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Abstract Aniline is an important source material in the
chemical industry (e.g., rubber, pesticides, and pharmaceu-
ticals). The general population is known to be ubiquitously
exposed to aniline. Thus, assessment of aniline exposure is
of both occupational and environmental relevance. Knowl-
edge on human metabolism of aniline is scarce. We orally
dosed four healthy male volunteers (two fast and two slow
acetylators) with 5 mg isotope-labeled aniline, consecu-
tively collected all urine samples over a period of 2 days,
and investigated the renal excretion of aniline and its
metabolites by LS-MS/MS and GC-MS. After enzymatic
hydrolysis of glucuronide and sulfate conjugates, N-acetyl-
4-aminophenol was the predominant urinary aniline metab-
olite representing 55.7-68.9 % of the oral dose, followed
by the mercapturic acid conjugate of N-acetyl-4-aminophe-
nol accounting for 2.5-6.1 %. Acetanilide and free aniline
were found only in minor amounts accounting for 0.14—
0.36 % of the dose. Overall, these four biomarkers excreted
in urine over 48 h post-dose represented 62.4-72.1 % of
the oral aniline dose. Elimination half-times were 3.4-4.3 h
for N-acetyl-4-aminophenol, 4.1-5.5 h for the mercapturic
acid conjugate, and 1.3-1.6 and 0.6-1.2 h for acetanilide
and free aniline, respectively. Urinary maximum concentra-
tions of N-acetyl-4-aminophenol were reached after about
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4 h and maximum concentrations of the mercapturic acid
conjugate after about 6 h, whereas concentrations of acet-
anilide and free aniline peaked after about 1 h. The present
study is one of the first to provide reliable urinary excretion
factors for aniline and its metabolites in humans after oral
dosage, including data on the predominant urinary metabo-
lite N-acetyl-4-aminophenol, also known as an analgesic
under the name paracetamol/acetaminophen.
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Introduction

Aniline (phenylamine, CAS 65-53-3) is an important and
widely used feedstock in chemical industry. The vast major-
ity of aniline (~70 %) is used as a precursor in the produc-
tion of polyurethane-based polymers. It may also be used
in the manufacture of rubber additives (accelerators, anti-
oxidants) and as an intermediate in the production of pesti-
cides, azo dyes, and pharmaceuticals (Deutsche Forschun-
gsgemeinschaft 1993; European Chemicals Bureau 2004;
Human Biomonitoring Commission of the German Federal
Environment Agency 2011). Aniline has also been detected
in indoor and outdoor air (Palmiotto et al. 2001) and in the
water of drinking water treatment plants (Palmiotto et al.
2001). Further, aniline is a known constituent of tobacco
smoke (Grover 1989; Human Biomonitoring Commission
of the German Federal Environment Agency 2011).
Depending on the occupational or environmental setting,
exposure to aniline can occur through inhalation and/or oral
uptake. In addition, aniline can be readily absorbed through
the skin both from the liquid and gaseous phases (MAK
Value Documentation in German language 1992; Korinth
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et al. 2006; American Conference of Governmental Indus-
trial Hygienists 1992), thus making biological monitoring
the method of choice for exposure assessment if appropri-
ate biomarkers are at hand. Animal studies conducted in the
early 1980s identified N-acetyl-4-aminophenol (NA4AP)
as the major metabolite of aniline in urine, representing
75-86 % of the aniline dose. NA4AP is mainly excreted in
the form of its glucuronide and sulfate conjugates, whereas
free NA4AP reflects about 10 % of the dose. Other metabo-
lites identified were O-conjugates of 2- and 4-aminophenol
(5-25 % of dose). Free aniline or acetanilide (ACA) rep-
resented only 0.5-3.4 % dose (Kao et al. 1978). Neither
NA4AP (and its O-conjugates) nor 4-aminophenol have
been used for biological monitoring of aniline exposure in
humans. NA4AP (=paracetamol) is the active ingredient
of many over-the-counter analgesics. Therefore, NA4AP,
NA4AP-derived metabolites, or the amino phenols are not
specific to aniline. Consequently, exposure assessments to
aniline both in occupational and environmental practices
have been carried out by either analyzing aniline in urine
or aniline-derived hemoglobin adducts in blood (Riffel-
mann et al. 1995; Weiss and Angerer 2002; Lewalter and
Gries 2000; Lewalter and Korallus 1985). Several human
biomonitoring studies have proven that, next to workers in
occupational settings (el-Bayoumy et al. 1986; Riffelmann
et al. 1995), the general population is ubiquitously exposed
to aniline or chemicals which can release aniline during
metabolism, e.g., cisanilide, clomeprop, flufenican, mefen-
acet, and naproanilide (Human Biomonitoring Commission
of the German Federal Environment Agency 2011; Kiitting
et al. 2009; Weiss and Angerer 2002).

