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ABSTRACT
The studies presented in this dissertation were designed to test the
hypothesis

that

embryonic

N-acetvltransferase

(NATl

acetvlates

4-

aminobiphenvl r4ABP'). potentially affecting embryonic aromatic amine
toxicity.

NATl and NAT2 mRNAs were detected in C57BL6/J mice in

gestational day (GD) 10 embryo/placental tissue, GD 15 embryo and GD 15
placenta tissue, and GD 18 extrahepatic embryonic tissue.

Only NATl

mRNA was detected in GD 18 hepatic tissue. NATl was not found in GD 18
or neonatal day (ND) 3 liyer.
NAT activity was present at all three gestational time points where
NAT mRNA was detected.

4ASP NAT activity increased as gestation

advanced. Activity at ND 4 was 1.5 fold higher than GD 10 tissue and 1.2
fold higher than GD 15. Neonatal hepatic tissue showed very little difference
between ND 2 and ND 4. Preliminary kinetic constants were determined for
GD 18 through ND 4. The average Km was 74 )jM and the average Vmax
was 0.78 nmol/min/mg.
Finally, in vivo studies were conducted to determine if there was
embryonic exposure to 4ABP or 4AABP. The amount of 4ABP in embryonic
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or placental tissue remained constant over the three time periods tested.
While the level of 4AABP in the placenta did not change during gestation, the
amount of 4AABP detected in the GD 18 embryonic tissue increased
significantly over the other time points. 5-15% of 4ABP and 20-30% of
4AABP maternal blood levels were detected in the embryonic/placental
tissue. Less than 0.03% to 0.06% of the maternal dose was found to have
been converted to 4AABP in embryonic tissue.
In summary, (1) NATl and NAT2 mRNAs were found in embryonic
tissue; (2) functional NAT protein was present in the embryo; and (3) 4ABP
and 4AABP were found in the embryo following maternal exposure to 4ABP.
This suggests that embryonic NAT may contribute to the developmental
toxicity of aromatic amines.
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CHAPTER ONE
Introduction
Mammalian biotransformation has been extensively studied for several
decades; however most of these studies have been conducted in adult
animals. Biotransformation in adults is very complex, involving a variety of
enzymes (both phase I and phase II) from
extrahepatic).

several sources (hepatic and

The studies reported here determine the presence of N-

acetyltransferase (NAT) during development and evaluate the role of NAT in
aromatic amine developmental toxicity.

Development and Susceptibility to Toxicity
Development from a zygote to an embryo to a fetus to an independent
animal is a dynamic and carefiilly designed procedure that involves numerous
simultaneous processes occurring in specific sequences and at particular times
during gestation. The period of early organogenesis (when tlie embryo begins
to undergo differentiation) is the period of greatest susceptibility to
developmental toxicity from chemicals.

As an organ progresses through

organogenesis, production of a given toxicologic effect requires increasingly
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higher doses of a compound (i.e. as organ systems and the embryo become
progressively more differentiated, there is more resistance to toxic effects)
(Kulkami, 1995).
Normal embryonic development is characterized by rapid and
coordinated cell replication. Therefore, it follows that this rapid and specific
cell proliferation confers a unique sensitivity of the embryo towards agents
affecting cell division processes. Differential rates of cell division within
developing tissues or organs may create specific subsets of cells that are
especially sensitive to chemical exposure (Kulkami, 1995). Interference in
cell division and proliferation, through any mechanism, may lead to altered
cell cycles and ultimately interrupt the synchronization of events in
development. This interference can manifest itself in several ways. Physical
abnormalities are the most obvious, such as cleft palate, low birth weight and
spontaneous abortions. However, biochemical and endogenous interruptions
can display themselves years after birth. Female offspring of mothers who
took diethylstilbestrol (DES, a synthetic estrogen) have a higher incidence of
vaginal adenocarcinomas, a rare cancer, early in life (18 to 25 years of age)
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which is linked to intrauterine DES exposure during the first

trimester

(Greenwald et al., 1971; Herbst et al., 1971).

Developmental Biotransformation
Although organogenesis is commonly regarded as the stage of
development most sensitive to chemically-induced teratogenesis, little is
known about the developmental pattern of biotransformation reactions in
mammals.
Phase I Biotransformation. Functional cytochrome P450 (CYP450)
dependent monooxygenases are detected relatively early in the human fetus
and the overall metabolizing capacity is about one third of that found in
preparations of adult liver (Pelkonen, 1980).

Significant mixed fimction

oxidase activity is present in hepatic and extrahepatic tissues.

For most

substrates, the major sites of CYP450 dependent monooxygenation during
prenatal life in humans are the liver and the adrenal gland (Juchau, 1980). At
least four different isoenzymes are known to occur in CYP450 human fetal
liver (Kitada et al., 1991). The proportion of different CYP450 isozymes
changes during fetal growth (Klinger, 1982). The 3 A subfamily isoforms are
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expressed in relatively high quantities in human hepatic tissue during the fetal
period (Wrighton and Vandenbranden, 1989; Kitada, 1991; Komori et al.,
1990; Wrighton et al., 1990) but the extent of expression during
embryogenesis is unknown.

CYP450 3A appears to account for

approximately one-third of the total P450 in human fetal livers and is
functionally active (Wrighton et al., 1988).
In rodents, no single form of constitutive flmctional CYP450 has been
definitively identified in organogenesis (Juchau et al., 1992).

Results of

several animal studies on xenobiotic oxidation suggest that measurable
CYP450 activity becomes apparent toward term. Although the identity of the
CYP450s involved remains unknown, CYP450 lAl mRNA can be detected
at gestational day (GD) 15 in rat embryos (Juchau et al., 1992; Brown et al.,
1986), even though fiinctional protein has yet to be established.
Alcohol dehydrogenase (ADH) has been detected in the human fetal
liver as early as the second month of gestation but adult values are not
reached until 5 years of age (Kulkami, 1995). Although four ADH isozymes
have been detected in the adult liver, only one is detectable in the fetal liver,
compared with two in the newborn (Pikkarainen and Raiha, 1969). Epoxide
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hydrolase has been detected in microsomes from human placental and fetal
liver as early as 8-9 weeks of gestation (Pacifici and Rane, 1981; Pacifici and
Rane, 1983).
Phase II Biotransformation.

In species studied, glucuronidation

capacity becomes detectable at low levels late in fetal life (Klinger, 1982;
Dutton, 1978).

Studies suggest that the isozyme of glucuronyltransferase

catalyzing the conjugation of planar molecules, such as 2-naphthol, seems to
be less developed than that catalyzing the conjugation of bulkier molecules.
such as morphine, in the fetus at mid-gestation (Pacifici et al., 1990).
In contrast, the ability to produce sulfate conjugates appears very early
in fetal life (Perucca, 1987).

Cappielle et al., (1990) determined

sulphotransferase activity in human fetal liver was approximately 15% of the
level present in adult liver. Activity of the enzyme, rather than the availability
of adenosine-3'-phosphate-5'-phosphosulphate (PAPS), was suggested as the
rate-limiting factor in the sulfation reaction.
Glutathione S-transferase (GST) has been detected in fetal liver in
several species. In rats, fetal liver GST near term (GD 19) ranged from
undetectable up to 10% of adult levels depending on the substrate tested
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(Pallardo, F., 1991; Serafini et al., 1991). Even though most fetal and term
GST Uver activities have been determined to be less than that of an adult,
fetal 5-hydroxytryptamine-GST activity is present at adult levels (Burchell et
al., 1989).
Limited information is available on the acetylation capacity of the
embryo and neonate regarding N-acetyltransferase (NAT).

Hepatic and

extrahepatic p-aminobenzoic acid (PABA) acetylation has been detected in
fetal as well as neonatal guinea pigs, rats, and rabbits. NAT activity has also
been detected in rodent and rabbit placental tissue (Sonawane & Lucier,
1975; Cohen et al. 1975). This activity was shown to peak shortly after birth
(Sonawane & Lucier, 1975). PABA NAT activity was present in the human
mid-gestational placenta as well as fetal hepatic and extrahepatic tissue,
suggesting that human NAT develops during the first trimester of pregnancy
(Pacifici et al., 1986).
Intrauterine Induction/Inhibition.

Induction of biotransformation

enzymes has been noted for adult tissues, but induction in the developing
organism has had very little attention. Sherratt et al. (1990) found induction
of CYP450 lAl in cultured rat fetal hepatocytes after exposure to 1,2-
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benzathracene alone resulted in a 60-fold increase and exposure with
dexamethasone potentiated this induction 3 fold.

Ethanol treatment of

pregnant hamsters was found to result in a 2 fold increase in the CYP450 2E1
protein in fetal livers (Miller et al., 1992). Srivastava et al. (1992) reported a
significant decrease in fetal hepatic microsomal CYP450 content as well as
aminopyrine N-demethylase, aniline hydroxylase and aryl hydrocarbon
hydroxylase activities on GD 20 following daily oral exposure of styrene in
pregnant rats.

Developmental Toxicity
In utero exposure to xenobiotics can lead to developmental toxicity by
a variety of mechanisms. The teratogenicity of some xenobiotics has been
postulated to be due to their oxidation to highly reactive, electron-deficient
metabolites, such as epoxides and arene oxides. Enzymes producing these
metabolites include CYP450s, prostaglandin

H synthase (PHS) and

lipoxygenases (LPO), found to be present in some embryonic and placental
tissues (Wells et al., 1995; Winn and Wells, 1996).

If not immediately

detoxified by epoxide hydrolase or glutathione-S-transferase (GST), the
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electrophile can react with electron-rich groups, such as protein thiols, RNA
and DNA, forming covalent bonds.

If not repaired, these adducts can

ultimately result in in utero death or developmental toxicity. This mechanism
of action has been postulated for 2-acetylaminofluorene, benzo[a]pyrene, and
ethanol.
Other xenobiotics are thought to initiate developmental toxicity through
the direct formation of a reactive free radical intermediate or the subsequent
indirect formation of reactive oxygen species (ROS). This formation would
be catalyzed by peroxidases such as PHS, and related enzymes such as LPO.
Xenobiotic free radicals or ROS can oxidize molecular targets such as DNA,
protein and lipid (Parkinson., 1996).

Oxidative stress can alter cellular

function, potentially resulting in in utero death or teratogenicity. This may be
the mechanism for benzo[a]pyrene, 2-acetylaminofliorene, 2-naphthylamine
and 1,2-c/5-retinoic acid (Kulkami, 1995).

ROS can also form adducts

directly by abstracting an electron from a double bond or peroxyl radicals
produced by PHS may epoxidize substrates, creating an electrophilic reactive
intermediate that covalently binds to molecular targets. This mechanism has
been postulated for compounds such as benzo[a]pyrene (Mamet, 1990).
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Developmental toxicants may act by more than one mechanism.
Developmental toxicity induced by TCDD (2,3,7,8-terachlorodibenzo-/7dioxin) includes increased mortality and growth retardation, as well as
structural and behavioral abnormalities. The mechanism by which TCDD
causes its teratogenic effect is unknown, although one way may be by altering
gene expression.

