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Hemoglobin (Hb) and albumin (Alb) adducts of the suspect 
human carcinogen or&-toluidine (OT) were quantified in blood 
samples collected from rats after a single i.p. injection. Mild 
alkaline hydrolysis of Hb adducted with [r4C]OT followed by 
extraction with ethyl acetate resulted in recovery of 63% of the 
bound radioactivity. HPLC analysis revealed a single radiola- 
beled peak which was identified as OT by CC-MS. In subsequent 
experiments Hb and Alb adduct levels were determined by HPLC 
analysis of this cleavage product using fluorescence detection. 
4-Ethylaniline was used as internal standard. The detection limit 
for OT was approximately 450 pg/injection or 5 pmol/mg Hb. 
Mean adduct levels for Hb increased rapidly over the frrst 4 hr 
with the highest (ng/mg Hb f SD) 3.7 + 0.5 detected 24 hr after 
OT administration at 50 mg/kg body wt. In contrast, adduct 
levels for pooled Alb samples increased from 0.7 ng/mg Alb at 
2 hr to 2.5 ng/mg Alb at 4 hr, but were not detectable 24 hr 
after dosing. Hb adducts showed a linear relationship for OT 
doses of 10,20,40,50, and 100 mg/kg body wt. The Hb adduct 
t+ (11 days) was determined after a single 100 mg/kg OT dose. 
Hb adduct levels were quantifiable (1.3 + 0.2 ng/mg Hb) by 
HPLC/fluorescence 28 days after 100 mg/kg OT. Although Hb 
and Alb adducts differ in stability, a ratio of such OT adducts 
may be useful in long-term industrial biomonitoring for evalu- 
ation of OT exposure. o 1992 Society of Toxicology. 

The suspect human carcinogen, o-toluidine [2-aminoto- 
luene; CAS Registry No. 95-53-41 has long been used in the 
chemical industry as an intermediate in the production of 
dyes (Hammerbacher, 1883) and is used in the production 
of rubber, pharmaceuticals, and pesticides (Cheever et ul., 
1980; IARC, 1982). o-Toluidine has been reported to cause 
bladder tumors in various mammalian species (Morigami 
and Nisimura, 1940; Ekman and Strombeck, 1947, 1949; 

’ Presented in part at the 30th Annual Meeting of the Society of Toxicology, 
February/March 199 1, Dallas, TX. 

Russfield et al., 1973; Weisburger et al., 1978; IARC, 1978) 
and is mutagenic in in vitro tests (Rosenkrantz and Poirier, 
1979; Tanaka et al., 1980; Zimmer et al., 1980). Although 
human o-toluidine-related carcinogenicity is not certain 
(IARC, 1982, 1987), o-toluidine is considered a suspect hu- 
man carcinogen (Rubino et al., 1982; Ward et al., 1991). As 
a result of those reports the National Institute for Occupa- 
tional Safety and Health recently issued a warning that 
workers exposed to u-toluidine or aniline may be at increased 
risk for developing bladder cancer (NIOSH, 1991). The 
mechanism of many chemical carcinogens is thought to in- 
volve the modification of DNA by formation of adducts with 
DNA in genetic material through covalent binding of nu- 
cleophilic sites by electrophilic compounds or activated me- 
tabolites (Kiese, 1966; Weisburger and Weisburger, 1973; 
Kriek and Westra, 1979; Neumann, 1988; Mori et al., 1988). 
A correlation between covalent binding to protein macro- 
molecules and that of target organ DNA has been described 
for several animal carcinogens (Brookes and Lawley, 1964; 
Lutz, 1979; Cheever et al., 1990), and a relationship between 
covalent binding and carcinogenic potency has been pro- 
posed (Brookes and Lawley, 1964; Lutz, 1979; Perera, 1987; 
Kugler-Steigmeier et al., 1989). The covalent binding of o- 
toluidine was evaluated in a recent study by Brock and his 
co-workers (1990), which showed that o-toluidine was co- 
valently bound to hepatic DNA, RNA, and protein. The 
current OSHA permissible exposure limit listed, as a time- 
weighted average, for o-toluidine is 5 ppm (NCI, 1979). Until 
recently, monitoring techniques used for determination of 
o-toluidine exposure have relied upon determination of o- 
toluidine levels in air (IARC, 1978; Wood and Anderson, 
1975; Amoore and Hautala, 1983) or urine (Kuchenbecker, 
1920; El-Bayoumy et al., 1985). However, such analysis pro- 
vides limited information on bladder target organ exposure. 
The biological half-life in rodents of parent o-toluidine or o- 
toluidine metabolites (Fig. 1) is relatively short (Cheever et 
al., 1980), and these compounds may be similarly short lived 
in humans (IARC, 1982). Significantly, the presence of DNA- 
adducting metabolites of certain carcinogens in the blood 
has been reported for compounds metabolized primarily in 
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the liver (Weisburger et al., 1969; Ginsberg and Atherholt, 
1989). Those investigators suggested that distribution by 
blood after bioactivation certainly could explain tumor for- 
mation in other systemic tissues. Molecular dosimetry by 
measuring adducted blood proteins, as a tool for estimating 
internal or target organ exposure, has been proposed for 
biomonitoring (Osterman-Golkar et al., 1976; Neumann, 
1984, Ashby, 1988). Hemoglobin (Hb) binding to o-toluidine 
has been reported (Reiter and Leusser, 1952; Kiese, 1966; 
Weisburger and Weisburger, 1973), and it has been proposed 
(Fig. 2) that the adducts formed are sulfinic acid amide Hb 
adducts (Eyer et al., 1983). Such adducts have been described 
for other aromatic amines (Bryant et al., 1987; McMillan et 
al., 1990a). Recent animal studies suggest that biomonitoring 
of u-toluidine can be accomplished by measurement of this 
Hb adduct (DeBord et al., 1991). Previously, evaluation of 
o-toltidine adduct levels by gas chromatography or gas 
chromatography-mass spectrometry (GC-MS) have been 
described (Stillwell et al., 1987; Bimer and Neumann, 1988; 
Bryant et al., 1988; Neumann, 1988). Those investigators 
reported that analysis of the cleavage product of adducted 
o-toluidine was possible after hydrolysis of the Hb. Quan- 
tification of such blood protein adducts may be of value in 
risk assessment by allowing a more accurate estimation of 
internal exposure and, if the biological half-life of the Hb 
adduct is sufficiently long, may indicate cumulative target 
dose. 

