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PR, 1924

De beschermende werking van vitamine A en f-caroteen tegen de vorming van
benzo[a]pyreen-DNA adducten moet naast het effect van deze verbindingen op het
metabolisme van benzo[a]pyreen ook worden toegeschreven aan een effect van deze
verbindingen op het herstel van DNA schade.

(dit proefschrift)

Het effect van benzo[a]pyreen en vitamine A op proliferatic van hamstertrachea-
epitheelcellen is sterk afhankelijk van het gebruikte weefselkweekmedium, waarbij
de concentratie van Ca?” in het medium een belangrijke rol speelt.

(dit proefschrift)

De longtumorrespons van hamsters na intratracheale toediening van benzo[a]pyreen-
deeltjes is afhankelijk van de ’contact-tijd* tussen de benzo[a]pyreendeeltjes en het
ademhalingswegepitheel, die wordt bepaald door de dosis benzo[alpyreen en de
groolte van de benzo[a]pyreendeeltjes.

(dit proefschrift)

Hamstertrachea-orgaancultures vormen een beter model voor het bestuderen van
benzo[a]pyreen-DNA adductvorming en DNA-repair processen dan rattetrachea-
orgaancultures,
{dit proefschrift)

Alhoewe! veel onderzoekers steeds minder belang hechten aan de initiatiefase van
het kankerproces, richt men zich bij onderzoek van biomarkers met een voorspel-
lende waarde voor het ontstaan van kanker juist op parameters die betrokken zijn bij

de initiatiefase.

De verschuiving van de incidentie van adenocarcinomen in de long ten opzichte van
de incidentie van plaveiselcelcarcinomen is het gevolg van het toegenomen gebruik
van filtersigaretten.

(Wynder and Hoffman, 1994, Cancer Research 54, 5284-5295)



7.  De immunocytochemische bepaling van celproliferatie met behulp van antilichamen
gericht tegen het “proliferating cell nuclear antigen” leidt tot een overschatting van
de celproliferatie.

8. Het aannemen van gewoontes die een nadelige invloed hebben op de gezondheid is

een negatief aspect van emancipatie.

9.  Door de grote nadruk die bij solliciteren wordt gelegd op "netwerken" wordt de

aandacht ten onrechte verschoven van kennis naar kennissen.

10, "Zwervende wetenschappers" leveren geen bijdrage aan de continuiteit van onder-
zoek binnen laboratoria.

11. Objectieve wetenschap bestaat niet; wetenschap is juist geworteld in maatschappe-
lijke belangen, waardoor feiten gewoonlijk doorspekt zijn met waarden en normen,
(wetenschapsfilosoof Bruno Latour, Volkskrant 1 oktober 1954)

Stellingen behorend bij het proefschrift:

'Effects of vitamin A and S-carotene on respiratory rract carcinogenesis in hamsters - in
vivo and in vitro studies’.

André Wolterbeek, Wageningen 10 mei 1995,
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Chapter 1

GENERAL INTRODUCTION

1.1 Scope of this thesis

Cancer is a major cause of morbidity and mortality throughout the world. Evidence
has accumulated from epidemiological studies that relate life-style factors to the aetiology
of some of the most common cancer types. Doll and Peto (1) showed that diet, alcohol
and tobacco may account for about 70% of all cancer deaths in the USA. Although it has
frequently been shown that the diet is an important factor influencing cancer (2-5), the
association between the intake of specific nutrients and cancer risk is less clear. Various
dietary components influencing cancer are summarized in Table 1. By modifying the
process of carcinogenesis, these components are able to increase or decrease the risk of
cancer.

Lung cancer is the major cause of death by cancer in Western countries {(6-9) and
therefore, considerable effort has been directed towards identifying factors that induce lung
cancer or proiect against lung cancer. It has been shown that cigarette smoking is the main
cause of lung cancer; about 90% of lung cancers are attributable to smoking (10-14). For
protection against lung cancer, one of the promising dietary components is (pro)vitamin A
{vitamin A and B-carotene) (15-17). The protective effects of vitamin A and p-carotene
against respiratory tract cancer has been shown in a large number of epidemiological and
experimental studies (18-23). However, the results are not always consistent, some studies
have failed to show such a protective effect (24,25), or even showed an enhancing effect
of vitamin A and p-carotene on the incidence of respiratory tract cancer (26,27). In spite
of the sometimes promising results, the molecular mechanisms by which (pro)vitamin A
influences the development of respiratory fract cancer are still not fully understood.
Elucidation of these mechanisms might enhance the use of these compounds as anti-cancer
agents. The studies described in this thesis are an attempt to better understand the
mechanism by which vitamin A and B-carotene affect chemical-induced (pre)neoplastic
changes in the respiratory tract.

