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Abstract—Guinea pig liver microsome UDP glucuronyl transferase and UDPGA were incubated with
the radioactive antithyroid drugs 6-n-propyl-2-thiouracil (PTU), [-methyl-2-mercaptoimidazole (methi-
mazole, MMI} and 2-thiouracil (TU). Radioactive metabolites were produced with PTU and thiouracil
and, in each case. were identified as the corresponding f-glucuronide conjugate. No measurable glucur-
onidation of MMI was observed. Kinetic studies with the microsomal preparation demonstrated a
K, value of 7.2 x 107* M for PTU and 6.7 x 107* M for thiouracil. Glucuronide conjugation of
PTU was linear for | hr, declining thereafter while conjugation of phenolphthalein was linear for
2 hr. Conjugation of phenolphthalein by microsomes stored in 0.154 M KCl at —207 for 14 days
was 41 per cent higher than in fresh microsomes, whereas conjugation of PTU was 67.4 per cent
lower. PTU glucuronidation did not occur in the absence of UDPGA and was essentially linear with
respect to enzyme concentrations. Under the same conditions, spontancous N-glucuronidation of PTU
by glucuronate was not measurable. The pH optimum for PTU glucuronidation was 8.0 and similar
to the broad optimums of 7.3 to 7.9 for UDP glucuronyl! transferases from a variety of sources rather
than to non-enzymatic N-glucuronidation, which has a reported pH optimum of 3-4. The conjugating
enzyme for PTU was located primarily in the guinea pig liver microsomes with this fraction exhibiting
75 per cent of the total activity of whole homogenates. PTU conjugation was inhibited by MMI
but not by thiouracil. thiourea or 6-methyl-2-thiouracil. The results obtained demonstrate that S-glucur-
onide conjugation of the antithyroid drugs PTU and thiouracil, but not MMI, is readily catalyzed

by a guinea pig liver microsomal UDP glucuronyl transferase in wvitro.

Several metabolites have been observed in body tluids
after the administration of the radioactive antithyroid
drugs 6-n-propyl-2-thiouracil (PTU) or l-methyl-2-
mercaptoimidazole (methimazole, MMI), the current
drugs of choice in the treatment of hyperthyroidism.
Urinary metabolites of PTU which have been identi-
fied include sulfate [1], PTU glucuronide [1-4], S-
methyl-PTU [1], and propyluracil [1]. The identity
of PTU disulfide. which was suggested in analyses
of highly alkalinized guinea pig urine [5], has not
been confirmed. The major identifiable PTU metabo-
lite in urine 1s PTU glucuronide, which has been
reported to account for 16-60 per cent [1,4] of the
total radioactivity in this fluid after the administra-
tion of ["*CIJPTU or [*°STPTU. There is general
agreement that PTU glucuronide is also the major
metabolite in bile and plasma [[-5] and is accom-
panied by small amounts of sulfate and unaltered
PTU. Glucuronides of PTU metabolites are also pres-
ent in small amounts in bile.

The only metabolite of MMI positively identified
is sulfate, which has been reported as a minor meta-
bolite in bile [3], plasma [6], and urine [6] and as
a major metabolite in the thyroid [6]. Several un-
identified metabolites have been observed in bile and
urine. Unlike PTU, no glucuronide of unaltered MMI
has been reported but a glucuronide of an MMI
metabolite is a major metabolite in bile [3].

The observations described above demonstrate that
glucuronidation is a major pathway for the metabo-
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lism of the thionamide antithyroid drugs. However,
enzymatic glucuronidation of these drugs has not
been previously studied. The formation of glucur-
onides is usually catalyzed by UDP glucuronate glu-
curonyl transferase (UDP glucuronyl transferase, EC
2.4.1.17) localized in the microsomal cell fraction.
Adult liver appears to contain the highest activity of
this enzyme/mg of microsomal protein with guinea
pig liver being an especially rich source [7,8]. The
primary objectives of the present study are to deter-
mine if glucuronidation of the antithyroid drugs PTU,
MMI and thiouracil (TU) can be demonstrated with
UDP glucuronyl transferase from guinea pig liver
microsomes in vitro and to determine some of the
properties of the enzyme system with respect to the
antithyroid drug substrates.

