https://www.ncbi.nlm.nih.gov/books/NBK164700/


234. Green T. Pulmonary toxicity and carcinogenicity of trichlor-

oethylene: species differences and modes of action. Environ

Health Perspect 2000; 108(Suppl 2): 261.

235. Koga T, Hashimoto S, Sugio K, et al. Clinicopathological

and molecular evidence indicating the independence of

bronchioloalveolar components from other subtypes of

human peripheral lung adenocarcinoma. Clin Cancer Res

2001; 7: 1730–1738.

236. Terasaki H, Niki T, Matsuno Y, et al. Lung adenocarcinoma

with mixed bronchioloalveolar and invasive components:

clinicopathological features, subclassification by extent of

invasive foci, and immunohistochemical characterization.

Am J Surg Pathol 2003; 27: 937–951.

237. Yoshida Y, Kokubu A, Suzuki K, et al. Molecular markers

and changes of computed tomography appearance in lung

adenocarcinoma with ground-glass opacity. Jpn J Clin

Oncol 2007; 37: 907–912.

238. Belinsky SA, Devereux TR, White CM, et al. Role of Clara

cells and type II cells in the development of pulmonary

tumors in rats and mice following exposure to a tobacco-

specific nitrosamine. Exp Lung Res 1991; 17(2): 263–278.

239. Sutherland KD, Song JY, Kwon MC, et al. Multiple cells-of-

origin of mutant K-Ras-induced mouse lung adenocarci-

noma. Proc Natl Acad Sci USA 2014; 111: 4952–4957.

240. Meuwissen R and Berns A. Mouse models for human lung

cancer. Published by Cold Spring Harbor Laboratory Press,

www.genesdev.cshlp.org (2005, acccessed 8 August 2018).

241. Beer DG and Malkinson AM. Genetic influence on type 2 or

Clara cell origin of pulmonary adenomas in urethan-treated

mice. J Natl Cancer Inst 1985; 75: 963–969.

242. Rehm S, Lijinsky W, Singh G, et al. Mouse bronchiolar cell

carcinogenesis. Histologic characterization and expression

of Clara cell antigen in lesions induced by N-nitrosobis-(2-

chloroethyl) ureas. Am J Pathol 1991; 139: 413–422.

243. Thaete LG and Malkinson AM. Differential staining of nor-

mal and neoplastic mouse lung epithelia by succinate dehy-

drogenase histochemistry. Cancer Lett 1990; 52: 219–227.

244. Thaete LG and Malkinson AM. Cells of origin of primary

pulmonary neoplasms in mice: morphologic and histochem-

ical studies. Exp Lung Res 1991; 17: 219–228.

245. Magdaleno SM, Barrish J, Finegold MJ, et al. Investigating

stem cells in the lung. Adv Pediatr 1998; 45: 363–396.

246. Mason RJ, Kalina M, Nielsen LD, et al. Surfactant protein C

expression in urethane-induced murine pulmonary tumors.

Am J Pathol 2000; 156: 175–182.

247. Jackson EL, Willis N, Mercer K, et al. Analysis of lung

tumor initiation and progression using conditional expres-

sion of oncogenic K-ras. Genes and Dev 2001; 15:

3243–3248.

248. You M, Wang Y, Stoner G, et al. Parental bias of Ki-ras

oncogenes detected in lung tumors from mouse hybrids.

Proc Natl Acad Sci 1992; 89: 5804–5808.

249. Malkinson AM and You M. The intronic structure of cancer-

related genes regulates susceptibility to cancer. Mol Carci-

nog 1994; 10: 61–65.

250. You M, Wang Y, Nash B, et al. K-ras mutations in

benzotrichloride-induced lung tumors of A/J mice. Carci-

nogenesis 1993; 14: 1247–1249.

251. Chen B, Johanson L, Wiest JS, et al. The second intron of

the K-ras gene contains regulatory elements associated with

mouse lung tumor susceptibility. Proc Natl Acad Sci 1994;

91: 1589–1593.

252. Manenti G, Gariboldi M, Fiorino A, et al. Genetic mapping

of lung cancer modifier loci specifically affecting

tumor initiation and progression. Cancer Res 1997; 57:

4164–4166.