1.2 Respiratory tract cancer

1.2.1 Introduction
Lung cancer is the leading form of cancer in nearly all parts of the world, particularly
in the Western countries (6,7,10). The incidence of lung cancer and the mortality due to



Table I: Effect of various nutritional components on carcinogenesisl'z.

Components

Effect on cancer

Organ

Vitamins

Vitamin A and B-
carotene

Vitamin C
Vitamin D

Vitamin E

Amino acids

Methionine

Minerals
Calcium
Iron

Selenium

Zinc

Other
Proteins
Carbohydrates
Lipids
Alcohol

Fibre

protection

protection
protection

protection

protection

protection
profection

prolection

protection

aggravation
aggravation
aggravation

aggravation

protection

Bladder, skin, mammary gland, respiratory tract, colon

Oesophagus, stomach, cervix
Colon, blood

Mammary gland, respiratory tract, intestine

Liver, mammary gland, pancreas, colon

Colon
Oesophagus, stomach,

Colon, liver, skin, stomach, mammary gland, ovary,
rectum, respiratory tract.

QOesophagus

Mammary gland, prostate, colon, kidney, pancreas
Pancreas, liver, mammary gland
Mammary gland, colon, pancreas, skin

Head, neck, oral cavity, pharynx, oesophagus, larynx,
stomach

Colon, mammary gland, pancreas, prostate

1) Data from references 2-5

2) The protective or aggravating effect of the components on the development of cancer in the target organs
listed is not equally clear for each organ. Furthermore, the intake of each component is frequently accom-
panied by the consumption of other components, making it difficult to ascribe an effect 1o one particular

component.
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lung cancer in the Netherlands from 1985 to 1991 is shown in Table II. Both the incidence
and the mortality in the Netherlands appeared to be one of the highest in the world
(28,29,32). Epidemiological studies show a clear correlation between smoking and lung
cancer {6,7,8,10). Smoking appears to be the main cause of human lung cancer; more than
90% of deaths from lung cancer and about 40% of deaths from all cancers can be
attributed to smoking (10-14). Furthermore, albeit to a much lesser extent, environmental
exposure to heavily polluted air (33-35) and occupational exposure to various carcinogenic
agents {36-38) may contribute to the high incidence of lung cancer.

There are four major histological types of lung cancer arising in the epithelium of the
respiratory tract: squamous cell carcinoma (representing 45% of all lung cancer cases in
men and 22% in women), adenocarcinoma (men 15%; women 29%), small cell carcinoma
(men 18%; women 25%), large cell carcinoma (men 14%; women 16%) and other types
(men 8%; women 8%) (28). The difference in distribution of histological type between
men and women, especially with regard to squamous cell carcinoma and adenocarcinoma,
is generally explained by differences in smoking habits between the sexes. However, other
factors such as hormones and differences in environmental exposure to carcinogenic
compounds may also play a role (39-41).

At the molecular level it has been demonstrated that, depending on histological type,
lung cancers are characterized by multiple genetic changes in growth regulatory genes,
including activation or overexpression of several proto-oncogenes (erb, fod, jun, myc, raf,
ras) as well as inactivation of several tumour suppressor genes (Rb, p53, RAR-fi, PTP-y)
(42-47). Other aspects such as the development of drug resistance (43) and the over-
production of growth factors and their receptors (46,48) are also considered to play a role
in lung carcinogenesis. Frequently observed mutations in oncogenes and suppressor genes
in respiratory tract cancer are G:C to T:A transversions (42,49,50). A relationship has been
shown between this specific mutation and cigarette smoking (51,52).

Although 90% of all lung cancers are attributable to smoking, only 10% of all smokers
develop lung cancers. Recently, it has been shown that genetic variability might determine
the individual susceptibility to respiratory tract carcinogens. A high expression of the
cytochrome P450 1A1 gene, responsible for the activation of some carcinogenic com-
pounds in cigarette smoke, is associated with a higher risk for development of lung cancer,
Furthermore, there is a negative correlation between the expression of GST-g, involved in
the detoxification of some carcinogenic compounds, and the incidence of lung cancer (53-
58).

To study experimental respiratory tract cancer, several in vivo and in vitro models have
been developed. The models psed in this thesis are described in Chapter 2. In these
models, polycyclic aromatic hydrocarbons, in particular benzo(a)pyrene, are frequently
used to induce cancer.

12 Chapter I



1.2.2 Polycyclic aromatic hydrocarbons

In cigarette smoke, about 4000 chemicals have been identified of which about 40 are
known carcinogenic compounds, including tobacco-specific nitrosamines, aromatic amines
and polycyclic aromatic hydrocarbons (PAHSs) (59,60).

