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Abstract—Galactosamine treatment (400 mg/kg, i.p., 4 hr) markedly decreased the level of UDP-glucur-
onic acid (UDPGA) and 1-naphthol glucuronidation in perfused liver. In contrast, bilirubin glucuroni-
dation was not affected. In non-activated microsomes both I-naphthol and bilirubin glucuronidation
were dependent upon the concentration of UDPGA. In UDP-N-acetylglucosamine-activated micro-
somes, 1-naphthol glucuronidation remained dependent upon UDPGA whereas bilirubin glucuronida-
tion tended to be independent of UDPGA.

Carbon tetrachloride treatment (5 mi/kg, per os, 24 hr) strongly decreased 1-naphthol glucuronidation
in the intact liver without altering the leve! of UDPGA. Bilirubin glucuronidation was affected similarly
but to a lesser extent. In contrast. 1-naphthol glucuronidation in liver microsomes was increased under
these conditions. In the presence of UDP-N-acetylglucosamine and UDP, however, enzyme activity

in microsomes from CCl,-treated rats was lower than in control microsomes.
The results suggest a differential regulation of 1-naphthol and bilirubin glucuronidation and stress
the importance of intracellular effectors for glucuronidation in the intact liver.

Glucuronidation is a major pathway by which the
body inactivates and eliminates a wide variety of
foreign chemicals as endogenous substances[1]. In
previous papers[2,3] methods have been described
to study 1-naphthol and bilirubin glucuronidation in
the intact liver. In the present report the level of
UDP-glucuronic acid was altered by various treat-
ments and the microsomal membrane structure was
damaged by CCl, treatment in order to evaluate dif-
ferent factors influencing glucuronidation in vivo. The
influence of these treatments on glucuronidation of
I-naphthol and bilirubin was studied. The effects
observed in the intact liver were compared with
properties of UDP-glucuronyltransferase (1-naphthol
and bilirubin as substrates) in liver microsomes.

Part of this work has been presented in preliminary
form [4].

MATERIALS AND METHODS

1-[1-**C]naphthol (208 mCi/m-mole) and
(1'2,3,4,5,6,7,8-1*C) bilirubin (169 mCi/m-mole)
were obtained from Radiochemical Center, Amer-
sham,

Male Sprague-Dawley rats (200-250 g) were fed ad
lib. a standard diet containing 20 per cent protein
(Altromin, Lage-Lippe, Germany). Animals were
treated either with galactosamine-HCl (400 mg/kg,
i.p., for 3hr [5]), with orotic acid (1 g/kg, i.p., for

*Previous papers in the series are references [2] and [3].

+ Present address: Kowa company, Ltd., Higashimur-
ayama, Tokyo, Japan. |

1 Present address: Al Azhar University, Kairo, Egypt.

2 hr[5]) or with insulin (4 LU./kg, ip., for 2hr[6])
When the pretreated livers were perfused, S mM
galactosamine-HCl or 5 mM orotic acid, or 4 LU.
insulin, respectively, were added to 70 mi perfusion
medium at the start of perfusion. Carbon tetra-
chloride was dissolved in olive oil (1:1, v/v) and was
given orally at 1,3 and 5 ml CCl,/kg. Animals were
sacrificed after 24 hr [7].

Previously described methods were used for the
determination of 1-naphthol glucuronidation and sul-
fate ester formation in the isolated perfused rat liver,
for estimating UDP-glucuronic acid levels in liver tis-
sue and for the preparation of liver microsomes[2].
Bilirubin glucuronidation in perfused liver and in fis-
tula rats was estimated from the rate of appearance
of [**C]bilirubin conjugates in bile and the analysis
of labeled bilirubin conjugate according to Heirwegh
et al. [8] as described [3]. With this method bilirubin
glucuronidation can only be roughly estimated for the
following reason: under the conditions of diazotiza-
tion tetrapyrroles are split into two dipyrroles. Pure
bilirubin monoglucuronide would therefore yield azo-
dipyrrole and azodipyrrole glucuronide in a ratio of
1:1[9]. The ratio of azodipyrrole glucuronide plus
nonglucuronide polar azodipyrrole to azodipyrrole
was found to be about 7:3 in fistula bile [Table 2]
indicating that a high proportion of bilirubin was
conjugated at both propionic acid groups. The pro-
portion of bilirubin mono- and diconjugates with
glucuronic acid and other groups is unknown. thus
the proportion of glucuronic conjugates cannot be
predicted accurately. However, it can be clearly
shown whether glucuronic conjugates are decreased
or increased after treatment in comparison with con-
trol bile.
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Assay of UDP-glucuronyliransferase. Assays were
performed at 37 in a total volume of 1 ml containing
100 mM Tris-HCI (pH 7.4), 5 mM MgCl, as well
as different acceptor substrates as indicated. The
enzyme reaction was started by the addition of 3 mM
UDP-glucuronic acid.

