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Abstract-A specific high performance liquid ~hromatographic assay has been developed for the 
measurement of paracetamol glucuronide formation by the microsomal fraction of human liver. The 
procedure has been used to characterize paracetamol giucuronidation kinetics in human liver microsomes 
and to assess the substrate specificity of the paracetamol UDP-glucuronosyltransferase (UDPGT) 
activity. Paracetamol glucuronidation followed Michaelis-Menten kinetics, suggesting the involvement 
of a single form of UDPGT, or possibly two or more forms of UDPGT with similar affinities for 
paracetamol, in this reaction. Mean apparent K, and V,,,,, values were 7.37 i: 0.99mM and 
4.76 zz 1.35 nmol/min/mg, respectively. Addition of the non-ionic detergent Brij 58 to microsomal 
incubations resufted in approximateIy 50% activation of microsomai paracetamol UDPGT-activity. 
This contrasts to the approximately three-fold activation of 4-methylumbe~liferone, morphine and 
4-nitrophenol glucuronidation observed following Brij 58 treatment of human liver microsomes. The 
glucuronidated xenobiotics chloramphenicol, digitoxigenin monodigitoxoside, 4-hydroxybiphenyl, 
4-methylumbelliferone, morphine, 1-naphthol and 4-nitrophenol were screened for inhibitory effects on 
paracetamol glucuronidation. Of these compounds, only digitoxigenin monodigitoxoside and 1-naphthol 
were found to cause significant inhibition of paracetamol UDPGT activity. Aiong with the results of 
previous studies of the kinetics and inhibitor profile of human Liver glucuronidation reactions (Miners 
ef nt., Biochem ~hur~uc~~ 37: W-671, 1988 and 37: 2839-2845, 1988), these data indicate that the 
model giucuronidated substrates paracetamoi, morphine and 4-methylhrmbelliferone may be used to 
differentiate at least four human liver UDPGT isozyme activities. 

conjugation with glucuronic acid is a major pathway 
for the deactivation and elimination of a large num- 
ber of lipophilic xenobiotics and endogenous com- 
pounds in humans and other mammalian species. 
Glucuronidation reactions are catalysed by the UDP- 
glucuronosyltransferase (UDPGT) family of 
isozymes. The total number of isozymes in this family 
remains unknown but accumulating evidence sug- 
gests the existence of at least eleven forms of 
UDPGT in rat liver [l-3]. Similarly, recent kinetic 
and inhibitor studies in human liver microsomes 
[4-91, the cloning of UDPGT cDNAs [lo-121, 
enzyme purification 13,133, immunochemical analy- 
sis [I2] and developmental studies [14] have provided 
ove~helmi~g evidence for the heterogeneity of 
UDPGT in man. 

The widely used non-prescription analgesic/anti- 
pyretic agent paracetamol (acetaminophen, N-ace- 
tyl4-aminophenol) is eliminated in humans 
primarily by glucuronidation, with sulphation and 
oxidation by cytochrome P450 to a reactive elec- 
trophilic species which is subsequently conjugated 
with glutathione accounting for the remainder of 
the drug’s metabolic clearance [15]. Paracetamol is 
extremely safe at usual therapeutic doses and this 
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has led to its widespread use as a model drug for 
investigating the regulation of xenobiotic glucu- 
ronidation in humans in vivo. Paracetamol has been 
used as a probe for the study of the effects of age 
[16,17], hormonal factors [l&20], environmental 
factors [21-231 and enzyme induction or inhibition 
by concomitant drug administration [Zl, 22,241 on 
drug glucuronidation in man. 

Despite the widespread use of paracetamol as a 
model glucuronidated drug in humans, little is known 
of the relationship between the form(s) of UDPGT 
responsible for paracetamol glucuronidation and 
other xenobiotic metabolizing UDPGT isozymes or 
isozyme activities in human liver. This communi- 
cation describes the development of an assay for the 
measurement of paracetamol UDPGT activity and 
its use to characterize paracetamol glucuronidation 
kinetics in human liver microsomes. In addition, the 
extent of inhibition of paracetamol glucuronidation 
by certain other xenobiotics has been investigated to 
determine relationships between paracetamol 
UDPGT activity and other xenobiotic gtucuroni- 
dating activities characterised in human liver to date. 