Accotding to the International Agency for Research on Cancer (61), there is evidence
that some PAHs are carcinogenic to experimental animals. PAHs themselves are lipid-
soluble, non-carcinogenic and chemically inactive compounds which tend to accumulate in
the organism. To facilitate the excretion of PAHs, they are metabolized to more hydrophi-
lic compounds, which are more water-soluble. The metabolism of various PAHs has
extensively been investigated (62-66). The initial step in the metabolism of PAHs is the
formation of an epoxide by cytochrome P450-dependent monooxygenases, as is presented
schematically in Figure 1. Further metabolism of these epoxides results in hydration to
dihydrodiols by epoxide hydrolase, isomerization to phenols or conjugation with glutathi-
one by glutathione S-transferases. Glutathione conjugates can be easily excreted as
mercapturic acid. Since, the dihydrediols and phenols are not sufficiently hydrophilic to be
excreted, these metabolites are conjugated with glucuronic acid by glucuronyl-transferases
or with sulphuric acid by sulphotransferases to facilitate excretion. As a consequence of
the metabolism of PAHSs, highly reactive intermediate metabolites can be formed that react
easily with cellular components, such as proteins, RNA and DNA.

Sulphates and
glucuronides etc.

!

- Phenol

epoxides
YV - Glutathione
conjugates
Dihydrodiols| ——— | Piltydrodiol
epoxides
Sulphates and __DN A eic

Figure 1: Schematic presentation of PAH metabolism (adapted from reference 64)
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1.2.3 Benzo(a)pyrene

One of the most extensively studied PAHs is benzo{a)pyrene [B(a)P], which has been
classified by the IARC (61) as carcinogenic in experimental animals and as suspect
carcinogenic in humans. Human exposure to B(a)P largely derives from industrial
activities and life-style factors. The most important routes of B(a)P exposure are inhala-
tion, oral ingestion and dermal absorption (67-6G8). Respiratory tract exposure to B(a)P
through inhalation of cigarette smoke, potluted indoor and outdoor air and in the occupa-
tional setting can be very substantial. In cigarette smoke, the concentration of B(a)P ranges
from 20 to 40 ng per cigarette in mainstream smoke and from 40 to 80 ng per cigarette in
sidestream smoke (69). In a study of Lioy et al. (68) it was shown that the indoor
concentration of B(a)P ranges from 0.1 to 8.1 ng/m3 depending on smoking habits, stove
and heating system. The environmental outdoor concentration of B(a)P is <1 ag/m’ in
clean air and can be as high as 100 ng/m3 in heavily polluted air (33). In the working
environment, B(a)P can be released in the atmosphere by, among others, the heating of
coal tar products in industrial processes such as ajuminium melting and steel and asphalt
production (70-73). Hemminki ef al (71) have shown workers in a Polish cokerie to be
heavily exposed to B(a)P in the working environment (90 ug B(a)P/m3).

Figure 2 shows the metabolism of B(a)P. B(a)P can be metabalized to the very reactive
metabolite (+)-anti-B(a)P-7,8-dihydrodiol-9,10-epoxide (BPDE). This metabolite has been
shown 1o bind covalently to DNA of target cells, preferentially to the guanine nucleotide
(74,75). The major guanine adduct is formed by the binding of the C-10 of (+)-arti-BPDE
with the 2-amino group of guanine (BPDE-dG adduct, see Figure 2) (62-65). The binding
of carcinogenic compounds, such as B(a)P, with DNA is considered to be a critical step in
tumour initiation (76-78). The presence of DNA adducts or improperly repaired DNA
damage during cell proliferation may result in permanent changes in DNA (Figure 3). If
these mutations occur in critical growth-regulating genes, such as proto-oncogenes and
tumour suppressor genes, this alteration may lead to the development of cancer. The main
mutation induced by BPDE are G:C to T:A transversions (80,81), as has been frequently
observed in the growth-controlling genes in human lung cancers (42,49,50). This indicates
that B(a)P may be an important component in cigarette smoke for the induction of human
lung cancer. Several epidemiological studies demonstrate a negative correlation between
the dietary intake of (pro)vitamin A and the incidence of respiratory tract cancer. Further-
more, in experimental studies it has been shown that the development of B(a)P-induced
respiratory tract cancer is inhibited by {(pro)vitamin A.

14 Chapter |
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Figure 2: Metabolism of B(a)P and binding to DNA (source reference 74)
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1.3 (pro)Vitamin A and respiratory tract cancer

1.3.1 (pro)Vitamin A

Vitamin A belongs to the class of retinoids. Retinoids are a class of compounds
consisting of four isoprenoid units joined in a head-to-tail manner (Figure 4). The term
vitamin A should be used to describe all compounds that exhibit qualitatively the
biological activity of retinol, whereas the term retinoids includes all natural forms of
vitamin A as well as the many synthetic analogues of retinol, both biologically active or
inactive forms. Some carotenoids are naturally occurring precursors of vitamin A,
consisting of eight isoprenoid units. The most important carotenoid is f-carotene,
exhibiting the highest vitamin A activity in man (Figure 4).

