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SUMMARY

Acetaminophen and several of its metabolites are separated isocratically on a reversed-
phase (C,,) column using a mobile phase of 7% methanol and 0.75% glacial acetie acid in 0.1
M KH,PO,. Metabolites that can be separated include the sulfate, glucuronide, cysteine, and
mercapturic acid conjugates of acetaminophen, as well as 3-hydroxyacetaminophen, 3-
methoxyacetaminophen, and 3-methylthioacetaminophen. Although all of the metabolites
can be detected by UV spectrophotometry, the sensitivity limits of detection are improved
significantly for acetaminophen and all of the metabolites except the sulfate and
glucuronide, by amperometric detecticn (electrochemical) of the same sample as it elutes
from the UV detector. Minimal detectable limits (signal-to-noise ratio > 2) for acetamino-
phen and its metabolites, other than the glucuronide and sulfate conjugates, were in the
order of 1—2 ng injected on column using UV detection at 248 nm, and 0.1—0.5 ng using
electrochemical detection at + 0.60 V with reference to an Ag/AgCl standard electrode.

INTRODUCI‘ION

Acetammophen is a w1dely used mild analgesic agent that causes liver
-necrosis in - man and expenmental animals when high doses are ingested or
administered {1, 2] Studies on the metabolism of acetaminophen [3, 4] have
_shown that major routes of elimination involve sulfation and glucuronidation,
while a minor route involves oxidation and subsequent conjugation of the
oxidation product with the sulfhydryl—conta.mmg tripeptide, glutathione (Fig.
1). Evidence strongly implicates a role for this minor oxidation product in the
hepatotoxlc reaction caused by acetammophen, although the exact chemical
nature of this product and the me‘,hamsm(s) by which 1t leads to cell death

are unknown [5 6].
0378-4347/82/0000—-0000[$02 75 © 1982 Elsevier Scientifi c Publnshlng Company
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Fig. 1. Partial scheme illustrating the biotransformation of acetaminophen to the metabolites
discussed in the text.

In addition to the phenolic glucuronide and sulfate conjugates of acetamino-
phen, and the cysteine and mercapturic acid conjugates that are derived from
the glutathione adduct, several minor metabolites of acetaminophen have been
described including catechol! and methylated catechols [7] and 2 methylthio
derivative [8]. Knox and Jurand [9] described a high-performance liquid
chrematographic (HPLC) method for the separation of acetaminophen and
several of its metabolites, and they reported that 3-methoxyacetaminophen
was a major metabolite in urine from patients who took overdoses of
acetaminophen {10]. This observation may be significant in that both
3-hydroxyacetaminophen and 3-methoxyacetaminophen have been found to
be hepatotoxic {11, 121.

Although several methods have been described for monitoring acetaminophen
and its metabolites by HPLC with UV detection {9, 13—16], none has
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attempted to assay all of the metabohtes that have been descnbed Mmer and
Kissinger [17, 18] have detailed the advantages of using HPL.C with ampero--
mefric (electrochemical). detection for the analysis of acetaminophen and some
of its sulfur ether conjugates.. This method was successfully applied to a study
on acetaminophen bioavailability by Munson et al: {19]. -

In this report we describe an: assay that separates -the known metabohtes of
acetaminophen and utilizes tandem UV and electrochemical detection for
meroved selectivity and sen51t1v1ty

MATERIALS AND METHODS

Apparatus

Chromatography was performed on a component system consisting of a
Waters Assoc. (Milforc, MA, U.S.A.) Model 6000A solvent delivery system and
Model U6K injector with a 2-ml sample loop. Separations were carried out on
a 30 cm X 4.6 mm I.D. uBondapak C,g (10 um particle size) column (Waters -
Assoc.). The mobile phase was 7% methanol and 0.75% glacial acetic acid in
0.1 M KH,PO,. All water was Milli-Q grade (Millipore, Bedford, MA, U.S.A)).
Typically, a flow-rate of 2 ml/min at 1650 p.s.i. was employed. Flow was
directed through a Model 450 variable-wavelength UV absorbance detector
(Waters Assoc.) output to a Linear Precision Model 261 strip chart recorder
(Linear Precision, Irvine, CA, U.S.A)), in tandem with an LC-4 amperometric
detector - (Bioanalytical Systems, West Lafayette, IN, U.S.A.) output to a
Model 3385 recording integrator (Hewlett-Packard, Avondale, PA, U.S.A.).