The objectives of this study were to compare the effect of 
route of administration on o-toluidine-protein adduct levels 
in the rat and to establish the dose-response for adduct for- 
mation. Additionally, the in vivo stability of o-toluidine- 
protein adducts was studied to evaluate the usefullness of 
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CONJUGATION AND URINARY EXCRETION 

FIG. 1. Schematic of o-toluidine metabolism. 

FIG. 2. Postulated formation of an &oluidine-hemoglobin sulfinic acid 
amide adduct. 

blood protein adducts for monitoring long-term worker ex- 
posure. 

METHODS 

Chemicals and solutions. The test compound, o-toluidine (99+%) was 
purchased from Aldrich Chemical Co. (Milwaukee, WI).2 The c-tolu- 
idine[ring-i4C(U)], having a specific activity of approximately 30.7 mCi/ 
mmol and a radiochemical purity of greater than 99%, was synthesized by 
NEN Research Products (Boston, MA). Prior to use the radiochemical purity 
of this compound was verified by high-performance liquid chromatography 
(HPLC) in conjunction with a radioactivity detector as described previously 
(Cheever er at., 1990). The reference compound, 4-amino-3-methylphenol, 
was obtained from Aldrich Chemical Co. Dosing solutions were prepared 
by dissolving appropriate amounts of o-toluidine and o-[i4C]-toluidine in 
corn oil to give final concentrations of 10, 20, 40, 50, and 100 mg/ml(93, 
187, 373, 466, and 933 pmol/ml) [sp act 16.1, 8.5, 4.6, 3.7, and 2.0 mCi/ 
g, respectively]. 

Animals and doses. Male, Sprague-Dawley [Crl:CD(SD)BR outbred], 
cesareanderived rats, weighing 5 1 to 75 g, were obtained from Charles River 
Breeding Laboratories, Inc. (Wilmington, MA). Immediately upon receipt, 
these animals were placed in quarantine and maintained in an AAALAC- 
accredited facility throughout the course of the study. Laboratory temper- 
atures, 22 to 25°C and relative humidity, 45 to 50%, as well as a 12-hr 
light-dark cycle (light 603 AM to 6:00 PM) were controlled throughout the 
course of the studies. Animals were assigned to 23 groups of 6 rats (138 
total) and provided with NIH-07 rat and mouse diet (Ziegler Brothers, Inc., 
Gardners, PA) and tap water adlibitum. At dosing the animals weighed 269 
i 47 g and were administered the appropriate dosing solution either by 
gavage or intraperitoneal injection (i.p.) at a constant l-ml vol of dosing 
solution/kg body wt. Animals used for comparison of route of administration, 
time course, or dosing level were administered radioactivity in the oral and 
i.p. doses which averaged 40 &i/rat. Rats within a specified group were 
anesthetized with pentobarbital and euthanized by exsanguination at either 
4, 8, 12, 18, 24, 48, 72, 168, 336, or 672 hr after a single o-toluidine dose. 