TCDD, by binding with the Ah receptor, enables the

receptor to bind with y4/i-responsive elements on DNA to effect changes in
gene expression, such as CYP450 lAl (Peterson et al., 1993). It has also
been speculated that TCDD may also act by altering normal patterns of
programmed cell death (Abbott and Bimbaum, 1989).
Some forms of teratogenesis can be attributed to aromatic amines. 2acetylaminofluorene (2-AAF) has been shown to cause neural tube defects in
developing human and animal tissue (Faustman-Watts et al., 1983). This
toxic effect is not dependent on acetylator status; indeed the metabolite
responsible for the neural tube defects is 7-OH-2AAF (Faustman-Watts, et
al., 1985).
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N-Acetyltransferase
N-acetyltransferase is an important metabolic pathway for aromatic
amines and hydrazine drugs such as procainamide, sulfonamides and
isoniazid. Early work with isoniazid demonstrated that a healthy population
could be divided into a bimodal or trimodal frequency distribution based on
isoniazid metabolism. Individuals were classified as slow or rapid isoniazid
inactivators (acetylators) (Hughes, 1953; Mitchell and Bell, 1957). Later,
studies of twins demonstrated that variations in the disposition of isoniazid
were genetically linked. Identical twins showed no difference in the rate of
acetylation while fraternal twins had greater variability. Individuals classified
as slow acetylators using isoniazid were homozygous for the autosomal
recessive NAT allele and rapid acetylators were heterozygous or homozygous
for the dominant allele (Evans et al, 1960). Population studies have found
that Japanese are predominantly rapid acetylators. Middle Eastern individuals
are predominantly slow acetylators (Weber, 1987), and Caucasians are
equally distributed between rapid and slow acetylators (Mandel et al., 1959).
In recent years, two functional NAT enzymes have been identified
(NATl, NAT2) (Vatsis et al., 1995; Ohsako and Deguchi, 1990; Blum et al..
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1990; Ebisawa and Deguchi, 1991; Deguchi, 1992). The two enzymes are
encoded by two genes {NATI, NAT2) located on chromosome 8 (Blum et al.,
1990; Franke et al., 1994; Hickman et al., 1994) and separated by
approximately 25 kb (Grant et al., 1991; Hickman et al., 1994). The genes
are 870 bp long in the coding region and encode a 290 amino acid peptide
with a molecular mass of 33.5 kDa. The two gene sequences have been
found to be -87% homologous. While the transcript for NATl is encoded in
a single exon, NAT2 has a 5' non-coding exon located about 8 kb upstream
from a second exon which contains the coding and 3' regions (Ohsako and
Deguchi, 1990; Blum et al., 1990; Ebisawa and Deguchi, 1991; Deguchi,
1992). Although, there is very little homology between the 5' untranslated
region (UTR) of NATl and NAT2, substantial nucleotide homology is seen in
the 3' UTR of both genes (Ohsako and Deguchi, 1990; Blum et al., 1990;
Ebisawa and Deguchi, 1991; Deguchi, 1992). NAT amino acid sequences
have three cysteines (C44, C68, and C223) as well as four amino acids on
either side of C68 that are strictly conserved in NATs from all vertebrate
species (Ohsako and Deguchi, 1990; Blum et al., 1990; Martell et al., 1991).
Recent studies have revealed the importance of C68 for catalytic activity,
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implicating C68 as being involved in the transfer of acetate from the cofactor
to the substrate (Dupret et al., 1994). Studies both in vivo and in vitro
demonstrate that human NAT I and NAT2 are independently regulated (Grant
et al., 1991; Vatsis and Weber, 1994; Vatsis and Weber, 1993).
Recombinant protein studies have determined that the classical human
acetylation polymorphism is regulated at the NAT2 gene locus (Grant et al,
1990; Blum et al, 1990, Ohsako & Deguchi, 1990, Grant et al 1991). To
date, a large number of variant NAT2 alleles with point mutations have been
detected in human populations (Vatsis et al., 1995). NAT2 allelic variations
from point mutations in the protein-coding region adversely afifect the
catalytic function and stability of the gene products (Vatsis et al., 1995;
Deguchi, 1992; Blum et al., 1991; Abe et al., 1993; Hein et al. 1994).
Variations in amino acid sequence result in decreased enzyme activity that
can be correlated with reduced intrinsic stability of the protein (Grant et al,
1990; Blum et al, 1991, Vatsis et al, 1995), but not reduced mRNA levels
between rapid and slow acetylators (Ohsako and Deguchi, 1990; Deguchi,
1992; Abe et al., 1993; Blum et al., 1991). The slow acetylator phenotype
does not appear to be from changes in the active site (Dupret and Grant,
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1992); indeed none of the identified NAT2 slow variants have mutations
involving the active site of C68 (Vatsis et al, 1995).
Recently, a bimodal distribution has been observed with the NATl
substrates among Caucasians (Vatsis and Weber, 1994; Vatsis and Weber,
1993). P-aminosalicylic acid (PAS) has been shown to be acetylated by
human NATl.

PAS NATl activity results in either a rapid and slow

acetylator phenotype (Vatsis and Weber, 1993). The major variant resulted
from the loss of the polyadenylation signal. Other variants were found to
have both silent and nonsilent substitutions in the coding region and deletion
of nine bases from an AT-rich area in the 3' UTR.
NAT catalyzes a ping-pong reaction mechanism with a covalent acetylcysteinyl-NAT species as the intermediate (Cohen et al., 1975; Andres et al.,
1987; Andres et al., 1988). Formation of the acetyl-NAT intermediate is ratelimiting in the overall N-acetylation of most arylamines. The transfer of the
acetate to the amine is sensitive to structure, polarity, and basicity of the
arylamine substrate (Andres et al., 1987).
Sulfamethazine, hydralazine, isoniazid, procainamide and dapsone are
examples of drugs with variable pharmacokinetics due to the NAT2
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polymorphism that can lead to adverse effects.

Drug-induced lupus

erythematosis is seen in patients receiving the antihypertensive agent
hydralazine (Perry, 1954).

The onset of lupus erythematosis in slow

acetylators is more frequent

and occurs sooner than in rapid acetylators.

Drug-induced lupus erythematosis also has been reported in slow acetylators
receiving other arylamine drugs, such as procainamide (Weber, 1987). Very
early studies into the NAT polymorphism began with the isopJazid-induced
peripheral neuropathy also seen in the slow acetylator phenotype (Hughes et
al., 1954).
Arylamine carcinogens, such as 2-naphthylamine, benzidine and 4aminobiphenyl (4ABP) are substrates of NAT (Hein, 1988). The primary
exposure route of these carcinogens is both occupational and environmental,
with environmental tobacco smoke found to be the most prevalent
environmental source (Patrianakos et al., 1979)

Epidemiological studies

indicate that slow acetylators are at a greater risk for developing bladder
cancer (Cartwright et al., 1982) and aromatic amines have been implicated in
the initiation of bladder cancer of smokers (Clavel et al., 1990; Silverman et
al., 1992). In another study among bladder cancer patients and non-cancer
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controls, significantly more NAT slow acetylators were found in bladder
cancer patients, suggesting that acetylator phenotype plays an important role
in bladder carcinogenesis (Mommsen and Barfod, 1985). Current speculation
is that competing pathways, such as N-glucuronidation, O-glucuronidation or
O-sulfation, are more likely to occur with decreased N-acetylation. The Nand 0-glucuronide can be transported to the bladder and cleaved due to low
pH or actions of P-glucuronidase. This leads to an electrophile capable of
binding with nucleophiles present in the bladder epithelium (Kadlubar et al.,
1977; Poupko et al., 1979). Additional studies have shown bioactivation of
N-hydroxylamines by bladder uroepithelium (Schut et al., 1984, Kerlin et al.,
1989).
Some reports have shown an increase in the risk of rapid acetylators
developing colorectal cancer (Ilett et al, 1987; Lang et al, 1986), but Ladero
et al., (1991) observed no significant relationship between NAT phenotype
and colorectal cancer occurrence. However, when rapid acetylator status was
coupled with high CYP450 IA2 activity, a significant increase in colon
cancer was noted (Lang, 1994). Epidemiological studies suggest that dietary
heterocyclic amines, which are subject to metabolism by NAT2 might be
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involved in the formation of colorectal tumors (Wohlleb et al., 1990).
Investigators propose that glucuronides of the N-hydroxy metabolites of
aromatic or heterocyclic amines are excreted in the bile and subsequently are
deconjugated by bacterial P-glucuronidase in the colon.

However this

pathway requires the ester-forming enzymes such as NAT to be present in the
colon. Kirlin et al (1991) and Turesky et al (1991) have determined NAT
activity in human colon cytosol and this activity can be divided into a
trimodal distribution. Therefore, NAT activity in the colon can result in the
abihty to form highly reactive esters.

Bioactivation of Aromatic Amines
Animal studies have clearly shown that the first step in the activation of
aromatic and heterocyclic amines is N-hydroxylation (Figure 1.1). The initial
step is N-oxidation to N-hydroxyarylamine, catalyzed primarily by the hepatic
CYP450 lA family (Kato, 1986). In general, CYP450 1A2 has been shown
to be considerably more active than CYP450 lAl in N-hydroxylating
arylamines.

Both CYP450 3A4 and 3A5 are capable of activating

heterocyclic amines in the AmQs/Salmonella test, although at rates much
lower than CYP450 1A2 (McKinnon et al., 1992, 1995).

Flavin

31

monooxygenases have also been shown to activate 2-aminofluorene
(Frederick et al., 1982, Kimura et al, 1984). Extrahepatic prostaglandin H
synthase and other peroxidases have been shown to oxidize arylamines as
well (Zenser et al., 1983). With most aromatic amines, such as 4ABP, Nacetylation can occur prior to N-oxidation, resulting in the formation of a
carcinogenic N-hydroxy (N-OH) arylamide (King and Glowinski, 1983; Hein,
1988). This step has been viewed as a detoxification step since arylamine
carcinogens are generally much better substrates for hepatic N-oxidation than
are the corresponding arylamides (Brunborg et al., 1988).

Both the

metabolically formed N-OH arylamines and N-OH arylamides can act as
proximate carcinogenic metabolites and are readily interconverted by hepatic
NAT to acetoxy esters (King and Glowinski, 1983). O-acetyltransferase
(OAT) activity of NAT has been shown to form unstable esters with Nhydroxy arylamines, leading to the formation of the nitrenium ion, which can
form covalent bonds with DNA. The N-OH arylamines are also substrates
for the hepatic sulfotransferases, leading to the highly reactive N-sulfonyloxy
ester.

Both

the

sulfonyloxy

and

acetoxy

esters

described

can
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lead to covalent binding to liver DNA (Kato, 1986; Hammang, and Kadlubar,
1986).
Extra-hepatic carcinogenicity of aromatic amines originates with
metabolites formed in the liver and then transported to target tissues (Figure
1.2).

The proximate carcinogenic N-OH arylamine metabolites form

conjugates with P-glucuronic acid in the liver, which either enter the
circulation or are excreted, with the opportunity to reach target tissues such as
the colon (through the bile) or the bladder (through the kidney) (Kadlubar et
al., 1981; Kadlubar et al., 1977). The glucuronide moiety can be removed by
P-glucuronidases in the target tissue, releasing the N-OH arylamine which can
then

be

O-acetylated

by

NAT-OAT activity, forming reactive

N-

acetyoxyarylamines (Tureski et al., 1991). Alternatively, N-OH-arylamines
can be directly converted under slightly acidic conditions to protonated
hydroxyl- amines which decompose to electrophilic nitrenium/carbenium ions
that form adducts with DNA (Flammang and Kadlubar, 1986). Because of
normal urine acidity, the latter mechanism may be important in aromatic
amine-induced urinary bladder carcinogenesis (Kadlubar et al., 1977;
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Kadlubar and Radomski, 1979; et al., 1981). The major DNA adducts found
after in vivo administration of arylamine and arylamide carcinogens are, in
nearly all instances, arylamine C8-substituted deoxyguanosine adducts
(Beland and Kadlubar, 1990).