Interestingly, knowledge of the quantitative metabolism
of aniline in humans is scarce despite the current specific
use of aniline in urine or aniline-derived Hb adducts for
exposure assessment. For example, no valid data concern-
ing excretion kinetics and urinary conversion of aniline in
humans are available. Furthermore, the limited data from
animal experiments found large variations in metabolism
between the surveyed animal species (Kao et al. 1978),
thus making it difficult directly transferring results from
animal studies to those in humans. In addition, the lack of
basic toxicokinetic data of aniline in humans makes it dif-
ficult to recalculate the absolute amount of aniline taken
up by humans based on biomonitoring results. This lack of
data makes it difficult to establish a reference dose (RfD)
or a tolerable daily intake (TDI) for aniline exposure from
the environment. A recalculation is also necessary in risk
assessment and risk communication, i.e., to compare the
absolute amount of aniline taken up in humans to those
applied in rodent toxicity studies.

Irrespective of the aniline-specific biomarkers aniline
and ACA in urine, NA4AP (either as the active ingredient
in analgesics or the major metabolite of aniline) recently
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came into the focus of scientific interest. Epidemiologi-
cal and experimental (animal, ex vivo and in vitro) studies
suggest intrauterine exposure to NA4AP as a possible risk
factor for male reproduction disorders and possible antian-
drogenic effects (Rebordosa et al. 2008, 2009; Jensen et al.
2010; Philippat et al. 2011; Christiansen et al. 2012; Albert
et al. 2013). NA4AP is furthermore suspected to have det-
rimental effects on the neurodevelopment of the unborn
child, resulting in hyperkinetic disorders in early childhood
and school age (Liew et al. 2014; Thompson et al. 2014;
Brandlistuen et al. 2014). NA4AP as the major metabolite
of aniline was found in the mg/L range in urine samples
of employees exposed to aniline air concentrations below
2 ppm (Lewalter and Korallus 1985; Deutsche Forschun-
gsgemeinschaft 1993). In recent studies from our group
with volunteers exposed to (airborne) aniline, we also
quantified urinary NA4AP in the mg/L range (Dierkes et al.
2014; Modick et al. 2014). However, we detected NA4AP
not only in urine samples after occupational exposure to
aniline, but also in each sample from individuals without
occupational exposure to aniline. While for some individu-
als the use of analgesics (acetaminophen/paracetamol)
could explain high urinary NA4AP levels, for many other
individuals with high NA4AP levels, we could rule out
recent intake of the pharmaceutical by questionnaire (Mod-
ick et al. 2013, 2014; Nielsen et al. 2015). We suggested
exposure to aniline to be one possible origin of the inter-
nal burden to NA4AP. In this context, not only the quanti-
tative investigation of human aniline metabolism resulting
in its “specific” biomarkers aniline and acetanilide in urine
seems of utmost interest, but also its metabolism resulting
in its major metabolite NA4AP and NA4AP downstream
metabolites.