’ Mention of company or product names is not to be considered an en- 
dorsement by the National Institute for Occupational safety and Health. 
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Blood was obtained from the vena cava by syringe, and Hb and albumin 
were immediately isolated. 

Isolation of hemoglobin and albumin. Blood, collected from animals 
treated with +toluidine, was transferred immediately to EDTA-containing 
Vacutainers. The whole blood was centrifuged at 15oOg for 20 min to separate 
erythrocytes (RBCs) and plasma. Following this, 4.5 ml of the plasma was 
carefully transferred to a clean 50-ml centrifuge tube for the isolation of 
albumin. The plasma was mixed with 45 ml of0.2% HCI in absolute ethanol 
to precipitate the globulins as described by Femandez et al. (1966). After 
mixing, the tubes were shaken at low speed at room temperature for 30 min 
in a shaking waterbath (Precision Scientific Co., Chicago, IL). The tubes 
were centrifuged at 400g for 30 min, and the ethanol-soluble fraction was 
concentrated under vacuum (approx 0.2 Torr) using a SpeedVac Model 
SVC 1OOH (Savant Instruments, Inc., Farmingdale, NY). After a 2- to 2.5 
hr drying period, albumin was redissolved in 1 ml of distilled water, trans- 
ferred to a 50-ml centrifuge tube, and reprecipitated with 49 ml of acetone. 
Following overnight refrigeration at 4°C the albumin was repacked by cen- 
trifugation at 2000g for 10 min and washed three times by resuspending in 
acetone. The albumin was dried under a stream of nitrogen and stored at 
-70°C until analysis. After removal of the plasma the packed RBCs were 
washed three times with 10 ml of ice cold phosphate-buffered saline and 
repacked by centrifugation at 700g for 10 min. The cells were then lysed by 
addition of 10 ml of ice cold distilled water, and the hemolysate was cen- 
trifuged at 45,000g for 25 min at 4°C to eliminate cellular debris. Hb was 
isolated by the dropwise addition of 4 vol of cold ethanol to the lysate while 
mixing. After precipitation, the Hb was removed, washed three times with 
acetone, and dried under a stream of nitrogen (Cheever et al., 1990). Hb 
and albumin isolated from rats dosed with o-toluidine were subjected to 
mild basic hydrolysis to allow analysis of adducted o-toluidine, using a mod- 
ification of the procedure of Sabbioni and Neumann (1990). Initial exper- 
iments on Hb or albumin from rats dosed with 50 mg o-toluidinelkg body 
wt were conducted using hydrolysis by 1 N NaOH and 0.5% sodium lauryl 
sulfate at 60°C for 1,2, 3, or 4 hr in the presence of 1 &ml 4-ethylaniline, 
as internal standard. AU subsequent experiments were conducted using a l- 
hr 60°C hydrolysis period, and the ratio of protein to hydrolysis media was 
100 mg in 3 ml of media. Following the base-induced hydrolysis of protein 
adducts, the mixtures were extracted 1:l with ethyl acetate for 24 hr. For 
the determination of ethyl acetate extraction efficiency (86%) r4C was quan- 
tified by liquid scintillation spectrometry. The recovery of bound 14C was 
approximately 63%. The organic phase was dried over sodium sulfate for 
subsequent analysis by thin-layer chromatography (TLC) and HPLC. 

Thin-layer chromatography. Solvent extracts of base-hydrolyzed vehicle 
control hemoglobin and albumin or extracts of those proteins isolated from 
rats treated with o-toluidine were concentrated under a stream of nitrogen. 
A portion of this extract was reacted with pentafluoropropionic anhydride 
[PFPA] (El-Bayoumy et ai., 1986) and cochromatographed with either o- 
[‘4C]toluidine, the pentafluoropropionamide derivative of c-[‘4C]toluidine, 
or 4-amino-3-methylphenol on silica gel-precoated glass-backed plates (E. 
Merck 60F 254, 0.2-mm layer thickness). Chromatograms were developed 
with benzene:ethyl acetate (9: 1, v/v) and extracts of base-hydrolyzed proteins 
were examined for the presence of any freed o-toluidine or o-toluidine me- 
tabolites. Spots corresponding to possible metabolites or reference compounds 
were located by observing the quenching of fluorescence activated by 254- 
nm radiation and by color reactions with ninhydrin. Radioactive spots were 
located by autoradiography using a Betascope Model 603 blot analyzer (Be- 
tagen CO., Waltham, MA). From cbromatograms not visualized by chemical 
reactions, the silica gel-containing compounds of interest was scraped and 
extracted with methanol. Compounds isolated in this manner were further 
evaluated by HPLC or GC-MS. 