Animais and humans are not capable of de novo synthesis of vitamin A. The major
dietary sources for vitamin A are retinyl esters from animal sources and f-carotene from
green and yellow plants. Retinoids play an essential role in the control of cellular
differentiation and proliferation of epithelial cells in various parts of the body. These cells
show biochemical, morphological and functional changes in response to the absence or
abundance of retinoids (83-86). Moreover, retinoids play a role in a variety of biological
processes, including vision, reproduction, growth and development (87-89), and retinoids
are required for a proper functioning of the immune system (90). Because of the serious
effects caused by an excess or deficiency of vitamin A, the concentration of vitamin A in
the plasma and at the cellular level is strictly regulated. In this process, the liver plays a
major role as is schematically shown in Figure 5 which shows the major pathways for
vitamin A uptake and transport in the body (91-93).

M\OH WCOOH

al-trans -retinol all-trans -retinoic acid

Wa CrsMay w
COoOH

refinyl palmitate
13-cis-retinoic acid

= hn g S
CHO
B-carolens
1-cis-retinal

Figure 4: Structural formulas of B-carotene and some naturally occurring retinoids (source reference 82)
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Steliste cell CMA = chylomicron remnant

RBP = retinol binding protein
TTR = transthyrstin

ROH = rgtinol
@ RE  w retinyl snisr
\ CM  « chylomicron

RA = retinokc acid

CM-RE RAR = retinolc ackd receptor
1 T RXH = S-cis ratinokc acid recepior
TG =tracyiglycerc]
ABP-ROH vLDL VLOL = very low density lipoprotein
m\I
CMR-RE
REBP-ROH-TTR
Blood
plasma TTR 1
RBP-ROH
¥ L
CT =\ ipoprotein

mceplor RBP | recepior
HUH -g— RE

RXRs
RA RARs
¥ DNA
g-cia RA rracious Lymph  Enterccyte  intestinal
duct lumen
Extrahepatic target cell

Figure 5: Major pathways for retinoid transport uplake and transport in the body. REs are hydrolysed io
ROH before absorption. Carotenoids are partially converted to ROH in the enterocytes, where ROH is
csterified and incorporated into CMs together with TGs. P-carotene can also be absorbed intact, and
transported by CM in the lymph (not shown in figure). CMs reach the general circulation via the intestinal
lymph. CMRs contain almost all the absorbed retinol, and are cleared mainly by the liver parenchymal cells,
In the liver parenchymal cells, REs are hydrolysed to ROH, which binds to RBP. Mosi of the ROH in the
liver parenchymal celi is transferred to stellate cells, which store REs in lipid droplets, Most of the RBP-
ROH secreted from the liver is complexed with TTRs in plasma. The RBP-ROH is presumably taken up by
cell surface receptors. In cells some ROH is metabolized to all-trans retinoic acid, and other retinoic acid
isomers and derivates (9-cis retinoic acid and 3,4-didchydroretinoic acid), which are ligands for nuclear
receplors like RARs and RXRs {from reference 93).

Although the pivotal role of retinoids in various vital processes has been known for a
long time, only in the past 10 years the molecular mode of action of retinoids has become
more clear. A major step forward in understanding the molecular mechanism mediated by
retinoids was the discovery of two nuclear receptors for retinoids (see also Figure 5). Both
are members of the superfamily of ligand-inducible transcriptional regulators, which
activate the transcription of several genes by binding to specific DNA sequences (hormone
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responsive elements). The first subfamily of receptors has a high affinity to all-irans-
retinoic acid; these receptors are called retinoic acid receptors (RARs). The second
structurally different subfamily of receptors has a high affinity to 9-cis-retinoic acid; they
are called retinoic X receptors (RXRs) (84,94,95). A major mechanism by which retinoids
influence the expression of proteins involves the direct (de)activation at the transcriptional
level of various genes (84,96). The effects of retinoic acid on the process of cellular
differentiation and proliferation result primarily from the ability of this molecule to
regulate the expression of specific genes including several cytokeratines (97-98), proto-
oncogenes, tumour suppressor genes (99) and growth factors and their receptors (100) at
either the transcriptional or post-transcriptional level.

1.3.2 Modifying effect of (pro)vitamin A on chemically induced respiratory tract
cancer

During the past decades, several epidemiological and experimental studies have shown
an inverse relationship between vitamin A and B-carotene consumption and the risk of
respiratory fract cancer.

Bjelke was one of the first to report epidemiological evidence showing a protective
effect of vitamin A against lung cancer (18). Later, more epidemiological studies showed
that vitamin A and, especially, B-carotene protects against respiratory tract cancer in man
(17,23,101).