4-Aininobiphenyl (4ABP)
4-Aminobiphenyl (Chem. Abstract No. 92671) is a colorless,
crystalline compound that darkens on oxidation. It has a boiling point of
191°C, a melting point of 53°C and a molecular weight of 169.2 (C12H11N).
4ABP is slightly soluble in cold water but dissolves readily in non-polar
solvents. 4ABP is a weak base that forms salts with HCl, H2SO4 and is
oxidized by air.

4ABP absorbs light in the ultra-violet spectrum with a

maximum absorption occurring at 280 nm, which provides a means of
detection.
4ABP is an aromatic amine with a free amine group in the 4 position
and has been shown to be a urinary bladder carcinogen in dogs, mice, and
humans (Radomski, 1979). Occupational exposure to 4ABP results in a high
incidence of urinary bladder cancer. Its use as an antioxidant in the rubber

36

industry has been eliminated; however, human exposure to 4ABP and other
carcinogenic aromatic amines continues from combustion of plant products,
such as cigarette smoke with 1 - 100 ng of 4ABP/cigarette (Bartsch et al.,
1993). The emissions of 4ABP are more than 30 times greater in sidestream
smoke than in mainstream smoke (Patrianakos and Hoffinan, 1979);
therefore, passive smokers may receive substantial doses of this carcinogen.
4ABP is metabolized in vivo to a reactive N-hydroxyarylamine which
binds convalently to DNA (Figure 1.2). The major DNA adducts found are
arylamine CS-substituted deoxyguanosine adducts (Beland and Kadlubar,
1990). Studies have shown guanine modification with 4ABP to yield N(deoxyguanosin-8-yl)-4-aminobiphenyl (dG-C8-ABP) (Kadlubar et al., 1991).
Other studies have shown that 4-acetylaminobiphenyl (4AABP) reacts with
DNA and two adducts have been characterized (N-deoxyguaniosin-8yl)acetylaminobiphenyl

and

3-(deoxyg;uanosine-N^yl)acetylaminobiphenyl

(Jeffrey, 1985).
Levels of C8-deoxyguanosine-arylamine adducts have been correlated
with the induction of mutations in bacteria and mammalian cells. They have
also been shown to cause point mutations, the majority of which are G—>T
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transversions (Bartsch et al., 1993). Precisely this type of mutation has been
detected at codon 61 of the ras protooncogene during the induction of mouse
hver tumors by N-hydroxy-2-acetyIaminofluorene.

In addition, a point

mutation at codon 61 of the ras protooncogene has been shown to occur in a
proportion of human bladder cancers (Fujita et al., 1985).
Recent studies have analyzed the mechanism for aromatic amine
mutations shown to be present in bladder cancer. These studies, in SOSinduced Escherichia coli, demonstrated that aromatic amine mutations,
including 4ABP, result primarily in G to T and to some extent G to C
transversions.

In addition, deletions in G were also detected.

Aromatic

amines were found to induce both frame shift and substitution mutations
(Melchior et al., 1994). Other studies, using single, site-specific, or randomly
introduced aromatic amine DNA adducts in bacterial cells, and in vitro
studies, concluded that mutagenic effects of the aromatic amines arise from
their structures rather than from their triggering a conmion inaccurate repair
response (King et al., 1994).
Transplacental exposure of fetal tissue to carcinogens is known to
induce tumors in offspring (Bulay et al., 1971).

4ABP or one of its
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metabolites has been shown to cross the placenta, gaining access to the
embryo.

When maternal-fetal exchange of 4ABP in pregnant and non

pregnant women was studied, 4ABP-hemoglobin adduct levels in fetal tissue
were strongly correlated with the smoking status of the mother (Coghlin et al.,
1990). In GD 18 pregnant mice dosed with 4ABP, 4ABP adducts formed
preferentially to DNA of maternal liver and kidney but showed no preference
among fetal tissues (Lu et al., 1986).
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Statement of Problem
Veiy littie is known regarding embryonic biotransformation or its
impact on activation and detoxification of xenobiotics.

NAT activity has

been implicated in aromatic amine-induced cancers, and NAT substratespecific activity has been detected in embryonic tissues.

The studies

presented in this dissertation were designed to test the hypothesis that
embryonic N-acetvltransferase fNAT") acetvlates 4-aminobiDhenvl r4ABPV
potentially affecting embryonic aromatic amine toxicity. 4ABP is known to
be genotoxic to developing embryos since 4ABP-DNA adducts are
detectable. NAT has been shown to play a role in this same end point in
adults. Understanding the gene expression and activity of NAT in the embryo
will lead to a greater understanding of the embryonic biotransformation
capabilities during development.

These studies are also the first

step in

determining if embryonic NAT may play a part in 4ABP developmental
genotoxicity.
Research Objectives. The major research objective was to determine
if embryonic tissue expressed NAT, exhibiting 4ABP NAT activity. Three
specific aims were established to address this objective.
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1.

Determine if NATl and NAT2 genes are expressed in mouse
embryonic tissue.

2.

Determine 4ABP NAT activity in the mouse embryo and neonate.

3.

Determine embryonic exposure to 4ABP and 4AABP.

Each aim is presented in one of the following chapters:
Chapter 2.

NATl and NAT2

gene expression was evaluated by

determining the presence of mRNA for either gene. Total RNA was isolated
from embryos at different points in gestation. The time points in gestation
were chosen based on the development of the liver in the embryo and mRNA
was determined through RT-PCR.

PCR products were separated by gel

electrophoreses and visualized with ethidium bromide and UV light. PCR
products were sequenced to confirm their identity.
Chapter 3. In an effort to determine if functional NAT protein was
present, NAT activity was measured using 4ABP as the substrate. Embryonic
tissue from

the gestational time points determined in chapter 2 was

homogenized and used in these assays.

For comparison purposes, NAT

assays were conducted on embryonic tissues and compared to neonatal tissue.
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NAT assays were also conducted on neonatal liver and compared to pregnant
and non-pregnant female liver activity.
Chapter 4. The embryonic exposure to 4ABP and its metabolites was
evaluated. Pregnant mice were dosed with 4ABP during gestation and the
amount of 4ABP transferred to the embryonic tissue was evaluated. 4ABP
and 4AABP (4-acetyIaminobipheyl) were extracted from S9 homogenates of
either embryonic tissue or maternal blood and hepatic tissues.

These

compounds were separated by HPLC and monitored by UV Ught at 280 nm.
Chapter 5. Summary. A comprehensive summary of the results and
significance of the findings are included.
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CHAPTER TWO

THE EXPRESSION OF NATl AND NAT2 IN
C57BL6/J MOUSE EMBRYOS

As described in Chapter 1, polymorphisms in NAT activities exist and
are expressed in a number species, including humans and mice. Currently,
mice (Glowinski, 1982) hamsters (Hein et al., 1982) and rabbits (McQueen
et al., 1982) are used as models to investigate this polymorphism. Rapid and
slow acetylator phenotype have been identified in strains of mice (Weber,
1987). The rapid acetylator (C57B16/J) and slow acetylator (A/J) strains
differ in a single base change in the NAT2 gene (NAT2) (Weber, 1987),
which affects protein stability rather than protein function (Blum et al, 1990;
Blum et al., 1991). After cytosolic protein fi-om the slow acetylator mouse
strain (A/J) was incubated at 37° for various lengths of time, NAT2 activity
decreased in a time-dependent manner.

This indicates the A/J mouse

produces a protein that is 4-fold less stable at 37®. Furthermore, in an in vitro
translation system using radiolabeled methionine, the rate of NAT2
translation was significantly decreased in the slow acetylator mouse strain
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(Martell et al., 1992). A human polymorphism is a result of point mutations
in the NAT2 gene.

These point mutations result in the same protein

instability, resulting in the decreased NAT activity.
As described in Chapter 1, NAT enzyme activity has been detected in
humans and rodents during gestation.

Early studies have suggested that

NATs develop prenatally and may undergo changes during development
(Pacifici et al., 1986). PABA NAT activity has been measured in humans,
rodents and rabbits prior to and after birth (Pacifici et al., 1986; Cohen et al.,
1973; Sonawane, 1982; Rogers-Estrasa et al., 1997) and this activity is lower
than adult. PABA activity has also been measured in rodent and human
placental tissue (Sonawane, 1982; Pacifici et al, 1986). This suggests the
presence of NAT2 in the rodent prior to birth, although NATl cannot be
excluded.
Gestation in mice is from 18 to 21 days in duration. Implantation into
the uterine wall begins approximately day 4.5 to 6 and organogenesis is from
day 6 to day 16. The blood begins to form on day 7. The liver begins to form
on day 9.5 to 10 and is completely formed on day 12-13. Delivery of pups
takes place on day 18.5-20 (Kaufinan, 1992) (Figure 2.1 A). The present
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Study was conducted to determine the gene expression of NATl and NAT2 in
rapid acetylator mice (C57B16/J) during development. Gene expression was
determined by Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)
analysis of mRNA in mouse embryonic and placental tissue and neonatal
hepatic tissue. The time points tested during gestation were based on the
development of the liver since the liver is the major biotransformation organ
in the body. The first time point tested, GD 10, is the middle of the second
trimester and the beginning of liver formation. The second time point tested,
GD 15, is just after liver formation and the end of organogenesis while the
last time point tested (GD 18) is just before birth.
hepatic mRNA was examined for NATl.

In addition, neonatal
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MATERIALS AND METHODS
Animals. Pregnant or proven breeder C57BL/6J mice were purchased from
Jackson Laboratories (Bar Harbor, ME) and Harlan Sprague Dawley
(Indianapolis, IN). The breeder mice were maintained at The University of
Arizona Animal Care Facility under standard conditions of 12 hour hght/dark
cycle with food and water ad libitum. Animals were mated and the first day
after mating is considered GD 0. Tissue samples were collected at GD 10,
15, 18 and neonatal day (ND) 3.

Primer Design. NATl and NAT2 are intronless genes 870 bp long having
>80% homology. For RT-PCR, five primers were designed (Figure 2.IB,
2.1C). The initial determination for NATl and NAT2 in GD 10, 15, and 18
used a sense 5' primer which is common (COM-S) to both NATl and NATl
while the 3' primer is in the untranslated region (NATl-AS, NAT2-AS) of
each gene corresponding to an area of minimal homology and dififerentiates
between NATl and NAT2. Confirmation of NATl on GD 10, 15 and 18 and
determination of ND 3 used the common primer in the anti-sense direction
(COM-AS) and a small region of the NATl gene 5' to the common primer
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(NATl-S). Positive control histone primers were as described (Futscher et al,
1982).

RNA Isolation. Tissue was obtained at GD 10, 15, 18 and ND 3. Maternal
liver was isolated at each time point, and used as a positive control.
Littermates were pooled to obtain sufficient material.

Placental and

embryonic tissue were isolated together on GD 10 but separated at later time
points.

