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SUMMARY

Methemoglobinemia after aniline and certain aniline derivatives
is thought to be mediated by toxic metabolites formed during
the hepatic clearance of the parent compounds. However, three
aniline metabolites—phenylhydroxylamine, 2-aminophenol, and
4-aminophenol—catalyze methemoglobin formation in erythro-
cyte suspensions and, hence, could contribute to methemogiobin
formation in vivo after aniline. To determine the relative contri-
butions of these aniline metabolites to aniline-induced methe-
moglobinemia in rats, we determined time courses of methe-
moglobinemia in rat erythrocyte suspensions and in rats after
treatment with 2- and 4-aminophenol, phenylhydroxylamine, and
aniline. The relative potencies for methemoglobin production in
vitro after phenylhydroxylamine, 2-aminophenol, and 4-amino-
phenol were about 10:5:1, based on both peak and area of the
methemoglobin versus time curve. Approximate minimum con-
centrations for observable methemoglobin formation in vitro from

these compounds were 20, 50, and 200 um, respectively. Com-
pared with the in vitro data, the relative potencies of the amino-
phenols for methemoglobinemia in rats after intraperitoneal injec-
tions were reduced with respect to phenylhydroxylamine (to
100:4:1, respectively), apparently as a result of rapid in vivo
clearance of the aminophenols. Subsequent experiments, in
which the time courses of the aniline metabolites were deter-
mined in blood after toxic doses of aniline, demonstrated that
only phenyihydroxylamine (measured as phenylhydroxylamine +
nitrosobenzene) accumulated to blood levels exceeding the min-
imum concentration required for methemoglobin production in
vitro. In addition, blood levels of phenylhydroxylamine remained
in the toxic range throughout most of the methemogiobinemic
response after aniline treatment. These data are consistent with
phenylhydroxylamine being the sole mediator of aniline-induced
methemoglobinemia in these rats.

Methemoglobinemia is a well known toxic effect that occurs
in animals and humans after administration of aniline and
certain aniline derivatives (1). These compounds do not cause
hemoglobin oxidation when incubated with erythrocyte suspen-
sions at physiologically relevant concentrations (1-3). It there-
fore is generally accepted that the toxicity to erythrocytes
results from the action of active metabolites formed in vivo
during hepatic clearance of the parent compounds (4).

Aniline-induced methemoglobinemia in experimental ani-
mals has been studied extensively as a model for methemoglo-
binemia after arylamines in general. Several aniline metabo-
lites, including phenylhydroxylamine, 2-aminophenol, and 4-
aminophenol, have been considered as possible mediators of
aniline-induced methemoglobinemia. All three compounds are
direct-acting; that is, they cause significant formation of met-
hemoglobin when added to erythrocyte suspensions in vitro (1).
Phenylhydroxylamine, which is interconvertible with nitroso-
benzene in blood (5), is the most potent of the metabolites for
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the production of methemoglobin in vivo (1). It is detectable in
blood (6), but not urine (7) after aniline administration. Al-
though less potent in vivo than phenylhydroxylamine, 2- and
4-aminophenol are present (in conjugated forms) as major
urinary metabolites of aniline (8) and are considered to be
produced from aniline in vivo in greater quantities than phen-
ylhydroxylamine; recent studies suggest that they may mediate
methemoglobinemia after aniline or aniline derivatives in hu-
mans (9).

To evaluate the relative contributions of these aniline me-
tabolites to aniline-induced methemoglobinemia, we deter-
mined the time courses of methemoglobin, aniline, and aniline
metabolites (phenylhydroxylamine, 2-aminophenol, and 4-ami-
nophenol) in the blood of rats after intraperitoneal injections
of aniline. Comparison of these time course data with potency
data for the individual metabolites derived from erythrocyte
suspension studies and in vivo experiments demonstrated which
metabolites were present in vivo after aniline in sufficient
concentrations to cause significant methemoglobinemia.

Materials and Methods

Animals. Male Sprague-Dawley rats weighing 200-250 g were ob-
tained from Camm Research, Inc. (Wayne, NJ) and were maintained

ABBREVIATIONS: HPLC, high pressure liquid chromatography.
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in hanging stainless steel cages on standard lab chow (Wayne Lab
Blox, Allied Mills, Chicago, IL) and water, ad libitum.

