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Abstract

Arylamine N-acetyltransferases (NATS) are xenobiotic metabolizing enzymes responsible for
detoxification of many drugs and carcinogens. Two NAT proteins (NAT1 and NAT2) are expressed
in humans and they both N-acetylate aromatic amine carcinogens such as 4-aminobipheny! (ABP).
Arylamines such as ABP represent a large class of chemical carcinogens. Exposure to ABP occurs
in the chemical, dye and rubber industries as well as in hair dyes, paints, and cigarette smoke.
NAT?2 is subject to a genetic polymorphism resulting in rapid, intermediate and slow acetylator
phenotypes. We investigated the role of the NAT2 genetic polymorphisms on the A-acetylation of
ABP in cryopreserved human hepatocytes in which NAT2 genotype and deduced phenotype were
determined. Differences in sulfamethazine (selectively A-acetylated via NAT2) and ABP (A-
acetylated by both NAT1 and NAT?2) A-acetylation rates among rapid, intermediate, and slow
NAT?2 acetylator genotypes were tested for significance by one-way analysis of variance. /n vitro
ABP N-acetyltransferase activities differed significantly between rapid, intermediate, and slow
acetylators at 10 uM (p=0.0102) or 100 uM (p= 0.0028). N-acetylation of ABP /n situ also differed
significantly between human hepatocytes from rapid, intermediate, and slow acetylators at 10 uM
(p=0.0015) and 100 pM (p= 0.0216). A gene dose response relationship was exhibited as
intermediate acetylators catalyzed ABP Ak-acetylation both /n vitroand in situ at rates
arithmetically between rapid and slow acetylators. In conclusion, NV-acetylation of ABP is NAT2
genotype-dependent in human hepatocytes. These results suggest refinement of the exposure limit
and safety for arylamine carcinogens according to NAT2 genotype.
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Introduction

Arylamine N-acetyltransferases are xenobiotic metabolizing enzymes which play important

roles in the metabolism and detoxification of many drugs [1]. Two arylamine N-

acetyltransferase genes (NAT1 and NAT2) are expressed in human liver. NAT2 is subject to
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genetic polymorphism segregating human populations into rapid, intermediate and slow
acetylators. NAT1 and NAT?2 differ in substrate specificity. Arylamine drugs such as
sulfamethazine (SMZ) exhibit the NAT2 genetic polymorphism in cryopreserved human
hepatocytes whereas substrates such as p-aminobenzoic acid, which is selective for NAT1,
do not [2].

Arylamine carcinogens are ubiquitous in the human environment and over 10% of all known
or suspected human carcinogens are either an arylamine or metabolized to one [3]. 4-
Aminobiphenyl (ABP) is present in chemical, dye and rubber industries as well as in hair
dyes, paints, and cigarette smoke with sufficient evidence for listing as a known human
carcinogen [4]. Since aromatic amines require metabolic activation to exert their
carcinogenic effects, genetic polymorphisms in carcinogen-metabolizing enzymes such as
NAT2 may modify cancer risk following exposure [5]. Higher levels of ABP-DNA adducts
have been reported in human breast [6] from rapid versus slow NAT2 acetylators, whereas
ABP-hemoglobin adducts are higher in slow acetylators [7]. As previously reported [8] and
recently reviewed [3], ABP is N-acetylated by both NAT1 and NAT2.

Cryopreserved human hepatocytes have been useful in illustrating the role of the A~
acetylation polymorphism for drugs such as isoniazid and hydralazine. These substrates are
highly selective for NAT2 and its genotype modifies their drug efficacy and/or toxicity [1].
The purpose of this study was to assess the role of NAT2 acetylator genotype in the N-
acetylation of carcinogenic aromatic amines such as ABP in cryopreserved human
hepatocytes /n vitroand in situ.

Materials and Methods

Source and Processing of Cryopreserved Human Hepatocytes:

Cryopreserved human hepatocytes were received from Bioreclamation I\VT, (Baltimore,
MD) and stored in liquid nitrogen until use. Upon removal from liquid nitrogen, hepatocytes
were thawed according to the manufacturer’s instructions as previously described [2]. To
mitigate possible instability of human NAT1, supernatant aliquots were thawed only once
and used immediately to carry out the enzymatic reactions.

Determination of NAT2 Genotype and Deduced Phenotype:

Genomic DNA was isolated from pelleted cells prepared from human cryopreserved
hepatocyte samples as described above using the QlAamp DNA Mini Kit (QIAGEN,
Valencia, CA) according to the manufacturer’s instructions. NAT2 genotypes and deduced
phenotypes were determined as described previously [9]. Controls (ho DNA template) were
run to ensure that there was no amplification of contaminating DNA.