At GD 18 and ND 3, liver was excised from

the remaining

fetal/neonatal tissue. In adult and embryonic tissue, RNA was isolated using
TRIZOL Reagent (Gibco, Grand Island, New York) then chloroform
extraction. The aqueous phase was centrifuged at 8,500 x g, and the RNA
precipitated with 100% ethanol. The pellet was washed with 70% ethanol
and resuspended in a lysing solution containing 4M guanidium isothiocyanate
(GITC), 20 mM sodium acetate and .5% SDS. The RNA was purified on a
5.7 M cesium chloride gradient and centrifuged at 205,225 x g for 4.5 hr
(Futscher et al., 1982). The purity and amount of RNA was calculated from
the 260/280 nm absorbance ratios. Embryonic and neonatal liver RNA was
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isolated in a similar fashion using only lysing solution and the same cesium
chloride gradient method.

RT-PCR.

A 20 fil reverse transcription reaction mixture was prepared on

ice to contain IX PCR buffer (10 mM Tris, pH 8.3, 50 mM KCl; 1.5 mM
MgCli), 1 mM of each dNTP (Boehringer Mannheim, Indianapolis, Indiana),
100 pmol random hexamers, 20 units RNasin (Boehringer Mannheim,
Indianapohs, Indiana), 200 units of avian myeloblastosis virus (AMV) reverse
transcriptase (Boehringer Mannheim, Indianapohs, Indiana) and 2 ng total
cellular RNA. The mixture was maintained at 42°C for 3 hr followed by
95°C for 10 min to denature the AMV enzyme.

The newly synthesized

cDNA was then amplified for NAT I, NAT2 or histone as a control in a 100 |il
reaction mixture having a final concentration of IX PCR buffer, 200 |imol of
each dNTP, 1 [imol of each amplification primer and 2 units of TAQ DNA
polymerase. Initial denaturation at 95°C for 5 min was followed by 40 cycles
of 95°C for 45 seconds, 58°C for 30 seconds, 72°C for 30 seconds, with a
final extension at 72°C for 5 min and a quick chill at 4°C. The histone, MATl
using the NAT1-AS and C-S, and NAT2 using the NAT2-AS and COM-S
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primers define a 215 bp, 303 bp and a 285 bp amplicon, respectively. The
NATl-S and the C-AS define a 559 bp amplicon. A 10 ^1 aliquot of each
PGR product was size fi^actionated in a 3% agarose gel, and visualized with
ethidium bromide.

Sequencing.

NAT PGR products were Ugated into the pGR EI plasmid

(Invitrogen, Garlsbad, Galifomia) and used to transform into competent E.
coli.

Plasmid DNA was isolated (QIA PrepSpin Plasmid Kit, Qiagen,

Ghatsworth, Galifomia) and sequenced to confirm the specificity of the
primers used to amplify either NATI or NAT2 mRNA. 100% homology was
found between the PGR product and the gene. (Macromolecular Facility, The
University of Arizona, Tucson, Arizona).
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RESULTS
Three different gestational days were evaluated for expression oiNATl
and NAT2 and one day was evaluated post-natally for expression of NATL
GD 10 corresponds to the middle of the second trimester, prior to the
formation of the liver and the tissue analyzed consisted

of the

embryonic/placental complex. GD 15 is the middle of the third trimester and
the Uver is completely formed. Tissue samples included either the placenta or
the embryo. GD 18 is just prior to birth. At this time point and for ND 3, the
liver was excised from the embryo or neonate and analyzed separately. All
tissue samples were from pooled littermates and the results reflect evaluation
of two separate litters at each time point.
In the second trimester (GD 10), NAT I was found to be expressed in
the embryonic/placental complex (Figure 2.2). By the middle of the third
trimester (GD 15), NATl mRNA was detected in embryonic tissue as well as
in the placenta (Figure 2.3).

At GD 18, NATl mRNA was found to be

expressed in extra-hepatic tissue, but not in liver (Figure 2.5) and this pattern
continued through ND 3 (Figure 2.5).
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Expression of NAT2 was similar to that observed for NATl at GD 10
and GD 15 (Figures 2.2 and 2.3).

Unlike NATl^ NAT2 expression was

detected in both hepatic and extra-hepatic tissue on GD 18 (Figure 2.4).
In summary, both genes are expressed in the embryonic mouse,
beginning as early as the middle of the second trimester and continuing
through pregnancy (Figure 2.6, 2.7).
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C57B16 Mouse Pregnancy Time Line
GDO
1st Day after
Mating

GD 9.5 -to

GD18.5-20
Delivery of
Pupt

Liver Begins
To Form

GD 10
GD 7 Blood
Begins
To Form

GD 15

GDIS

SD3

GD 12-13
Uver Is
Formed

ORGANOGENESIS
GD7

GD 16

Figure 2.1A. Summary of mouse pregnancy time line. GD 10, GD 15 and
GD 18 were tested for NAT I and NAT2. ND 3 tissue was tested for NAT I
mRNA.
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NATl-S
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Product
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Primer Both Sense
and
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Figure 2. IB. RT-PCR primer design for NATl and NAT2 and the size of the
PGR products. RNA was isolated from embryonic and neonatal mice,
reverse transcribed (RT) to cDNA, and amplified by PGR (polymerase chain
reaction). NATl and NAT2 C57B16/J intronless genes are 870 bp long and
share >80% homology in the coding region.
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Common Primer - Sense COMS
5'

GTT CAT TGT TTG GTT GGC TCC ACC

Common Primer - Antisense COM-AS
5'

3'

nt 713-690

GGT GGA GCC AAC CAA ACA ATG AAC

NAT1 Sense Primer NATl-S
5'

nt 690-713

3'

nt 155-180559 bp product

TAG AGGACATTTTTGACC ACATAGTA

3'

NAT1 Antisense Primer NA Tl-AS nt 993-967 303 bp product
5'

TGC TGA CCA ACT AAT GAG TTG TTG TAT 3'

NAT2 Antisense Primer NA T2-AS nt 975-952
5'

285 bp product

ACT GGT GGT CAT GTT GAT GTG TGC

3'

Figure 2.1C.: PGR primer sequences for RT-PCR of NATl and NAT2. A
sense primer common to both genes was designed in the area of greatest
homology (COM-S) and used in conjunction with 3' differentiating primers in
the untranslated region of either NATl or NATl (NATI-AS and NATl-AS).
NATl was confirmed for all embryonic time points using the antisense of the
common primer (COM-AS) in conjunction with a small area of low homology
5' to the common primer in the sense orientation (NATl-S). COM-AS and
NATl-S was also used for ND 3. The positive control was amplified using
primer sequences for human histone H3.3 as described (Futscher et al., 1982j.
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603

310/281/271
234

8

10

Figure 2.2: GD 10 embryo/placental complex.
RT-PCR products were
separated by gel electrophoresis and visualized with ethidium bromide and
UV light. The primers COM-S with NATl-AS (303 bp) and NAT2-AS (285
bp), and histone (215 bp) as a control were used. Histone was used to test
RNA loading and integrity. Negative controls consisted of a sample without
RNA to test for DNA contaminated reagents and a sample without Reverse
Transcriptase to test for DNA contaminated samples. Lane 1 = molecular
weight markers. Lane 2 = minus RNA, Lane 3-6 maternai liver: minus
reverse transcriptase (RT) (3), histone (4), NATl (5) NAT2 (6), Lane 7-10
GD 10 Embryo/Placental Tissue: minus RT (7), histone (8), NATl (9),
NAT2{\Q)
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Figure 2.3: GD 15 embryonic tissue (A) and GD 15 placental tissue (B).
RT-PCR products were separated by gel electrophoresis and visualized with
ethidium bromide and UV light. The primers COM-S with NATI-AS (303
bp) and NAT2-AS (285 bp), and histone (215) as a control were used.
Histone was used to test RNA loading and integrity. Negative controls
consisted of a sample without RNA to test for DNA contaminated reagents
and a sample without Reverse Transcriptase to test for DNA contaminated
samples. (A) Lane I = molecular weight markers. Lane 2 = minus RNA,
Lane 3-6 maternal liver: minus reverse transcriptase (3), histone (4), NATI
(5) NAT2 (6), Lane 7-10 GD 15 Embryonic Tissue: minus RT (7), histone
(8), NATI (9), NAT2 (10). (B) Lane I = molecular weight markers. Lane 2
= minus RNA, Lane 3-6 GD 15 Placental Tissue: minus reverse
transcriptase (3), histone (4), NATI (5) NAT2 (6).
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Figure 2.4: GD 18 embryonic tissue without Uver (A) and GD 18 embryonic
liver (B). RT-PCR products were separated by gel electrophoresis and
visualized with ethidium bromide and UV light. The primers COM-S with
NATl-AS (303 bp) and NAT2-AS (285 bp), and histone (215 bp) as a
control were used. Histone was used to test RNA loading and integrity.
Negative controls consisted of a sample without RNA to test for DNA
contaminated reagents and a sample without Reverse Transcriptase to test for
DNA contaminated samples. Lane 1 = molecular weight markers. Lane 2 =
minus RNA, Lane 3-6 maternal liver: minus reverse transcriptase (3),
NATl (4), NAT2 (5) histone (6), Lane 7-10 GD 18 Embryonic Tissue
without Liver minus reverse transcriptase (7), NATl (8), NAT2 (9), Histone
(10). (B) Lane 1 = molecular weight markers. Lane 2 = minus RNA, Lane
3-6 GD 18 HepaticTissue: minus reverse transcriptase (3), NATl (4), NAT2
(5) histone (6), Lane 7-10 Maternal Liver: minus reverse transcriptase (7),
NATl (8), NAT2 (9) histone (10).
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310/281/271

Figure 2.5: ND 3 liver. RT-PCR products separated gel electrophoresis and
visualized with ethidium bromide and UV light. The primers COM-AS with
NATl-S (559 bp) and COM-S with histone (215 bp) as a control were used.
Histone was used to test RNA loading and integrity. Negative controls
consisted of a sample without RNA to test for DNA contaminated reagents
and a sample without Reverse Transcriptase to test for DNA contaminated
samples. Lane 1 = molecular weight markers, Lane 2 = minus RNA, Lane 35 ND 3 Liver: minus reverse transcriptase (- RT) (3), NATl ( 4), histone (5),
Lane 6-8 Maternal Liver: minus reverse transcriptase (6), NATl (7),
histone (8).
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GD 10
Embryo/
Placenta

GDIS
Whole
Embryo

GD IS
Placenta

GD 18
Embryo
Without
Liver

GD 18
Liver

ND3
Liver

Birth
mRNA PRESENT
mRNA NOT PRESENT

Figure 2.6. Summary of NATl mRNA expression in C57B16/J embryonic and
neonatal mice. NATl mRNA was detected in GD 10, GD 15 and GD 18
embryo (without liver) and GD 15 placenta but was not detected in hepatic
tissue at GD 18 or ND 3.
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Whole
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GD 15
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GD 18
Liver
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NOT PRESENT

Figure 2.7. Summary of NAT2 mRNA expression in C57B16/J embryonic
mice. NAT mRNA was detected in GD 10, GD 15 and GD 18 embryo
(without liver) as well as hepatic tissue at GD 18.
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DISCUSSION
Organogenesis is commonly regarded as the stage of development most
sensitive to chemically-induced teratogenesis.

Although susceptibility to

toxicity may be affected by embryonic biotransformation, little is known
about the developmental pattern of conjugation reactions in mammals.
Acetyltransferase, glutathione S-transferase (GST) and UDP-glucuronyl
transferase (UGT) activities are considerably lower in fetal than adult tissues
(Pacifici et al., 1986). UGT in rat liver microsomes were found to be 10% of
the adult levels 8 days prior to birth and increased to adult levels by day 50
post-partem (Lundovist et al., 1995). PABA NAT activity has been found in
the human mid-gestational placenta as well as fetal hepatic and extrahepatic
tissue, suggesting that human NAT develops during the first trimester of
pregnancy (Pacifici et al., 1986). NAT activity has also been detected in fetal
rodents and rabbits although it is less than the adult (Sonawane & Lucier,
1975; Cohen et al. 1975). In neonatal mice, PABA activity, has been shown
to increase almost 4 fold fi^om birth to day 80 in the liver and 2 to 6 fold in the
kidney. Furthermore, the CDl mouse strain was found to acetylate PABA as
early as neonatal day 1 (Rogers-Estrasa et al., 1997).