Chemicals. Aniline HCl and nitrosobenzene were purified, and
phenylhydroxylamine was prepared and purified, as described previ-
ously (10). Aminophenols (2-, 3-, and 4-, reagent grade, Aldrich Chem-
ical Co., Milwaukee, WI) were purified by repetitive sublimation. The
above compounds were stored in the dark under N, at —20°C. All other
chemicals were reagent grade and were used without further purifica-
tion. Chromatography solvents were “distilled-in-glass” grade (Bur-
dick-Jackson Laboratories, Muskegan, MI). Other solvents were re-
agent grade (Fisher Chemical Co., Fairlawn, NJ).

Measurement of aniline and aniline metabolites in rat blood.
Aniline in rat blood was separated and quantified by differential
extraction (11) after intraperitoneal injections of generally labeled,
tritiated aniline HCI (222 uCi/kg, 1.5 mmol/kg) in saline. 2-Amino-
phenol, 4-aminophenol, and 4-hydroxyacetanilide in rat plasma were
assayed by reverse-phase HPLC with electrochemical detection, by a
modification of the method of Sternson and Dewitte (12), as described
previously (11). The combined amount of phenylhydroxylamine and
nitrosobenzene in rat blood samples after intraperitoneal injections of
aniline HC] was assayed by HPLC with electrochemical detection (10).
Blood time courses for all these compounds were determined in indi-
vidual rats after aniline treatment by assaying serial 75-ul blood sam-
ples taken from the orbital sinus under manual restraint, as described
previously (11).

Erythrocyte suspensions. Rat erythrocytes were collected into a
citrate-phosphate-dextrose anticoagulant (13) by cardiac puncture. The
erythrocytes were washed twice in 0.9% saline and suspended at a
hematocrit of 50% in phosphate-buffered saline (110 mM sodium chlo-
ride, 20 mM disodium hydrogen phosphate, and 4 mM potassium
dihydrogen phosphate; pH = 7.4) with 10 mM glucose. Aniline HCI, 2-
aminophenol, or 4-aminophenol was placed in scintillation vials in a
small volume of methanol and blown to dryness under nitrogen. Under
these conditions, more than 95% of the compounds were recovered in
aqueous solution after 1 min of gentle swirling with 3 ml of water.
Phenylhydroxylamine or nitrosobenzene was placed in the vials in 10
ul of acetone. We began the experiments by adding 3-ml erythrocyte
suspensions to each vial. During the experiments, the vials were loosely
capped and maintained in a water bath at 37°C with mild shaking.
Samples (100 ul) of the suspensions were removed at intervals for assay
of methemoglobin.

Methemoglobin levels relative to total hemoglobin in the suspensions
were measured by a modification of the spectrophotometric technique
of Evelyn and Malloy (14). Samples of the suspensions (100 ul) were
hemolyzed with 5 ml of phosphate buffer (0.277% potassium dihydrogen
phosphate, 0.289% disodium hydrogen phosphate, and 0.05% Triton
X-100; pH 7.8). The hemolyzed solution was divided into four aliquots;
one drop of aqueous 10% KCN was added to aliquots nos. 2 and 4, and
one drop of aqueous 20% KFe(CN)s was added to aliquots nos. 3 and
4. After mixing, the absorbance of each aliquot at 635 nm was measured,
yielding A;, A;, A;, and A,. The percentage of the total hemoglobin
present as methemoglobin was then calculated:

Ai-A;
As

% methemoglobin = 100.

Experiments in vivo. Aniline HCl, 2-aminophenol, 4-amino-
phenol, and phenylhydroxylamine were injected intraperitoneally into
rats in 1.0 ml of vehicle per kilogram body weight. Aniline HCIl was
dissolved in 0.9% saline; 2- and 4-aminophenol were dissolved in dilute
HCI and were titrated to pH 6-6.5 with NaOH before injection. Phen-
ylhydroxylamine was dissolved in 0.9% saline containing 5% Tween-
80. In some experiments, galactosamine, a noncompetitive inhibitor of
hepatic glucuronidation of phenols (19), was dissolved in 0.9% saline
and injected intraperitoneally (200 mg/kg) 30 min before the test
compounds. Control blood samples were obtained from the orbital
sinus in 75-ul heparinized capillary tubes immediately before injection
of the test compounds. After injection, serial orbital sinus blood samples

were collected until methemoglobin levels returned to baseline values.
Blood samples to be assayed for methemoglobin were hemolyzed and
assayed immediately after collection, as described above. For quantifi-
cation of aniline and phenolic aniline metabolites in plasma, serial
orbital sinus blood samples were collected in 75-ul heparinized hema-
tocrit capillaries after intraperitoneal injection of the test compound,
centrifuged to separate plasma for erythrocytes, and immediately frozen
at —20°C. Samples were assayed by HPLC with electrochemical detec-
tion as described above within 8 hr of collection. Blood samples to be
assayed for phenylhydroxylamine and nitrosobenzene were extracted
and analyzed immediately as described previously (10). Aniline, 4-
hydroxyacetanilide, 2-aminophenol, and 4-aminophenol in plasma were
stable for at least 12 hr at —20°C. Samples stored for more than 24 hr
showed some loss of the aminophenols (15-20%).