Measurement of ABP N-Acetyltransferase Activity in Vitro:

N-acetyltransferase assays containing hepatocyte lysate (< 2 mg of protein/ml), ABP (10 or
100 pM) and 1 mM acetyl coenzyme A were incubated at 37°C for 10 minutes. Reactions
were terminated by the addition of 1/10 volume of 1 M acetic acid and the reaction tubes
were centrifuged in a small biofuge at 15,000 x g for 10 minutes to precipitate protein. The
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amount of the acetylated products was determined following separation and quantitation by
high performance liquid chromatography (HPLC) as previously described [2]. For all
samples, protein concentrations were determined using the Bio-Rad protein assay kit (Bio-
Rad, Richmond, CA).

Cryopreserved human hepatocytes were selected at random with rapid NAT72*4/*4 (n=8),
intermediate NAT2*4/*5B (n=5), NAT2*4/*6A (n=3) and slow NAT2*5B/*6A (n=5),
NAT2*5B/*5B (n=2), and NAT2*7B/*7B (n=2) acetylator genotypes.

Measurement of SMZ and ABP N-Acetylation In Situ:

Cryopreserved human hepatocytes previously identified as rapid, intermediate, or slow
NAT?2 acetylator genotypes were thawed as described above and transferred to 50 mL
conical tubes containing 12 mL of InVitroGRO CP media. One mL of hepatocyte/media
mixture was transferred to each well of 12 well Biocoat® collagen coated plates to allow
cells to attach for 24 hours at 37 °C. Following culture in growth media for 24 hours, the
cells were washed 3 times with 500 pL 1X PBS to remove non-attached or dead hepatocytes
and replaced with media with 10 or 100 uM SMZ or ABP. Hepatocytes were incubated for
up to 24 hours after which media was removed and protein precipitated by addition of 1/10
volume of 1 M acetic acid. Media was centrifuged at 15,000 x g for 10 min and the
supernatant used to separate and quantitate all substrates and their acetylated products by
HPLC as described previously for SMZ [10] and ABP [11].

Cell number was determined after 24 hours of incubation with each substrate. For SMZ
rapid genotypes NATZ2*4/*4 (n=6); intermediate genotypes NAT2*4/*5B (n=4),
NATZ2*4/%6A (n=2); and slow genotypes NATZ2*5B/*6A (n=6), NAT2*5B/*5B (n=1),
NAT2*7B/*7B (n=1), NAT2*6A/*6A (n=1). For ABP rapid genotypes NAT2*4/*4 (n=6);
intermediate genotypes NAT2*4/*5B (n=5), NAT2*4/*6A (n=1); and slow genotypes
NAT2*5B/*6A (n=6), NAT2*5B/*58 (n=1), NAT2*7B/*7B (n=1), NAT2*6A/*6A (n=1).

Statistical Analysis

Differences in N-acetylation rates among rapid, intermediate, and slow NAT2 acetylator
genotypes were tested for significance by one-way analysis of variance followed by Tukey-
Kramer post-hoc test (GraphPad Prism v5.01 Software, La Jolla, CA, USA).

Results and Discussion

Previous studies showed that human NAT1 and NAT2 recombinantly expressed in £. Coli
were both capable of catalyzing the A-acetylation of ABP exhibiting apparent Ky, of 108
and 25.8 uM for recombinant human NAT1 and NAT2, respectively [8]. While the affinity of
ABP for recombinant human NAT2 was slightly higher than recombinant human NAT1, the
intrinsic clearance (Vinax/ Km) ratio (NAT1/NAT2) was 24 suggesting the effect of the NAT2
acetylator polymorphism could be confounded by the contribution of NAT1. Previous
studies reported 2-fold differences in the N-acetylation of ABP /n vitro in hepatocyte
samples from rapid and slow acetylators [2] suggesting the effect of the NAT?2
polymorphism on ABP metabolism may be quite modest. However, these previous studies
were carried out at a high concentration (1 mM) of ABP. In the current study, we selected 10
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and 100 uM ABP for both the in vitroand in situ experiments as appropriate for the apparent
K reported for recombinant human NAT1 and NAT2 towards ABP. Although we only
tested two ABP concentrations (10 and 100 uM) /n situ, this data generated an estimated
ABP Ky in situof 16.1 uM, which is much closer to the 25.8 uM reported for recombinant
human NAT2 than to the 108 uM reported for recombinant human NAT1 [8]. Thus, it
appears that NM-acetylation of ABP is catalyzed primarily by human NAT?2 with a substantial
influence of the NAT2 acetylation polymorphism on the rate of NV-acetylation at relatively
lower concentrations of 10 and 100 puM.