MATERIALS AND METHODS 

Chemicals and reagents. Brij 58 (polyoxyethylene 
20-cetyl ether), choramphenicol, 4-hydroxy-bi- 
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phenyl, 4-methylumbelliferone, l-naphthol, 4-nitro- 
phenyl-beta-~-glucuronide, paracetamol and UDP- 
glucuronic acid (sodium salt) were purchased from 
the Sigma Chemical Co. (St Louis, MO). Digi- 
toxigenin monodigitoxoside and 4-nitrophenol were 
purchased from Atomergic Chemicals (Plainview, 
NV and from the Aldrich Chemical Co. 
(Milwaukee, WI), respectively. Morphine HCI was 
obtained from Glaxo Australia (Melbourne, Austra- 
lia). All other reagents and solvents were of ana- 
lytical reagent grade. 

Numan liver samples. Human liver samples were 
obtained with the consent of next-of-kin from renal 
transplant donors. The approval of the Flinders 
Medical Centre Ethical Review Committee was 
obtained to use such material for xenobiotic metab- 
olism studies. Relevant details of the donors of livers 
used in this study (F5, F8, F9 and FlO) have been 
published elsewhere [8,25]. Liver samples were 
stored at -80” until used; experience in this iabora- 
tory has shown that UDPGT activities towards par- 
acetamol and other xenobiotic substrates such as 4- 
methylumbelliferone [8] and morphine [6] are stable 
in liver stored at this temperature for at least 2.5 
years. Microsomes were prepared by differential cen- 
trifugation as previously described [25]. 

measurement of paracetamol glucuroni~atiun by 
burlap liver ~icro~~~es. A standard microsomal 
incubation contained UDP-glucuronic acid 
(UDPGA; 20mM), MgClz (5 mM), Tris-HCl 
(0.1 M, pH ?.4), microsomal protein (0.5 mg), Brij 
58 (detergent-protein ratio 0.15; i.e. final con- 
centration 0.03% w/v), and paracetamol (25- 
20,000 ,uM) in a final volume of 0.25 mL. Incubations 
were performed at 37” for 1 hr. Reaction times were 
shown to be linear for incubation times to 2.5 hr and 
for microsomal protein concentrations up to 4mg/ 
mL. In addition, reaction rates were optimized for 
pH, Mg2+ and detergent concentrations. While the 
concentrations of MgC12 and Brij 58 used in the 
microsomal incubations were shown to result in 
maximal paracetamol UDPGT activity, reaction rate 
was relatively unaffected by pH in the range 7.4 to 
8.2. The reaction was stopped by the addition of 
70% perchloric acid (0.02 mL) and cooling on ice. 
4-Nitrophenol glucuronide (0.05 mLof a 1 mM aque- 
ous solution) was also added to enable the deter- 
mination of analyte recovery in each experiment (see 
below). The contents of each incubation tube were 
loaded onto a C-18 Sep-pak minicolumn (Waters 
Millipore) which was eluted sequentially with phos- 
phate buffer (5mM, pH 3.0; 5mL) and methanol 
(8mL). The methanol fraction was collected and 
evaporated to dryness under a stream of N2. The 
residue was reconstituted in 0.2 mL of mobile phase 
and the entire sample injected into the chro- 
matograph. 

The high performance liquid chromatograph used 
comprised a U6K injector, model 6000 solvent deli- 
very system, mode1 760 data module (all Waters 
Millipore) and a model 110 fixed wavelength detector 
(Altex) operating at 254 nm. The chromatograph 
was fitted with a p-Bondapak 10 micron C-18 column 
(30 cm x 3.9 mm i.d.; Waters Millipore) and oper- 
ated at ambient temperature. The mobile phase was 
3.75% acetonitrile/96.25% 10 mM orthophosphoric 
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Fig 1. Representative chromatograms of extracts of micro- 
somal incubations: (A) blank chromatogram: microsomal 
incubation performed without paracetamol; (B) micro- 
somai incubation performed as described in Materials and 
Methods (paracetamol concentration 0.25 mM). Retention 
times: paracetamol glucuronide 4.5 min: paracetamol 