MATERIALS AND METHODS

Materials. [2-**C]PTU was obtained from Mal-
linckrodt/Nuclear at a specific activity of 3.78 uCi/
umole, [2-'*CTthiouracil from Amersham—Searle
Corp. at a specific activity of 59 uCi/umole and
[2-'*CIMMI from New England Nuclear Corp. at
a specific activity of 3.8 uCi/umole. [2-'*C]PTU glu-
curonide was isolated and purified from rat bile or
urine after the administration of [2-'*C]PTU as pre-
viously described [1]. Thiouracil, thiourea, PTU,
6-methyl-2-thiouracil (MTU), uridine-5-diphospho-
glucuronic acid (UDPGA), p-glucuronidase (type



618

B-10 from bovine liver), b-saccharic acid-1. 4-lactone,
and phenolphthalein were obtained from Sigma
Chemical Co. and MMI was obtained from Eli Lilly
& Co. Bio-Gel P-2 (200-400 mesh) was obtained from
Bio-Rad Labs and DEAE-Sephadex (A-25) from
Pharmacia Fine Chemicals, Inc. Chromatographic
sheets of cellulose (No. 6064) and silica gel (No. 6061)
were obtained from Eastman Kodak and sheets of
Baker-flex cellulose DEAE from J. T. Baker Co.

Glucuronidation of antithyroid drugs. Guinea pig
microsomes were prepared by a modification of the
method of Pogell and Leloir [9]. Young adult male
guinea pigs (300400 g) were fasted overnight and sac-
rificed by exsanguination while under light cther anes-
thesia. The livers were quickly removed and hom-
ogenized in 4 vol. of cold 0.154 M KCl in a Potter
Elvehjem homogenizer. The homogenate was centri-
fuged at 2,000 g for 10 min, the pellet was discarded
and the supernatant was centrifuged at 105.000 ¢ for
60 min. This pellet was washed once with the original
volume of KCl and centrifuged at 105000 g for 30
min. The resulting pellet was brought up in 0.4 of
the original homogenate volume with 0.154 M KCL
This preparation served as the source of UDP glucur-
onyl transferase and was used when freshly prepared
or after lyophilization and reconstitution with H,O.
Lyophihized microsomes stored at —20° retained
UDP glucuronyl transferase activity for scveral weeks
and were frequently used for cconomy and con-
venience.

Incubation mixtures usually contained 0.1 pmole
of the radioactive anti-thyroid drug (dissolved with
warming in buffer). 20 ymoles of Tris-HCI buffer (pH
8.0), 0.2 umole p-saccharic acid-1.4-lactone. 0.5 gmole
UDPGA and 0.8 to 2.0 mg of microsomal protein
in a final volume of 0.31 ml. Controls were identical
except for the absence of UDPGA. Incubation was
carried out in air, with shaking, at 37° for I hr unless
otherwise indicated and the reaction was stopped by
the addition of 2 vol. of 95%; ethanol. The mixture
was centrifuged and the supernatant lyophilized. The
sample was reconstituted with 0.3 ml H,O and sub-
jected to chromatographic analyscs.

When used as the substrate. phenolphthalein in
20%; ethanol was added to a final concentration of
315 nmoles/0.31 ml in an incubation mixturc identical
to that used with antithyroid drugs and incubated
for 1 hr unless otherwise indicated. The reaction was
stopped in aliquots of 50-100 ul by the addition of
2.5 ml of 0.2 M glycine buffer, pH 10.4. and absor-
bance measured at 540 nm.

Radioactive antithyroid drugs were separated from
the glucuronide product by column or thin-layer
chromatography (t.lc.). For column chromatography.
aliquots of the reconstituted supernatant were applied
to 2 x 115 ¢cm Bio-Gel P-2 columns (200400 mesh)
previously equilibrated with H,O. The columns were
eluted with H,0 and fractions of 3.0 ml collected.
Aliquots of 50-100 gl were then analyzed for radioac-
tivity in a Packard Tri-Carb liquid spectrometer. This
system achieved excellent separation and quantitation
of PTU and thiouracil glucuronides and was the pre-
ferred method for both.