Liquid chromatography. o-Toluidine purity and components of protein 
hydrolysates were analyzed using a Hewlett-Packard Model 109OM HPLC 
equipped with a binary DR5 solvent delivery system, variable volume sample 
injection module, and heated column compartment (Hewlett-Packard, Co., 
Waldbronn Analytical Division, Waldbronn, Germany). The HPLC column 

temperature was controlled at 40°C. Components were separated on a 25- 
cm-long X 4.6-mm-i.d. stainless-steel column packed with IO-pm Partisil 
10 ODS-3 silica packing (Whatman Chemical Separations Inc., Clifton, NJ). 
Initially, a gradient solvent system programmed from 10% methanol in 0.05 
M ammonium fonnate to 90% methanol over a 50-min period was used to 
achieve separations adequate for quantification. Components were detected 
initially at a 240~nm wavelength setting using a 78880A uv diode array 
detector module (Hewlett-Packard, Co.). Components of interest were sub- 
sequently quantified using a Model 1046A programmable fluorescence de- 
tector (Hewlett-Packard, Co.) set at ex = 237 nm, em = 345 nm. For quan- 
titation of amines, aliquots of the extracts were mixed with 0.5 M o-phthal- 
aldehyde/mercaptopropionic acid reagent [OPA] (10 mg/ml each in 0.4 N 
borate buffer, Hewlett-Packard, Co.) immediately prior to injection onto 
the column to allow for any instability of the derivative (Trippel-Schulte et 
al., 1986; Alvarez-Coque et al., 1989). Briefly, the sample injection module 
was programmed to take up 5 ~1 of 0.4 N borate buffer (pH 10.4) into the 
sample loop followed by 1 pl of the OPA reagent, 1 pl of distilled water, 
and sample. Standard solutions containing appropriate concentrations of 
aniline and o-toluidine were prepared using a 1 pg/ml internal standard 
solution of redistilled 4-ethylaniline. The contents of the sample loop were 
then mixed by cycling the sample module syringe eight times over a 50-111 
volume range. After injection, radioactive components were detected using 
a Trace II Model 7 150 radioactivity monitor (Packard Instruments, Downers 
Grove, IL). The derivatization was essentially complete at a 1 O-fold excess 
of reagent for the highest o-toluidine standard used and no additional ra- 
diolabeled peaks were detected. Subsequently, radioactive or unlabeled 
components were separated using a linear solvent gradient programmed 
from 30% methanol:0.05 M ammonium formate to 50% methanol:0.05 M 
ammonium formate over a l5-min period followed by a lO-min linear change 
to 80% methanol:0.05 M ammonium formate. Sample data were acquired 
for comparison of sample uv or fluorescent spectra with those of library 
standards acquired under the same conditions. HPLC data were processed 
using a HP 9000 Model 3 10 HPLC ChemStation (Hewlett-Packard, Co.). 

Gas chromatography-mass spectroscopy. The radioactive component, 
isolated from protein hydrolysates of rats treated with o-toluidine, was an- 
alyzed using a Hewlett-Packard Model 5890A gas chromatograph, fitted 
with a 50-m X 0.2-mm-i.d. ultra-l crosslinked methyl silicon (dr = 0.33 pm) 
fused capillary column (Hewlett-Packard Co.) coupled by a direct capillary 
interface to a Model 5970A quadrupole mass spectrometer (Hewlett-Packard 
Co.). Helium was used as the carrier gas at a linear velocity of 38 cm/set. 
Splitless injections were made onto the column with the oven temperature 
maintained at 75°C. The temperature was programmed from 75 to 200°C 
at 8”C/min. Electron impact mass spectra were acquired at an electron 
energy of 70 eV and at a source temperature of 200 i 10°C. The mass 
spectrometer was calibrated using pertluorotributylamine as the tuning 
compound. These spectra were stored and processed with a Model 59970B 
MS ChemStation (Hewlett-Packard Co.). Mass spectrometric identifications 
were made by comparison of the mass spectra of radiolabeled components 
with those of authentic compounds. The structures of o-toluidine and PFPA- 
derivatized o-toluidine were investigated. For o-toluidine the spectrum is 
dominated by ions at m/e 106 and 107, consistent with the molecular ion 
and mass of that compound. Additional prominant ions at m/e 108 (M + 
1). 79 (M + 1 - CNHz), 73 (M + 1 - CNH,), 66 (M - CzNH& and 51 
(M - C,NH,) were consistent with Wiley Library spectra. Examination of 
the spectrum for PFPA-detivatized o-toluidine showed a base peak at m/e 
134 (M - C,FS). Additional prominant ions were noted at m/e 253 (M), 
254 (M + l), 119 (M - CzFSCHI), 106 (M - C,F,CO), and 91 (M - 
C,F,CONH) and were consistent with library spectra. For highest sensitivity, 
operation of the mass spectrometer in the selected ion mode was utilized to 
detect the most abundant ion for o-toluidine either underivatized (m/e 106) 
or as the PFPA derivive (m/e 134). 