Here, we present the elimination kinetics and urinary
conversion factors for aniline and acetanilide (ACA) but
also basic toxicokinetic data for NA4AP and its mercaptu-
ric acid N-acetyl-4-aminophenol-3-mercapturate (NA4AP-
MA) (Fig. 1) after a single oral dose of isotope-labeled
aniline-ds in four volunteers.

Experimental
Study design

Four healthy Caucasian male volunteers (30-32 years old,
71-95 kg, non-smokers) were dosed orally with 4.6 mg
aniline-ds (ring deuterated) reflecting a total intake between
48 and 64 pg/kg body weight. Isotope-labeled aniline-ds
was dosed to avoid interferences occurring from the known
background exposure to aniline. For this purpose, 1 mL of
a stock solution prepared from 46 mg aniline-ds dissolved
in 10 mL ethanol was spiked into decaffeinated coffee or
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tea and ingested in a single step as part of a breakfast. The
administered doses were approximately four hundred times
lower than the measured dose at 20 mg/kg bw (single oral
dose) which leads to no significant increase in blood meth-
emoglobin in rats (Jenkins et al. 1972). All volunteers had
no known occupational exposure to aniline. Two of the vol-
unteers were slow and two were fast acetylators. The acety-
lator phenotype (NAT2) was determined according to a
previously published method (Grant et al. 1983; Bolt et al.
2005) at the Leibniz Research Centre for Working Environ-
ment and Human Factors (IfADo) in Dortmund, Germany.
Each volunteer provided one urine sample before dos-
age. After dosage, urine samples were collected continu-
ously for 48 h in 250-mL polyethylene containers. Volun-
teers recorded the time of each urine void. Volumes of each

N-acetyl-4-aminophenol
mercapturic acid-ds
(NA4AP-MA-ds)

urine void were determined as the mass difference between
the empty and the filled sample container. When urine
had to be collected in more than one container at a time,
volumes of the containers were added, and samples were
combined and mixed before further processing. Aliquots
of 15 mL of each sample were stored in 15-mL polypro-
pylene containers and frozen at —18 °C within 12 h after
collection.

The study was carried out according to the Declaration
of Helsinki and was approved by the ethical board of the
Ruhr University Bochum (Approval No. 4730-13).

In order to investigate the human metabolism of
aniline, we focused on metabolites known from for-
mer aniline metabolism studies in experimental studies
(Kao et al. 1978; Lewalter and Korallus 1985). Given a
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cross-connection between the metabolism of aniline and
the one of paracetamol, we also took into account experi-
mental studies on paracetamol metabolism (An et al. 2012;
Andrews et al. 1976; Ladds et al. 1987). Thus, we deter-
mined unconjugated aniline (AN), N-acetylaniline (acetani-
lide, ACA), the sum of N-acetyl-4-aminophenol (NA4AP)
and its O-conjugates in terms of total NA4AP after enzy-
matic hydrolyses, and N-acetyl-4-aminophenol-3-mer-
capturate (NA4AP-MA), a mercapturic acid metabolite of
NA4AP.

Because ring-labeled aniline-d; was administered, the
corresponding ring-labeled metabolites were formed, i.e.,
NA4AP-d,, NA4AP-MA-d;, and ACA-ds. Isotope-labeled
target analytes based on the metabolism of aniline-d5 and
substances used for internal standardization and quantita-
tion (with isotope labels at different positions: NA4AP-d,,
NA4AP-MA-ds;, ACA-d;) are shown in Fig. 1. Aniline was
determined applying a GC-MS method, while NA4AP,
NA4AP-MA, and ACA were determined by HPLC-
MS/MS. All analytes (except free aniline) were deter-
mined after enzymatic hydrolysis using B-glucuronidase/
arylsulfatase.