The experiments
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presented here have shown the presence of mRNA for NAT I and NAT2 prior
to the first day of birth. Indeed, NAT I and NAT2 mRNA were detected as
early as the middle of the third trimester in embryonic tissue (GD 15) and the
middle of the second trimester in the placental/embryonic complex at GD 10
(Figures 2.3 and 2.4).
The presence of NAT I and NAT2 mRNA in embryonic tissues also
suggests the possibility of biotransformation by the embryo to activate or
detoxify aromatic amines. Other classes of chemicals have been shown to
undergo embryonic biotransformation.

For example, the teratogenesis of

phenytoin has been linked to the formation of a reactive intermediate (RI) via
embryonic prostaglandin-H-synthase (Wells et al., 1996).

Embryonic

bioactivation of BAP, attributed to CYPlAl, has been detected as early as
the pre-implantation stage in induced mice (GD 4) (Filler et al., 1981). Since
the acetylation of aromatic amines can lead to the formation of reactive
products (Hein, 1988), the expression of NATs during development may
increase the potential fetal toxicity of aromatic amines.
In

addition

to

embryonic and

maternal

biotransformation

of

xenobiotics, detoxification and bioactivation may occur in placental tissue.
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The placenta is derived from embryonic and maternal tissue and contains both
phase 1 and phase 2 enzymes. The expression of NAT I and NAT2 in the
placenta supports previous findings (Sonawane & Lucier, 1975; Cohen et al.
1975). PABA NAT activity has been detected in the human mid-gestational
placenta (Pacifici et al., 1986). Placental acetylation of PABA in guinea pigs
has a discontinuous developmental pattern, rising rapidly to a maximum value
four-fifths of the way through the gestational period and then decreasing to a
minimum at birth (Sonawane, 1982). In mice both NAT I and NAT2 mRNAs
were detected in the embryo/placental complex at mid-gestation (GD 10) as
well as in the placental tissue on GD 15 (Figures 2.2 and 2.3).
Conjugation reactions in the placental tissue may serve to protect the
embryo by capturing RIs as they cross the placenta. GST, ST and UGT have
been shown to be present in human and rodent placenta (Harbison et al.,
1995). Pacifici et al., (1986) have shown PABA NAT activity in human
placental tissue at term. The presence of NAT I and NAT2 mRNA in mouse
placental tissue supports these findings.
The expression of NATs prenatally leads to speculation that NAT may
be essential for development.

Previous data have suggested that human
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NATl catalyzes the acetylation of the folate breakdown product paminobenzoyl-L-glutamate (PABLG) and that the amount of this breakdown
product is a balance between NATl

activity and the intracellular

concentration of folate (Ward et al., 1995; Minchin et al., 1992).
Consequently, folate deficiency syndromes seen during pregnancy may be
related to NATl activity (Ward et al., 1995). Comparison of the substrate
specificities and deduced amino acid sequences of mouse NAT2 and human
NATl suggests that mouse NAT2 is homologous to NATl (Martell et al.,
1992). Mouse NAT2 has higher deduced amino acid identity with human
NATl (80%) than with human NAT2 (74%). Substrates for human NATl
and rodent NAT2 are nearly the same and therefore the role of the mouse
NAT2 and human NATl enzyme may be to ensure the utilization of folate in
embryonic cells. This is fiirther supported by the detection of NATl mRNA
but not NATl \n liver pre- and post-natally (Figures 2.4 and 2.5).
The results of these experiments indicate that both NATl and NAT2 are
expressed prenatally, as early as the middle of the third trimester in the
embryo and in the second trimester in the embryo/placenta complex. Since it
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cannot be determined from

these experiments if the transcribed gene is

translated into fimctional protein, NAT assays should be conducted.
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CHAPTER THREE

4ABP-NAT ACTIVITY IN C57BL6/J MOUSE EMBRYOS,
NEONATES AND NEONATAL LIVER

Studies with recombinant mouse NAT protein show that 4ABP is
acetylated by both NATl and NAT2 (Fretland et al., 1997), forming highly
reactive esters, leading to a nitrenium ion and the formation of adducts with
cellular nucleophiles such as DNA. In addition, 4ABP-DNA adducts have
been found in neonatal mice exposed to 4ABP on GD 18 (Dooley et al.,
1992). However, which reactive intermediate precedes this adduct formation
is unclear.
The results presented in the previous chapter show mRNA for NATl
and NAT2 are in embryonic mice at GD 10, GD 15 and GD 18; however the
presence of mRNA does not always correlate with functional protein.

A

recent study found mRNA for NATl and NAT2 in the human mammary gland;
although catalytic activity was only detected for NATl substrates (Sadrieh et
al., 1996). The studies in this chapter address whether fimctional protein is
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present at the time points previously studied for mRNA NAT expression
during development (chapter 2).

For this study, embryonic tissue was

collected on GD 10, 15, and 18. S9 homogenates were used in in vitro NAT
assays with 4ABP as a substrate and an acetyl CoA recychng system. 4ABP
and 4AABP were separated by HPLC and detected by UV absorption (280
nm). The amount of acetylated product formed was calculated. Neonatal
mice were also homogenized to compare to embryonic tissue. In addition,
neonatal liver was homogenized and activity was compared to non-pregnant
and pregnant female liver. In embryonic studies, at least three separate litters
were evaluated over four substrate concentrations, enabling preliminary
kinetic parameters to be determined.
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MATERIALS AND METHODS

Chemicals.

Solvents used were of HPLC grade obtained from

Fisher

Scientific (Springfield, NJ). 4ABP, carnitine acetyltransferase (pigeon breast
muscle), and acetylcamitine were obtained from Sigma Chemical Company
(St. Louis, MO).

Acetyl-Coenzyme A was purchased from

Boeringer

Mannheim (Indianapolis, IN). All other chemicals used were reagent grade.
4AABP was synthesized by the Synthetic Core, Southwest Environmental
Health Sciences Center, The University of Arizona.

Animals. Male and female C-57BI/6J mice (18-25 g) were obtained from
Harlan Laboratories and Jackson Laboratory (see Chapter 2).

Cytosolic Preparation. Male and female mice were caged together for 24 hr
according to the estrus cycle of the female. For timed pregnancies, animals
were killed with CO2 and livers and embryos excised then flash frozen
liquid nitrogen.

Neonatal mice were killed with CO2 and flash frozen.

in
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Neonatal liver was excised and flash frozen. The samples were homogenized
in 3 volumes of 1.5 M KCl. Homogenates were centrifiiged for 10 min at
9,000 X g and the resulting supernatant was stored at -80°C prior to analysis.

Tissue Collection and Testing. Embryos were collected for the gestational
time points indicated.

GD 18 tissue consisted of a single embryo.

Litterraates as well as individuals from different litters were tested. For GD
15, four embryos per litter were pooled and two separate litters were
evaluated. For GD 10, the entire litter (average of 9 embryos per Utter) was
pooled for one sample and three separate litters were tested. Neonatal tissue
consisted of 1 neonate, from either separate litters or the same litters. ND 2,
3, 4 and GD 18 embryos were homogenized and tested over a substrate
concentration range of 0 to 108 nmol. Due to the low availability of tissue
for GD 10 and 15, only the two highest concentrations of 44.4 and 108 ^mol
were tested. All assays were run for 10 min with 0.5 mg/ml of protein.

N-Acetyltransferase Assays. NAT activity for 4ABP was determined using
an acetylcoenzyme A

(AcCoA) recycling system (Mattano and Weber,
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1987). Reaction mixtures consisted of 50 ^1 of appropriately diluted cytosol,
20 nl of the recycling mixture (acetylcamitine and carnitine acetyltransferase
in a Tris-EDTA buffer) containing the appropriate amount of substrate.
Reactions were initiated with the addition of 20 nl of AcCoA at a final
concentration of 0.5 mM.

All reactions were run in triplicate.

Control

reactions were performed in the absence of AcCoA to determine the
dependence of the cofactor in the reaction. Following incubation at 37°C, the
reaction was terminated with the addition of ice-cold methanol. The samples
were centrifliged at approximately 20,000 x g for 4 min and the supernatant
analyzed by HPLC.

HPLC Analysis.

The acetylated products were separated using a CI8

Partisil 10 ODS-2 column (250 mm x 4.6 mm) (Whatman Inc., Clifton, NJ).
Samples were eluted using a linear gradient of 50% acetonitrile and 50%
water, both with 0.1% acetic acid to 100% acetonitrile over 30 min at a flow
rate of 1 ml/min.

The absorbance was monitored at 280 nm.

Authentic

standards were used to verify eluted compounds. Under these conditions, the
retention times were 22.5 min and 10.2 min for 4ABP and 4AABP,
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respectively (Figure 3.1). 4AABP was the only metabolite produced by the
mouse S9 as determined by HPLC. The amount of 4AABP produced was
calculated from a standard curve generated using authentic 4AABP and the
data expressed as nmol 4AABP/min/mg protein.
Adult Liver Assavs: NAT assays were performed to deteraiine the
linearity of the reaction with respect to time and protein. Initial velocity for
4ABP acetylation was measured at 1 mg/ml for 10 min at a substrate
concentration of 44 ^M.
Neonatal/Embryonic Assavs: Initially assays were performed to ensure
NAT activity was linear with time and protein concentration. 4ABP kinetic
determinations were performed using substrate concentrations ranging from 0
to 108 nmol. Assays were performed for 10 min at 0.5 mg/ml of protein. For
determinations of kinetic constants, the data were linearized by plotting S/V
vs. S (Hanes-Wolf plots). Using linear regression the equation of the best fit
line was used to calculate Km (x-intercept) and Vmax (reciprocal of the
slope).
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Statistics. Comparisons among the pre- and postnatal tissue activity were
determined using an analysis of variance, followed by Student-NewmanKeuls Q Test.
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RESULTS
Initially, assays were performed with ND 4 S9 homogenate to
determine conditions to be used for the estimation of Km and Vmax.
Velocity of 4AABP formation was shown to plateau at concentrations above
108 fimol of 4ABP in adult hepatic S9. NAT assays were also performed to
assess the effects of time and protein. S9 was used instead of cytosol due to
limited tissue.

