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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 1-naphthol and bilirubin glucuronidation 
were dependent upon the concentration of UDPGA. In UDP-N-acetylglucosamine-activated micro- 
somes, l-naphthol glucuronidation remained dependent upon UDPGA whereas bilirubin glucuronida- 
tion tended to be independent of UDPGA. 

Carbon tetrachloride treatment (5 ml/kg. per OS. 24 hr) strongly decreased I-naphthol glucuronidation 
in the intact liver without altering the level of UDPGA. Bilirubin glucuronidation was affected similarly 
but to a lesser extent. In contrast. I-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 CC&-treated rats was lower than in control microsomes. 

The results suggest a differential regulation of I-naphthol and bilirubin glucuronidation and stress 
the importance of intracellular effecters 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 [ 11. In 
previous papers [Z, 31 methods have been described 
to study 1-naphthol and bilirubin glucnronidation 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 Ccl4 treatment in order to evaluate dif- 
ferent factors influencing glucuronidation in vitv. 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 

l-[1-‘4C]naphthol (20.8 mCi/m-mole) and 
(1’,2,3’,4,5,6’,7’,8-‘4C) bilirubin (16.9 mCi/m-mole) 
were obtained from Radiochemical Center, Amer- 
sham. 

Male Sprague-Dawley rats (20&250 g) were fed ud 
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 3 hr [5]), with erotic acid (1 g/kg. i.p., for 

*Previous papers in the series are references [2] and [3]. 
t Present address: Kowa company, Ltd., Higashimur- 

ayama, Tokyo, Japan. 
$ Present address: Al ‘Azhar University. Kairo, Egypt. 

2 hr [53) or with insulin (4 I.U.jkg, i.p., for 2 hr [6]). 
When the pretreated livers were perfused. 5 mM 
galactosamineeHC1 or 5 mM erotic acid, or 4 1.U. 
insulin, respectively, were added to 70 ml perfusion 
medium at the start of perfusion. Carbon tetra- 
chloride was dissolved in olive oil (1 :l, v/v) and was 
given orally at 1.3 and 5 ml CCl,/kg. Animals were 
sacrificed after 24 hr [7]. 

Prc\iously described methods were used for the 
dctcrmination of I-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 [Z]. 
Bilirubin glucuronidation in perfused liver and in fis- 
tula rats was estimated from the rate of appearance 
of [14C]bilirubin conjugates in bile and the analysis 
of labeled bilirubin conjugate according to Heirwegh 
et al. [S] 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 :l [9]. The ratio of azodipyrrole glucuronide plus 
nonglucuronide polar azodipyrrole to azodipyrrole 
was found to be about 7:3 in fistula bile [Table 21 
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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,1 WI)’ (4 I:Dl’-y/l/(.l~ro~l~~/fr(/1?.?fi~r(/.\~~. Assays were 
performed at 37 in ;I total \olumc of 1 ml containing 
100 mM Tris-HC’I (pH 7.41, 5 mM M&l? as well 
as dillcrent acceptor substrates as indicated. The 
enrymc reaction was started by the addition of 3 mM 
1’DP-glucuronic acid. 

In controls UDP-glucuronic acid was omitted. (a) 
I -napl~tl~ol glucuronidation : 0.5 mM I -naphthol dis- 
solhcd in 0.?5”,, (c ‘v) dimethylsulfoxide was incubated 
with 0.04 ICi I-[I-“C]naphthol and I mg microso- 
mal protein of 0.2 ml liver homogenate (I :5. w,‘v). 
After 0.5 to 1 min incubation the reaction was 