The variable-wavelength detector was set at 248 nm, the absorption
maximum for acetaminophen. Typical detector attenuation was 1.0 a.u.f.s.
The amperometric detector consisted of an RC-1 reference compartment and a
TL-3 glassy carbon electrode referenced to an AgfAgCl electrode. For most
assays the working potential was set at + 0.60 V over the oxidizing electrode.
Electrometer output was varied from 10—50 nA/V.

Materials

Acetaminophen was purchased from Eastman Organic Chemicals (Rochester,
NY, U.S.A.)). Acetaminophen glucuronide was prepared by the method of
Shibasaki et al. [20], and acetaminophen sulfate by the method of Smith and
Timbrell [21]. 3-Cysteinylacetaminophen and 3-methylthioacetaminophen
were synthesized as described by Focella et al. [22]. Acetaminophen-3-
mercapturate was prepared by the acetylation of 3-cysteinylacetaminophen.
This method gives low yields of the desired mercapturate which must be
purified by preparative HPLC using conditions previously described [15]. All
of the synthetic metabolites had melting points similar to literature values
and mass spectral characteristics consistent with their structures [23].

3-Hydroxyacetaminophen (3',4'-dihydroxyacetanilide) was synthesized
according to the method of Szent-Gyorgyi et al. [24]. 3-Methoxyacetamino-
phen (3'-methoxy-4'-hydroxyacetanilide) was prepared in a similar reductive-
acetylation reaction starting with 4-nitroguaiacol. Spectral data [NMR and
highresolution mass spectrometry (MS)] were consistent with the structure.
Details will be reported elsewhere.
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Procedures

Urine samples were processed by measuring the total urine volume and then
by transferring 1-ml portions of the urine to two vials containing 4 ml each of 2
M acetate buffer, pH 5.0. To one vial was added 50 u! of B-glucuronidase—
sulfatase (Sigma, St. Louis, MO, U.S.A.). This sample was incubated overnight
at 37°C to hydrolyze conjugates. Portions (200 p1) of each sample were then
added to a polyethylene microcentrifuge tube and spun down for 5 min at
maximum speed in a Beckman Model 152 microcentrifuge to separate the
suspended material. Usable column life under the stated conditions and with
injections of 10—20 ul of the diluted urine samples was approximately 500 h.
Although kB’ was significantly improved for all metabolites relative to acet-
aminophen by using an Ultrasphere ODS-5 column (Altex, Arlington Heights,
IL, US.A)), we have not yet fully evaluated this column with regards to
column iife.

RESULTS

The structures of acetaminophen and those of its metabolites that were
analyzed by the HPLC method are illustrated in Fig. 1. Because of limited
quantities of some of the metabolites, standard solutions were prepared in
water and stored in a freezer. Dilutions were then made as needed. The
catechol and cysteine metabolites were found to be unstable even when frozen,
therefore standard solutions of these compounds were prepared for each daily
run.

Voltammograms
Normalized peak area—potential curves for acetaminophen and its metab-
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Fig. 2. Normalized peak area—potential curves for acetaminophen (- - -), 3-hydroxyacet-
aminophen (— - - - —), 3-methoxyacetaminophen ( )}, 3cysteinylacetaminophen (———),
and 3-methylthiocacetaminophen (—- —).
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ohtes were- generated by m]ectmg 20 ng of each standard in 10 1.11 of water onto
‘the chromatography system with the detector set at several electrode potentials
‘and recording peak areas (Fig. 2). Approxunate maximal peak currents foreach
of the compounds were 390 nA (acetammophen), 175 nA (3-methoxyacet—
aminophen), 110 nA (3-hydroxyacetaminophen), 45 nA (3-cysteinylacetamino-
phen), and 40 nA (3-methylthloacetammophen) Because of the limited quanti-
ty of acetaminophen mercapturate that was available, a curve was not
generated for this metabolite, although its electrochemical response was found
to be very similar to the cysteine conjugate at the working potential used in our
assays. An electrode potential of + 0.60 V was chosen for most assay work to
maximize the response of the catechol metabolite, 3-hydroxyacetaminophen,
and to minimize interference from endogenous urinary components.

Linearity studies

Linearity was evaluated with eight standard solutions containing varying
amounts of acetaminophen and its metabolites to produce the concentration
ranges described in Table 1. Either peak heights or peak areas gave linear curves;
results are reported for peak height determinations.