Chemicals

Aniline-d5 (CAS 4165-61-1, purity > 99.0 %), acetani-
lide (CAS 103-84-4, purity > 99 %), acetic acid-d, (CAS
1186-52-3), ammonium acetate p.a., HP2 p-glucuronidase
(>100,000 U/mL), arylsulfatase activity (~7500 U/mL),
4-aminophenol, pyridine, dichloromethane, 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride,
2-(N-morpholino) ethanesulfonic acid (MES), and hep-
tafluorobutyric anhydride (HFBA) were all purchased from
Sigma-Aldrich (Steinheim, Germany). N-acetyl-4-ami-
nophenol-d, (NA4AP-d,, CAS 64315-36-2, purity 99 %)
was obtained from LGC Standards (Wesel, Germany).
Acetanilide-d5 (ACA-ds, CAS 15826-91-2) was purchased
from CDN Isotopes (Quebec, Canada). Paracetamol-3-mer-
capturate sodium salt (NA4AP-MA, CAS 52372-86-8,
purity 95 %) and paracetamol-3-mercapturate-ds; sodium
salt (NA4AP-MA-ds, purity 97 %) were purchased from
Toronto Research Chemicals Inc. (North York, Canada).
o-Toluidine-d; was purchased from Santa Cruz Biotech-
nology Inc. (Heidelberg, Germany). Deionized water was
obtained using a Millipore Advantage A10 with a Quan-
tum® cartridge. Acetonitrile and methanol (LC-MS grade)
were purchased from Roth (Darmstadt, Germany). Formic
acid was obtained from MERCK (Darmstadt, Germany).
Finally, N-acetyl-4-aminophenol-d; and acetanilide-d,
were synthesized by selective acetylation of 4-aminophe-
nol at the amino group and by acetylation of aniline, both
with activated acetic acid-d4 as previously described by
(Dierkes et al. 2014).
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Analysis of total NA4AP-d,, NA4AP-MA-d;,
and ACA-d;

Quantitation of total NA4AP-d,, NA4AP-MA-d;, and
ACA-ds was carried out by HPLC-MS/MS. For this pur-
pose, stock solutions of the standards and the correspond-
ing internal standards were prepared (see suppl. File).
Internal standard solutions of NA4AP-d; and ACA-d; were
prepared as previously described by Dierkes et al. (2014).
The internal standard solution of NA4AP-MA-ds was pre-
pared by dissolving 1.5 mg of NA4AP-MA-ds; sodium
salt in 10 mL methanol. An internal standard stock solu-
tion was prepared by mixing the three standard solutions
and further dilution in water, leading to final concentra-
tions of 800 pg/L for NA4AP-d;, 500 pug/L for ACA-ds,
and 500 pg/L for NA4AP-MA-d; (calculated paracetamol-
3-mercapturic acid-ds).

Frozen urine samples were thawed and equilibrated to
room temperature (RT) before analysis. All samples were
vortex mixed, and aliquots of 300 uL were transferred into
a 1.8-mL screw cap vial. After adding 300 pL. ammonium
acetate buffer (0.5 M, pH 5.5-6.0), 6 uL glucuronidase/
arylsulfatase solution, and 30 pL of the internal standard
solution, the samples were incubated for 3.5 h at 37 °C
in a water bath. After incubation, 160 uL. 3 M formic acid
was added. All samples were frozen overnight at —18 °C
for protein precipitation. After thawing, the samples were
centrifuged at 4000 g for 10 min, the supernatant was trans-
ferred into a second 1.8-mL screw cap vial, and 25 uLL was
analyzed by 2D-HPLC-MS/MS. The limits of quantifica-
tion (LOQ, S/N 9) were 0.5 pg/L for total NA4AP, 1 pg/L
for NA4AP-MA, and 0.02 pg/L for ACA. Relative stand-
ard deviations for intraday imprecision and for inter-day
imprecision were <15 % for all analytes at two different
concentrations (Q,o,» Opign), Whereas mean relative recover-
ies were in the range between 98.8 and 109.4 % depending
on the analyte (see supplementary material Tables 5 and 6).
Urinary creatinine concentrations were determined using
a Beckman Coulter AU 5822 analyzer, which determines
creatinine based on its color formation reaction with picric
acid (Jaffé-method) (Jaffe 1886).