Areas under the methemoglobin time course curves were estimated
by fitting curves by eye to data from individual cell suspensions or
animals plotted on graph paper, then counting the squares under the
curves. Estimates of relative potency were made by inspection of dose-
response data plotted on logit paper. Statistical analyses used the
Student’s ¢ test for pooled samples (15).

Results

Methemoglobin formation by aniline and aniline me-
tabolites in vitro. To determine the relative potencies of 2-
aminophenol, 4-aminophenol, and phenylhydroxylamine for
methemoglobin production in vitro, we incubated rat erythro-
cyte suspensions with aniline or aniline metabolites, and meas-
ured methemoglobin time courses. Control erythrocyte suspen-
sions incubated at 37°C for 6 hr showed a constant methemo-
globin baseline of approximately 3.5-5.0% of total hemoglobin
which is consistent with an approximately normal rate of
spontaneous methemoglobin production (16). Suspensions in-
cubated with 1 mM aniline showed no increase in methemoglo-
bin levels over these baseline values during a 2-hr time course,
confirming previous studies indicating that, in physiologically
relevant concentrations, aniline does not induce methemoglo-
bin formation in vitro (2). In contrast, erythrocyte suspensions
incubated with 2-aminophenol, 4-aminophenol, phenylhydrox-
ylamine, or nitrosobenzene showed extensive methemoglobin
formation.

In 2-aminophenol-treated incubates, the early rate of met-
hemoglobin formation and the maximal level of methemoglobin
reached during the 6-hr incubation period were both dependent
on the concentration of 2-aminophenol (Fig. 1A). Peak met-
hemoglobin levels were reached 1-2 hr after the beginning of
the incubation. In erythrocytes incubated with 4-aminophenol,
peak methemoglobinemia corresponding to approximately 35%
of total hemoglobin was reached after 1-2 hr of incubation with
1000 uM 4-aminophenol (Fig. 1B). Increasing the 4-amino-
phenol concentration to 2000 uM did not further increase the
peak methemoglobin concentration. The presence of a methe-
moglobin maximum after 4-aminophenol treatment has been
noted previously in vitro (17) and in vivo (18).

In erythrocyte suspensions incubated with phenylhydroxyl-
amine, the early rate and maximum level of methemoglobin
formation were also concentration dependent (Fig. 1C). How-
ever, the early rate of methemoglobin formation was much
more rapid, and maximal methemoglobin levels were reached
more quickly (within 20-30 min after the start of incubation),
than in aminophenol-treated suspensions. Incubation of eryth-
rocytes with nitrosobenzene (Fig. 1D) produced methemoglobin
time courses essentially identical to similar concentrations of
phenylhydroxylamine, consistent with previous studies indica-
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Fig. 1. Methemoglobin formation in rat erythrocytes treated with aniline metabolites. A, 2-aminophenol; B, 4-aminopenol; C, phenythydroxylamine;

and D, nitrosobenzene. Values shown are the means of five incubates.

ting that phenylhydroxylamine and nitrosobenzene are inter-
convertible within erythrocytes (1).

The potency relationships for peak methemoglobin and total
methemoglobin (as measured by area under the methemoglobin
time course curve) are summarized in Fig. 2. For each aniline
metabolite, the relationship between peak and total methemo-
globin was constant over the dose range tested (i.e., the curves
for peak methemoglobin and total methemoglobin were paral-
lel). Phenylhydroxylamine was the most effective methemoglo-
bin-producing agent at low doses, producing significant levels
of methemoglobin at concentrations of 20 uM. 2-Aminophenol
was less effective at low concentrations, requiring levels of 50-
60 uM for the production of significant amounts of methemo-
globin. However, the concentration relationship of 2-amino-
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Fig. 2. Potency relationships for methemoglobin formation in rat eryth-
rocyte suspensions incubated with aniline metabolites. Peak MetHb, the
maximal level of methemoglobin achieved during each incubation; AUC,
area under the methemoglobin time course curve for each incubation (1
unit area = 1% methemoglobin above baseline for 1 hr); PHA, phenyl-
hydroxylamine; 2-AP, 2-aminophenol; 4-AP, 4-aminophenol.

phenol-induced methemoglobin formation was much steeper
than that of phenylhydroxylamine, such that at higher concen-
trations, peak methemoglobin levels and total methemoglobin
production after 2-aminophenol were compared to values ob-
served after phenylhydroxylamine. 4-Aminophenol was much
less potent than 2-aminophenol and phenylhydroxylamine for
both peak and area under the curve, producing significant levels
of methemoglobin only at concentrations greater than 200 uM.
The relative potency of phenylhydroxylamine:2-amino-
phenol:4-aminophenol in vitro was approximately 10:5:1 (com-
paring the apparent midpoints of the dose-response curves).