stoppcd I~! addition of 0.4 M trichloroacetic acid- 0.6 
M plycinc bu&r. pH 1.2. Following centrifugation at 
IWO<, for 5 min the supcrnatant WIS cxtructed with 
X ml chloroform to remove unreacted naphthol. The 
Iraclioactivit! of the ~C~LICX~LIS phase u as determined 
in Braqs scintillation fluid [lo]. Zero-time blank\ 
\+crt‘ subtracted. The rate of nuphthol glucuronida- 
tion NIIS calculated from the total radioactivity of the 
original naphthol solution which corresponded with 
500 nmolc I-naphthol. The identity of the glucuronidc 
in the aqt~cot~s phase has ccrificd by t.1.c. on cellulose 
plates with ethanol 1 M ammonium acetate (9:l. v. \ J 
as the solvent system and bq the detection of l-naph- 
thol after hydrol) sis with /I-glucuronidasc. (b) Biliru- 
bin glucuronidation aas dctcrmincd according to Van 
Ko\ and Hcirmegh [ 111 as previously described [ 121 
caccpt that 0.05 mM bilirubin was used. 

Protein was dctcrmined according to Lowry (‘I 
rrl. [ 131 using bovine serum albumin as the protein 
stainda-d. 

RkSL L1.S AND DISCL SSION 

I. I~~jhremcc of’C:DP-glucuroni~ rrcid lercls m 1 -naph- 
t/d ~td hilirhiu ~//lcc.lr~orlirltrtiorl. The formation of 
UDP-glucuronic acid is regulated primarily at the 
level of lJDP-glucose dehqdrogenase [ 141. Similar 
levels of UDP-glucuronic acid have been found in 
~,iro 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 nuclcotidc could not be exhausted under our per- 
fusion conditions. The level of UDP-glucuronic acid 
cm hc decreased hy the administration of galactosa- 
mint which traps uridine nuclcotides primarily as 
UDP-galactose [5]. The dccrcase of UDP-glucuronic 
acid could be reversed b\, the administration of erotic 
acid the precursor of urihinc nucleotidcs. It was there- 
fore of intcrcst to learn whcthcr a high dose of erotic 
acid IIXIJ increase the nucleotidc Ic\cl above its nor- 
mal \,aluc. Insulin treatment has been reported to in- 
crcasc the hcpatic UDP-glucuronic acid content by 
an unknown mechanism [h]. 

As shown in Table I. galactosamine treatment sig- 
nilicantlq decreased the level of UDP-glucuronic acid 
both i11 ~.ir.o and in the perfused liver. Treatment with 
erotic acid ot- insulin only slightly increased the nu- 
clcotidc Ic\cI. (‘al-bon tetrachloride treatment will bc 
di4cusscd later. L’nder the conditions of treatment. 
listed in ‘1~~1blc I. l-naphthol glucuronidation was 
dctermincd. The formation of I -naphthol glucuronide 
\&;I’\ dccrcascd in galactosaminc-trc~~tcd livers (Fig. 1 ). 
The dccrcasc in glucuronic acid conjugation was com- 
pcn\atcd b! incrcvscd sulfate ester formation. Treat- 

Treatment 

Control 
Galactosamine 

(400 mg:kg i.p.. 
3 hr) 

Orotic acid 
(I g!kg i.p., 
2 hr) 

Insulin 
(4 I.U.,‘kg i.p.. 
2 hr) 

C‘CI, (I mi;kg. 
,wr 0.5 24 hr) 

(‘Cl+, (5 ml;kg. 
pv 05 24 hr) 

I’DP-glucuron~ acid levels 
In perfuacd 

111 ?il.O liver 
(jfmole,g Ilver) 

0.30 * 0.03 0.29 * 0.07* 
0. I 7 & 0.02 0. I X* 

0.3x * 0.03 

0.3x & 0.04 

0.35 + 0.05 

0.27 i 0.05 

* data taken from reference [2] 
UDP-glucuronic acid was determined in liver tissue. 

excised under ether anesthesia, as described in Methods. 
The mean + SD. of 4 experiments is shown. 