253. Herzog CR, Noh S, Lantry LE, et al. Cdkn2a encodes func-

tional variation of p16INK4a but not p19ARF, which confers

selection in mouse lung tumorigenesis. Mol Carcinog 1999;

25: 92–98.

254. Zhang Z, Wang Y, Herzog CR, et al. A strong candidate

gene for the Papg1 locus on mouse chromosome 4 affecting

lung tumor progression. Oncogene 2002; 21: 5960–5966.

255. Malkinson AM, Nesbitt MN and Skamene E. Susceptibility

to urethan-induced pulmonary adenomas between A/J and

C57BL/6 J mice: use of AXB and BXA recombinant inbred

lines indicating a three-locus genetic model. J Natl Cancer

Inst 1985; 75: 971–974.

256. Malkinson AM. Inheritance of pulmonary adenoma suscept-

ibility in mice. Prog Exp Tumor Res 1999; 35: 78–94.

257. Gariboldi M, Manenti G, Canzian F, et al. A major suscept-

ibility locus to murine lung carcinogenesis maps on chromo-

some 6. Nat Genet 1993; 3: 132–136.

258. Fijneman RJA, De Vries SS, Jansen RC, et al. Complex

interactions of new quantitative trait loci, Sluc1, Sluc2,

Sluc3, and Sluc4, that influence the susceptibility to lung

cancer in the mouse. Nat Genet 1996; 14: 465–467.

259. Lin L, Festing MF, Devereux TR, et al. Additional evidence

that the K-ras protooncogene is a candidate for the major

mouse pulmonary adenoma susceptibility (Pas-1) gene. Exp

Lung Res 1998; 24: 481–497.

260. Wang Y, Zhang Z, Kastens E, et al. Mice with alterations in

both p53 and Ink4a/Arf display a striking increase in lung

tumor multiplicity and progression: differential chemopre-

ventive effect of budesonide in wild-type and mutant A/J

mice. Cancer Res 2003; 63: 4389–4395.

261. Obata M, Nishimori H, Ogawa K, et al. Identification of the

Par2 (pulmonary adenoma resistance) locus on mouse chro-

mosome 18, a major genetic determinant for lung carcino-

gen resistance in BALB/cByJ mice. Oncogene 1996; 13:

1599–1604.

262. Devereux TR and Kaplan NL. Use of quantitative trait loci

to map murine lung tumor susceptibility genes. Exp Lung

Res 1998; 24: 407–417.

263. Festing MF, Lin L, Devereux TR, et al. At least four loci and

gender are associated with susceptibility to the chemical

induction of lung adenomas in A/J � BALB/c mice. Geno-

mics 1998; 53: 129–136.

264. Fijneman RJA, Van Der Valk MA and Demant P. Genetics

of quantitative and qualitative aspects of lung tumorigenesis

in the mouse: multiple interacting susceptibility to lung

22 Toxicology Research and Application

http://www.genesdev.cshlp.org


cancer (Sluc) genes with large effects. Exp Lung Res 1998;

24(4): 419–436.

265. Tripodis N, Hart AA, Fijneman RJ, et al. Complexity of lung

cancer modifiers: mapping of thirty genes and twenty-five

interactions in half of the mouse genome. J Natl Cancer Inst

2001; 93: 1484–1491.

266. Demant P. Cancer susceptibility in the mouse: genetics,

biology and implications for human cancer. Nat Rev Genet

2003; 4: 721–734.

267. Chen B, Liu L, Castonguay A, et al. Dose-dependent ras

mutation spectra in N-nitrosodiethylamine induced mouse

liver tumors and 4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanone induced mouse lung tumors. Carcinogenesis

1993; 14: 1603–1608.

268. Li EE, Heflich RH, Bucci TJ, et al. Relationships of DNA

adduct formation, K-ras activating mutations and tumori-

genic activities of 6-nitrochrysene and its metabolites in the

lungs of CD-1 mice. Carcinogenesis 1994; 15: 1377–1385.

269. Horio Y, Chen A, Rice P, et al. Ki-ras and p53 mutations are

early and late events, respectively, in urethane-induced pul-

monary carcinogenesis in A/J mice. Mol Carcinog 1996; 17:

217–223.