7.0 min; 4-nitrophenyl glucuronide 10.9 min. 

acid (pH 2.7) at a flow rate of 2mL/min. Under 
these conditions the retention times for paracetamol 
glucuronide, paracetamol and 4-nitrophenol glu- 
curonide were 4.5, 7.0 and 10.9min. respectively 
(Fig. 1). The retention time for paracetamol glu- 
curonide was confirmed by comparison to an auth- 
entic standard [26] and by hydrolysis of the 
incubation product with P-glucuronidase. Owing to 
the limited availability of pure paracetamol glu- 
curonide, this metabolite was routinely quantitated 
by comparison of measured peak heights to those of 
a standard curve generated for unchanged par- 
acetamol (in the concentration range 2.5 to 250 PM) 
and application of the known relative response factor 
for paracetamol glucuronide [26]. The use of par- 
acetamol metabolite response factors has been pre- 
viously widely applied to the quantitation of 
paracetamol metabolites in urine [17-19,22,26]. 
Recoveries of paracetamol glucuronide and 4-nitro- 
phenol glucuronide from microsomal incubations 
using the technique outlined above were shown to 
be 93.2 IC_ 3.4% and 95.0 t 3.6% (both N = 6), 
respectively. Thus, to confirm adequate metabolite 
recovery in each experiment, 4-nitrophenol glu- 
curonide was routinely added to incubation tubes 
prior to extraction (see above) and peak heights were 
compared to those of a directly injected authentic 
standard. Along with the use of the relative response 
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factor to determine paracetamol glucuronide con- 
centrations, this approach obviates the need to use 
paracetamol glucuronide standards routinely. The 
within-day coefficient of variation of the assay, deter- 
mined by measuring paracetamol glucuronidation 
formation (at a substrate concentration of 250 PM) 
in ten separate incubations of the same batch of 
hepatic microsomes, was 5.6%. 

Kinetic and inhibitor studies. In the experiments 
performed to determine the apparent K,,, and V,,,,, 
for paracetamol glucuronidation, the UDPGA con- 
centration was held constant (20mM) and activity 
was measured for 13 paracetamol concentrations 
over the range 25 to 20,000 PM. It should be noted 
that the UDPGA concentration used in these experi- 
ments was approximately 30-fold higher than the 
apparent K,, determined for UDPGA (see Results 
section). To determine the apparent K,,, for UDPGA 
the concentration of paracetamol was kept constant 
(5 mM) and activity was measured for twelve 
UDPGA concentrations over the range 0.25 to 
20 mM. The paracetamol glucuronidation and 
UDPGA kinetics experiments were performed using 
microsomes from four livers (F5, F8, F9, FlO). 

The extent of inhibition of paracetamol glu- 
curonidation by chloramphenical, digitoxigenin 
monodigitoxoside, 4-hydroxybiphenyl, 4-methyl- 
umbelliferone, morphine, 1-naphthol and 4-nitro- 
phenol was assessed in microsomes from livers F8- 
10. The concentrations of paracetamol and inhibitor 
used in these experiments were 0.5 mM and 1.0 mM, 
respectively. In the experiment investigating 4-nitro- 
phenol as an inhibitor, 4-nitrophenol glucuronide 
was not added to the incubation tubes in the usual 
way prior to extraction. 

Other assays. Microsomal protein concentration 
was measured by the procedure of Lowry et al. [27] 
using crystalline bovine serum albumin as standard. 

Analysis of results. Results are presented as mean 
* SD. The Michaelis-Menten parameters V,,,,, and 
apparent Km were determined as previously 
described [8] using an iterative programme based on 
non-linear least squares regression analysis to fit 
experimental data to the Michaelis-Menten 
equation. Initial estimates of these parameters were 
obtained by graphical analysis of Eadie-Hofstee 
plots. 