ment with erotic acid or insulin (data not shown) 
slightly increased glucuronide formation. In contrast 
to I-naphthol glucuronidation bilirubin glucuronida- 
tion was not significantly altered by galactosaminc- 
treatment (Fig. 2). This was demonstrated in perfused 
liver 21s well as in fistula rats (data not shown) no 
matter whether a trace dose of [‘4C]bilirubin or a 
saturating concentration of bilirubin was used. Simi- 
larly treatment with erotic acid or insulin did not 
alter bilirubin con.jugation. In order to exclude the 
possibility that an altered glucuronidc conjugation 
was compensated by other conjugation pathways. 
bilirubin conjugates in bile were anulyscd with the 
method of Heirwegh c’t (I/. [Xl. Non-glucuronide con- 
jugates are shown collectively as discussed prc- 
Cously [3]. No significant alterations of bile pigment 
composition were found after treatment with either 
galactosamine, erotic acid or insulin (Table 2). 

The differential effect of galactosamine on I -naph- 
thol and bilirubin glucuronidation in intact liver was 

interesting since both reactions are dependent upon 
the concentration of UDP-glucuronic acid when 
assayed in non-activated microsomcs (Fig. 3). When 
kinetic properties were studied in the presence of the 
nllosteric activator. UDP-.‘V-acetylglucosamine. 
I-naphthol glucuronidation remained dependent 
upon IJDP-glucuronic acid: bilirubin glucuronida- 
tion. however. tended to be independent on the endo- 
genous substrate in the physiological concentration 
range. The Iattcr finding confirms observations by 
Vcsseq c’f LI/. in guinea pig microsomcs [ 151. The fact 
that bilirubin glucuronidation becomes practically in- 
dependent of the UDP-glucuronic acid concentration 
in the UDP-Ri-acetylglucosamine-activated form may 
explain why galactosamine treatment has no effect on 
bilirubin glucuronidation in the intact liver. 

The results suggest that L’DP-h’-acetylgltlc~~s~l~~~i~~c 
is an important intracellular cfl’cctor of the enzyme. 
The differential effects of the allosteric cffector on 
I -naphthol and bilirubin glucuronidation are in 



UDP-ghtcuronyhransferase in perfused rat liver 1295 

15 

1 

Sulfate Conjugation 
C 

MinIAleS MifWfes 

Fig. I. Effects of treatment \\ ith galactosamine and erotic 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 erotic 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 [I. 12, 16-191. 

2. l~jluerrcr cfcurhon 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 t-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 Ccl4 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 CC14- 
treated group. It has been shown that UDP is an 
effective product inhibitor in the absence of UDP-N- 
acetylglucosamine. In its presence the Ki for UDP 

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

Azodipyrrole 
Azodipyrrole 
glucuronide 

Non-glucuronide 
azodipyrrole 
conjugates 

Excretion of bili- 
rubin conjugates 

3 hr after labeling 

Treatment (% of radioactivity) (‘:I~, of dose) 

Control 
GalactosamineeHCl 

(400 mg/kg, i.p.. 4 hr) 
Orotic acid 

(1 g/kg, i.p., 3 hr) 
Insulin 

(4 I.U./kg, i.p., 3 hr) 
Ccl, (3 ml/kg, 

per OS, 24 hr) 
CCI, (5 ml/kg, 

per OS, 24 hr) 

31 53 16 95 
37 53 10 95 

34 59 I 92 

36 46 17 90 

32 34 28 92 

29 28 34 92 

Bilirubin conjugates were analyzed according to Heirwegh et al. [S] 3 hr after intravenous injection of 0.1 PCi [‘*C]bi- 
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. 
(0) Control, (0) galactosamine treatment (400 mg/kg, i.p.. 
4 hr). (A) 0.1 $2 [‘%Y]bilirubin (=3.5 j(g) was added to 
the perfusion medium at zero time. (B) 25 mg bilirubin 
was added together with [“%I]bilirubin. Bile was collected 
every quarter hour and counted for radioactivity. The 

mean t SD. of 4 experiments is shown. 

is markedly increased [22]. 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 ailosteric effector has Iost its regula- 
tory properties in microsomes from CC&-treated rats. 
It is very likely that in these microsomes the con- 
straint of UDP-glucuronylt~~sferase is released, and 
that the release of the constraint is associated with 
the loss of regulatory properties of UDP-N-acetylglu- 
cosamine. 