In some experiments, the tubes corresponding to
the radioactive glucuronide peaks were pooled and
lyophilized. Samples to be further purified were dis-
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solved in 1.0 ml of 0.1 M ammonium carbonate and
applied to a 1 x 10 em column of DEAE-Sephadex
A-25 previously equilibrated with 0.1 M ammonium
carbonate. The column was eluted with 0.1 M
ammonium carbonate and 3.0-ml fractions were col-
lected. The radioactive glucuronide peak was located
by counting 0.1-ml aliquots. Thesc fractions were then
pooled and lyophilized to vaporize the ammonium
carbonate.

Optimum separation of PTU and PTU glucuronide
by thin-layer chromatography was accomplished
using Eastman Kodak 6064 cellulose sheets eluted
with ethanol-1 M ammonium acetate (75:10). Ade-
quate separation was also achieved with sheets of
DEAE-Sephadex developed with 0.05 M ammonium
carbonate or NaCl and silica gel sheets developed
with benzene-isopropanol (60:10). Separation of
thiouracil and thiouracil glucuronide by thin-layer
chromatography was excellent with DEAE-Sephadex
sheets developed with 0.05 M NaCl and adequate
with the cellulose and silica gel systems used with
PTU. Details for analyses by thin-layer chroma-
tography have been previously described [10].

p-Glucuronidase  hydrolysis.  f-Glucuronidase hy-
drolysis was conducted at pH 6.8 rather than 5.0 due
to the instability of PTU glucuronide at the lower
pH. The reaction mixture consisted of 3.75 umoles
of potassium phosphate buffer. pH 6.8. containing 4.1
umoles chloroform: 2,500 Fishman units fi-glucuroni-
dase; and at least 25,000 cpm of the unknown sample
in a final volume of (.2 ml. p-Saccharic acid-1.4-lac-
tone (0.5 umole), a specific inhibitor of f-glucuroni-
dase [11], was added to controls: the experimental
vessels were identical except for the absence of the
inhibitor. Incubation was at 37 for 1 2 hr: the
samples were quickly frozen in an acetone-ethanol
bath and lyophilized. The dry samples were dissolved
in 50 ul H,0, and 10 gl spotted on t.l.c. plates.

Protein determinations. Protein in all assays was
determined by the method of Lowry et al. [12].

RESULTS

The '*C-labeled antithyroid drugs PTU, MMI and
thiouracil were incubated for 4 hr with freshly pre-
pared guinea pig liver microsomes in the presence
and absence of UDPGA. After incubation. the reac-
tion mixturecs were cxamined by column chroma-
tography on 2 x 115 cm Bio-Gel P-2 columns with
the results shown in Fig. 1A for PTU, Fig. 1B for
MMI and Fig. 1C for thiouracil (TU). In the presence
of UDPGA. PTU and thiouracil were utilized by the
microsomal preparation to form radioactive metabo-
lites. Since conversion did not occur in the absence
of UDPGA, the metabolites were believed to be the
respective  glucuronides. The metabolites  formed
represented 4.7 per cent of the initial radioactive
thiouracil and 14.1 per cent of the ['*C]PTU.
Numerous experiments under identical incubation
conditions were also carried out with MMI. and the
incubation medium was examined in all the t.lc. sys-
tems used to separate PTU and thiouracil from their
glucuronides (see Materials and Methods) and by
column chromatography on Bio-Gel P-2 and DEAE-
Sephadex columns. Measurable formation of an MMI
glucuronide could not be demonstrated in any system
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Fig. 1. Glucuronidation of '*C-antithyroid drugs by guinea
pig microsomes. The drugs were incubated for 4 hr in
the presence (solid lines) and absence (broken lines) of
UDPGA utilizing [2-'"*C]PTU (A), [2-'*CIMMI (B) or
[2-'*CTthiouracit (C) as substrates, described in Materials
and Methods, and aliquots of the incubation mixture were
chromatographed on 2 x 115 cm Bio-Gel P-2 columns
eluting with water.

as illustrated in Fig. 1B for the Bio-Gel P-2 columns,
indicating that MMI was not a substrate for UDP
glucuronyl transferase.