In controls UDP-glucuronic acid was omitted. (a)
I-naphthol glucuronmdation: 0.5 mM I-naphthol dis-
solved in 0.25% (v/v) dimethylsulfoxide was incubated
with 0.04 ¢Ci 1-[1-"*CInaphthol and 1 mg microso-
mal protein of 0.2 ml liver homogenate (1:5. w/v).
After 0.5 to 2 min incubation the rcaction was
stopped by addition of 0.4 M trichloroacetic acid- 0.6
M glycine buffer. pH 2.2. Following centrifugation at
3000 ¢ for 5 min the supernatant was cxtracted with
8 ml chloroform to remove unreacted naphthol. The
radioactivity of the aqueous phase was determined
in Brays scintillation fluid [10]. Zero-time blanks
were subtracted. The rate of naphthol glucuronida-
tion was calculated from the total radioactivity of the
original naphthol solution which corresponded with
500 nmole 1-naphthol. The identity of the glucuronide
in the aqueous phase was verified by t.le. on cellulose
plates with ethanol -1 M ammonium acetate (9:1, v/v}
as the solvent system and by the detection of 1-naph-
thol after hydrolysis with fi-glucuronidase. (b) Biliru-
bin glucuronidation was determined according to Van
Roy and Heirwegh [11] as previously described [12]
except that 0.05 mM bilirubin was used.

Protein was determined according to Lowry ot
al.[13] using bovine scrum albumin as the protein
standard.

RESULTS AND DISCUSSION

1. Influence of UDP-glucuronic acid levels on 1-naph-
thol und bilirubin glucuronidation. The formation of
UDP-glucuronic acid is regulated primarily at the
level of UDP-glucose dehvdrogenase [14]. Similar
levels of UDP-glucuronic acid have been found in
vivo and in the perfused rat liver [2]. The level in
the perfused organ was not altered during prolonged
glucuronidation indicating that the regeneration of
the nucleotide could not be exhausted under our per-
fusion conditions. The level of UDP-glucuronic acid
can be decreased by the administration of galactosa-
mine which traps uridine nucleotides primarily as
UDP-galactose [5]. The decrease of UDP-glucuronic
acid could be reversed by the administration of orotic
acid the precursor of uridine nucleotides. It was there-
fore of interest to learn whether a high dose of orotic
acid may increase the nucleotide level above its nor-
mal value. Insulin treatment has been reported to in-
crease the hepatic UDP-glucuronic acid content by
an unknown mcechanism [6].

As shown in Table I, galactosamine treatment sig-
nificantly decreased the level of UDP-glucuronic acid
both in viro and in the perfused liver. Treatment with
orotic acid or insulin only slightly increased the nu-
cleotide level. Carbon tetrachloride treatment will be
discussed later. Under the conditions of treatment.
listed in Table 1, 1-naphthol glucuronidation was
determined. The formation of 1-naphthol glucuronide
was decreased in galactosamine-treated livers (Fig. 1).
The decrease in glucuronic acid conjugation was com-
pensated by increased sulfate ester formation. Treat-
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Table 1. Hepatic levels of UDP-glucuronic acid after
various treatments of rats
UDP-glucuronic acid levels
In perfused
In vivo liver
Treatment {umole/g liver)
Control 0.30 + 0.03 0.29 + 0.07*
Galactosamine 017 +£0.02 0.18%
(400 mg/kg i.p..
3hr)

Orotic acid
(1 g/kg i.p.,

038 + 0.03

2 hr)

Insulin 0.38 + 0.04
4 LU./’kg ip.
2 hr)

CCly (1 mi/kg. 0.35 + 0.05
per os 24 hr)

CCly (5 ml/kg. 0.27 + 0.05

per os 24 hr)

* data taken from reference [2]

UDP-glucuronic acid was determined in liver tissue.
cxcised under ether anesthesia, as described in Methods.
The mean + S.D. of 4 experiments is shown.

ment with orotic acid or insulin (data not shown)
slightly increased glucuronide formation. In contrast
to I-naphthol glucuronidation bilirubin glucuronida-
tion was not significantly altered by galactosamine-
treatment (Fig. 2). This was demonstrated in perfused
liver as well as in fistula rats (data not shown) no
matter whether a trace dose of ['*CJbilirubin or a
saturating concentration of bilirubin was used. Simi-
larly treatment with orotic acid or insulin did not
alter bilirubin conjugation. In order to exclude the
possibility that an altered glucuronide conjugation
was compensated by other conjugation pathways,
bilirubin conjugates in bile were analysed with the
method of Heirwegh et ul.[8]. Non-glucuronide con-
Jugates are shown collectively as discussed pre-
viously [3]. No significant alterations of bile pigment
composition were found after treatment with either
galactosamine, orotic acid or insulin (Table 2).