l/v 

ta 7 
I- Naphthol Gfucuronidation 

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 [Zl]. 
This inhibition is probably caused by competition 
between UDP-glucuronic acid and other UDP-sugars 
for a common binding site. In the constr~~~ned form 
the enzyme is specific for UDP-~lucuroni~ acid. Lack 
of activation by UDP-~~-~tcetylglucosamine as well as 
increased inhibition by UDP and possibly by UDP- 
sugars may be dominant factors leading to the pro- 
found decrease of I-naphthol glucuronidation in the 
intact liver after treatment with CC14. 

The total amount of bilirubin conjugates excreted 
in liscr% from C<‘l,-trc;ttcd :rninials w:ts not sipniti- 

canti! difkrcnr fi-om that of’ controls dcscrihcd in Fig. 

2. However. when bilirLibiI1 conJugates in bile WIT 

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

Additions to assay 

UDP-glucuronyltransferase 
(nmole,Imin/mg protein) 

Control Ccl,-treated 

None 
None + UDP 
U DP-N-acetylgiuc- 

osamine 
UDP-N-acetylgluc- 

osamine + UDP 

Triton X-100 
Triton X-100 + 

UDP 

3.1 + 0.6 10.1 f 2.5 
1.8 * 0.4 2.9 f 1.1 

10.7 t_ 1.3 11.4 * 1.6 

9.3 + 1.5 4.5 + 1.9 

44.5 _+. 6.0 32.0 + 9.2 
25.6 9 4.5 22.1 + 4.2 

Rats were treated with 5 ml/kg CCL, per ns. 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 0.057(, (w/v). The mean + SD. of 4 experiments 
is shown. 

l/v 

Biliru bin Glucuronidotion 

Fig. 3. Effect of UDF-N-acetylgiucosamine on double reciprocat plots of initial rates of I-naphthol 
and bilirubin glucuronidation. (0) Control; (0) addition of 3 mM UDP-~-acetylglucosamine to the 
assay. Liver microsomes were prepared and assayed for I-naphthol and bilirubin glucuronidation as 

described in Methods. The mean of 3 experiments is shown. 
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Fig. 4. Effects of Ccl4 treatment of 1-naphthol glucuronidation in the perfused rat liver. (A) Control; 
(B) Ccl., treatment (1 ml/kg); (C) CCL, treatment (3 ml/kg); (D) CCIL treatment (5 ml/kg). Livers 

were hepatectomized and perfused after 24 hr. 

analyzed with the method of Heirwegh rt al. [S], bilir- 2 
ubin glucuronides were significantly decreased and 
concommittantly non-glucuronide conjugates were in- 3 
creased (Table 2). Bile pigment composition was 
altered similarly in postcholestatic bile which prob- 4 
ably releases the constraint of UDP-glucuronyltrans- 
ferase [3,23]. Bilirubin glucuronidation was affected 

5, 

less severely than 1-naphthol glucuronidation in livers 6 
from CC&treated rats, but the glucuronidation of 
both substrates was decreased. 

Treatment with galactosamine and Ccl, have selec- 7 
tive effects on glucuronide formation in the intact 8. 
liver. Galactosamine treatment reduces the level of 
UDP-glucuronic acid without altering the constraint 9. 
of the microsomal enzyme. This was judged from the 
activation by UDP-N-acetylglucosamine or Triton 

10. 
11. 

X-100 which was similar to controls. Carbon tetra- 
chloride treatment probably releases the constraint of 12, 
the enzyme but does not alter the hepatic level of 
UDP-glucuronic acid. The experiments with liver 13. 
microsomes from Ccl,-treated rats demonstrate the 
importance of the constrained form of the enzyme 14. 

for glucuronide formation in the intact liver. Informa- 
tion about the constraint may be conveniently 

1 5, 

obtained by testing the activation by UDP-N-acetylg- 
lucosamine. 

16. 

17. 
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