The fractions containing the suspected PTU and
thiouracil glucuronides were pooled. lyophilized and
applied to 1.0 x 10 cm DEAE-Sephadex columns for
further purification. The purified metabolites were
then subjected to further analyses. Treatment of the
suspected ['*CJPTU glucuronide with p-glucuro-
nidase in the absence of the specific f-glucuroni-
dase inhibitor D-saccharic acid-1.4-lactone liberated
[**CJPTU as shown in Fig. 2, panels A and B. Inhibi-
tion of f-glucuronidase hydrolysis in the presence of
the inhibitor demonstrated that the conjugate was a
B-glucuronide [11]. The identity of the ['*C]PTU
product was confirmed by cochromatographing it
with “cold” PTU on thin-layer sheets of DEAE, de-
veloped with 0.05 M ammonium carbonate, and silica
gel, developed with benzene-isopropanol (60:10), and
by cochromatographing on Bio Gel P-2 and DEAE-
Sephadex columns. Similarly. treatment of the sus-

pected ['*C]Jthiouracil glucuronide with B-glucuroni-

dase liberated ['*Clthiouracil as shown in Fig. 2,
panels C and D. The radioactive product of f-glucur-
onidase hydrolysis was cochromatographed with cold
thiouracil and displayed identical chromatographic
properties to it on cellulose and silica gel thin-layer
sheets and on Bio Gel P-2 and DEAE-Sephadex
columns confirming its identity as ['*C]thiouracil.
In the early stages of this study. phenolphthalein
was assayed along with PTU as a substrate for guinea
pig liver microsomes to provide a positive control
for testing the viability of the preparations under
various conditions, It soon became apparent that
PTU and phenolphthalein were not conjugated in the
same manner with respect to time, as demonstrated
in Fig. 3. Conversion of phenolphthalein was linear
for 2 hr but declined thereafter. The slower rate after
2 hr may be due primarily to substrate depletion since
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Fig. 2. p-Glucuronidase treatment of ['*CJPTU and
['*CJTU metabolites from Fig. 1. The metabolites were
hydrolyzed for 2 hr with beef liver f-glucuronidase at pH
6.8 in the presence (control) and absence (experimental)
of p-saccharic acid-1.4-lactone. Aliquots of the incuba-
tion mixtures containing the ['*C]PTU metabolite were
cochromatographed with cold PTU glucuronide and PTU
on tlc. cellulose sheets (A and B) developed in | M
ammonium acetate—ethanol (10:75); aliquots with the
['*CITU metabolite were cochromatographed with TU
and uracil on t.lc. DEAE cellulose sheets (C and D) devel-
oped in 0.05 M NaCl. The t.lc. strip showing the position
of the cochromatographed standards is outlined with
broken lines: the distribution of radioactivity is shown by
solid lines.

180 of the initial 315 nmoles was used after 2 hr and
275 after 4 hr, the latter representing a conversion
of 87 per cent. In contrast. formation of PTU glucur-
onide was linear for only 1 hr. during which over
50 per cent of the total glucuronide was synthesized.
PTU glucuronidation declined after 1 hr and con-
tinued at a slower but linear rate for the remainder
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Fig. 3. Glucuronide conjugation of PTU and phenolphtha-
lein, with respect to time, by freshly prepared guinea pig
liver microsomes.
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Fig. 4. Stability of conjugating activity for PTU and
phenolphthalein by microsomes stored frozen at —20°
Glucuronidation was measured for 1 hr at 37"

of the 4 hr of incubation. Substrate depletion is an
unlikely factor in the declining rate of PTU conver-
sion, since the total substrate utilized represented only
8 per cent of the total 100 nmoles initially available.

On the basis of the results obtained in Fig. 3 which
demonstrate that glucuronidation of PTU was linear
for only 1 hr, subsequent experiments were all con-
ducted using an incubation time of 1 hr.