In experimental studies with animals, an important role for vitamin A in cancer was
already suggested in 1925 by Wolbach and Howe (86) who showed hisiopathological
resemblances between the epithelia of vitamin A-deficient organs and neoplastic tissues.
Later, many reports demonstrate that consumption or application of vitamin A and B-
carotene protects against the formation of chemically-induced respiratory tract cancer (19-
22,102). However, the results of bath epidemiological and experimental studies have been
equivocal and in some cases even contradiclory (24-26,103). The results of experimental
studies appeared to be strongly dependent on experimental conditions, such as animal
species, carcinogen and retinoid wsed, time, dose and route of administration of carcinogen
and retinoid, dose regimen and animal housing conditions. Saffiotli ef al. (22) were the
first to show a protective effect of supplemental retinoid treatment against B(a)P-induced
respiratory tract cancer in hamsters. The incidence of lung tumours induced by once-
weekly intratracheal intubations of B(a)P adsorbed to ferric oxide for 10 weeks was
reduced by 20% by twice weekly intragastric instillations of 5 mg retinyl palmitate,
beginning 7 days after the last treatment and continuing during life-span. Other investiga-
tors have not been as succesful in using (pro)vitamin A to prevent the development of
respiratory tract cancers induced by B(a)P. In studies of Beems (24,25), no effects of a
vitamin A-deficient diet or a diet rich in vitamin A or f-carotene on B(a)P-induced lung
cancers in hamsters were observed. Smith et al. (26) even showed an enhancing effect of
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intragastrically instilled retiny] acetate (twice weekly 2400 ug) on B(a)P-induced respira-
tory tract tumours in hamsters.

In vitro, it has been shown that vitamin A strongly influences cellular proiiferation and
differentiation in tracheal epithelium in organ culture (83,85). Several studies showed a
protective effect of (pro)vitamin A against the formation of chemically induced hyperpla-
sia and squamous metaplasia, precursors of respiratory tract tumors in vivo, in tracheal
epithelium (104-106).

Although many studies have shown more or less protective effects of (pro)vitamin A
against respiratory tract cancer, the molecular mechanism of action of (pro}vitamin A
remains largely unknown. To better understand the effects of (pro)vitamin A on respiratory
tract cancer at the molecular level, it is necessary first to describe the process of carcino-
genesis in general. The generally accepted theory today is that cancer is a multi-stage
process, divided into 3 stages referred to as initiation, promotion and progression (Figure
6).

Carcinogen  Exposure Initiation Prormation Convarsion Progression

® Defects in Termina! Diferentiation
# Delecis in Growth Control
® Resistance 1 Cytotoxcity

R 5
a Selective
d Clonal
i Expansion
L a . r— |
t
i
o
n iniiated  Preneopfastic Clinical
y Cell Lasion Cancer
i
i l:l ® Aclivation of Prota-oncogenas
5

& Inactivation of Tumor Suppressor Genes
& Inactivation of Antimetasiasis Ganes

Figure 6: Schematic presentation of multistage tung carcinogenesis (from reference 107)

The initiation phase involves exposure of normal cells to agents that can cause genetic
changes in critical target genes. As a consequence, the initiated cells have an altered
responsiveness to their microenvironment and exert a selective clonal expansion advantage
compared with the surrounding normal cells. Generally, initiated cells arc less responsive
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to growth regulating mechanisms, such as negative growth factors and inducers of terminal
differentiation. In the promotion phase the proliferation and survival of initiated cells is
enhanced, increasing the selective clonal expansion. Due to the enhanced cellular prolifera-
tion of initiated cells, the probability of accumulating additional genetic changes is
increased. The progression phase is characterized by increased changes in growth-
regulating genes associated with cellular proliferation, ultimately resulting in an invasive
and malignant phenotype (107-108).

{pro)Vitamin A has been shown to modify each of the three stages of respiratory tract
cancer. It influences the initiation phase by preventing or decreasing DNA damage caused
by carcinogenic agents. In general, the inhibition of DNA damage by (pro)vitamin A is
ascribed to a specific effect on the metabolism of carcinogenic compounds, resulting in a
decreased amount of reactive metabolites (109-112). Moreover, (pro)vitamin A has also
been shown to protect against cancer through scavenging of free radicals (113,114). The
majority of research into the effect of (pro)vitamin A on lung cancer has been directed to
the promotion phase, in particular to the effect of (projvitamin A on cellular proliferation
and differentiation. In vitro, it has been shown that vitamin A inhibits the formation of
squamous metaplasia and hyperplasia in tracheal epithelium in organ culture treated with
chemical carcinogens such as B(a)P and cigarette smoke condensate (104-106,114,115). In
addition, (pro)vitamin A has been shown to exert a variety of effects on glycoprotein and
glycolipid synthesis in the cell membrane, resulting in an effect on cell adhesion properties
(117,118) and cellular communication (119-121). Furthermore, it has been shown that
(pro)vitamin A is able to counteract the developmeat of cancer by increasing both the
humoral and cell-mediated immune response (90,122,123)