4ABP activity was linear up to 20 min and 1 mg of protein

(Figures 3.2, 3.3). Based on these data, reactions were performed for 10 min
at protein concentrations that resulted in less than 0.0015% conversion of
substrate to the acetylamine (0.5 mg/ml).
The activities at all time points were shown to increase in a dose
dependent manner (Figure 3.4). The activities ranged from

0.03 ±0.01

nmol/min/mg protein at 4.44 ^mol of 4ABP to 0.53 ±0.07 nmol/min/mg at
108 [imol for ND 2. When activities were compared among littermates or
Utters, no differences were noted. The activity at 44.4 pmol 4AJBP for ND 4
(0.31 ±0.01) was 1.5 fold higher than in the embryonic tissue at GD 10 (0.20
±0.03) and 1.2 fold higher than at GD 15 (0.26 ±0.00). Activity in the GD 10
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at 44.4 and 108 (imol and GD 15 at 44.4 }jmol was significantly lower (p =
0.05) than neonatal activity at these concentrations (Figure 3.4).
4ABP NAT activity was determined in neonatal, maternal, and non
pregnant adult female liver. There was very little difference between ND 2
and ND 4. ND 2 hver NAT activity, with 44.4 (imol 4ABP, was 0.58 ±0.05
nmol/min/mg while ND 4 activity was 0.54 ±0.02. This compared to the
matemal liver at 0.68 ±0.26 nmol/min/mg and the non-pregnant liver at 1.17
±0.13, 2 fold higher than neonatal liver. Activities were similar at 108 (imol
4ABP and 44.4 |imol activity in the neonate while the matemal liver
increased to 1.21 ±0.29 nmol/min/mg and the non-pregnant liver was 2.10
±0.06 (Figure 3.5).
Kinetic parameters were determined on the GD 18, ND 2, ND 3, and
ND 4 tissue at substrate concentrations from 0 to 108 nmol ( Table 1). The
substrate versus velocity data was linearized to create Hanes-Wolfe plots on
the time points where four different concentrations were tested (Figure 3.6).
The calculated Km, Vmax and intrinsic clearance values are presented
in Table 1. There was no significant differences between embryonic and
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neonatal tissues in Km (p = 0.025), Vmax (p = 0.05) or intrinsic clearance (p
= 0.001) for 4ABP.
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Figure 3.1; HPLC analysis of 4-aminobiphenyl acetylation in vitro. HPLC
chromatoagram for the separation of 4-aminobiphenyl (4ABP) (22.6 min)
from 4-acetylaminbiphenyl (4AABP) (10.2 min). The HPLC conditions are
described in Materials and Methods, Chapter 3.
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Figure 3.2. Relationship between time and 4-acetylaminobiphenyl (4AABP)
formation in neonatal day 4 S9 homogenate. Assays were performed at 0.5
mg/ml of protein and 44.4 fimol 4ABP over 20 min to determine if there is a
linear relationship between 4AABP formation and length of incubation time.
The data represent the mean ± S. D. of three separate samples.
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Figure 3.3. N-acetylation of 4-aiTiinobiphenyl (4ABP) in neonatal day 4
mouse S9 homogenate. Assays were performed to determine the relationship
between protein concentration and 4-acetylaminobiphenyl (4AABP)
formation. 4ABP (44.4 |imol) and the reaction mixture were incubated with
varying concentrations of protein at 37° for 10 min. The data represent the
mean ±S. D. of three separate samples.
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Pre- and Post-Natal NAT Activity

HQ 4.4 fiM
• 22fiM
B 44 fiM
@108 fiM

Figure 3.4. Effect of 4-aniinobiphenyl concentration on the velocity 4acetylaminobiphenyl (4AABP) formation in embryonic and neonatal tissue.
Assays were performed according to the procedure described in Materials
and Methods. Data represent the mean of triplicate experiments, ±S. D. ND
= Neonatal Day. GD = Gestational Day. * Significantly different than other
time points with equal substrate concentrations at p = 0.05.
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Adult and Post-natal Hepatic NAT Activity
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Figure 3.5. Effect of 4-aininobiphenyl concentration on the velocity of 4acetylaminobiphenyl (4AABP) formation in neonatal liver, gestational day 18
maternal liver and non-pregnant female liver. These data represent the mean
of duplicate experiments except for the non-pregnant female liver. The non
pregnant female liver represents the mean of triplicate experiments ± S. D.
ND = Neonatal Day. ML = Maternal Liver. Non-Preg = Non-Pregnant
Female Liver.
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Hanes-Wolf Plot for GD 18, ND2, ND3, ND4
300
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X ND4

-200

200 --

150 --

-50

-50 ^
4ABP (uM)

150

Figure 3.6. Hanes-Wolf transformation for 4-aminobiphenyl acetylation in
gestational day 18 embryonic tissue and neonatal day 2, 3, and 4 neonatal S9.
The substrate concentration was plotted against substrate divided by reaction
velocity. The x-intercept represents estimated Km and the slope is 1/Vmax.
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Time
GD 18
n=3

Vmax
nmol/min/mg

Km
liM

Intrinsic
Clearance
(Vmax/Km)
(min/mg/liter)

0.73^ ±0.18

65^±26

0.01*= ±0.002

ND2
n=3

l.P±0.13

U2^±13

o.or±o.ooi

ND3
n=3

0.78^±0.25

62^±22

0.00 !•= ±0.002

ND4
n=3
0.01"= ±0.004
0.65^±0.12
53''±26
a = not statistically significant fi-om other time points p = 0.05
b = not statistically significant from other time points p = 0.025
c = not statistically significant from other time points p = 0.001

Table 3.1. Calculated Vmax and Km values for 4-aniinobiphenyl acetylation
in gestational day 18 embryonic tissue and neonatal day 2, 3 and 4 neonatal
tissue. Vmax and Km were used to calculate intrinsic clearance values.
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DISCUSSION

Embryonic and neonatal tissue acetylated 4ABP, indicating the
presence of functional NAT.

There were no significant differences in

acetylation of 4ABP fi-om GD 18 through ND 4. However, activity at the two
concentrations (44.4 and 108 iimol) tested for the GD 10 was significantly
lower than the other tissues (p = 0.05) and the 44.4 ^mol concentration was
significantly lower for the GD 15. This suggests that NAT may be required
for early development and that activities in the embryo/neonate reach a steady
state. Since activity has been detected in the GD 15 and GD 18 embryo at
rates that are not significantly different fi^om the neonate, it is possible this
steady state is reached as early as the middle of the third trimester, shortly
after the liver has been formed, and extends to the post-natal period.
Previous studies have shown NAT activity in human fetal liver during
the second trimester and in guinea pig, rat and rabbit prenatal hepatic and
extrahepatic tissue (Pacifici et al., 1986; Sonawane and Lucier, 1975;
Sonawane, 1982). This activity was determined using PABA (predominantly
a rodent NAT2 substrate) and showed lower activity levels compared to
adults.

In addition, studies on CDl neonatal hepatic tissue using PABA
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showed a 4 fold increase in NAT activity from birth to 80 days, suggesting
the neonatal hepatic tissue had not reached adult levels until after day 80, the
latest time point tested (Rodgers-Estrada et al., 1997). The studies reported
here support and extend these findings (Figure 3.5).
At lower concentrations (44.4 ^mol) neonatal hepatic NAT activity for
4ABP showed very little difference when compared to maternal liver controls
(80% of maternal liver activity), but was much lower than the non-pregnant
female liver (46% of adult female activity) (Figure 3.5).

At higher

concentrations (108 |imol) the initial velocity of the neonatal hepatic NAT
activity was 46% lower than the maternal liver and 25% of the non-pregnant
female liver activity. The GD 18 maternal liver had 57% of the non-pregnant
female liver.

Other studies comparing rodent developing hepatic NAT

activity with maternal and nonpregnant female liver yield similar results
(Sonawane, 1982).
Early studies have suggested that adult hepatic drug metabolism in
rodents is usually decreased in pregnancy (Stock, 1984).

However, later

studies have determined that the clearance of different compounds that
undergo extensive biotransformation may be increased, unchanged or
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decreased during pregnancy (Perucca, 1987).

It is speculated that these

changes may be due to increased liver weight, differential enzyme expression
or changes in overall plasma protein binding. These changes appear to be
dependent upon animal species, substrate, and time point in gestation.
Rodent maternal liver weight increases during pregnancy, however the same
hepatic weight increase is not seen in humans (Kulkami, 1995). Maternal rat
liver has been found to have increased NAT activity shortly before birth
(Sonawane and Lucier, 1975), while guinea pig maternal liver shows a
significant decrease at birth compared to early in gestation and post-natally
(Sonawane, 1982). Changes in matemal hepatic NAT activity are supported
by data presented here (Figure 3.5). The rate of the conversion of 4ABP to
4AABP appears to be lower in the GD 18 matemal liver than that of the non
pregnant liver. This could increase or decrease the bioactivation of 4ABP
since 4ABP has been shown to be a better substrate for CYP450 1A2 Nhydroxylation than 4AABP (Fretland et al., 1997). Therefore, lower NAT
activity in the pregnant female could yield higher N-hydroxyl-4ABP
metabolite levels in the blood (Figure 1.2).
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ICm and Vmax kinetic parameters have not been determined for 4ABP
hepatic NAT, however kinetic constants of cloned recombinant mouse NAT 1
and 2 have been reported (Fretiand et al. 1997).

These assays used

recombinant protein from E. coli bacterial strains. In these experiments, the
NATl Km was reported as 86 jimol and NAT2 Km as 772 ^unol. Vmax was
reported for NATl as 387 nmol/min/mg and for NAT2 as 52 nmol/min/mg of
protein. The Km values in this chapter are similar to those estabhshed for
NATl (average 82 |jM ±26) while the Vmax (average .82 ±.20) is much
lower (Table 1), probably due to the low amount of protein usually seen in
developmental tissue and the over-expression of protein in in vitro systems.
These constants reflect protein from

intact developmental tissue with

combinations of both NATl and NAT2 protein. Due to low availability of
tissue sample and low activity, only four concentrations of the substrate
(4ABP) were used instead of the normal six to eight concentrations to
estabhsh Km and Vmax. Future studies could include NAT assays over a
wider concentration range under saturating conditions.
The data presented in this chapter represent NAT activity in tissue
whose only source of exposure is the matemal blood supply.

Some
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bioactivated xenobiotics can be generated in the maternal liver and are stable
enough to reach and exert an effect on extrahepatic tissue.

N-

hydroxyaryiamines, the initial products of arylamine bioactivation, can be
generated in the liver and are stable enough to reach the bladder. These same
metabolites may also be stable enough to reach the embryo/placenta via the
circulation. The data presented in this chapter indicate that if N-0H-4ABP
does reach the embryo, NAT activity can lead to the generation of a reactive
intermediate.
The studies presented in this chapter show embryonic and neonatal
NAT activity using the carcinogen 4ABP. While in vitro assays can reveal
activity, in vivo experiments are necessary to reveal the extent of exposure of
the embryo to the compound, the form of this exposure and the extent of
metabolite formation.
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CHAPTER 4

EMBRYONIC EXPOSURE TO 4ABP AND 4AABP

Involuntary fetal exposure to products from tobacco smoke occurs
when the mother smokes during pregnancy or is exposed to environmental
tobacco smoke (ETS). Several health effects have been reported in children
bom to mothers who smoke during pregnancy, including lower birth weights
and higher perinatal mortality (Pershagen, 1989).

Cigarette smoke

condensate can increase the number of tumors and hyperplastic lesions in the
offspring of treated animals. Indeed, studies show that prenatal exposure to
transplacental carcinogens may enhance the effects of postnatal exposure to
the same and other carcinogenic compounds (Nicolov and Chemozemsky,
1979), however, there is no proven relation between maternal smoking during
pregnancy and childhood cancer risk (Pershagen, 1989).
The roles of maternal and embryonic metabolism in the formation or
detoxification of reactive intermediates have yet to be established. Maternal
pathways of elimination can determine the ultimate exposure of the embryo to
any xenobiotic and therefore must be explored. For example, hydroxylated
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metabolites of the carcinogen and teratogen BAP are largely eliminated via
glucuronidation in the maternal circulation, reducing the amount of BAP
reaching the embryo and consequently the amount bioactivated within the
embryo (Wells et al., 1989). However, if glucuronidation capacity is reduced
in the mother, higher levels of BAP can be found in the blood which lead to
increased exposure to the embryo.
Previous studies have investigated the transplacental exposure of
4ABP.