Methemoglobinemia after aniline and aniline metab-
olites in vivo. The time course of methemoglobinemia was
determined in rats after intraperitoneal injections of 2-amino-
phenol, 4-aminophenol, or phenylhydroxylamine (Fig. 3). Both
peak methemoglobin levels and the duration of methemoglo-
binemia were dose dependent for all three aniline metabolites.
Phenylhydroxylamine produced the most rapid rise in methe-
moglobin levels (Fig. 3C): peak values were reached within 5
min after injection. In rats treated with 2-aminophenol or 4-
aminophenol, the early rates of methemoglobin formation (Fig.
3, A and B) appeared to be more rapid in vivo than in eryth-
rocyte suspensions (Fig. 1, A and B), and peak methemoglobin
levels occurred earlier in vivo (20-30 min after administration,
in contrast to 1-2 hr in vitro). Both 2-aminophenol and phen-
ylhydroxylamine were highly effective, producing levels of met-
hemoglobinemia reaching 70-80% of total hemoglobin. 4-Ami-
nophenol was much less effective, producing maximal methe-
moglobin levels of less than 30% even after 2 mmol/kg.

Time courses of methemoglobinemia in rats after intraperi-
toneal doses of aniline are shown in Fig. 4. Maximal methe-
moglobin levels were reached 1-2 hr after administration of the
dose, with the time-to-peak appearing to increase with dose.
Although the dose-dependent increase in peak methemoglobin
levels is significant, reaching a maximum of approximately 45%
of total hemoglobin at the highest dose level tested, the most
striking effect of increasing aniline dose is prolongation of the
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Fig. 3. Methemoglobinemia in rats after treatment with aniline metabo-
lites. Rats received the indicated doses of 2-aminophenol (A), 4-amino-
phenol (B), or phenythydroxylamine (C) by intraperitoneal injection. Initial
(O = T) blood samples were taken from the orbital sinus immediately
before injection of the test compounds. Serial orbital sinus blood samples
then were collected from each animal and assayed immediately for
methemoglobin. Error bars indicate standard deviations (n = 5).
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Fig. 4. The effect of aniline dose on aniline-induced methemoglobinemia
in rats. Rats received the indicated doses of aniline by intraperitoneal
injection. Initial (O = T) blood samples were taken from the orbital sinus
immediately before injection of aniline. Serial blood samples then were
collected from the orbital sinus of each animal and assayed immediately
for methemogilobin. Error bars indicate standard deviations (n = 5).

duration of methemoglobinemia. Whereas methemoglobinemia
is essentially terminated by 6 hr after a 0.375 mmol/kg dose,
more than 20% methemoglobinemia remains 18 hr after a 2.25
mmol/kg dose.

The relative potencies of 2-aminophenol, 4-aminophenol,
phenylhydroxylamine, and aniline HCI for peak and total met-
hemoglobinemia (area under the methemoglobinemia time
course curve) after intraperitoneal injection are shown in Fig.
5. Phenylhydroxylamine was the most potent of these com-
pounds for the production of methemoglobin in vivo. The
comparatively shallow slope of the phenylhydroxylamine po-
tency curve noted in the cell suspensions (Fig. 2) was also seen
in vivo. In contrast to the potency ratios determined in vitro,
the in vivo potency ratio for phenylhydroxylamine:2-amino-
phenol:4-aminophenol was approximately 100:4:1. Aniline was
intermediate in potency between 2-aminophenol and 4-amino-

phenol for peak methemoglobinemia. For total methemoglobin
production, the potency of aniline was between that of 2- and
4-aminophenol, but aniline caused the formation of a much
larger total amount of methemoglobin at higher doses due to
the dramatic increase in the duration of methemoglobinemia
seen at these doses of aniline (see Fig. 4).