Standard curves were fitted by computer assisted regression analysis and the
correlation coefficients were = 0.997 for all compounds detected by UV and
= 0.996 for all compounds detected by electron-capture. Reproducibility was

TABLE I

ACCURACY AND SENSITIVITY OF THE METHOD

Compound | Concentra- Relative standard Sensitivity** Sensitivity in
tion range  deviation™ (%) (ng/ml) urine diluted
of standard 1:4%%*
curve uv EC uv EC {ng/ml)
(ug/ml) UV  EC
Acetaminophen 0.42—42 £ .6 (4.5) 7 (4.5) 70 15 500 60
Acetaminophen
glucuronide 1 —500 +22(5.4) — 35 — 500 —
Acetaminophen
sulfate 0.45—230 =+ 2.3 (4.7) — 45 — 1000 —
3-Hydroxy-
acetaminophen 0.37—37 +4.9(3.1) + 5.5 (3.1) 150 15 1200 500
3-Methoxy-
acetaminophen 0.5 —100 = 3.5(2.2) + 2.2(11.2) 100 10 200 20
3-Cysteinyl-
acetaminophen 0.35—35 +39(1.7) + 9.7 (1.7) 250 50 2400 300
3-Methylthio- :
0.53—70 * 2.3 (3.1) * 2.6(3.1) 117 22 2800 300

acetaminophen

*Relative standard deviations were determined at the concentrations (uzg/ml) indicated in
parentheses. Twenty injections of 10 ul each were made for all compounds in the UV
precision study and ten injections for all compounds in the electrochemical precision study.
**Sensitivities were estimated with reference to a signal-to-noise ratio of about 2, usmg 10-ul
injections of water to which pure standards had been added.

***Sensitivities were estimated with reference to a signal-to-noise ratio of about 2, using
- 10-ul injections of pooled human urine to which pure standards had been added.
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Fiz. 3. Chromatograms of a standard solution that contained acetaminophen glucuronide (G,
5.4 pg/ml), the catechol 3-hydroxyacetaminophen (CA, 3.1 ug/ml), dcetaminophen sulfate
(S, 4.7 pg/ml), 3cysteinylacetaminophen (C, 1.7 pg/mi), acetaminophen (A, 4.5 ug/ml), 3-
methoxyacetaminophen (MO, 2.2 pg/ml), acetaminophen-3-mercapturate (M, 1.5 ug/ml),
and 3-methylthioacetaminophen (MT, 5 upg/ml). (a) With UV detection at 248 nm and (b)
with electrochemical detectionat + 0.60 V.

determined by multiple injections of acetaminophen and its metabolites as
described in Table I. Relative standard deviations are given for concentrations
that were low on the standard curves; at higher concentrations the precision
improved, particularly with electrochemical detection. Minimum detectable
concentraticns for each compound are provided as estimates of sensitivity
(Table I}. Thus, in the absence of a urine matrix, a minimum of 700 pg of
acetaminophen could be detected by UV and a minimum of 150 pg could be
detected by electron-capture (signal-to-noise ratio = 2). Determinations were
made by injecting 10 gl of standard mixtures in water into the 2-ml sample
loop and relating peak heights to the noise levels. Although linearity curves
could not be generated for acetaminophen-3-mercapturate because of a lack of
sufficient standard, injections of a few concentrations indicated linearity of
detector response as well.

Typical chromatograms from single 10-ul injections of a standard solution
of acetaminophen and its metabolites are presented in Fig. 3a and b. The
chromatogram that was obtained by monitoring the HPLC effluent with a UV
detector (Fig. 3a) shows all of the metabolites for which we had standards.
The chromatogram that was obtained by monitoring the same effluent with the
electrochemical detector (Fig. 3b) shows the expected enhanced response for
acetaminophen and metabolites other than the glucuronide and sulfate
conjugates.
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Recovery studx&s were carned out m unne obta:ned from sub]ects who were
:not ‘taking drugs, by addmg stock: standard solutions of: acetammophen and its

; _ metabolites to the urine in'order to achleve concentratmns used in the linearity.

studies. - Recoveries . were calculated by ‘comparing ‘péak heights- that were
‘generated from' equivolume -injections- of ‘the matriz-free standards. Recovery
for .all- compounds ‘was nearly ‘100% -at all : dilutions:- However, minimum
" detectable concentrations for acetaminophen and its metabolites were greater
when they were measured in urine samples (Table I), presumably because of

LA
G a
Toosau ) c
Jooau
s
A
c
- —_ ———————r : MO M
c A
b
CJ MO
d
Ti0ona
I4n.’-‘. ™
M
A @
l L}
QLN W A
MO
0 5 o 5 20 25 3‘0 ) 5 10 15 20 25 30
. Minutes . - Minutes