RESULTS 

Maximal activation of paracetamol UDPGT- 
activity occurred at a Brij 58 to microsomal protein 
ratio of 0.15 (Fig. 2). The observed mean increase 
in enzyme activity in the four livers studied (F5, F8- 
9) was 52 +- 11%. Brij 58 to protein ratios above 1 
resulted in decreased enzyme activity. Triton X-100 
and digitonin did not increase the extent of activation 
over that observed with Brij 58 (results not shown). 
The Brij 58 activation curves for 4-methyl- 
umbelliferone glucuronidation and the low affin- 
ity component of morphine glucuronidation are also 
shown in Fig. 2 for comparison. 

Paracetamol glucuronide formation followed 
Michaelis-Menten kinetics in all four livers studied 
(Fig. 3). Values of apparent K,,, and V,,,, are shown 
in Table 1. The mean apparent Km and V,,,,, values 

0 0.2 0.4 0.6 0.6 1.0 

6MJ 66 : PROl’t3N (w/w) 

Fig. 2. Activation of paracetamol (m n ), morphine 
(low affinity morphine UDPGT activity; (@ - - - 0) and 4- 
methylumbelliferone (A-A) glucuronidation in human 
liver microsomes by Brij 58. Experiment performed in 

pooled microsomes from livers F5, F8, F9 and FlO. 
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Fig. 3. Representative velocity versus substrate con- 
centration curve (upper panel) and Eadie-Hofstee plot 
(lower panel) for paracetamol glucuronidation in human 

liver microsomes (liver F9). 
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Table I. Computer derived Michaelis-Menten parameters 
for paracetamol glucuronidation in human liver micro- 

somes 

F5 
F8 
F9 
FlU 
Mean (2 SD) 

8.24 5.79 
5.96 2.98 
7.45 5.84 
7.82 4.46 

7.37 k 0.99 4.76 t 1.35 

K,,, and V,, calculated by fitting experimental data to 
Michaelis-Menten equation for a single enzyme system, 
See the Analysis of results section of Materials and 
Methods for details. 

Table 2. Effect of various xenobiotics an paracetamoi 
g~u~ur~~idat~on in human liver microsomea 

Percent cantrol activity 
Xenohiotic remaining 

Chlo~amphenicol 103.7 r 60 
Digitoxigenin monodigitoxos~de 63.1 IS.1 
4-~ydroxyh~phe~yl 98.0 r+ 7.6 
4-Mcthyiumbe~~~fer~n~ 94.4 -F 6.2 
Morphine 91.1 2 1.6 
1-Naphthol 59.3 t 3.0 
/I-Nitrophenol 92.0 + 4.7 

Values are mean 2 SD from three livers. The con- 
centrations of paracetamot and inhibitor were 0.5 mM and 
1 .O mM, respectivety. 

were 7.37 T 0.99 mM and 4.76 t 1.35 ~mo~rni~rng 
protein, respectively. Variation in apparent rC, was 
relatively small (1.38-fold), while V,,, varied 
approximately Z-fold in the four livers studied. Using 
a fixed concentration of paracetamol and varying 
UDPGA concentration also resulted in linear 
Sadie-Hofstee plots (data not shown), The mean 
apparent Ic, for WDPGA in the four livers was 
679 4 93 @.J. 

The effects of chloramphen~col. d~g~tox~gen~n 
monodigitoxoside, 4”hydroxybiphenyl, 4-methyl- 
umbelliferone, morphine, l-naphthol and 4-nitro- 
phenol on paracetamol glucuronidation in micro- 
somes from livers S-10 are summarized in Table 2, 
Of these compounds, only digitoxigenin mono- 
digitoxoside and I-naphthol caused >lO% inhi- 
bition of paracetamol UDPGT-activity. 

DISCUSSION 

The extent of activation of paracetamol UDPGT 
activity in human liver microsomes by Brij 58 and 
other non-ionic detergents differs to that reported 
previousfy for 4-methfiumbeltiferone [&I, morphine 
[6], 1-naphthol [S] and 4-nitrophenol[30]. Although 
maximum activation of all activities occurred at the 
same detergent to protein ratio (0.15-0.20), par- 
acetamol UDPGT activity was increased by only 
approximately 50% whereas the other UDPGT 
activities were activated approximately 3-fold. The 
different activation characteristics of paracetamof 
glucuronidation may indicate that the paracetamol 
UDPGT activity of human liver microsomes is 
distinct to those associated with 4-methylumbelli- 
ferone, morphine and 4-nitrophenol glucuronida- 
tion. However, since activation of UDPGT by 
detergents can refIect properties of both the enzyme 
and a transport mechanism for U~P-~lucuronic acid 
[31], other explanations for the aberrant Brij 58 
activation characteristics observed in this study are 
possible. 