Clearance of 2-aminophenol in erythrocyte suspen-
sions and in vivo. To determine whether the dramatic in-
crease in the phenylhydroxylamine:aminophenols potency ra-
tios in vivo (100:4:1), compared to in vitro (10:5:1), might result
from rapid clearance of the aminophenols in vivo (by, for
example, conjugation reactions involving the phenolic group),
the elimination rate of 2-aminophenol was determined in eryth-
rocyte suspensions and in rats. In erythrocyte suspensions, 2-
aminophenol concentration declined in a first order manner
from a starting value of 10 ug/ml, with a half-life of approxi-
mately 82 min (data not shown). The elimination of 2-amino-
phenol in vivo after intraperitoneal injection (0.50 mmol/kg)
was also first order, but the rate of removal was much more
rapid than in cell suspensions, with a half-life of 4.4 + 0.17 min
(Fig. 6). In fats pretreated with galactosamine, the half-life of
2-aminophenol was approximately doubled (Fig. 6), and the
peak and area under the curve of methemoglobinemia after 2-
aminophenol were increased (Table 1). Galactosamine is known
to inhibit, noncompetitively, the hepatic glucuronidation of
phenols (19). The peak and area of methemoglobinemia after
phenylhydroxylamine (which is thought not to be cleared by
glucuronidation), were not significantly changed by galactosa-
mine pretreatment (Table 1). These findings strongly suggest
that the decreased potency of 2-aminophenol with respect to
phenylhydroxylamine in vivo results from a more rapid clear-
ance of 2-aminophenol in vivo.

Blood time courses of aniline metabolites in vive. To
determine which aniline metabolites are present in vivo after
aniline administration in concentrations required for signifi-
cant methemoglobin formation, the time courses of unconju-
gated 2-aminophenol, 4-aminophenol, 4-hydroxyacetanilide,
and phenylhydroxylamine were measured in the blood of rats
after aniline treatment (1.5 mmol/kg, ip, Fig. 7). Phenylhy-
droxylamine in blood was determined by measurement of the
sum of phenylhydroxylamine + nitrosobenzene (10). Of these
compounds, phenylhydroxylamine + nitrosobenzene were the
predominant unconjugated aniline metabolites present during
the first 5 hr after aniline administration. Peak levels of phen-
ylhydroxylamine + nitrosobenzene were achieved rapidly, oc-
curring within 10 min after aniline treatment. 4-Aminophenol
concentration showed low levels initially, with a late rise,
reaching a peak level of about 5 nmol/ml between 6 and 8 hr
after aniline administration. 4-Hydroxyacetanilide showed a
similar late rise in blood levels, reaching maximal levels of
about 30 nmol/ml 6-8 hr after aniline treatment.

Free 2-aminophenol could not be detected in rat blood after
intraperitoneal injection of aniline, consistent with the rapid
elimination of 2-aminophenol in vivo (see Fig. 6). The sensitiv-
ity limit of the HPLC assay for 2-aminophenol was 0.5 nmol/
ml, and hence free 2-aminophenol levels in the experiment
must always have been less than this value.

Effect of galactosamine on aniline-induced methemo-
globinemia. In order to confirm that the concentration of 2-
aminophenol in blood is too low to contribute significantly to
methemoglobinemia occurring after aniline, the time course of
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Fig. 5. Dose-response relationships for methemoglobine-
mia after aniline and aniline metabolites in rats. Peak metHb,
the maximal level of methemoglobinemia observed after
each dose; AUC, area under the methemoglobinemia time
course (1 unit area = 1% me inemia above base-
line for 1/3 hr); PHA, phenylhydroxylamine; 2-AP, 2-ami-
nophenol; 4-AP, 4-aminophenol. Error bars indicate stand-
ard deviations (n = 5).
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aniline-induced methemoglobinemia was determined in rats
with and without pretreatment with galactosamine. Galactos-
amine inhibits 2-aminophenol clearance (Fig. 6) and poten-
tiates 2-aminophenol-induced methemoglobinemia in vivo, but
not that of phenylhydroxylamine (Table 1). Galactosamine had
no effect on aniline clearance (data not shown), indicating that
the major oxidative pathways of aniline elimination were not
inhibited by galactosamine. Thus, if 2-aminophenol contributes
significantly to methemoglobin production in vivo after aniline,
galactosamine pretreatment should enhance aniline-induced
methemoglobinemia. Experimentally, galactosamine pretreat-
ment did not enhance aniline-induced methemoglobinemia
(Table 1).