Fig. 4. (2) Chromatogram (UV.- detection, 248 nm) of a 10-ul sample of a urine aliquot
diluted 1:4 with 2 M acetate buffer, pH 5.0. Based on standard curves and recovery data, we
estimated the amounts of acetammophen glucuronide (G), acetaminophen sulfate (S), and.
free acetaminophen (A) to be. 304 _ug/ml, 112 pg/ml, and 23 ug/ml, respectwely (b)
Chromatogram (electrochemxcal detection, + 0.55 V) of the same eluent indicating the
presence of ‘the cystéine conjugate (C), free acetaminophen (A), free methoxyacetamino-
phen (MO) and acetaminophen-3-mercapturate (M). (c) Chromatogram (UV detection, 248
nm) of a 10-z1 sample of a second aliquot of the patient’s urine after g- glucuromdase—
sulfatase - hydrolysns- (d) Chromabogram (electrochemlcal detection, + 0.55 V) of the same
eluent. Based on standard curves and recovery data, this hydrolyzed sample contained 3-
hydrovcyacetammophen (CA, 0.43 nglml) 3-cysteinylacetaminophen (C, 30 uglml) acet-
aminophen (A, > 400 ug/mil), -methoxyacetammophen (MO, 78 pg/ml), acetaminophen-3-
mercapturate (M, ca. 91 ug/ml), and. 3-methylthxoacetammophen (MT, 11 pug/mil).
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noise generated by constituents that were normally present. Some known
constituents such as caffeine and theobromine were found to have retention
times almost coincident with 3-methylthioacetaminophen and acetaminophen-
3-mercapturate, respectively, and do interfere with normal! UV detection.
Fortunately, these constituents do not react electrochemically at the potentials
that were used for monitoring the acetaminophen metabolites. Unknown
constituents that absorb in the UV were found to have retention times virtualiy
identical to the catechol metabolite, 3-hydroxyacetaminophen, as well. Un-
fortunately some constituents of urine that nearly coelute with the catechol are
also electrochemically active, and therefore they increase the minimum detect-
able limit for this metabolite to a level similar to that found in most urine
samples (ca. 0.5 ug/mi).

Chromatograms of an unhydrolyzed and hydrolyzed (8-glucuronidase—
sulfatase) urine sample (diluted 1:4 with 2 M acetate buffer, pH 5.0) that was
obtained from a patient who had ingested an unknown qguantity of acetamino-
phen, are presented in Fig. 4a—d. The spectrum that was recorded for an
unhydrolyzed sample (UV detection, Fig. 4a) shows relatively large quantities
of the glucuronide and sulfate conjugates. Electrochemical detection of the
same unhydrolyzed sample (Fig. 4b) revealed the presence of the catechol,
cysteine, methoxy and mercapturic acid metabolites of acetaminophen. After
enzymatic hydrolysis of the urine the spectrum that was recorded by UV
detection (Fig. 4c) showed significantly larger quantities of acetaminophen and
its catechol, cysteine, methoxy and mercapturic acid metabolites. The increase
in free acetaminophen levels is particularly striking, as would be expected from
hydrolysis of the glucuronide and sulfate conjugates which are the major
metabolites of acetaminophen. Finally, electrochemical detection of this
sample (Fig. 4d) showed two especially interesting features: (1) substantially
increased sensitivity of detection by the electrochemical technique for 3-
methozyacetaminophen, and (2) substantially increased sensitivity of detection
for 3-methylthioacetaminophen, a metabolite that was undetectable in all of
the previous chromatograms. Slight differences in metabolite retention times
compared to the standard chromatograms (Fig. 3a, b) are a reflection of the
newer cclumn used in this study.

DISCUSSION

A multi-faceted approach to the analysis of acetaminophen and its
metabolites has been presented. The method is applicable to metabolism and
pharmacokinetic studies of acetaminophen disposition in patients taking both
normal and overdoses of the drug (work in progress). The method involves the
direct analysis of diluted urine samples before and after enzymatic hydrolysis
of conjugates. The assay utilizes HPLC on a single reversed-phase column that is
eluted with an acidic buffer to separate the metabolites, and the detection of
metabolites in the eluent by both UV and electrochemical methods.

Acetaminophen glucuronide and suifate are most easily measured in 1:20 to
1:50 dilutions by UV detection. All other metabolites are most selectively
analyzed by elecirochemical detection as free compounds in urine that has
been diluted 1:4. We realize that many of these metabolites may exist as
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glucuromde and/or sulfate con]ugates however, at the: present tune we do not
" have standards of these possible conjugated metabolites. .