Developing embryos of timed pregnant GD 18 mice dosed with

4ABP were shown to have 4ABP-DNA adducts (Lu et al., 1986)
consequently, 4ABP or its metabolites is transferred to the embryo.
However, these studies do not reveal the form of exposure nor the source of
bioactivation of 4ABP.
As discussed in Chapter I, N-hyroxy-4ABP can be metabolized to a
reactive intermediate by NAT (Figure 1.2). The studies presented in Chapter
2 demonstrate that NAT I and NAT2 are expressed in the embryo and placenta
while the studies in Chapter 3 demonstrate that NAT activity is present in
embryonic and neonatal tissue.

Since the ability of developing tissue to
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generate reactive intermediates first begins with the exposure, studies were
initiated to evaluate the amount of 4ABP and 4AABP reaching the embryo.
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MATERIALS AND METHODS

Chemicals. HPLC grade solvents were of HPLC grade obtained from Fisher
Scientific (Springfield, NJ).

4ABP was purchased fi^om Sigma Chemical

Company (St. Louis, MO). All other chemicals used were reagent grade.
4AABP and the intemal standard 4-propionylaminobiphenyl (4PABP) were
synthesized by the Synthetic Core, Southwest Environmental Health Science
Center, The University of Arizona.

Animals. Male and female C-57BI/6J (18-25 g) and male ICR mice were
obtained from Harlan Laboratories (Indianapohs, IN) or Jackson Laboratories
(Bar Harbor, ME) and maintained as described in Chapter 2.

Tissue Collection and Preparation.

Mice were mated according to the

estrous cycle of the female and separated after 24 hr. Mated females were
monitored for pregnancy. Pregnant mice were dosed orally on GD 10, 15 and
18 with com oil or 100 mg/kg (100 mg in 4 ml com oil) of body weight of
4ABP, doses ranged from 156 (jJ to 390 |il. After 7 hr, maternal blood and
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liver were collected and embryonic tissue was separated from placental tissue
on GD 15 and GD 18. All tissues were weighed and homogenized with three
volumes of 1.15% KCl. The homogenate was centrifuged at 9,000 x g for 10
min, the supernatant collected, aliquotted and stored at -20°C until extraction.

4ABP and 4AABP Extraction.

4ABP and 4AABP were extracted as

described (Yoshihara and Tatsumi, 1995), with modifications. To determine
the amount of parent and conjugated metabolite, 0.5 ml of liver homogenate,
1 ml of placental homogenate, 3 ml of embryonic tissue homogenate or 0.5 ml
of blood was vortexed with 0.75 ml of acetonitrile for each 0.5 ml of S9 or
blood and centrifuged at approximately 20,000 x g for 4 min. 5 ng of internal
standard (PABP) was added to the resulting supernatant with 0.5 ml of 1.15%
KCl. The supernatant was extracted with I ml of ethyl acetate, three times.
The organic phase was evaporated to dryness and the residue was redissolved
in 100 |Ld methanol for embryonic and placental tissue, 150 fil for blood or
200 ^il methanol for maternal liver then filtered through a 0.45 ^m filter for
HPLC analysis.
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HPLC Analysis. HPLC analysis is described in Chapter three. Retention
time for 4ABP, 4AABP and 4PABP (internal standard) were 22.1 min, 10.6
min, and 11.4 min (Figure 4.1). The absorbance was measured at 280 nm.
The retention times were confirmed with authentic standards. The amount of
4ABP and 4AABP in each sample was calculated from a standard curve
generated with authentic 4AABP and 4ABP, normalized to 5 ng of internal
standard. The amounts of parent and metabolite were determined for each
tissue type and gestational time point. Three animals plus a control were used
for each time point. In order to determine 4ABP/4AABP in total blood, blood
volume was set at 7.6% of body weight (Derelanko and Hollinger, 1995).

Statistics.

Statistical among the pre- and post-natal tissue activities was

determined using an analysis of variance, followed by a Student-NewmanKeuls Q Test. Data are considered significantly different at p < 0.05.
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RESULTS

To determine the dose and exposure time for the pregnant mice,
preliminary experiments were performed. Initially, non-pregnant mice were
dosed orally with 50, 100 and 150 mg of 4ABP per kg of weight (mg/kg) for
3, 6, 12 or 24 hr. Blood samples were collected and analyzed for 4ABP and
4AABP. 4ABP caused a dose and time dependent homolysis of red blood
cells. At 50 and 100 mg/kg, increasing amounts of 4ABP and 4AABP were
seen in the blood after 3 and 6 hr with very little evidence of lysed cells.
Further studies showed that the blood levels increased linearly from 3 through
6 hours and peaked between 6 and 8 hr after dosing.
Based on these preliminary experiments, pregnant mice were dosed
orally with 4ABP (100 mg/kg in com oil) on GD 10, 15, and 18. After 7 hr,
mice were killed and maternal blood and liver were collected. 4ABP and
4AABP were extracted from

homogenized tissue or blood samples as

described in the Materials and Methods section. Extracts were stored at 20°C until separated by HPLC as described in the previous chapter.
Both 4ABP and 4AABP were detected in maternal liver and blood
samples. The amounts in maternal liver were constant through the three time
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points, with very little 4AABP detected relative to the amount of parent
compound (Figure 4.2) On a molar basis., the amount of the acetylated
product in the Uver was 0.003% to 0.006% of the total dose. There was a
significant increase (p = 0.05) in the amount of 4ABP present in the maternal
blood at GD 18 (12,096 db3,101 ng/ml) versus both GD 10 (3,434 ±985
ng/ml) and GD 15 (3,119 ±2,046 ng/ml). The acetylated metabolite remained
constant at GD 10 (786 ±510 ng/ml), GD 15 (1,026 ±546 ng/ml) and GD 18
(985 ±211 ng/ml) (Figure 4.3), which was 0.01% to 0.02% of the total dose
on a fimol basis.
4ABP and 4AABP were detected in the embryonic/placental tissue at
all three time points (Figures 4.4, 4.5). 4ABP was found at GD 10 (427 ±81
ng/g), GD 15 (433 ±141 ng/g) and at GD 18 (3,368 ±1,424 ng/g) with no
significant difference observed (Figure 4.4). On GD 10 and 15, 4AABP was
present at tissue concentrations of 198 ±52 ng/g and 214.6 ±70 ng/g
respectively, but on GD 18, there was at a 4 fold greater concentration (881.9
±223 ng/g) (Figure 4.5). These numbers represented 0.03% to 0.06% of the
total dose.
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In order to determine if the increase at GD 18 in 4AABP in the
embryonic/placenta! tissue was due to an increase in the size of the embryo
or an increase in placenta, these tissues were examined separately at GD 15
and GD 18. There was no statistical significant differences in the amounts of
4AABP in the placenta over the three time points. However, there was a
significant increase in the 4AABP in the GD 18 embryo compared to the
other gestation points tested (Figure 4.5).
Since the sole source of exposure for the embryo and placenta to any
xenobiotic is the maternal blood, the amounts of 4ABP and 4AABP (ng/g) in
embryonic/placental tissue were compared to the amounts found in the
maternal blood (ng/ml). For each mouse, the amount in the maternal blood
(ng/ml) was set at 100% and the relative amount in the embryonic/placental
tissue (ng/g) was determined.

The amounts of 4ABP or 4AABP in the

embryo/placenta complex remained constant at each (Figure 4.6). Overall,
less than 1% of the dose could be accounted for in individual tissues or blood
(Table 4.1).
In summary, a significant increase in 4ABP levels was found in GD 18
matemal blood, although this increase was not reflected in embryonic and
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placental tissue levels (Figure 4.7). However, significantly higher levels of
4AABP were found in the embryonic tissue at GD 18 with levels staying
constant in all other tissues at all time points.
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Figure 4.1.
HPLC analysis of 4-aminobiphenyl acetylation.
HPLC
chromatogram for the separation of 4-aminobiphenyl (4ABP, 22.1 min) from
4-acetylaminobiphenyl (4AABP, 10.6 min). The HPLC conditions are as
described in Materials and Methods, Chapter 4. Proprionyl-4-aminobiphenyl
(4PABP, 11.8 min) was used as an internal standard.
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Figure 4.2.
Concentration of 4-aniinobiphenyl (4ABP) and 4acetylaminobiphenyl (4AABP) in maternal liver (at 7 hr post-dosing) from
timed pregnant C57B16/J mice exposed to 4ABP (100 mg/kg). Data
represent the mean ± S. E. of three separate animals for each time point. No
significant differences were noted.
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Figure 4.3.
Concentration of 4-aniinobiphenyl (4ABP) and 4acetylaminobiphenyl (4AABP) in maternal blood (at 7 hr post-dosing) from
timed pregnant C57B16/J mice exposed to 4ABP (100 mg/kg). Data
represent the mean ± S. E. of three separate animals for each time point.
*Significant at p = 0.05 from the other time points tested.
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Figure 4.4. Concentration of 4-aminobiphenyl (4ABP) in embryonic tissue,
placental tissue, and embryonic/placental complex (at 7 hr post-dosing) from
timed pregnant C57B16/J mice exposed to 4ABP (100 mg/kg). Data
represent the mean ± S. E. of three separate animals for each time point.
*Significant at p = 0.05 from the other time points tested.
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Figure 4.5. Concentration of 4-acetyIaminobiphenyl (4AABP) in embryonic
tissue, placental tissue, and embryonic/placental complex (at 7 hr postdosing) from timed pregnant C57B16/J mice exposed to 4ABP (100 mg/kg).
Data represent the mean ± S. E. of three separate animals for each time point.
*Significant at p = 0.05 from other time points tested.
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Figure 4.6. 4-aminobiphenyl (4ABP) and 4-acetyIaniinobiphenyl (4AABP) in
the embryo/placental complex reflected as a percentage of levels found in the
maternal blood. Samples are from timed pregnant C57B16/J mice exposed to
100 mg of 4ABP/kg of body weight for 7 hr. Data represent the mean ± S. E.
of three separate animals for each time point. No significant differences were
noted.