Liquid scintillation spectrometty. For determination of o-[‘4C]toluidine 
levels in protein hydrolysates or extracts, sample aliquots (0.01 to 0.5 ml) 
were solubilized by incubation for 24 hr at 60°C with 0.25 ml of methanolic 
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TABLE 1 
Identification of Base-Hydrolyzable o-Toluidine 

Protein Adducts 

Compound RT” RTb R/’ 
Color 

reaction 

Unknown 
Authentic o-toluidine 
Unknown-PFPA 
o-toluidine-PFPA 

9.456 
9.322 

19.399 0.407 
19.398 0.407 
23.033 0.687 
23.048 0.689 

P-Brd*e 
P-Br 

a HPLC retention time (min). 
b GC-MS retention time (min). 
’ TLC R,value of compounds spotted on E. Merck Silica gel F60 precoated 

plates and run 10 cm with a benzene:ethyl acetate (9: 1) mobile phase. 
d TLC plates sprayed with ninhydrin (0.1% in isopropanol) were heated 

to 90°C for 10 min. Color reaction was noted after cooling and after 24 hr. 
’ P, purple; Br, brown; - indicates observation after 24 hr. 

1 N NaOH (Weigel et al., 1978). These solubilized samples were dissolved 
in IO-ml quantities of ScintiVerse II scintillation medium (Fisher Scientific 
Co., Fairlawn, NJ) and counted using a Model 8011 liquid scintillation 
spectrometer (Beckman Instruments Co., Fullerton, CA). Counting effi- 
ciencies were determined by the external standard method of Horrocks 
(1974). 

Statistid analysis. Statistical differences between group means were 
determined using one-way analysis of variance using Statgraphics Version 
4.0 (STSC Inc., Rockville, MD). A probability level ofp < 0.05 was considered 
significant. Data was processed for determination of correlation coefficients 
using the HP 98820A statistical library revision B (Hewlett-Packard, Co.) 
installed on the HP 9000 Model 3 10 HPLC ChemStation. Group means + 
standard deviations were plotted with linear regression lines using Sigma- 
Plot Version 3.1 (Jandel Scientific, Sausalito, CA). Calibration curves for 
GC methods were tested for equality of slopes using an analysis of covariance. 
The model was Yi = M, + C + M,C + e,, i = 1, 2, where M is method and 
C is concentration. Biological half-lives were calculated by the method of 
Rumack and Lovejoy (1986), and adduct stability was evaluated by the 
method of Bergmark et.al. (1990). The model was [Rr]/[fl = [RY]“/[ r] 
X (1 - t/t,)exp(-kt), where [RY]/[ r] is the initial adduct level at time t. 
[R Y]O/[ Y] is the initial adduct level, k is the rate constant for elimination, 
and t, is considered to be a 60&y lifetime for rat erythrocytes (Schalm et 

al., 1975). 

RESULTS 

Identljication of hemoglobin and albumin adduct cleavage 
products. Initial experiments showed that mild base hy- 
drolysis at 60°C for 1 hr followed by extraction with ethyl 
acetate resulted in liberation of 63.1 rt 9.4% of the radio- 
activity associated with the Hb or albumin. Additional hy- 
drolysis time resulted in a linear, but not statistically signif- 
icant, decrease over a 3-hr period. After concentration, the 
extracted material was separated by TLC and a single radio- 
labeled component was detected by autoradiography. This 
single major component was cochromatographed, with or 
without PFPA derivatization, against appropriate o-toluidine 
or o-toluidine metabolites for comparison of TLC RJ- value 
and ninhydrin color reaction (Table 1). The component, 

thought to be o-toluidine, was subsequently identified by 
comparison of GC-MS spectra with those of derivatized or 
underivatized o-toluidine (Figs. 3 and 4). The typical gas 
chromatographic trace of base-hydrolyzed rat Hb (Fig. 5) 
illustrates the increased sensitivity possible monitoring m/e 
106 using the selected ion mode. Calibration curves for de- 
rivatized and underivatized o-toluidine were prepared using 
a l-p1 injection volume (Fig. 6), which indicate that signif- 
icantly greater sensitivity (p < 0.0001) is achieved for the 
PFPA-derivatized o-toluidine. However, low recovery of 
samples and the time requirements encountered for sample 
workup of derivatized Hb extracts led to development of an 
automated procedure for HPLC analysis. 