Clearance of aniline in vive. Aniline elimination after
low doses (0.15 and 0.375 mmol/kg, intraperitoneally) approx-
imated first order kinetics with a half-life of approximately 16
min at the 0.15 mmol/kg dose level (Fig. 8). As the dose was
increased (0.75-2.25 mmol/kg, intraperitoneally), the kinetics
of elimination of aniline became complex. The plasma time
course of aniline at the higher doses was marked by a capacity-
limited phase of clearance occurring between 1 and 6 hr after
aniline administration. This phase differed from zero order
capacity-limited elimination, in that it appeared to be linear on
a semilog plot. Subsequently, the apparent rate constant for
aniline elimination increased, and a curvilinear terminal phase
of elimination occurred in which the apparent rate constant
approached the elimination rate constant for low doses of
aniline.

Discussion

Aniline induced a dose-dependent methemoglobinemia in
rats after intraperitoneal injection, but did not cause methe-
moglobin formation when it was present in erythrocyte suspen-
sions in concentrations associated with in vivo methemoglobin-
emia. This finding is consistent with previous reports and with
the conclusion that methemoglobinemia after aniline is me-
diated by one or more toxic metabolites formed during the
hepatic clearance of aniline (5). The known pathways of aniline
clearance are shown in Fig. 9. Parke (20) and Kao et al. (8)
demonstrated that 2-aminophenol, 4-aminophenol, and 4-hy-
droxyacetanilide (as their sulfate and glucuronide conjugates)
are major urinary metabolites of aniline. Although phenylhy-
droxylamine, nitrosobenzene, or further breakdown products
of this metabolic pathway have not been demonstrated in urine
after aniline (7), Kiese (6) has previously shown that nitroso-
benzene is present in blood after aniline administration. Pro-
duction of nitrosobenzene and/or phenylhydroxylamine from
aniline has also been observed in microsomal systems (21) and
in the isolated perfused rat liver (22).

Previous studies have shown that acetanilide is much less
potent than aniline for methemoglobin formation in vivo (2),
does not produce methemoglobin in vitro (2), and requires
deacetylation for activity in vivo (23). Thus, attention has been
focused on 2-aminophenol, 4-aminophenol, and phenylhydrox-
ylamine as possible mediators of aniline-induced methemoglo-
binemia. Each of these compounds is an effective methemoglo-
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Fig. 6. The effect of galactosamine pretreatment on the plasma half-life
of 2-aminophenol in rats. 2-Aminophenol (0.50 mmol/kg in saline) was
injected intraperitoneally (IP). Galactosamine (200 mg/kg in saline, IP)
was administered 30 min before 2-aminophenol. Serial blood samples
were collected from the orbital sinus of each animal and assayed for 2-
aminophenol by HPLC with electrochemical detection. 2-AP, 2-amino-
phenol; GALN, galactosamine. Error bars indicate standard deviations
and Ty, values are expressed as means + standard deviations (n = 4).

bin-producing agent in erythrocyte suspensions. Since all three
of the compounds are also reducing agents, their capacity to
oxidize heme has been of interest. The aminophenols are
thought to be converted within erythrocytes to quinonimines
which then oxidize hemoglobin, whereas phenylhydroxylamine
is thought to participate in a coupled oxidation with oxyhe-
moglobin, forming nitrosobenzene, methemoglobin, and par-
tially reduced oxygen species. The quinonimes and phenylhy-
droxylamine may subsequently be regenerated within erythro-
cytes, completing cyclic mechanisms which may lead to the
production of many equivalents of methemoglobin for each
equivalent of “oxidizing” agent (1). Theoretically, the relative
contribution of each of these metabolites to aniline-induced
methemoglobinemia may be expected to be determined by its
intrinsic potency for methemoglobin production and by the

level of exposure of erythrocytes to the compound. In turn, in
vivo blood levels of each metabolite would be determined by its
kinetics of formation and elimination.

In erythrocyte suspensions, phenylhydroxylamine was the
most potent of the metabolites tested for methemoglobin pro-
duction (Fig. 2). 2-Aminophenol was about half as potent as
phenylhydroxylamine, and 4-aminophenol was the least potent
of the aniline metabolites. The potency ratio in vitro appeared
to be about 10:5:1 for phenylhydroxylamine, 2-aminophenol,
and 4-aminophenol, respectively.