Further evidence that PTU and phenolphthalein
were conjugated differently was obtained with frozen
guinea pig liver microsomes. A freshly prepared mic-
rosomal fraction in 0.154 M Kl was assayed for ac-
tivity with PTU and phenolphthalein as substrates.
Several 2.0-ml aliquots of the same preparation were
frozen at —20°. At various time intervals, a frozen
aliquot was thawed and again assayed with both PTU
and phenolphthalein. The results are presented in Fig.
4. Conjugating activity with phenolphthalein as a sub-
strate was greater in the frozen microsomes for the
21 days examined than in the original fresh micro-
somes with activity being 121.2, 141.0 and 117.4 per
cent of the fresh after storage at —20° for 7, 14 and
21 days respectively. This activation of UDP glucur-
onyl transferase is probably similar to that observed
after detergent, sonication or phospholipase treatment
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Fig. 5. Lineweaver-Burk plot of glucuronidation of PTU
and TU by guinea pig liver microsome UDP glucuronyl
transferase. Glucuronidation was measured after 1 hr of
incubation with UDPGA at 1.6]1 mM: v represents nmoles
glucuronide formed/mg of protein/hr.
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of microsomal enzyme which is attributed to effects
on microsomal membrane conformation [13.14]. Re-
gardless of the mechanism. the conjugating activity
of the microsomes was not only stable for the
phenolphthalein substrate after freezing but actually
increased. In contrast. the conjugating activity with
PTU as the substrate was very labile. Storage of
microsomes at — 20" for 7 days decrcased ecnzyme ac-
tivity for PTU to 37.8 per cent of that in the fresh
microsomes compared to 121.2 per cent for phenol-
phthalein. At 14 days. activity for PTU had declined
further to 32.6 per cent of the initial value while ac-
tivity for phenolphthalein increased to 141 per cent.
These results demonstrate that UDP glucuronyl
transferase activity for PTU. unlike that for phenol-
phthalein and many other substrates [9], is not stable
in frozen guinea pig liver microsomes and that conju-
gating activity for phenolphthalein is unrelated to the
ability of the enzyme to conjugate PTU.

The results presented in Fig. | suggested that glu-
curonidation occurred more readily with PTU than
with thiouracil. Kinetic studies with the microsomal
preparation (Fig. 5) demonstrated apparent K,, values
for PTU and thiouracil of 7.2 x 107* and 6.7 x 107*
M, respectively. while the I, for the two drugs was
essentially the same. Since the enzyme appeared to
have a higher affinity for PTU and this drug is one
of the current antithyroid drugs of choice in the treat-
ment of hyperthyroidism, further studies of glucuroni-
dation were carried out primarily with PTU.

PTU and thiouracil possess several potential sites
at which glucuronide conjugation may occur includ-
ing the nitrogen in the heterocyclic ring. Conjugation
to a nitrogen moiety usually occurs enzymatically but
Bridges and Williams [15] have also found that a
number of drugs combine spontaneously with glucur-
onate in aqueous solution to form N-glucuronides.
Consequently the enzyme requirements for PTU glu-
curonide formation were examined with the results
shown in Fig. 6. PTU glucuronide synthesis, which
was not measurable in the absence of UDPGA (Fig.
1A) or enzyme (Fig. 6). was essentially linear with
respect to enzyme concentration, demonstrating that
PTU conjugation required microsomal cnzyme and
was proportional to the enzyme protein.

Dutton [7] has cautioned against assuming that
glucuronidation was enzymatic when UDPGA and
tissue are required. since hydrolysis of UDPGA by
tissue enzymes could release glucuronate and this glu-
curonate may participate in non-enzymatic N-conju-
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Fig. 6. Relationship between guinea pig liver microsomal
enzyme concentration and PTU glucuronide formation.
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gation. UDPGA degradation to glucuronate occurs
readily with rat liver microsomes but Pogell and
Leloir [9] reported that destruction of UDPGA was
not measurable when UDPGA was incubated with
guinea pig liver microsomes, suggesting that glucur-
onide formation from UDPGA would be minimal in
our guinea pig liver microsome preparations. How-
ever, non-enzymatic conjugation of PTU by glucur-
onate was investigated under the same incubation
conditions, omitting enzyme and UDPGA, in which
microsomal conjugation of PTU was observed.
[**C]PTU incubated with 0.1 or 0.5 uymole glucur-
onate (compared to 0.5 umole UDPGA in the micro-
somal system) for [-4 hr was not conjugated at a
measurable rate (data not shown). The sensitivity of
the chromatographic assay system allows detection
of 0.25 nmole [**C]JPTU glucuronide, which is about
5 per cent of the amount formed with microsomal
enzyme in 1 hr. These results appear to exclude spon-
taneous glucuronidation of PTU as a possible explan-
ation of PTU conjugation.