High-performance liquid chromatography fluorescence 
analysis. A syringe programmable sequence for automated 
OPA derivatization of samples for injection onto the HPLC 
column was evaluated for o-toluidine analysis (Fig. 7). This 
procedure, coupled with fluorescence detection, allowed 
savings of much sample preparation time prior to analysis 
of Hb hydrolysates. The HPLC fluorescence calibration 
curve, prepared using a 5-~1 injection, is shown in Fig. 8. 
Although the sensitivity of the HPLC procedure is lower 
than that noted previously for the GC-MS technique, the 
possibility of larger injection volumes appears to offer added 
flexibility. Subsequent analysis of extracts of hydrolyzed Hb 
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FIG. 3. Identification of o-toluidine from the ethyl acetate extract of 
base-hydrolyzed hemoglobin isolated from o-toluidine-treated rats. The mass 
spectrum of the cleavage product (A) is compared with the spectrum of 
authentic o-toluidine standard (B). 
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ng/mg Hb) than after p.o. administration (0.4 -+ 0.6 ng/mg 
Hb). The levels of base-hydrolyzable o-toluidine adducts were 
evaluated for two blood proteins, Hb and albumin. Subse- 
quent studies were conducted using i.p. injection to optimize 
adduct formation. After administration of a single 50 mg/ 
kg dose of o-toluidine, the adduct, measured as the o-tolu- 
idine cleavage product, appears to accumulate more in as- 
sociation with Hb than with the albumin. For these studies, 
mean adduct levels for Hb increased rapidly over the first 4 
hr with the highest 3.7 +- 0.5 ng/mg Hb detected 24 hr after 
administration of the test compound. In contrast, adduct 
levels for pooled albumin samples increased from 0.7 ng/ 
mg albumin at 2 hr to 2.5 ng/mg albumin at 4 hr, but were 
not detectable 24 hr after dosing (Fig. 9). Experiments con- 
ducted to examine long-term elimination of Hb adduct levels 
show that these were relatively stable during the 24- to 72- 
hr period (Fig. 10). A linear relationship between adminis- 
tered dose and 4-hr Hb adduct formation in rats was noted 
(Fig. 11). The highest Hb adduct levels detected in these 
studies, 7.5 f 0.9 ng/mg Hb, was measured in blood taken 
after i.p. dosing with o-toluidine at 100 mg/kg body wt. Ad- 
ditional studies were conducted to evaluate the stability of 
the Hb adduct in the rat by measuring levels present in blood 
after serial termination of rats over a 28-day period. The Hb 
adduct half-life (tf = 11 days) was determined after a single 
100 mg/kg o-toluidine dose (Fig. 12). Hb adduct levels in 
those experiments continued to be detectable by HPLC/flu- 

FIG. 4. Pentafluoropropionic anhydride derivative of o-toluidine from 
the ethyl acetate extract of base-hydrolyzed hemoglobin isolated from o- 
toluidine-treated rats. The mass-spectrum of the PFPA-derivatized cleavage 
product (A) is compared with the spectrum of PFPA-derivatized o-toluidine 
standard (B). 

showed that the detection limit for o-toluidine after a single 
i.p. injection at 100 mg/kg body wt, approximately 10% of 
the reported LD50 value (Smyth, 193 l), utilizing the HPLC 
procedure was approximately 450 pg/injection or 5 pmol/ 
mg Hb. Additionally, comparison of these extracts by both 
HPLC and CC-MS indicates that no statistically significant 

Ion 106.00 am”. 

FIG. 5. Gas chromatogram (lower) of the extract after mild base hydrolysis of o-toluidine-hemoglobin adduct of o-toluidine-treated rats using a mass 
spectrometer as detector in the total ion mode. The upper trace shows peak for cleavage product in the same extract in the selected ion mode. 
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FIG. 6. Comparison of GC-MS selected ion calibration curves for un- 
derivatized and pentafluoropropionic anhydride (PFFA)-derivatized o-to- 
luidine (? = 0.999). 

orescence 28 days after i.p. administration of o-toluidine at 
100 mg/kg. Quantifiable amounts, 1.3 + 0.2 ng/mg Hb, were 
determined for the 28-day timepoint. The rate constant, k, 
for the hydrolysis of the o-toluidine-Hb adducts has been 
estimated from this experiment to be 2.2(*0.3) X lop3 h-l, 
a value consistent with that of N-ethyl-N-nitrosourea-Hb 
adduct elimination reported by Bergmark et al. ( 1990). 