Paracetamol glucuronidation by human liver 
microsomes has been characterized using a newly 

On the basis of our previous [t;-91 kinetic and 
inhibitor studies of xenobiotic g~ucuronidation in 

developed high performance liquid chromatograph~c human Iiver microsomes, we have argued that mor- 
procedure for the quantitation of the gtucuronide 
conjugate of paracetamol extracted from microsomal 

phine and ~-~nethy~umbelliferone may be used as 

incubations. Pacifici et al. [28] recently described 
probe substrates for at least three UDPGT isozyme 
activities in human liver microsomes. In the present 

a procedure for the measurement of paracetamol study neither of these substrates were found to inhibit 
glucuronidation and sulphation in subcellular frac- paracetamol glucuronidation. This observation 
tions. Their procedure utilized tritiated substrate strongly suggests that the paracetamoi UDPGT is 

and determined conjugate formation as radioactivity 
remaining in ethylacetate-extracted incubates. The 
method described in this paper allows direct quan- 
titation of paracetamol glucuronide and therefore 
has major advantages in terms of specificity. 

Paracetamol glucuronidation in human liver 
mierosomes followed Michaelis-Menten kinetics. 
This is consistent with the involvement of a single 
isozyme of UDPCT in paracetamol glucuronidation, 
although it is acknowledged that the existence of two 
or more forms of UDPGT with similar affinities 
for paracetamol would not be distinguished by the 
kinetic studies described here. The mean apparent 
K,,, (7.37mM) for paracetamol in the four livers 
studied is somewhat higher than those determined 
previously for other glucuronidated xenobiotics, 
such as 4-methy~nmbe~liferone (91.8 PM) 181, mor- 
phine (high affinity component 5.3 PM; low affinity 
component 1203 +uM) @]. and l-naph~hol (high affm- 
ity component l.gpM; low affinity component 
87,2pM) [6]. It shauld be noted that in the previous 
studies with morphine [6] and l-naphthol [8], where 
biphasic glucuronidation kinetics were observed, 
non-linearity of Eadie-Hofstee plots was apparent 
at concentrations near the Lower Iimit of the range 
used in the present study. Hence, if a high affinity 
paracetamol UDPGT activity was to exist, it is antici- 
pated that its apparent K,,, and V,,, values would 
both need to be very low. Based on a kinetic model 
for paracetamol elimination, it has been suggested 
that paracetamol ~lucuronidation may be saturable 
in humans 1291. However, the high Km for par- 
acetamol glucuronidation determined here would 
indicate that marked non-linearity for glucuron- 
idation pathway is likely only following massive over- 
dose, 
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distinct to the 4-methylumbelliferone and morphine 
UDPGT activities characterized earlier and that par- 
acetamol, 4-methylumbelliferone and morphine may 
be used as model substrates to differentiate at least 
four different UDPGT isozyme activities in human 
liver. Furthermore, paracetamol glucuronidation 
was unaffected by chloramphenicol and Chydroxy- 
biphenyl, indicating that these compounds are not 
substrates for the paracetamol UDPGT activity. In 
contrast, both 1-naphthoi and digitoxigen mono- 
digitoxoside inhibited paracetamol glucuronidation. 
Available evidence suggests I-naphthol is a pro- 
miscuous substrate for UDPGTs in both human [6,8] 
and rat [32] liver. It is possible that digitoxigenin 
monodigitoxoside, which appears to be glucu- 
ronidated by a single isozyme of UDPGT in rat 
liver [33], may be an alternate substrate for the 
paracetamol UDPGT activity of human liver but 
confirmation of this requires further investigation. 
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