Additional evidence that glucuronidation of PTU
is enzymatic was obtained from experiments in which
the optimum pH for utilization of PTU as a substrate
was determined (Fig. 7). Bridges and Williams [15]
in a study of the non-enzymatic N-glucuronidation
of a number of drugs in vitro reported the pH opti-
mum to be 3-4 with little or no N-glucuronide syn-
thesis occurring above pH 7.0. The glucuronidation
of PTU was found to have a pH optimum of 8.0.
This value closely resembles the broad 7.3 to 7.9 opti-
mum for UDP glucuronyl transferase activity [7, 8]
in different preparations but is vastly different from
the pH 3—4 optimum for non-enzymatic N-glucuroni-
dation.

Cellular localization of UDP glucurony! transferase
activity for PTU by differential centrifugation was
examined. Approximately 75 per cent of the total ac-
tivity exhibited by the whole liver homogenate was
found in the microsomal fraction (data not shown).

Evidence for the multiple nature of UDP glucur-
onyl transferase has been carefully examined by Dut-
ton [7, 8], who cautiously concludes that many UDP
glucuronyl transferases may exist. Even so, single
enzymes would be expected to have a limited speci-
ficity, and the utilization of a substrate may be inhi-
bited by closely related substances. The effects of
other closely related antithyroid drugs on the glucur-
onidation of PTU were examined with the results pre-
sented in Table 1. Thiouracil, a weak substrate for
the enzyme, produced a slight but statistically insig-
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Fig. 7. Effects of pH on PTU glucuronidation in Tris-HCI
buffered media.

Table 1. Effects of antithyroid drugs on PTU glucuronida-
tion in vitro*

Addition PTU glucuronide formed
(0.5 umole) {nmoles/mg protein)
None 491 + 0.24
Thiouracil 4.32 + 0.35 P <02
6-Methyl-thiouracil 4.60 + 0.31
Thiourea 450 4+ 0.32
MMI 3.88 +0.22 P < 0.02

* Incubation was with 0.1 umole of PTU substrate/0.31
ml for 1 hr. The antithyroid drugs were dissolved, with
warming, in buffer and appropriate buffer was added to
controls. The results shown are means + SE. of eight
determinations. P values were all obtained in comparisons
with controls.

nificant decrease in PTU utilization while MMI,
which was not used as a substrate at a measurable
rate, significantly inhibited PTU conjugation. The
mechanism of the MMI effect is not clear, since it
is not acting as a competitive substrate. However, this
compound is a relatively strong reducing agent and
may alter microsomal membrane conformation, the
mechanism by which many substances affect UDP
glucuronyl transferase activity in vitro [13, 14].

DISCUSSION

The data presented demonstrate that the anti-
thyroid drugs PTU and thiouracil are substrates for
a guinea pig liver microsomal enzyme which con-
verted them to the corresponding glucuronide. Since
conjugation did not occur in the absence of UDPGA
or of microsomal enzyme and the product of the reac-
tion was a p-glucuronide, the catalytic enzyme
appeared to be UDP glucuronyl transferase. MMI
was not a substrate for the enzyme and was not meta-
bolized at a measurable rate.

Papapetrou et al. [3] noted that the major metabo-
lite in bile after MMI administration was a glucur-
onide conjugate of an MMI metabolite. Since a glu-
curonide of unaltered MMI was not observed, they
concluded that MMI is conjugated only after pre-
vious conversion to another compound. The present
work fully supports this view since MMI was not
a substrate for the conjugating enzyme. This is the
second instance in which an enzyme readily utilizing
PTU and thiouracil as substrates does not metabolize
MML. Lindsay et al. [10] recently observed that PTU,
thiouracil and 6-methyl-2-thiouracil, but not MMI,
were S-methylated by mouse kidney thiol transmethyl-
ase. These differences demonstrate that the metabolic
pathways for peripheral metabolism of PTU differ
substantially from those of MMI.