DISCUSSION 

The formation of tumors by industrial exposure to aro- 
matic amines has been recognized for nearly a century (Rehn, 
1895). Recently, Rubino et al. (1982) suggested that o-to- 
luidine, a simple aniline derivative, may induce human 
bladder tumors. The formation of such tumors in the rat has 

been well documented for o-toluidine (IARC, 1987), but the 
related isomers, meta- or para-toluidine, showed only mar- 
ginal tumorigenic effects (Weisburger et al., 1978; U.S. EPA, 
1984). The results of the current study indicate that acute 
exposure of rats to o-toluidine at 50 mg/kg body wt by the 
p.o. route or to doses ranging from 10 to 100 mg/kg body 
w-t i.p. resulted in significant covalent binding with blood 
proteins. Previously, o-toluidine-related production of gene 
mutations in vitro was investigated with somewhat incon- 
clusive results. Using the Salmonella typhimurium test sys- 
tem with rat liver S9 mix Rosenkranz and Poirier (1979) 
reported that o-toluidine showed positive mutagenic effects 
using 0.5 pg/ml o-toluidine when incubated with the S9 
mixture. Zimmer et al. (1980), however, reported negative 
in vitro mutagenicity for o-toluidine. Studies conducted to 
evaluate genotoxicity, using the alkaline elution assay to 
measure DNA damage in V-79 cells exposed to o-toluidine, 
were negative, but the concentrations tested were not spec- 
ified (Tanaka et al., 1980). Urinary metabolites showed sig- 
nificant mutagenicity when urinary extracts from rats given 
o-toluidine were tested in vitro (Tanaka et al., 1980). Those 
investigators suggested that a metabolite may be important 
in the process of mutagenesis, but did not predict the chem- 
ical species responsible. Evaluation of possible o-toluidine 
metabolites showed that N-hydroxy-o-toluidine was geno- 
toxic in the in vitro Salmonellalmicrosomal mutagenic’ty 
assay (Hecht et al., 1979; Gupta et al., 1987). The N-hydroxy 
derivatives of aromatic amines have long been suspected as 
the proximate carcinogens (Weisburger and Weisburger, 
1973), but evidence of in vivo formation of N-hydroxy-o- 
toluidine has not been forthcoming. o-Toluidine metabolism 
has been studied (Hildebrandt, 1903; Williams, 1947; Beckett 
and Belanger, 1976; Cheever et al., 1980; Son et al., 1980) 
to both understand the mechanism of o-toluidine carcino- 

5 16 15 20 
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FIG. 7. Typical HPLC chromatogram (A) showing peak for cleavage product after mild base hydrolysis of o-toluidine-hemoglobin adduct. Rats were 
terminated 24 hr after i.p. administration of a single 100 mg/kg (933 amol/kg) dose of o-toluidine. The fluorescence trace for control hemoglobin 
hydrolysate is shown for comparison (B). The retention time for the cleavage product is consistent with that of authentic o-toluidine. 
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FIG. 8. HPLC fluorescence calibration curve (ex = 237, em = 345) for 
a 5-~1 injection of o-toluidine after reaction with ephthaldehyde (9 = 0.998). 

genicity and to develop appropriate biomonitoring proce- 
dures. These investigators have reported metabolic pathways 
consistent with those considered essential for aromatic amine 
carcinogenicity: N-acetylation, N-oxidation and hydroxyl- 
ation, and ring oxidation (Fig. 1). Significantly, Son et al. 
(1980) after administering o-[methyl-‘4C]toluidine to rats, 
noted two minor metabolites in rat urine, o-nitrosotoluene 
and 2,2’-dimethylazoxybenzene, which are thought to be de- 
rived from N-hydroxy-o-toluidine and provide evidence that 
it is formed. Related N-hydroxylated aromatic amines have 
been reported to react in vitro with DNA (Silk et al., 1989), 
nucleosides (Jacobson et al., 1988), or protein macromole- 
cules (Kadlubar et al., 1976; Ringe et al., 1988; Segerback 
et al., 1989). The degree of DNA covalent binding resulting 
from chemical exposure, thought to be an initial step in tu- 
mor formation, for certain chemicals has been related to Hb 
binding by the chemicals or reactive metabolites (Segerback, 

0 - 0 -Hemoglobin 
A-A -Albumin 

0 , 
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Time After Administration ( hr ) 

FIG. 9. Comparison of levels base-hydrolyzable hemoglobin and al- 
bumin adducts formed in rats terminated after i.p. administration ofa single 
50 mg/kg body wt (466 pmol/kg) dose of u-toluidine. Values are means f  
SD, n = 6. *Statistically greater than detected for corresponding albumin 
samples (p < 0.05). 

15 30 45 60 75 
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FIG. 10. Formation time of levels of base-hydrolyzable hemoglobin 
adducts in rats terminated after i.p. administration of a single 50 mg/kg 
body wt (466 rmol/kg) dose of o-toluidine. Values are means + SD. 