1.4 Objectives of the studies described in this thesis

The studies described in this thesis were carried out in the TNO Nutrition and Food
Research Institute. This institute has a long-standing history in research on chemically-
induced respiratory tract cancer and the effects of nutritional components on its develop-
ment {124-126). The studies described in this thesis mainly deal with the effect of vitamin
A (all-trans retinot) and B-carotene on B(a)P-induced (pre)neoplastic changes in the respi-
ratory tract of Syrian golden hamsters. Using both an in vivo and an in vitro approach,
described in Chapter 2, the effects of vitamin A and B-carotene on various stages in the
process of respiratory tract cancer were investigated. The emphasis in these studies was
laid on the effects of vitamin A and f-carotene on B(a)P-induced DNA-adduct formation,
DNA-repair activities, cell proliferation and histopathological changes in hamster tracheal
epithelium. Furthermore, the relationships between DNA-adduct formation, DNA-repair
activities, cell proliferation and the expression of the tumour suppressor gene p53 were
investigated. Where possible, the role of specific tracheal epithelial cells in these processes
was determined.
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This thesis contains 11 Chapters. Chapter 1 is a general introduction to the scope of the
thesis. An introduction to the technical approaches is given in Chapter 2. The in vivo
model used was subjected to a critical analysis to display its strengths and limitations (see
Chapters 7, 8 and 9).

In Chapter 3, the relation between the formation and repair of B(a)P-DNA adducts in
hamster tracheal epithelial cells is investigated. Furthermore, DNA adducts formed in vitro
and in vivo were qualitatively compared. In Chapter 4, both quantitative and qualitative
comparisons are made between the formation and repair of B(a)P-DNA adducts in tracheal
epithelium of hamster and rat.

Chapters 5 and 6 deal with the effects of vitamin A and B-carotene on the formation and
repair of B(a)P-induced DNA damage and on cell proliferation in hamster tracheal
epithelium. Furthermore, the studies described in Chapter 6 concern the influence of
medium components and growth factors on cell proliferation.

Chapter 7 describes a study originally planned to investigate the effect of vitamin A and
B-carotene on B(a)P-induced respiratory tract cancer in hamsters. Since no reasonable
tumour response was obtained, an effect of vitamin A and B-carotene could not be studied.
However, a remarkable finding in this study was a very low mortality of hamsters fed the
high-p-carotene diet.

Chapters 8 and 9 describe a second in vivo experiment into the possible effect of a high
dietary level of P-carotene on B(a)P-induced respiratory tract cancer in hamsters. In
Chapter 8, the molecular aspects (DNA adducts, cell proliferation and p53 expression) are
described, while Chapter 9 deals with the histopathological examinations, including
cytokeratin and glutathione S-transferase isoenzyme Pi expression.

A summary and concluding remarks are presented in English in Chapter 10 and in Dutch
in Chapter 11.
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Chapter 2

INTRODUCTION TO THE TECHNICAL APPROACH

2.1 In vivo hamster intratracheal instillation model!

Summary

Several experimental models have been developed to study respiratory tract
carcinogenesis. The most widely applied in vive model uses Syrian golden hamsters which
receive intratracheal instillations of a suspension of benzo[alpyrene (B[a]P) particles
attached to ferric-oxide (Fe,0;) particles in saline; it was first described by Saffiotti and
co-workers [1]. This model has several benefits compared with other experimental models,
however, the large number of variables affecting the tumour response is a clear disadvan-
tage because the tumour response is difficult to control. In this review, we describe a
systematic analysis of various variables that may influence the tumour response of the
tespiratory tract with the aim to further standardize the method and increase, through that,
its suitability and predictabilty. The most important variables influencing the tumour
response, as shown by statistical analysis of 29 representative studies, turned out to be the
administered dose and the particle size. Both variables influence the actual dose and the
contaci-time of the B[a]P particles with the target cells. The present analysis of literature
data does not support the widespread opinion that ferric-oxide particles enhance the
tumour response of the respiratory tract. Some recommendations for increasing the
predictability of the model are made.

Introduction

The search for an adequate experimental animal mode] capable of reproducing the main
characteristics of human lung cancer had been largely unsuccesful for several decades
when in 1968 Saffiotti et al [1} published their landmark paper on an effective method for
the induction of tracheobronchial carcinomas in Syrian golden hamsters. They used
repeated intratracheal instillations of a saline suspension of fine crystalline benzo[a]pyrene
(B[a]P) particles attached to the carrier ferric oxide. Clear benefits of the Saffiotti method
in comparison with other methods {2,3] for the induction of respiratory tract cancer are: a)
extensive tissue damage could be avoided, b) no special (organic} solvents were required

1 This section is based on : Wolterbeek APM, Schoevers EJ., Rutten A.AJJ.L. and Feron V.J.
(1995) A critical appraisal of intratracheal instillation of benzo[a]pyrene to Syrian golden hamsters as a
model in respiratory tract carcinogenesis. Cancer Letters, 89, 107-116.
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for administration of the carcinogen, c) the route of administration closely resembled that
of human exposure to respiratory tract carcinogens and d) the morphology and spectrum of
the induced lesions were close to those observed in humans. Syrian golden hamsters were
selected because: a) histologically the respiratory tract of the hamster resembles quite well
the human airway system, b) the morphology of the induced lesions in hamsters is close to
that of human lesions, c) spontanous lung tumours are rarely observed in hamsters and d)
hamsters have a relatively large resistance to chronic respiratory diseases.