Analyses of unconjugated aniline-d; by GC-MS/MS

Unconjugated aniline-ds was determined using a previously
described method (Weiss et al. 2002) with minor modifica-
tions. In short, 5 mL urine was combined with 3 mLL MES
buffer (0,5 M; pH 6), and 50 uL internal standard solu-
tion (o-toluidine-d;; 50 pg/L) was added. 6 mL n-hexane
was added, and the mixture was shaken for 20 min on a
laboratory shaker. The n-hexane was removed and concen-
trated to 1 mL in a vacuum centrifuge (Christ RVC 2-33
IR; 1000 g; 50 °C; 5 min). 30 pL HFBA was added, and
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samples were incubated for 1 h at 80 °C. Afterward, the
solution was washed with 1 mL phosphate buffer (0.02 M,
pH 8). The organic phase was then combined with 100 pL
toluene and evaporated to 20 pL by vacuum centrifugation.
From this solution, 1 pL was injected into the GC-MS/
MS for quantitative analysis (see suppl. File). The LOQ
for free aniline estimated by a signal-to-noise ratio of 9
was 0.1 pg/L. Method validation was performed in anal-
ogy to the HPLC method validation. Intraday and inter-day
imprecisions of the method were below 10 % for both qual-
ity control concentrations (Q,, and Qy;,,). Mean relative
recoveries ranged between 97 and 107 % for both spiked
concentration levels (see supplementary material Table 7).

Pharmacokinetic parameters and statistical analysis

Maximum concentrations (c,,,) of all metabolites in urine
and the corresponding time points (%,,,,) were determined
on the basis of volume-related (mg/L) and creatinine-
adjusted (mg/g) values. The same is true for the determi-
nation of the elimination kinetics, which were also addi-
tionally determined using the elimination rate in ug/h.
The elimination half-times were calculated from the rate
constant k (t,, = In(2)/k) obtained from a first-order elim-
ination, beginning at ¢, to the end of sample collection
or to the time point where the metabolite level in ques-
tion decreased below LOQ. The amounts of metabolites
excreted (in %) were calculated based on the metabolite
concentrations and the urinary volumes and are reflecting
molecular mass-corrected aniline dose equivalents.

Results and discussion

The four volunteers provided 81 consecutive and complete
urine voids within 48 h. HPLC-MS/MS chromatograms of
the target analytes NA4AP-d,, NA4AP-MA-d;, and ACA-
ds in a representative pre-dose urine sample and a repre-
sentative post-dose sample from one volunteer are shown in
the supplementary material. In none of the pre-dose urine
samples, any of the (labeled) target analytes was detected,
whereas all analytes were found post-dose in the first urine
samples of all volunteers. Similar results were obtained for
unconjugated aniline-ds by GC-MS (see supplementary
material Figs. 2 and 3).

The elimination curves of all target analytes for all
four volunteers are shown in Fig. 2. Elimination curves
are plotted on semilogarithmic scale and represent creati-
nine-adjusted concentration values in ug/g creatinine. The
metabolite concentrations rose rapidly within just a few
hours after the dosage in all four volunteers, followed by
a first-order decline during the entire time of the study
(48 h). NA4AP-d, and NA4AP-MA-d; were detected in

all post-dose urine samples of the volunteers throughout
the study. In contrast, ACA-ds and unconjugated aniline-d;
were excreted rather fast and at considerably lower concen-
trations. The concentrations were falling below the LOQ
about 8—12 h after dosage.