The primary advantages of this method over existing HPLC methods for
quantifying acetaminophen and its metabolites are (1) the ability to monitor
levels of catechol metabolites of acetaminophen (3-hydroxy- and 3-methoxy-
acetaminophen) and 3-methylthioacetaminophen, all of which may play a
role in acetaminophen-induced toxicities, and (2) improved selectivity and
sensitivity, by using electrochemical detection, for acetaminophen and its
metabolites other than the sulfate and glucuronide. Work is now in progress to
improve the precision of the assay by employing an internal standard,
2-hydroxyacetanilide, which can be detected both spectrophotometncally and
amperometrically.

ACKNOWLEDGEMENTS

This work was supported by NIH Grant GM 25418 (S5.D.N) and NIH
Predoctoral Training Grant GM 07750 (J.M.W., A.J.F.). Mass spectral analyses
were performed by Mr. William Howald who was supported by NIH Division of
Research Resources Grant RR 09082.

REFERENCES

E.M. Boyd and G.M. Bereczky, Brit. J. Pharmacol., 26 (1966) 606.
L._F. Prescott, N. Wright, P. Roscoe and S.S. Brown, Lancet, i (1971) 519.
J.R. Mitchell, D.J. Jollow, W.Z, Potter, J.R. Gillette and B.B. Brodie, J. Pharmacol.
Exp. Ther., 187 (1973) 211.
DJ. Jollow, S.S. Thorgeirsson, W.Z. Potter, M. Hashimoto and J.R. Mitchell, Pharma-
cology, 12 (1974) 251.
5 J.R. Mitchell, S.D. Nelson, S.S. Thorgeirsson, R.J. McMurtry and E. Dybing, Prog. Liver
Dis., 5 (1976) 259.
6 J.A. Hinson, Rev. Biochem. Toxicol., 2 (1980) 103.
7 R.S. Andrews, C.C. Bond, J. Burnett, A. Saunders and K. Watson, J. Int. Med. Res_, 4,
Suppl. 4 (1976) 34.
8 A. Klutch, W. Levin, R.L. Chang, F. Vane and A_H. Conney, Clin. Pharmacol. Ther.,
24 (1978) 287.
9 J.H. Knox and J. Jurand, J. Chromatogr., 142 (1977) 651.
10 J.H. Knox and J. Jurand, J. Chromatogr., 149 (1978) 297.
11 A.J. Forte, R.J. McMurtry and S.D. Nelson, Pharmacologist, 21 (1979) 220.
12 J.A. Hinson, L.R. Pohl, T.J. Monks, J.R. Gillette and F.P. Guengerich, Drug Metab.
Dispos., 8 (1980) 289.
13 J.E. Mrochek, S. Katz, W.H. Christie and S.R. Dinsmore, Clin. Chem., 20 (1974) 1086.
14 D. Howie, P.I. Adrianssens and L_F. Prescott, J. Pharm. Pharmacol., 29 (1977) 235.
15 A.R. Buckpitt, D.E. Rollins, S.D. Nelson, R.B. Franklin and J.R. Mitchell, Anal.
Biochem., 83 (1977) 168.
16 P. Moldeus, Biochem. Pharmacol., 27 (1978) 2859.
17 D.JJ. Miner and P.T. Kissinger, J. Pharm. Sci., 68 (1979) 96.
18 D.J. Miner and P.T. Kissinger, Biochem._ Pharmacol., 28 (1980) 3285.
19 J.W. Munson, R. Weierstall and H.B. Kostenbauder, J. Chromatogr., 145 (1978) 328.
20 J. Shibasaki, E. Sadakane, R. Konishi and T. Koizumi, Chem. Pharm. Bull., 18 (1970)
2340.
21 R.L. Smith and J.A. Timbrell, Xenobiotica, 4 (1974) 489.
22 A. Focella, R. Heslin and S. Teitel, Can. J. Chem_, 50 (1972) 2025.

Wi

W



462

23 S D. Nelson, Y. Vaishnav, H Kambara.and T_A Baillie, Biomed. Masc Spectrom 8
(1981) 244.

24 A_ Szent-Gyorgyi, R.H. Chung, MJ. Boyajian, M. Tlshler B.H. Anson, EF. Schoene-
waldt and J.J. Wittick, J. Org. Chem., 41 (1976) 1603.