In spite of the great benefits of the Saffiotti method and its broad applicability, a major
disadvantage of the method is the large number of variables affecting the response of the
respiratory tract rendering it thereby difficult to control this response with respect to type,
degree, incidence and time-to-appearance of (pre)neoplastic changes. These variables can
be divided into 3 groups; variables influencing 1) the retention of Bfa]P particies, 2) the
proliferation of respiratory tract epithelial cells, and 3) the metabolism and DNA-binding
characteristics of B[a]P.

As a follow up to a recently published study into the effect of B-carotene on B[a]P-
induced respiratory tract cancer in which a very low tumour response was observed [4], in
the present paper we will evaluate variables regarding their role in the induction of
{pre)neoplastic respiratory tract lesions in hamsters by intratracheal instillations of Bfa]P.
Major variables evaluated are dose of B[a]P, size of Bfa]P particles, duration of exposure
to B[a]P, and type of carrier for B[a]P particles. Minor variables considered are physioche-
mical properties of the suspension, tissue injury, respiratory tract infections, age, gender
and nutritional factors.

Major variables

Dose of Bfa]P

Tabie [ shows that the total dose of B[a]P administered in 29 typical respiratory tract
carcinogenicity studies in Syrian golden hamsters ranges from 3.25 to 111 mg per animal.
Statistical analysis of the data in Table I revealed that the total dose is a dominant factor
in determining tumour response. A significant positive correlation was found between
total-B[a]P dose and tumour response (Table I and Fig 1; linear regression: P=0.001,
r=0.41). This overall picture is strongly supported by the results of several individual
studies showing a positive correlation between the dose of B[a]P and the tumour response
[5-8]). Moreover, indirect evidence of the B[a]P dose being of crucial significance for the
induction of respiratory tract tumours was obtained from a study by Henry et al. [9] who
showed that the retention of B[a]P particles of similar size in the respiratory tfract of
hamsters increased with increasing B[a]P dose (Table II, upper part). Furthermore,
statistical analysis of the data in Table I revealed a statistically significant negative
correlation between total dose and latency time (time to appearance of first tumour; Table
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I and Fig 1; linear regression: P=0.006, r=-0.41).

Particle size of B{a]P

The size of the B[a]P-particles instilled intratracheally has been shown to be an
important variable in inducing respiratory tract tumours: the larger the particles the greater
the tumour response. Statistical analysis of the data presented in Table III showed that the
tumour response is largely determined by the size of the B[a]P particles (Table III; linear
regression: P=0.003, r=0.74). This observation is indirectly confirmed by the data
presented in the lower part of Table II, showing that larger B[a]P particles are cleared
from the respiratory tract of hamsters much more slowly than smaller ones.

Duration of exposure to Bfa]P

The peried during which hamsters are exposed to B[a]P is a third factor that may affect
the tumour response of the hamster respiratory tract (Table I). Statistical analysis did not
show any effect of exposure time on tumour response (linear regression: P=0.71, r=-0.05).
However, there was a significant correlation between exposure time and latency period
(linear regression: P<0.001, r=0.52).

Bfa]P particles attached to Fe,0 particles

Fe,0; particles were originally used to enhance penetration of B[a]P particles into the
respiratory tract and to reduce their clearance from the respiratory tract [1]. However,
Feron et al. [10] clearly showed that the clearance of B(a)P particles was not significantly
influenced by Fe,O, particles; Persson et al. [11] even showed that the B[a]P recovery
was decreased by Fe,04. Furthermore, statistical analysis of the data shown in Table I did
not reveal a significant difference in tumour incidence between hamsters treated with a
suspension of B[a]P attached to Fe,0; as compared with animals treated with B[a]P alone
(Student’s t-test: P=0.69). However, latency time was clearly decreased in hamsters
instilled with a suspension of B[a]P attached to Fe,0, (Student’s t-test: P<{(.001).