The differential effect of galactosamine on 1-naph-
thol and bilirubin glucuronidation in intact liver was
interesting since both reactions are dependent upon
the concentration of UDP-glucuronic acid when
assaycd in non-activated microsomes (Fig. 3). When
kinetic properties were studied in the presence of the
allosteric  activator, UDP-N-acetylglucosamine,
I-naphthol  glucuronidation remained dependent
upon UDP-glucuronic acid: bilirubin glucuronida-
tion. however, tended to be independent on the endo-
genous substrate in the physiological concentration
range. The latter finding confirms observations by
Vessey ef al. in guinca pig microsomes [15]. The fact
that bilirubin glucuronidation becomes practically in-
dependent of the UDP-glucuronic acid concentration
in the UDP-N-acetylglucosamine-activated form may
explain why galactosamine treatment has no effect on
bilirubin glucuronidation in the intact liver.

The results suggest that UDP-N-acetylglucosamine
is an important intracellular effector of the enzyme.
The differential effects of the allosteric cffector on
I-naphthol and bilirubin glucuronidation are in
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Fig. 1. Effects of treatment with galactosamine and orotic acid on the excretion of 1-naphthol conjugates

into the perfusion medium of the perfused rat liver. (A) Control; (B) galactosamine treatment (400

mg/kg, i.p., 4 hr); (C) treatment with orotic acid (1 g/kg, i.p., 3 hr). 1-Naphthol conjugates were deter-
mined as described in Methods. The mean of 4 experiments is shown.

favour of the hypothesis that these two substrates are
glucuronidated by different forms of UDP-glucur-
onyltransferase. There is accumulating evidence for
a multiplicity of this enzyme [1, 12, 16-19].

2. Influence of carbon tetrachloride treatment on glu-
curonide formation in the intact liver. Carbon tetra-
chloride is known as a hepatotoxic agent [20]. During
its metabolism a reactive radical is formed which
causes lipid peroxidation in the microsomal mem-
branes. Since the activity of microsomal UDP-glucur-
onyltransferase is constrained by the phospholipids
of the membrane [21] it was of interest to investigate
the effect of CCl, treatment on 1-naphthol and biliru-
bin glucuronidation in the intact liver. Conditions of
treatment were used which have been demonstrated
to cause stimulation of UDP-glucuronyltransferase
activity in liver microsomes [7]. As shown in Fig. 4,
a strong and dose dependent decrease of 1-naphthol
glucuronidation in perfused liver of CCl, treated rats
was found. At high doses sulfate ester formation was

also decreased but to a lesser extent. The low glucur-
onide formation was not due to a decreased level of
UDP-glucuronic acid (Table 1).

The effect of CCl, treatment in the intact liver is
in contrast to the stimulated enzyme activity in liver
microsomes. Therefore properties of the microsomal
enzyme were studied in more detail. Liver micro-
somes from CCl, treated rats were compared with
untreated controls (Table 3). UDP-glucuronyltrans-
ferase activity, without additions to the assay, was
higher than in controls. When the enzyme was fully
activated by the addition of 0.05%, (w/v) Triton X-100
initial glucuronidation rates were lower than in con-
trols. These findings confirm the results of Aitio [7]
who concluded that the enzyme is activated by CCl,-
treatment. Interestingly the enzyme could not be acti-
vated by UDP-N-acetylglucosamine in the CCl,-
treated group. It has been shown that UDP is an
effective product inhibitor in the absence of UDP-N-
acetylglucosamine. In its presence the K; for UDP

Table 2. Analysis of bilirubin conjugates in rat fistula bile after various treatments

Non-glucuronide Excretion of bili-

Azodipyrrole azodipyrrole rubin conjugates
Azodipyrrole glucuronide conjugates 3 hr after labeling
Treatment (% of radioactivity) (%, of dose)
Control 31 53 16 95
Galactosamine-HCl 37 53 10 95
(400 mg/kg, i.p.. 4 hr)
Orotic acid 34 59 7 92
(1 g/kg, i.p. 3hr)
Insulin 36 46 17 90
(4 1.U./kg, i.p., 3hr)
CCl, (3 ml/kg, 32 34 28 92
per o0s, 24 hr)
CCly (5 mi/kg, 29 28 34 92

per os, 24 hr)