Elimination characteristics, maximum urinary concen-
trations (c,,,), time of maximum concentrations (z,,,,), and
calculated elimination half-times (#,,) each based on both
pg/L and creatinine-adjusted pg/g creatinine values over all
four volunteers are shown in Table 1. Elimination charac-
teristics and elimination half-times based on the elimina-
tion rate approach in pg/h are shown in the supplementary
material (Fig. 4, Table 8). Maximum concentrations of
NA4AP-d, and NA4AP-MA-d; occurred ~4—6 h after the
dosage (based upon ug/L values) and ~3 h after the dos-
age (based upon ug/g creatinine values). Concentrations of
ACA-d;5 and unconjugated aniline-d5 peaked much faster at
about 1 h after dosage for both the ug/L and pg/g creati-
nine values. The most abundant urinary target analyte was
NA4AP-d, with maximum urinary concentrations well in
the mg/L range and a mean maximum concentration of
6 mg/L (range 1490-8670 ug/L). With these numbers, it
has to be kept in mind that NA4AP-d, as determined with
the approach described above represents the total of uncon-
jugated NA4AP-d, and its O-conjugates (due to an enzy-
matic hydrolysis step during sample preparation). The max-
imum concentration of NA4AP-MA-d; was about 0.5 mg/L
(460-586 pg/L) and approximately one order of magnitude
below that of total NA4AP-d,. Maximum urinary concen-
trations of ACA-ds and unconjugated aniline-ds were con-
siderably lower and with maximum concentrations around
15-30 pg/L, each.

Elimination half-times differed considerably between
the analytes but were in good agreement between the four
volunteers (Table 1). Unconjugated aniline-ds and ACA-d;
were rapidly excreted with mean elimination half-times of
1.7 and 2.2 h, respectively (based on ug/L values), and 0.9
and 1.4 h, respectively (based on ug/g creatinine values).
Mean elimination half-times for NA4AP-d, were 4.2 and
3.9 h. NA4AP-MA-d; exhibited the longest elimination
half-times of around 5 h.

Urinary excretion factors (F,.) of unconjugated aniline
and its metabolites (calculated as molar equivalents of the
aniline dose in %) are shown in Table 2. In total, during the
48-h course of the study, a mean of 65.2 % (55.7-68.9 %)
of the aniline-ds; dose was excreted as total NA4AP-d, in
urine in terms of unconjugated NA4AP-d, and its O-con-
jugates. The second most abundant target analyte was
NA4AP-MA-d; representing a mean of 4.0 % (2.5-6.1 %)
of the dose. ACA-ds; and unconjugated aniline-ds repre-
sented only a minor share of the aniline-ds dose (~0.25 %
each). The major fraction of all four target analytes (repre-
senting 68-75 % of the total dose) was excreted during the

max.
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Fig. 2 Urinary excretion of aniline and aniline metabolites after sin-
gle oral dosage for all four volunteers. Black lines (V1 and V2) repre-
sent the two slow and gray lines (V3 and V4) the two fast acetylators.

Table 1 Maximum urinary concentrations (¢,

), time points of maximum concentrations (Z,
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All graphs are plotted on a semilogarithmic scale and represent ani-
line excretion in pg/g creatinine

'may)> and calculated elimination half-times (#/2) of

aniline metabolites and free aniline as the mean of the four volunteers (ranges in brackets)

Metabolite Maximum urinary concentration (¢p,,,) Time of maximum (¢,,,,) Estimated elimination half-time (#Y2)
Based on pg/L Based on pg/g crea  Based on pg/L Based on ug/gcrea  Based on pg/L Based on ug/g crea
values values values values values values

NA4AP 6108 (1490-8670) 11,084 (9642-12,526) 3.8 (0.8-6.3) 2.1(1.5-2.4) 4.2 (3.5-5.3) 393.443)

NA4AP-MA 523 (460-586) 1263 (725-2520) 5.8 (3.3-9.9) 2.9(2.3-3.8) 5.5(4.3-6.4) 4.8 (4.1-5.5)

ACA 20.2 (15.2-27.8) 113 (54.4-161) 0.9 (0.8-1.4) 1.3 (0.8-1.5) 2.2(1.8-2.8) 1.4 (1.3-1.6)

AN 18.7 (16.2-23.3) 60.3 (10.8-117) 1.4 (0.8-3.3) 1.5 (1.4-1.7) 1.7 (0.6-2.9) 0.9 (0.6-1.2)