103

MATERNAL LIVER
4ABP
GD
10

GD
15

GD
18

MATERNAL BLOOD
GD

GD

10

GD
8

PLACENTA
GD GD
10
15

EMBRYO

GD
18

GD
10

GD
IS

GD
18

GD
18

GD
10

GD
15

GD
18

1f
4AABP
GD
10

GD
IS

GD
18

GD
10

GD
15

GD
18

GD
10

GD
IS

Figure 4.7. Summary of 4-aminobiphenyl (4ABP) and 4-acetylaminobiphenyl
(4AABP) levels in C57BL6/J pregnant mice exposed to 100 mg of 4ABP per
kg of body weight for 7 hr. Line (
)
indicates no change; up-arrow indicates statistically significant increase fi^om
other time points tested.
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GD 10

GDIS

GD 18

Tissue Type

n=3

n=3

n=3

Maternal Liver

0.188 ±0.132%

0.331% ±0.131% 0.40% ±0.14%

Maternal Blood

0.013% ±0.005% 0.04% ±0.017%

0.05% ±0.025%®

Embryonic/
Placental Tissue

0.009% ±0.005%

Embryo Tissue

0.049% ±0.038%

0.60% ±0.53%

Placental Tissue

0.053% ±0.061%

0.30% ±0.24%

Table 4.1. Percentage of dose found in maternal blood and liver, and
embryonic and placental tissue from timed pregnant C57B16/J mice dosed
with 100 mg of 4ABP/kg of body weight after 7 hr. Data represent the mean
± S. E. of three separate animals for each time point.
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Discussion
The results of the studies presented in this chapter show that 4ABP
reaches embryonic tissue following a single oral dose to the mother. Since
embryonic exposure to any xenobiotic is exclusively through the maternal
blood, the maternal hepatic and blood levels must first be addressed. In this
study, the amount of 4ABP in the maternal liver remains constant during the
three time points tested (Figure 4.2), while the amount in the blood shows a
significant increase at GD 18 (Figure 4.3). This suggests that the maternal
liver has a decreased capacity to metabolize 4ABP on GD 18, thus the liver is
unable to conjugate 4ABP and clear it fi"om the blood. This is also supported
by the data presented in Figure 4.2, which demonstrates the amount in the
liver remains constant, indicating the liver is saturated for 4ABP acetylation.
As discussed in Chapter 3, alterations in the maternal liver during
pregnancy lead to changes in metabolism and distribution of xenobiotics
(Perucca, 1987). Both phase I and phase 11 reactions have been shown to
undergo changes as gestation advances. It is thought that CYP450s show
fluctuation (mainly increase) in response to increased progesterone needed to
maintain the uterus lining where the embryo is implanted. Also, increases in
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CYP450 activity may result from increased liver weight seen in rodents, but
not in humans (Kukami, 1995).

It is possible that once the activity is

normalized to weight, these increases will diminish. The major conjugating
enzymes in the adult for 4ABP include glutathione S-transferase (GST), UDP
glucuronosyl transferase (UGT), sulfotransferase (ST) and NAT.

Limited

information is available on maternal hepatic phase II reactions during
pregnancy; however, data suggest that GST varies with species and substrate
whereas UGT and ST activities appear to be lower in the mother at birth than
during gestation or postnatally (Kulkami, 1995). In most species, the activity
of adult hepatic NAT during pregnancy has not been investigated. Maternal
hepatic NAT activity in guinea pigs was shown to decrease significantly at
birth and in rats was shown to increase three days prior to birth before
decreasing to normal levels at birth (Sonawane and Lucier, 1975).

The

experiments in the previous chapter noted lower 4ABP NAT activity in GD
18 maternal liver compared to the non-pregnant female liver.
In the embryo/placental complex, the levels of 4ABP remained
constant over all three time points and the levels of 4AABP remained steady
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at GD 10 and GD 15, but show a significant increase at GD 18 (p = 0.05)
(Figure 4.4, 4.5).
To investigate the increase noted in GD 18 embryo/placenta tissue, the
levels of 4ABP and 4AABP in the GD 15 and GD 18 placental tissue and the
embryonic tissue

were compared separately to

levels in GD

10

embryo/placenta complex (Figures 4.4 and 4.5). There was no significant
increase in 4ABP in either the embryonic or the placental tissues, while there
was a significant increase (p = 0.05) in 4AABP in the embryonic tissue at GD
18 when compared to the other time points. 4ABP is not significantly higher
in either tissue, indicating a steady-state distribution of 4ABP was reached
between the mother and the embryo/placenta.

However, the increase in

4AABP in the embryo suggests several possibilities.

1) The amount of

4AABP in the maternal blood is transferred across the placenta to the
embryo; 2) the parent is acetylated in the placenta and transferred to the
embryo; 3) the embryo acetylates the parent; or 4) a combination of all three.
From the experiments presented here it is unclear which of these scenarios is
applicable. However, the levels of 4AABP in the blood did not increase over
the three time periods analyzed (Figure 4.3). In rodents, placental PABA-
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NAT activity has been shown to decrease just prior to birth and embryonic
4ABP-NAT activity is shown to increase as gestation advances (see Chapter
2). Therefore, the increased levels of 4AABP in GD 18 embryonic tissue
may be from increased embryonic NAT activity. However, no significant
increase was seen in the embryo/placenta when compared to the amounts in
the maternal blood (Figure 4.6), indicating that the amounts in the maternal
blood were probably transferred over to the embryonic complex. This could
be due to increased blood flow that occurs late in gestation.
The data presented in this chapter were collected at a single point in
time after a single exposure; therefore, the question of distribution and
excretion within the embryo and the mother was not addressed.

In vivo,

acetylated and ring hydroxylated metabolites are the major urinary
metabolites along with some sulfur conjugates (Gorrod and Manson, 1986).
The rate and the amounts of metabolites formed is different within each
species. Therefore, future distribution and kinetic studies of pregnant mice
may yield information on how quickly a steady state of 4ABP and 4AABP is
reached between the embryo and mother and how these kinetics change as
gestation advances.
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In humans, one route of exposure to 4ABP is through inhalation of
environmental tobacco smoke.

Regardless of the route of exposure, the

amoimt of 4ABP reaching the embryo will depend on the amount of aromatic
amine in the maternal blood. The studies presented in this chapter show that
oral exposure results in 4ABP reaching embryonic and placental tissue.
Future studies to evaluate the pharmacokinetics following inhalation exposure
would more accurately predict embryonic exposure.
Investigations of transplacental exposure to 4ABP have demonstrated
that 4ABP or its metabolite(s) is transferred to the embryo, leading to DNA
and hemoglobin adducts. Aromatic amines must first be bioactivated to a
reactive intermediate for this to occur.

Investigations on the 4ABP form

transferred to the embryo and the sites for bioactivation has not been
reported. Studies presented in this chapter show that 4ABP, a substrate for
NAT (see Chapter 3), is transferred to the embryo and that the acetylated
product is present in detectable amounts (Figure 4.7). Therefore, the embryo
is exposed to 4ABP and has the potential to bioactivate this compound.
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CHAPTER nVE
Summary

The findings presented in this dissertation support the hypothesis that
embryonic NAT acetylates 4ABP, potentially affecting embryonic aromatic
amine toxicity. Evidence for this include: (1) NAT I and NAT2 mRNAs are
found in embryonic tissue at GD 10, GD 15 and GD 18. Both genes are
expressed in the GD 10 embryo/placenta complex, the GD 15 embryo and
placenta as well as GD 18 embryo. (2) NAT activity studies demonstrate that
functional NAT protein is present in the embryo. This activity increases as
gestation advances, plateaus before birth and remains steady the first four
days after birth. This supports studies of low embryonic rodent PABA NAT
activity in mid and late gestation, and studies of PABA activity in GDI
neonatal mice. However, this is the first report of NAT activity measured
with aromatic amines pre- and post-natally. (3) In vivo studies reveal that the
embryo is exposed to 4ABP during gestation and that the levels in the embryo
remain constant as pregnancy advances. These studies also reveal that the
amount of acetylated product in the embryo increases significantly towards

Ill
the end of gestation while significant increases are not seen in the maternal
blood.
One bioactivation pathway for aromatic amines can occur in two steps,
initially requiring N-oxidation, primarily by CYP450s, followed by the
formation of an unstable ester (Figure 1.1). The source of this unstable ester
can be NAT or ST; however, both require the prior formation of N-OH
4ABP.

Limited data are available on CYP450 activity in the embryo or

placenta. CYP450 1A2 is not constitutively expressed nor is it inducible in
rodents during organogenesis (Juchau et al., 1992), and there is little evidence
of its presence at birth (Perucca, 1987). While CYP450 lAl has been shown
to have a limited capacity to N-hydroxylate aromatic amines, it is inducible in
the embryo and placenta and CYP450 lAl mRNA has been detected in the
rat embryo at GD 15 (Juchau et al., 1992; Brown et al., 1986). The CYP450
3A subfamily has been shown to make up more than one third of the CYP450
present in human fetal liver (Wrighton et al., 1988) and both CYP450 3A4
and CYP3A5 have limited capacity to activate heterocyclic amines
(McKinnon et al., 1992, 1995).
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In addition to bioactivation by CYP450 in the embryo/placenta, the
first step of bioactivation may also take place in the maternal hver.

N-

hydroxylated aromatic amines formed in the liver have been shown to be
sufSciently stable to travel via the blood to extrahepatic sites, including the
bladder (Figure 1.2). Once in the circulation, these metabolites may also
travel

to

the

embryo/placenta.

Indeed,

as

pregnancy

advances,

biotransformation capacity of the maternal liver is known to change (Perucca,
1987).

This in turn may lead to increased or decreased N-hydroxyl

arylamines in the circulation. It should be noted that rodent studies must take
into account the pregnancy related increased liver weight since on a per gram
basis, activity may not change (Kulkami, 1995). Further studies would help
determine if N-hydrxylamine formation fluctuates during pregnancy. In vivo
studies would determine if the blood levels of N-hydroxylamines increase
during pregnancy.
In addition to CYP450, other enzymes are present that have been
shown to bioactivate aromatic amines. Flavin-containing mono-oxygenases
oxidizze primary amines to hydroxylamines, leading to the initial step in
aromatic amine bioactivation.

In the human fetal liver, N-oxidation of
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dimethylaniline by flavin-containing mono-oxygenase can be detected as early
as the first week of the second trimester (Rane, 1973). N-oxidation of N,Ndimethylamine was detected in the mouse placenta as early as GD 12 and the
activity increased five fold by GD 18. In addition, extrahepatic prostaglandin
H synthase and other peroxidases have been shown to oxidize arylamines
(Zenser et al., 1983) and have been detected in some embryonic and placental
tissues (Wells et al., 1995; Winn and Wells, 1996).
Clearly, N-hydroxylamines have access to or can be formed in the
embryonic or placental tissue through the mechanisms described above.
Coupled with the NAT present in the embryo. There is potential for the
formation of an active intermediate (acetoxy ester).
From the studies presented here, it also appears that the velocity of
4AABP formation by the GD 18 maternal liver is lower than that of the non
pregnant adult.

Future extensive kinetic studies with maternal liver that

encompasses the early and mid gestational time points may determine any
velocity changes in the formation of 4AABP.
Both NATl and NAT2 have been shown to have polymorphic activity
and pharmacological and toxicological consequences have been associated
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with both rapid and slow acetylators of NAT2. As discussed in chapter 1,
variations in disposition of drugs such as sulfamethazine and isoniazid have
been shown to result in differential susceptibility to adverse effects. The
polymorphic activity in the developing embryo and the consequences of this
polymorphism regarding both pharmacological and toxicological agents
should be addressed in future studies.
Several lines of evidence indicate that embryonic NAT can affect the
genotoxic endpoint seen with 4ABP during development. Embryonic NAT is
present and is present at levels that produce the acetylated product. Maternal
environmental exposure to aromatic amines, especially through tobacco
smoke, is prevalent in society, whether through primary or secondary smoke.
This study has demonstrated that aromatic amines cross the placental barrier
to the embryos in C57BL6/J mice.

Studies with other aromatic amines

demonstrate that N-hydroxylamines are further bioactivated by esterification
reactions (Malfatti et al., 1994) and that one major player in esterification is
NAT. Since NAT is present, the embryo and the placenta have the potential
to further bioactivate N-hydroxyl amines, leading to embryonic exposure to a
highly reactive intermediate.
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Development is when an organism is most susceptible to toxicity. The
studies described show that embryonic tissue has the capacity to acetylate
4ABP. This suggests that embryos can activate or detoxify aromatic amines.
Consequently, embryonic NAT may contribute to susceptibility to 4ABP
toxicity.
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