1983; Cheever et al., 1988). Although no report of in vivo o- 
toluidine-DNA adduct formation was noted in the literature, 
recent experiments have detected o-toluidine-Hb adducts in 
both rats and man. Protein adduct formation by o-toluidine 
was recently reported for rat Hb by Bimer and Neumann 
(1988). These investigators estimated that the 24-hr Hb 
binding index [binding index = (mmol bound/mmol Hb)/ 
mmol dose/kg body wt] was 4.0 for rats treated with 0.6 
mmol/kg of o-toluidine. The aromatic amine metabolites, 
hydroxylamine and aminophenol, are thought to react with 
Hb (Kiese, 1966; Weisburger and Weisburger, 1973). How- 
ever, reaction of the N-hydroxy metabolite of 3,4dichloro- 
aniline, a related aromatic amine, with Hb in vitro was re- 
ported to be an order of magnitude greater than that of the 
ring-hydroxylated metabolite (McMillan et al., 1990b). In 
the current study some adduct formation by 4-amino-3- 
methylphenol, the principal o-toluidine metabolite, cannot 

10 - 
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FIG. 11. Dose response for hemoglobin adduct levels in rats terminated 
4 hr after i.p. administration of a single dose of etoluidine. Values are 
means + SD. 
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FIG. 12. Elimination of base-hydrolyzable hemoglobin adducts in rats 
terminated after i.p. administration of a single 100 mgjkg body wt (933 
pmol/kg) dose of o-toluidine. Values are means + SD. 

be ruled out since the recovery of bound radioactivity was 
not complete after alkaline hydrolysis. A single quantifiable 
product, identified as o-toluidine, was detected after hydro- 
lysis of isolated Hb, and may indicate binding by the N- 
hydroxy metabolite. Analysis of this hydrolysis cleavage 
product by HPLC with fluorescence detection was accom- 
plished using an automated precolumn derivatization, a rel- 
atively rapid procedure which gave results consistent with 
CC-MS selected ion mode analysis. The single dose o-tolu- 
idine-Hb adduct formation in vivo was, after 4-hr i.p. ad- 
ministration, approximately IO-fold greater than after p.o. 
administration: an effect which may be related to increased 
liver concentrations of the compound-possibly resulting in 
increased activation. Detectable levels in Hb were noted 29 
days after administration of 100 mg/kg of o-toluidine i.p. 
However, the portion of albumin-adducted o-toluidine which 
could be recovered by alkaline hydrolysis decreased rapidly 
after 4 hr. This apparent difference in stability between the 
two o-toluidine-protein adducts may be related to differences 
in their binding affinities or the relatively long (60 day) mean 
lifespan reported for rat erythrocytes (Schalm et al., 1975) 
in comparison with the reported 2- to 3-day turnover for rat 
albumin (Skipper and Tannenbaum, 1990). Independently, 
Bimer and Neumann (1988) and Stillwell et al. (1987) re- 
ported that detection of the o-toluidine-Hb cleavage product 
was possible and suggested that measuring those Hb adducts 
would be useful in biomonitoring of o-toluidine exposure. 
In the present study analysis of the in vivo o-toluidine-Hb 
binding by HPLC showed linear increases with increasing 
i.p. doses of o-toluidine. However, for isolated albumin no 
cleaved o-toluidine was detected by HPLC/fluorescence after 
alkaline hydrolysis of albumin from timepoints later than 4 
hr after dosing even though levels of bound o-[ “C]toluidine 
were high. Formation of a second albumin adduct by reaction 
with 4-amino-3-methylphenol could explain that observa- 
tion. McMillan et al. (1990b) indicated that binding char- 
acteristics for metabolites of a related aromatic amine with 

Hb differ widely. The in vitro potency of the N-hydroxy 
compound, N-hydroxy-3,4-dichloroaniline, was reported to 
be an order of magnitude greater than that of the ring-hy- 
droxylated compound, 6-hydroxy-3,6dichloroaniline. Ad- 
ditional studies to define the in vivo binding characteristics 
for u-toluidine are planned, but the results of this study sug- 
gest that albumin may not be useful for routine biomoni- 
toring. However, a ratio of the Hb to albumin adduct levels 
could be useful for evaluation of recent exposure. The HPLC 
method may not be adequate for differentiating between o- 
toluidine levels reported for smokers and nonsmokers (Still- 
well et al., 1987; Bryant et al., 1988). However, it is antici- 
pated that the procedure will prove to be valuable in the 
detection of either acute or chronic exposure to u-toluidine. 
In the current study u-toluidine-Hb adducts were quantifi- 
able, and the sensitivity of this procedure can be increased 
significantly by concentrating extracts of the hydrolyzed Hb. 

In summary, the results of this study show that alkaline 
hydrolysis of o-toluidine blood macromolecular adducts re- 
leased a single cleavage product identified as the parent com- 
pound. HPLC analysis of this compound detected the cleav- 
age product as many as 29 days after a single o-toluidine 
injection. In the rat the Hb biological half-life for adducted 
o-toluidine detectable by this procedure is far greater than 
that of albumin, suggesting that quantification of the Hb 
adducts may provide a more valuable index of cumulative 
long-term individual exposure. 
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