Since PTU metabolism by guinea pig microsomes
was not measurable when UDPGA was absent from
the incubation medium and hydrolysis of PTU glu-
curonide released unaltered PTU, conjugation of an
existing group in the PTU molecule must have
occurred. PTU possesses four groups which may par-
ticipate in direct glucuronide conjugation. These are
the SH group at C-2, the enolic OH group at C-4
and either of the heterocyclic NH groups in the
thiourylene moiety. These groups represent some of



622 R. H. LINDSAY et ul.

the more uncommon sites of glucuronidation. Glu-
curonidation of heterocyclic nitrogen is especially rare
and the authors arc aware of only one report of
conjugation at this site and that involves glucuroni-
dation of the heterocyclic N of sulfisoxazole [16].
The N-glucuronides are unique in that they are gener-
ally not hydrolyzed by f-glucuronidase [15,17]. The
only report of f-glucuronidase hydrolysis of an
N-glucuronide appears to be that of Bridges et «l.
[18]. who found that sulfadimethoxine N'-glucur-
onide was a very poor substrate for the enzyme but
measurable hydrolysis did occur after 24-96 hr with
15,000--30,000 Fishman units of f-glucuronidase. The
PTU glucuronide formed in the present experiments
was almost completely hydrolyzed by 2500 Fishman
units f-glucuronidase in 1-2 hr, suggesting that the
site of glucuronidation was to a group other than
the heterocyclic nitrogen.

Glucuronide conjugation gencrally produces a
strongly acidic derivative which is morc water-soluble
at a physiological pH and is usually more rapidly
excreted than the parent compound. In addition. the
pharmacological activity of a drug is usually elimin-
ated or greatly diminished by glucuronidation. Direct
evidence that glucuronide conjugation of PTU drasti-
cally alters its antithyroidal activity has been pre-
sented by Lindsay et «l. [19]. who found that PTU
glucuronide was approximately 10 per cent as active
as PTU as an inhibitor of thyroid peroxidase.

Both PTU and MMI molecules contain the thiour-

S
ylene group (:N—é‘—N:), which accounts for
three of the four sites available for conjugation. The

S

thionamide (—ﬂ‘4N:) portion of this group is
essential for the antithyroid activity of the thiour-
ylene drugs. Substitution on the 2-sulfur atom abol-
ishes antithyroidal action [10,20,217. Substitution on
either of the nitrogen in the thiourylene group of thio-
hydantion reduced antithyroid activity but N-meth-
ylation of thiopyridone increased the antithyroid
effect [21]. Methyl substitution on the N-1 of PTU
abolished its inhibitory effects on thyroid peroxidase
although N-acetylation produced no alteration of its
inhibitory effect [19].

If conjugation to a site on the thionamide moicty
occurs, it is more likely to be to the S than to the
N since conjugation to a heterocyclic N is especially
rare and the PTU glucuronide is casily hydrolyzed
by f-glucuronidasc in contrast to N-glucuronides.
which are resistant to hydrolysis by this enzyme. In
addition, S-glucuronidation is more likely to account
for the loss of biological activity produced by conju-
gation and the absence of MMI utilization by the
enzyme than is N-glucuronidation. The potential for
involvement of the S of PTU in enzyme reactions
has been demonstrated with a thiol transmethylase
which S-methylated PTU [10]. A qualitative differ-
ence in the reactivity of the S of PTU and S of MMI
was also observed with the thiol transmethylase, since
MMI was not a substrate for the enzyme.

Unfortunately. direct evidence for glucuronidation
of the S of PTU has not been obtained, and although
this appears to be a very likely site for conjugation,
the cnolic OH of PTU cannot be ruled out. MMI

does not contain an enolic OH at C-4, and conjuga-
tion at this site could also account for the difference
in metabolism of PTU and MMI by guinea pig liver
UDP glucuronyl transferase.

PTU is approximately ten times more potent (com-
pared to thiouracil) in rats than in man [21} and
this difference may be related to glucuronide conjuga-
tion, which is a major pathway in both. Marchant
et al. [6,22] concluded that the rat and man have
a vastly different ability to conjugate PTU and have
suggested that this could contribute to the lesser effec-
tiveness of PTU in man [22].