Bilirubin conjugates were analyzed according to Heirwegh et al. [8] 3 hr after intravenous injection of 0.1 pCi [**CTbi-

lirubin. The mean of 3 experiments is shown.
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Fig. 2. Effect of galactosamine treatment on the biliary
excretion of bilirubin conjugates in the perfused rat liver.
(@) Control, (O) galactosamine treatment (400 mg/kg, i.p.
4hr). (A) 0.1 uCi [**CTbilirubin (=3.5 pg) was added to
the perfusion medium at zero time. (B} 25 mg bilirubin
was added together with [1*CJbilirubin. Bile was collected
every quarter hour and counted for radioactivity. The

mean + S.D. of 4 experiments is shown.

is markedly increased [223. This is also seen in Table
3 in the control group. However in the CCl,-treated
group UDP was an effective inhibitor even in the
presence of UDP-N-acetylglucosamine. These results
suggest that the allosteric effector has lost its regula-
tory properties in microsomes from CCl,-treated rats.
It is very likely that in these microsomes the con-
straint of UDP-glucuronyltransferase is released, and
that the release of the constraint is associated with
the loss of regulatory properties of UDP-N-acetylglu-
cosamine.
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It has been demonstrated previously that the
release of the constraint of UDP-glucuronyltransfer-
ase leads to a number of other alterations, c.g.. to
inhibition of the enzyme by other UDP-sugars [21].
This inhibition is probably caused by competition
between UDP-glucuronic acid and other UDP-sugars
for a common binding site. In the constrained form
the enzyme is specific for UDP-glucuronic acid. Lack
of activation by UDP-N-acetylglucosamine as well as
increased inhibition by UDP and possibly by UDP-
sugars may be dominant factors leading to the pro-
found decrease of 1-naphthol glucuronidation in the
intact liver after treatment with CCl,.

The total amount of bilirubin conjugates excreted
in tivers from CCl-treated animals was not signifi-
cantly different from that of controls described in Fig
2. However, when bilirubin conjugates in bile were

Table 3. Effect of CCl,-treatment on microsomal UDP-
glucuronyltransferase activity

UDP-glucuronyltransferase
(nmole/min/mg protein)

Additions to assay Control CCly-treated

None 31406 101 £ 25

None + UDP 18404 29 + 11

UDP-N-acetylgluc- 107 + 1.3 {14 416
osamine

UDP-N-acetylgluc- 93+ 1.5 45+ 19
osamine + UDP

Triton X-100 44.5 + 6.0 320+92

Triton X-100 + 256 + 4.5 227 + 4.2

upp

Rats were treated with 5 ml/kg CCl, per os. Liver micro-
somes were prepared after 24 hr and assayed for UDP-glu-
curonyltransferase activity as described in Methods. The
concentration of the nucleotides was 3 mM, that of Triton
X-100 0.05% (w/v). The mean + S.D. of 4 experiments
is shown.
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Fig. 3. Effect of UDP-N-acetylglucosamine on double reciprocal plots of initial rates of 1-naphthol

and bilirubin glucuronidation. (@) Control; (O) addition of 3 mM UDP-N-acetylglucosamine to the

assay. Liver microsomes were prepared and assayed for 1-naphthol and bilirubin glucuronidation as
described in Methods. The mean of 3 experiments is shown.
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Fig. 4. Effects of CCl, treatment of 1-naphthol glucuronidation in the perfused rat liver. (A) Control;
(By CCl, treatment (1 ml/kg); (C) CCl, treatment (3 ml/kg); (D) CCl, treatment (5 ml/kg). Livers
were hepatectomized and perfused after 24 hr. The mean of 3 experiments is shown.

analyzed with the method of Heirwegh et al. [8], bilir-
ubin glucuronides were significantly decreased and
concommittantly non-glucuronide conjugates were in-
creased (Table 2). Bile pigment composition was
altered similarly in postcholestatic bile which prob-
ably releases the constraint of UDP-glucuronyitrans-
ferase [3, 23]. Bilirubin glucuronidation was affected
less severely than 1-naphthol glucuronidation in livers
from CCly-treated rats, but the glucuronidation of
both substrates was decreased.

Treatment with galactosamine and CCl, have selec-
tive effects on glucuronide formation in the intact
liver. Galactosamine treatment reduces the level of
UDP-glucuronic acid without altering the constraint
of the microsomal enzyme. This was judged from the
activation by UDP-N-acetylglucosamine or Triton
X-100 which was similar to controls. Carbon tetra-
chloride treatment probably releases the constraint of
the enzyme but does not alter the hepatic level of
UDP-glucuronic acid. The experiments with liver
microsomes from CCl,-treated rats demonstrate the
importance of the constrained form of the enzyme
for glucuronide formation in the intact liver. Informa-
tion about the constraint may be conveniently
obtained by testing the activation by UDP-N-acetylg-
lucosamine.
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