Elimination half-times were calculated based on concentration values and creatinine-adjusted concentration values over the time by the rate con-

stant k with 2 = In(2)/k

first 24 h. From 24-48 h, only a small amount of the dose
(0.5-0.9 %) was excreted as total NA4AP-d, and NA4AP-
MA-d;. Neither ACA-ds nor unconjugated aniline-ds was
detectable any more in the 24-48 h post-dose samples.
However, urinary concentrations of total NA4AP-d, and
NA4AP-MA-d; were still measurable 48 h post-dose.
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As shown in our study, NA4AP and its O-conjugates
are the major urinary metabolites of aniline and can be
analyzed in terms of total NA4AP after using an enzy-
matic hydrolysis step during sample preparation. This
is in accordance with Lewalter and Korallus (1985)
who identified NA4AP (after acid hydrolysis) as the
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Table 2 Urinary excretion factors (F,.) of aniline and aniline metab-
olites calculated as molar equivalents of the aniline dose in %

Metabolite  Urinary excretion factor (F,.)" as aniline dose equiva-
lents in %
0-24h 24-48 h Total (048 h)
NA4AP 64.5 (54.8-68.3) 0.8 (0.5-0.9) 65.2 (55.7-68.9)
NA4AP-MA 3.8 (2.4-5.9) 0.15(0.08-0.22) 4.0 (2.5-6.1)
ACA 0.26 (0.18-0.36) - 0.26 (0.18-0.36)
AN 0.24 (0.14-0.31) - 0.24 (0.14-0.31)

# Mean values of the four volunteers, ranges in brackets

major metabolite after occupational exposure to ani-
line. However, their study design did not allow deriv-
ing urinary metabolite conversion factors. Moreover,
our study refers to oral exposure and continuous urine
sampling. There are still uncertainties remaining when
extrapolating to other exposure and sampling types due
to first-pass effect, or other absorption or elimination
rates.

Investigating several animal species (pig, rat, and
sheep) Kao et al. (1978) recovered a total (sum of con-
jugated and unconjugated) of 75-86 % of an oral aniline
dose as NA4AP in urine, which is close to the conversion
of 55.7-68.9 % observed in this study in humans. About
0.5 % (0.4-1.0 %) of an oral aniline dose was excreted as
ACA in the urines of rats (Kao et al. 1978), which is also in
good accordance with the recoveries of ACA in our study.
Conversion factors for ACA in sheep and pigs, however,
were approximately 10-fold higher than those observed
in humans and rats. Until now, NA4AP-MA has not been
subject of quantitative investigations as a metabolite of
aniline in biomonitoring studies. In human metabolism
studies after dosage of paracetamol (chemically identical
to NA4AP), the NA4AP-MA metabolite reflected 0.5—
6.1 % of the paracetamol dose (Ladds et al. 1987), which
is very similar to the conversion we found from aniline
(2.4-59 %).

Overall, our study shows a total recovery of 64.4-72.7 %
of the aniline dose in terms of total NA4AP, NA4AP-MA,
unconjugated aniline, and ACA. We can only speculate
about the remaining 27-34 %. Certainly, excretion of
additional aniline-related metabolites is highly likely, e.g.,
ortho- and para-aminophenol and its conjugates. Ami-
nophenols (para-aminophenol) have been reported in ani-
mal studies to contribute to about 5.5-28.5 % of the metab-
olite spectrum in urine, with large interspecies variations
(sheep 10.8-18.7 %; pigs 5.5-9 %; rats 20.2-28.5 % (Kao
et al. 1978). Further, NA4AP-derived metabolites contrib-
uting to the aniline metabolite spectrum may be NA4AP-
3-cysteine or 3-hydroxy-NA4AP-4-sulfate, which have
been reported to represent 0.6—13.7 % and 0.4—4.8 % of an

administered paracetamol dose, respectively (Ladds et al.
1987).