In the in vivo studies, although a similar rank order of
potency for the aniline metabolites was seen, the relative po-
tencies of the aminophenols with respect to phenylhydroxyla-
mine were very much decreased. The corresponding in vivo
potency ratio was about 100:4:1. These data suggest that extra-
erythrocytic factors were operating in vivo to reduce the effec-
tiveness of the aminophenols. Experiments to determine the
elimination kinetics of 2-aminophenol demonstrated that the
in vivo half-life of 2-aminophenol (Fig. 6) was approximately
20-fold shorter that its in vitro half-life. Thus, rapid elimination
of 2-aminophenol in vivo appeared to decrease the methemo-
globinemic response to this compound. This formulation is
consistent with the finding of a more rapid onset and earlier
peak of methemoglobinemia after 2-aminophenol treatment in
vivo than in vitro (Fig. 3A versus Fig. 1A): The initial rapid
accumulation of methemoglobin occurring after intraperitoneal
injection of 2-aminophenol (Fig. 3A) was consistent with the
high blood levels of 2-aminophenol seen 10 min after injection
(ca. 200 uM, Fig. 6). Similar concentrations of 2-aminophenol
in vitro produced comparable methemoglobin levels within 10-
15 min (Fig. 1A). Subsequent rapid elimination of 2-amino-
phenol appeared to terminate hemoglobin oxidation, producing
an early and attenuated peak methemoglobinemia in vivo. A
similar shift in the time-to-peak methemoglobin also appeared
to be occurring in the case of 4-aminophenol. Further experi-
ments demonstrated that the elimination of 2-aminophenol is
inhibited (Fig. 6) and methemoglobinemia after 2-aminophenol
is enhanced in animals pretreated with galactosamine (Table
1), suggesting that rapid hepatic clearance of 2-aminophenol is
an important factor contributing to the difference between the
in vitro and in vivo potency ratios of phenylhydroxylamine and
2-aminophenol.

It is of interest that the time course of methemoglobinemina
in rats given aniline is significantly different from that seen
after treatment of the rats with the various metabolites of
aniline. Aniline induced a much longer duration of methemo-

TABLE 1
Effect of galactosamine on methemoglobinemia after 2-aminophenol, phenylhydroxylamine, and aniline
ot ——
Treatment Peak (%) AUC (units)®
Control Galactosamine” Control Galactosamine?
2-Aminophenol (0.50 mmol/kg, IP?) 332+54 47.2 +10.4' 144.7 + 401 2134 +56.3'
Phenyihydroxylamine (0.01 mmol/kg, IP) 37.3+9.1 388+85 69.4 + 140 85.4 + 20.0
Aniline (1.5 mmol/kg, IP) 474153 509 + 2.6 1128 + 162 1176 + 39

'Meﬂmmqobﬁmwashlowed'a2m(prmyhydroxylame),3rw(2-mmm or 12 hr (aniline). Values are means + SD (n = 4 or 5).
hemoglobin in whole blood

® Methemoglobin is expressed as a percentage of total

¢ AUC, area under the methemogiobinemia

9 Galactosamine (200 mg/kg) was injected IP 30 min prior to the test compounds.
* IP, intraperitoneal.

'p <0.05.

time course curve (1 ult=1%methemoglobmetruafor'/:hr)
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Fig. 7. Blood time courses of aniline metabolites in rats after aniline
treatment. Serial orbital sinus blood samples were collected from each
animal following intraperitoneal aniline administration (1.5 mmol/kg in
saline). The combined concentration of phenylhydroxylamine and nitro-
sobenzene (PHA + NB) in blood was assayed by HPLC with detection
by electrochemical reduction. 4-Aminophenol (4AP) and 4-hydroxyacet-
anilide (4HAA) were assayed in blood by HPLC with detection by electro-
chemical oxidation. Error bars indicate standard deviations (n = 4).
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Fig. 8. The effect of aniline dose on the elimination of aniline from the
blood of rats. Tritiated aniline HCl in the indicated doses (mmoi/kg) was
administered intraperitoneally in saline at T = O. Serial orbital sinus blood
samples were collected from each rat and assayed for aniline by differ-
ential extraction. Error bars indicate standard deviations (n = 4).
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globinemia for a given methemoglobin peak level than did any
of its metabolites. Whereas the metabolites produced parallel
increases in peak and total methemoglobinemia with increasing
dose (Figs. 3 and 5), higher doses of aniline were associated
with a disproportionate increase in the duration (and thus the
AUC) of methemoglobinemia (Figs. 4 and 5). In vivo aniline
clearance studies (Fig. 8) demonstrated that the dose-related
increase in methemoglobinemia duration is accompanied by
capacity limitation of aniline elimination. It seems likely that
the resulting increased availability of plasma aniline after larger
doses may be associated with sustained production of a toxic
aniline metabolite and a resulting sustained methemoglobine-
mia. In this respect, it is interesting to note that our previously
described elimination pattern of phenylhydroxylamine + nitro-
sobenzene after a 1.5 mmol/kg dose of aniline (10) closely
matches the elimination pattern of aniline at that dose (Fig.
8). The half-life of the linear phase of phenylhydroxylamine +
nitrosobenzene clearance under these conditions (3.5 hr) is
comparable to the “half-life” of the capacity-limited phase of
aniline clearance, and the onset of the terminal rapid elimina-
tion phase begins at the same time after aniline administration
in each case. These findings suggest that the shape of the
elimination curve of phenylhydroxylamine + nitrosobenzene is
determined by the shape of the elimination curve of the parent
compound, aniline.