270. Malkinson AM. Primary lung tumors in mice as an aid for

understanding, preventing, and treating human adenocarci-

noma of the lung. Lung Cancer 2001; 32: 265–279.

271. Rokicki W, Rokicki M, Wojtacha J, et al. The role and

importance of club cells (Clara cells) in the pathogenesis

of some respiratory diseases. [Kardiochirurgia i Torako-

chirurgia Polska] Polish J Cardio Thoracic Surg 2016;

13(1): 26–30.

272. Ostrowski K. Histologia. Warszawa: PZWL, 1988, pp.

528–542.

273. Singh G and Katyal SL. Clara cell proteins. Ann N Y Acad

Sci 2000; 923: 43–58.

274. Aryal G, Kimula Y and Koike M. Ultrastructure of Clara

cell stimulated by isoproterenol. J Med Dent Sci 2003; 50:

195–202.

275. Reynolds SD and Malkinson AM. Clara cell: progenitor for

the bronchiolar epithelium. Int J Biochem Cell Biol 2010;

42: 1–4.

276. Marathe T. The macaque genome: lessons from comparative

genomics, www.Sciencescience.sciencemag.org (2007,

accessed 18 May 2018).

277. Boers JE, Ambergen AV and Thunnissen FB. Number and

proliferation of Clara cells in normal human airway epithe-

lium. Am J Respir Crit Care Med 1999; 159: 1585–1591.

278. Castleman WL, Dungworth DL, Schwartz LW, et al. Acute

respiratory bronchiolitis: an ultrastructural and autoradio-

graphic study of epithelial cell injury and renewal in rhesus

monkeys exposed to ozone. Am J Pathol 1980; 98(3): 811–840.

279. Plopper CG, Hyde DM and Buckpitt AR. Clara cells. In:

Crystal RG and West JB (eds) The lung: scientific founda-

tions. New York: Raven Press, 1991, pp. 215–228.

280. Yatabe Y, Takahashi T and Mitsudomi T. Epidermal growth

factor receptor (EGFR) gene amplification is acquired in

association with tumor progression of EGFR-mutated lung

cancer. Cancer Res 2008; 68: 2106–2111.

281. Shijubo N, Itoh Y, Yamaguchi T, et al. Serum and BAL

Clara cell 10 kDa protein (CC10) levels and CC10-

positive bronchiolar cells are decreased in smokers. Eur

Respir J 1997; 10(5): 1108–1114.

282. Lumsden AB, McLean A and Lamb D. Goblet and Clara

cells of human distal airways: evidence for smoking induced

changes in their numbers. Thorax 1984; 39(11): 844–849.

283. Ebert RV and Terracio MJ. The bronchiolar epithelium in

cigarette smokers. Am Rev Respir Dis 1975; 111(1): 4–11.

284. Nomori H, Horio H, Fuyuno G, et al. Protein 1 (Clara cell

protein) serum levels in healthy subjects and patients with

bacterial pneumonia. Am J Respir Crit Care Med 1995;

152(2): 746–750.

285. Bernard A, Marchandise FX, Depelchin S, et al. Clara cell

protein in serum and bronchoalveolar lavage. Eur Respir J

1992; 5(10): 1231–1238.

286. Ahmad S and Ahmad A. Chapter 6—epithelial regeneration

and lung stem cells. In: Venkataramana KS and Koval M

(eds) Lung epithelial biology in the pathogenesis of pulmon-

ary disease. Cambridge: Academic Press, 2017, pp. 91–102.

287. Breuer R, Zajicek G, Christensen TG, et al. Cell kinetics of

normal adult hamster bronchial epithelium. Am J Respir

Cell Mol Biol 1990; 2(1):51–58.

288. Evans MJ, Cabral-Anderson LJ and Freeman G. Role of the

Clara cell in the renewal of the bronchiolar epithelium. Lab

Invest 1978; 38(6): 648–653.

289. Lum H, Schartz LW, Dungworth DL, et al. A comparative

study of cell renewal after exposure to ozone or oxygen. Am

Rev Respir Dis 1978; 118(2): 335–345.

290. Cruzan G, Bus JS, Banton MI, et al. Editor’s highlight:

complete attenuation of mouse lung cell proliferation and

tumorigenicity in CYP2F2 knockout and CYP2F1 huma-

nized mice exposed to inhaled styrene for up to 2 years

supports a lack of human relevance. Toxicol Sci 2017;

159(2): 413–421.