Urinary excretion of PTU glucuronide results in
climination of the conjugate from the body. In con-
trast, the PTU glucuronide excreted in bile is almost
completely reabsorbed after first undergoing hydroly-
sis by S-glucuronidase in the gut [23], and fecal excre-
tion is very low [1,4]. Enterohepatic circulation of
PTU in the rat is well established. while its existence
in man has not been studied. Therefore, it is possible
that efficient cnterohepatic circulation rather than a
limited ability to conjugate PTU may account for the
persistence of PTU in the rat, with a half-life of 4 6
hr [2.4] compared to man with a half-life of 1.1 to
2.5 hr [24.25]. and may be a primary factor in the
greater effectiveness of PTU in rat than in man.

REFERENCES

1. R. H. Lindsay, J. B. Hill. K. Kelly and A. Vaughn,

Endocrinology 94, 1689 (1974).

. B. Marchant, W. D. Alexander. J. W. K. Robertson

and J. H. Lazarus, Metabolism 20, 989 (1971).

3. P. D. Papapetrou, B. Marchant. H. Gavras and W.
D. Alexander, Biochem. Pharmac. 21, 363 (1972).

4. D. S Sitar and D. P. Thornhill. J. Pharmac. exp. Ther.
183, 440 (1972).

5. M. L. Desbarats-Schonbaum, L. Endrenyi. E. Koves,
E. Schonbaum and E. A. Seller. Eur. J. Pharmac. 19,
104 (1972).

6. B. Marchant and W. D. Alexander. Endocrinology 91,
747 (1972).

7. G. ). Dutton, in Glucuronic Acid (Ed. G. J. Dutton),
p. 185, Academic Press, New York (1966).

8. G. 1. Dutton, in Handbhook of Experimental Pharma-
coloyy (Eds. B. B. Brodie, J. R. Gillette and H. S. Ack-
erman). Vol. 28,2, p. 378. Springer, New York (1971).

9. B. M. Pogell and L. F. Leloir, J. hiol. Chem. 236. 293
(1961).

10. R. H. Lindsay, B. S. Hulsey and H. Y. Aboul-Encin.
Biochem. Pharmac. 24, 463 (1975).

11. G. A. Levvy and J. Conchie, in Glucuronic Acid (Ed.
G. . Dutton), p. 301, Academic Press. New York
(1966).

12. O. H. Lowry. N. J. Rosebrough, A. L. Farr and R.
J. Randall, J. biol. Chem. 193, 265 (1951).

13. G. 1. Dutton, Biochem. Pharmac. 24, 1835 (1973).

i4. G. J. Mulder, Biochem. Pharmac. 23, 1283 (1974).

15. J. W. Bridges and R. T. Williams, Biochem. J. 83. 27p
(1962).

16. T. Uno and M. Kono, J. pharm. Soc. Japan 82. 1660
(1962).

17. M. Wakabayashi. in Metabolic Conjugation and Meta-
holic Hydrolysis (Ed. W. H. Fishman). Vol. 11, p. 570.
Academic Press. New York (1970).

18. J. W. Bridges. M. R. Kirby and R. T. Williams, Bio-
chem. J. 96, 829 (1965).

19. R. H. Lindsay, H. Y. Aboul-Enein, D. Morel and S.
Bowen. J. pharm. Sci. 63, 1383 (1974).

20. E. B. Astwood, A. Bissel and A. M. Hughes, Endocrino-
logy 37. 456 (1945).

12



Glucuronide conjugation of antithyroid drugs 623

21. M. A. Greer, J. W. Kendall and M. Smith, in The 23. C. H. Bastomsky and B. Marchant, Clin. Res. XX, 916

Thyroid Gland (Eds. R. Pitt-Rivers and W. R. Trotter), (1972).
Vol. 1, p. 357. Butterworths, Washington, D.C. (1964). 24. W. D. Alexander, V. Evans, A. MacAuley, T. F. Gal-
22. B. Marchant, W. D. Alexander, J. H. Lazarus, J. Lees lagher and J. Londono, Br. Med. J. 2, 290 (1969).

and D. H. Clark, J. clin. Endocr. Metab. 34. 847 (1972).  25. D. S. Sitar and D. B. Hunninghake. J. clin. Endocr.
Metab. 40, 26 (1975).