Minor variables affecting tumor response

Physicochemical properties of Bfa]P-Fe,Q4 suspension

The physical propertics of Bla]P-Fe,0; suspensions may also influence the retention
time of B[a]P particles and thereby the induction of respiratory tract cancer. In a compara-
tive study, Henry et al [12] showed that in hamsters intratracheally instilled with
suspensions of Fe,05 particles ground, coated or mixed with B[a]P in 0.5% gelatin
solution, tumor incidences were 84%, 73% and 12% respectively. Retention time of B[a]P
from the coated and grounded particles was longer than that of B[a}P from the mixed
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Figure 1: Relationship between total B[a]P-dose administered and the tumour response (left Y-axis, open
triangles, line} and latency time (right Y-axis, closed triangles, dotted line). Data are taken from Table 1.

particles. However, the differences in retention time and tumour incidence in this study
could also be due to the different sizes of the B[a]P-Fe,O4 particles (see also Table II and
1. Furthermore, the tumour response may have been affected by the vehicle used for
administration. However, analysis of all data presented in Table I with respect to type of
vehicle {0.9% saline versus 0.02% - 0.5% gelatin in 0.9% saline) as a potential variable
did not show any effect of vehicle on tumour response (Student’s t-test: P=0.9).

Tissue infury
Since cell proliferation is essential in the formation and progression of (pre)neo-

plastic changes, the role of epithelial cell injury and the subsequent regenerative
hyperplasia in tumour induction have been the subject of many expetiments. Keenan et al
[13,14] showed that intratracheal intubation as such induced hyperplasia and metaplasia of
the trachcal epithelium, and submucosal fibroplasia whereas intralaryngeal intubation did
not. In an accompanying carcinogenesis study, intratracheal instillation of N-methyl-N-
nitrosourea (MNU) or B[a]P induced tracheal tumours, whereas intralaryngeal instillation
caused proliferative lesions and cancer of the larynx. The authors concluded that the effect
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Table II: Recovery of B[a]P in the respiratory tract of hamsters following a single
intratracheal instillation of B[a]P using various dose or different particle size®.

Dose Particle size (um) Recovery of B(a)P Reference
(mg) Range (median) (% of administered
dose)
16 -24 h 7 days
Effect of dose
2.96 10- 50 ( 200 >1.0 Henry et al. 1973 [9]
15.52 1.0- 50 ( 20 40.0 2.0
18.16 1.0- 50 ( 20) 58.0 2.0
Effect of particle size
2.0 1.0- 175 ( 17.5) 40.0 7.0 Saffiotti 1970 [56]
2.0 1.0- 120 ( 9.0 3.0
2.0 <85 ( 5.0) 0.7
087"  3.0->150 (>150) 30.0 5.0 Henry et al. 1975 {12]°
091>  45->150 (>150) 400 4.0
0.88°  20- 100 ( 7.0y 13.0 0.0
0.88" <50 ( 20) >1.0 0.0
30 30- 260 (13.0) 250 Stenbiick ef al. 1978 [52]
3.0 1.0- 90 ( 35 1.0
1.0° 1.0- 50 ( 35 11.5 1.0 Feron ef al. 1980 [7]
1.0°  160- 480 (31.0) 515 20.5
1.0° 50- 480 (19.0) 300 1.5

2) in the study in the upper part of the table the dose varies with similar particle size, in

the studies in the lower part of the table the particle size varies with similar dose.
b) B[a]P suspended in saline with gelatine.
9 the B[a]P particles in the various groups did not only differ in size but differed also in
physiochemical properties.
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Table 1II: Tumour response of hamsters intratracheally treated with various dose levels of Bla]P
particles of different size.

Total dose Pazticle size (um) Response (%)  Reference

(mg B[a]P) Range (median)

26.1 3.0 - »15.0 (>15.0) 73.0 Henry et al. 1975 [12]*
274 4.5 - »>15.0 (>15.0) 84.0

26.3 20- 100¢ 7.0) 12.0

26.4 <50( 20) 17.0

54.0 10- 90( 35) 11.0 Stenbiick et al. 1978 [51]
54.0 30- 26.0( 13.0) 68.0

60.0 <200( 3.4) 11.0 Stenback et al. 1979 [52]
60.0 <20.0( 34) 13.0

52.0 1L0- 50( 3.5 17.5 Feron et al. 1980 [7]
26.0 1.0- 50( 3.5 135

52.0 160 - 480 ( 31.0) 525

26.0 16.0 - 48.0( 31.0) 350

52.0 50- 80.0( 19.1) 51.0

%) The B[a]P particles in the various groups did not only differ in size but differed also in
physiochemical properties.

of respiratory tract carcinogens was greatly enhanced by (mechanically induced) changes
in epithelial target cell proliferation.

Respiratory tract infections

Respiratory tract infections have been shown to influence chemically-induced respira-
tory tract cancer. Various mechanisms have been suggested, e.g. local immune competence
[15], changes in pulmonary carcinogen metabolism [16], and disturbance of pulmonary
clearance [17]. However, findings are rather inconsistent. Although most data suggest
enhancement of respiratory tract cancer by infectious agents [15-17], other studies show a
decrease in tumour response due to infections [18]. Loss of target cells and changes in the
metabolism of carcinogens were considered aspects involved {18].
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