Determination of the blood concentrations of free 2-amino-
phenol, 4-aminophenol, and phenylhydroxylamine + nitroso-
benzene after toxic doses of aniline revealed that phenylhy-
droxylamine + nitrosobenzene were the only aniline metabo-
lites that reached blood concentrations above the minimum
required for significant methemoglobin formation in erythro-
cyte suspensions. 2-Aminophenol concentrations after aniline
were always below 0.5 uM, whereas concentrations of 50-60 uM
were required to produce significant methemoglobin in eryth-
rocyte suspensions (Fig. 2). Galactosamine, which blocks 2-
aminophenol clearance and potentiates 2-aminophenol-in-
duced methemoglobinemia, did not affect aniline-induced
methemoglobinemia (Table 1). The maximal 4-aminophenol
concentration after aniline was approximately 5 uM, well below
the 200 uM concentration required for significant methemoglo-
bin formation in cell suspensions (Fig. 2). Further, phenylhy-
droxylamine + nitrosobenzene reached blood levels after ani-
line consistent with the degree of methemoglobinemia produced
by aniline, and remained present in toxic levels over most of
the time course of aniline-induced methemoglobinemia (Fig.
7). It is of interest that the elimination of phenylhydroxylamine
+ nitrosobenzene after aniline treatment (Fig. 7) is more rapid
than methemoglobin reduction after aniline (Fig. 4). This find-
ing is consistent with the relatively shallow concentration- and
dose-response relationships seen for phenylhydroxylamine-in-
duced methemoglobin production in vitro and in vivo (Figs. 2
and 5). It is also possible that phenylhydroxylamine and/or
nitrosobenzene induce erythrocytic damage over a long period
of exposure in vivo, affecting the capacity of the cells to reduce
methemoglobin.

These experiments indicate that it is very unlikely that 2- or
4-aminophenol contributed at all to aniline-induced methe-
moglobinemia in these rats. Phenylhydroxylamine appears to
be the sole toxic metabolite mediating aniline-induced methe-
moglobinemia. Although the possibility that other, unknown
aniline metabolites contribute has not been ruled out, phenyl-
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hydroxylamine is present in vivo in sufficient quantity, and
with an appropriate time course, to account for the complete
methemoglobin time course after aniline. The reason the ami-
nophenols do not contribute to methemoglobinemia in these
animals is not lack of intrinsic potency, but the presence of
rapid in vivo elimination reactions, as demonstrated by the
rapid clearance of 2-aminophenol.

The finding that phenylhydroxylamine (and nitrosobenzene)
mediate aniline-induced methemoglobinemia suggests that
analogous arylhydroxylamines could contribute to methemoglo-
binemia after aniline derivatives such as dapsone, primaquine,
and phenacetin. An arylhydroxylamine metabolite has been
implicated in methemoglobinemia after dapsone (24). Recent
studies indicate that several putative primaquine metabolites
effectively stimulate methemoglobin formation in vitro (25, 26).
However, all of the tested compounds were structural analogs
of the aminophenols, and therefore may be subject to relatively
rapid deactivation in vivo. The arylhydroxylamine derivative
of primaquine, 6-methoxy-8-hydroxylaminoquinoline, gener-
ally has not been considered as a possible hemotoxic metabolite
of primaquine, even though the immediate precursor to the
arylhydroxylamine, 6-methoxy- 8-aminoquinoline, has been re-
ported in erythrocytes after primaquine treatment in vivo (27).

The present data indicate that both N-oxidation and ring
oxidation of aniline-related compounds may result in the for-
mation of metabolic products toxic to erythrocytes. Although
the mediator of aniline-induced methemoglobinemia in these
rats appears to be phenylhydroxylamine (and nitrosobenzene)
alone, it remains possible that the contribution of aminophen-
ols to aniline-induced methemoglobinemia could become sig-
nificant in other species or with other compounds where hepatic
conjugation may occur more slowly and/or ring oxidation may
be more rapid.
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