Regarding the acetylator status of the volunteers, we
observed no influence on urinary excretion factors (F,.)
and maximum urinary concentrations (c,,,) for total
NA4AP and NA4AP-MA (Table 3). However, the acety-
lator status might have some influence on the excretion of
unconjugated aniline and ACA. ACA levels in terms of F,
of the two fast acetylators (0.31 and 0.36 %) were about
twofold higher than those of the two slow acetylators (0.16
and 0.19 %). In reverse, excretion of unconjugated aniline
in the slow acetylators (0.28 and 0.33 %) was about twice
as high compared to the fast acetylators (0.14 and 0.23 %).
Notably, a shift from NA4AP to NA4AP-MA could be
observed for volunteer 4 (see Table 3). This volunteer
excreted the smallest amount of NA4AP-d, and the highest
amount of NA4AP-MA-d;. This may be a result of higher
activity of glutathione S-transferase (GST) in this volun-
teer. However, we did no assessment of the GST phenotype
of the volunteers in this study.

For none of the analytes, elimination half-times seemed
to be influenced by the acetylator phenotype.

Summary and conclusion

In summary, the present study determined the urinary
excretion kinetics and metabolic parameters for aniline and
its major metabolites in four male volunteers after oral dos-
age of deuterium-labeled aniline. By dosing labeled aniline,
we were able to avoid interferences arising from omnipres-
ent urinary background levels of aniline, paracetamol, and
their metabolites.

NA4AP and NA4AP-MA were present in the urines
of the volunteers during the whole 48 h of sampling and
exhibited elimination half-times which were long enough
to capture aniline exposure that occurred up to 48 h in
the past. However, NA4AP and NA4AP-MA are no spe-
cific biomarkers of aniline but are excreted in a compara-
ble manner after exposure to paracetamol. This overlap of
aniline and paracetamol metabolic pathways is of impor-
tance when interpreting urinary NA4AP and NA4AP-MA
levels with the goal to specifically assess exposure either
to aniline or to paracetamol. However, both ACA and
unconjugated aniline possess short elimination half-times
(0.6-1.2 h) and small excretion factors. They were also
only detectable within the first 8—12 h after a relatively
high dosage of 5 mg. In this study and in the occupational
setting with aniline exposure, we were able to detect both
unconjugated aniline and ACA in post-exposure urine sam-
ples. However, we could not detect ACA and unconjugated
aniline in any urine sample from the general population,
in any urine samples prior to dosage or in urine samples

@ Springer



—
W
(93]
[\

Arch Toxicol (2016) 90:1325-1333

Table 3 Total urinary excretion factors (F,.), elimination half-times, and maximum urinary concentrations of aniline and aniline metabolites of the four volunteers arranged by acetylation sta-
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a[h] oy, [ng/g

F,. (48h)

a[h] oy, [ng/g

F, (48 h)

[%]

ta[h]* cpy [ng/g

F, (48 h)

[%]

e [h]* oy, [ne/g

F, (48h)

[%]

crea]

[%]

crea]

crea)

crea]

71.8

69.9

1.2
0.6

0.28
0.33
0.14
0.23

93.8

14
1.6
14
1.3

0.19
0.16
0.31
0.36

725
1019
971
2520

2.5 5.1

12.5

34
39

Slow 68.9

72.7

10.8

54.5
161

4.1

4.0
32

6.1

9.6

Slow 68.2

71.8

446

1.1

55
4.4

10.8

68.1

Fast

62.4

117

0.8

145

11.4

43

55.7

Fast

# Calculated based on pg/g creatinine values

® Sum of metabolites investigated calculated from molar equivalents of the aniline dose

prior to known exposure (Modick et al. 2014; Dierkes et al.
2014). These findings are in contrast to former studies
(Human Biomonitoring Commission of the German Fed-
eral Environment Agency 2011; Kiitting et al. 2009; Weiss
and Angerer 2002), reporting omnipresent aniline in urine,
but only after hydrolysis. Our study suggests that the uri-
nary aniline levels reported in these studies seem unlikely
to be caused by either free aniline or acetanilide. Future
studies will have to reveal the sources leading to aniline in
urine after chemical hydrolysis.
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