291. Zhang F, Lowe ER, Rick DL, et al. In vitro metabolism,

glutathione conjugation, and CYP isoform specificity of

epoxidation of 4-vinylphenol. Xenobiotica 2011; 41: 6–23.

292. Shen S, Li L, Ding X, et al. Metabolism of styrene to styrene

oxide and vinylphenols in cytochrome P450 2F2- and P450

2E1-knockout mouse liver and lung microsomes. Chem Res

Toxicol 2014; 27(1): 27–33.

293. Cruzan G, Bus J, Banton M, et al. Mouse specific lung

tumors from CYP2F2-mediated cytotoxic metabolism: an

endpoint/toxic response where data from multiple chemicals

converge to support a mode of action. Regul Toxicol Phar-

macol 2009; 55(2): 205–218.

294. Hukkanen J, Pelkonen O, Hakkola J, et al. Expression and

regulation of xenobiotic- metabolizing cytochrome P450

(CYP). Crit Rev Toxicol 2002; 32(5): 391–411.

295. Dahl AR and Lewis JL. Respiratory tract uptake of inhalants

and metabolism of xenobiotics. Annu Rev Pharmacol Tox-

icol 1993; 32: 383–407.

Smith et al. 23

http://www.Sciencescience.sciencemag.org


296. Gerde P, Muggenburg BA, Thornton-Manning JR, et al.

Benzo[�]pyrene at an environmentally relevant dose is

slowly absorbed by, and extensively metabolized in, tra-

cheal epithelium. Carcinogenesis 1997; 18: 1825–1832.

297. Gerde P, Muggenburg BA, Scott GG, et al. Local metabo-

lism in lung airways increases the uncertainty of pyrene as a

biomarker of polycyclic aromatic hydrocarbon exposure.

Carcinogenesis 1998a; 19: 493–500.

298. Gerde P, Muggenburg BA, Stephens T, et al. A relevant dose

of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone is

extensively metabolised and rapidly absorbed in the canine

tracheal mucosa. Cancer Res 1998b; 58: 1417–1422.

299. Gerde P, Muggenburg BA, Lundborg M, et al. The rapid alveo-

lar absorption of diesel soot-absorbed benzo[�]pyrene: bioavail-

ability, metabolism and dosimetry of an inhaled particle-borne

carcinogen. Carcinogenesis 2001; 22(5): 741–749.

300. Boorman GA. Section 2.2 comparative pathology of mouse

lung tumors. pp. 20–21, EPA/600/R-14/002, Summary

Report, State-of-the-Science Workshop on Chemically-

induced Mouse Lung Tumors: applications to Human Health

Assessments, 7–8 January 2014, US EPA Auditorium,

Research Triangle Park, NC, “https://nepis.epa.gov/Exe/

ZyNET.exe/P100LHAQ.TXT?ZyActionD¼ZyDocument&

Client¼EPA&Index¼2011þThruþ2015&Docs¼&Query¼
&Time¼&EndTime¼&SearchMethod¼1&TocRestrict¼
n&Toc¼&TocEntry¼&QField¼&QFieldYear¼&QFieldM

onth¼&QFieldDay¼&IntQFieldOp¼0&ExtQFieldOp¼0&

XmlQuery¼&File¼D%3A%5Czyfiles%5CIndex%20Data%

5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&

User¼ANONYMOUS&Password¼anonymous&Sort

Method¼h%7C-&MaximumDocuments¼1&FuzzyDegree¼
0&ImageQuality¼r75g8/r75g8/x150y150g16/i425&

Display¼hpfr&DefSeekPage¼x&SearchBack¼ZyActionL&

Back¼ZyActionS&BackDesc¼Results%20page&Maximum

Pages¼1&ZyEntry¼1&SeekPage¼x&Zy (2014, accessed

25 May 2018).

24 Toxicology Research and Application

https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy
https://nepis.epa.gov/Exe/ZyNET.exe/P100LHAQ.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2011+Thru+2015&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C11thru15%5CTxt%5C00000013%5CP100LHAQ.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&Zy


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