In our current study, NV-acetylation rates in the cryopreserved human hepatocytes from rapid,
intermediate, and slow NAT?2 acetylators exhibited NAT?2 genotype dependent N-acetylation
of ABP (Figure 1). /n vitro ABP N-acetyltransferase activities differed significantly between
rapid, intermediate, and slow acetylators at 10 uM (p=0.0102) or 100 uM (p= 0.0028). The
highest levels were observed in rapid acetylator, lower levels in intermediate acetylator, and
the lowest levels in slow acetylator hepatocytes and the differences between rapid and slow
acetylator hepatocytes were more robust at 10 uM (8-fold) and 100 uM (6-fold) than
previously reported at 1 mM (2-fold). At 10 uM, the mean ABP N-acetyltransferase activity
exhibited in intermediate acetylators (0.0975 nmoles/min/mg protein) was very close to the
arithmetic average exhibited in rapid and slow acetylators (0.114 nmoles/min/mg). Similarly,
at 100 uM, the mean ABP A-acetyltransferase activity exhibited in intermediate acetylators
(0.589 nmoles/min/mg) was very close to the arithmetic average in rapid and slow
acetylators (0.704 nmoles/min/mg). This confirms the co-dominant expression of N-
acetyltransferase activity previously reported in rabbit [12], mouse [13], Syrian hamster
[14], rat [15] and human [2] liver.

Previous studies reported the N-acetylation of SMZ /n vitroin rapid and slow acetylator
hepatocytes but these studies were conducted at higher concentrations of SMZ (300 uM) and
did not include determinations /n situ. \We chose to also investigate the N-acetylation of a
NAT2-selective substrate (SMZ) at the same low concentrations (10 and 100 uM) for which
we tested ABP. /n situ N-acetylation of SMZ and ABP in cryopreserved human hepatocytes
was both concentration- and time-dependent (Figure 2). This is consistent with other
previous reports on isoniazid [16] and hydralazine [17].

The N-acetylation of SMZ and ABP was NAT2-genotype dependent with highest rates in
rapid acetylators, lower rates in intermediate acetylators, and lowest rates in slow acetylators
(Figure 3).

The single exception to this finding was the A-acetylation of SMZ in situat 10 pM, wherein
the rapid and intermediate acetylators did not differ significantly. The apparent Ky, of SMZ
for recombinant human NAT2 has been reported as 116 uM [8]. The observation that SMZ
N-acetylation /n situwas clearly NAT2 genotype-dependent at 100 uM but not at 10 pM may
have resulted because the SMZ concentration of 10 uM was over 10-fold below the apparent
K for recombinant human NAT2. Trimodal distributions in AV-acetylation capacity in
human populations has previously been reported for SMZ following dosing regimens that
provide concentrations higher than 10 pM [18,19].
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N-acetylation of ABP /n situ also differed significantly between human hepatocytes from
rapid, intermediate, and slow acetylators at 10 uM (p= 0.0015) and 100 uM (p= 0.0216). At
100 pM, the mean ABP N-acetylation rate in intermediate acetylators (33.1 nmoles/10 hr/
million cells) was very close to the arithmetic average in rapid and slow acetylators (34.8
nmoles/10 hr/million cells). These findings are the first to be reported for an aromatic amine
carcinogen that mirror those recently reported for therapeutic drugs such as isoniazid [16],
hydralazine [17], and solithromycin [20]. Previous studies in genetically engineered Chinese
hamster ovary cells have clearly shown the effect of NAT2 acetylation polymorphism on 4-
aminobiphenyl-induced genotoxicity [21,22].

In conclusion, N-acetylation of ABP is NAT2 genotype-dependent in human hepatocytes.
These results suggest refinement of the exposure limit and safety for arylamine carcinogens
according to NAT2 genotype.
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Figure 1:
In vitro ABP N-acetyltransferase catalytic activities. Data points represent mean + S.E.M for

individual human hepatocyte samples of rapid (n=8), intermediate (n=8), and slow (n=9)
NAT?2 acetylator genotype. ABP N-acetyltransferase activities differed significantly between
rapid, intermediate, and slow acetylators at 10 uM (p=0.0102) or 100 uM (p= 0.0028).
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Concentration- and time-dependent N-acetylation of SMZ and ABP in cryopreserved human
hepatocytes /n situ. Each data point illustrates the mean + S.E.M. in cryopreserved human
hepatocytes from six individual rapid NAT?2 acetylator genotypes.
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Figure 3:

N-acetylation of SMZ (left panels) and ABP (right panels) /n situin cryopreserved human

hepatocytes from rapid, intermediate, and slow NAT2 acetylator

genotype. Data illustrates

mean + S.E.M. N-acetylation rates in rapid (n=6), intermediate (n=6), and slow (n=9) NAT2
acetylator genotypes. SMZ A-acetylation rates differed significantly at 10 uM and 100 uM
(p< 0.0001). ABP A-acetylation rates differed significantly at 10 uM (p= 0.0015) and at 100

UM (p= 0.0216). *, p<0.05; **, p<0.01; ***, p<0.001.
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