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Abstract-The addition of digitonin or other detergents to liver microsomes from control and phenobar- 
bital-treated rats increased the rate of glucuronidation of bilirubin, testosterone, estradiol, estrone and 
estriol. The extent of activation by digitonin as well as the concentration of detergent causing maximal 
activation was substrate dependent. Treatment of rats with sodium phenobarbital (75 mg/kg/day, i.p.) for 
3 days significantly increased the glucuronidation of testosterone and estradiol per mg of protein but had 
no effect on estrone glucuronidation. Administration of O.l”,, sodium phenobarbital in the drinking water 
for 20 days increased bilirubin. testosterone and estrone glucuronidation per mg of protein, but had little 
or no effect on estradiol and estriol glucuronidation. When UDP-glucuronyl transferase activity was cal- 
culated ona per g liver (wet wt) basis. however. an increase in the glucuronidation of estradiol and estriol 
was seen; this increase could be accounted for by a large stimulatory effect of phenobarbital on the syn- 
thesis of total microsomal protein. Liver microsomes from homozygous Gunn rats, which are deficient 
in the ability to conjugate bilirubin, did conjugate testosterone, estradiol, estrone and estriol, but some 
substrates were conjugated more rapidly than others. The addition of digitonin to liver microsomes from 
the homozygous Gunn rat increased the glucuronidation of testosterone but not that of estrone. Microso- 
mal steroid glucuronidation in this animal was stimulated to varying degrees by the administration of 
sodium phenobarbital. The data suggest the presence of several glucuronyl transferases in liver micro- 
somes. 

Many endogenous and exogenous compounds are 

metabolized in the body by a conjugation reaction in- 
volving hepatic microsomal UDP-glucuronyl transfer- 
ase. This enzyme catalyzes the transfer of glucuronic 
acid from UDP glucuronic acid (UDPGA) to the agly- 
cone, which may be an alcoholic, phenolic, carboxylic 
or amino compound, with the resultant formation of 
the 0- or N-glucuronide. 

There is considerable evidence which suggests that 
a multiplicity of glucuronyl transferases exist in liver 
microsomes. This evidence is based on the ability of 
the homozygous Gunn rat and the cat to conjugate 
certain substances and not others [l-3], the separation 
of some glucuronyl transferase activities from each 
other during the course of purification [4.5]. the 
absence of mutual inhibition of glucuronidation 
between various substrates [6 lo] as well as the 
absence of mutual product inhibition [ 1 I], differences 
in the response of the rate of conjugation to metals and 
other compounds [S, 11-141, differences in submicro- 
somal distribution of activity for several substrates 
[IS, 163, and differences in the rates of age-dependent 
development of activity toward certain substrates 
[17. IS]. The demonstration that enzyme inducers 
such as sodium phenobarbital (PB) and 3-methylchol- 
anthrene have selective stimulatory effects on micro- 
somal glucuronyl transferase activities [3, lo] also sup- 
ports the concept of multiple glucuronyl transferase. 

In view of the many factors influencing liver micro- 
somal glucuronyl transferase activity. we compared the 

glucuronidation of bilirubin and several steroids by rat 
liver microsomes. The results of this study indicate that 
the conjugation of bilirubin, testosterone, estradiol, 
estrone and estriol is ditrerentially affected by such fac- 
tors as addition of detergents to microsomal enzyme 
preparations and PB treatment of the animals. Fur- 
thermore. differences in the ability of liver microsomes 
from homozygous Gunn rats to conjugate bilirubin 
and several steroids are demonstrated. 

METHODS 

Anids. Long Evans male and female rats (Blue 
Spruce Farms, Altdmont, N.Y.), male heterozygous 
Gunn rats, and male and female homozygous Gunn 
rats were fed a commerical diet (Purina Lab Chow) 
and water ud lib. PB was administered intraperi- 
toneally to 130-140 g Long Evans rats at a dose of 75; 
mg/kg/day for 3-4 days. In long-term experiments, 4s 
50 g Long Evans rats received PB (O.l’~;J in their drink- 
ing water for 20 days. This concentration of PB 
resulted in an average daily dose of 175 mg/kg. Malt 
and female homozygous Gunn rats (2O(f400 g) 
received PB (0.05”~~) in their drinking water for the 
same time period. The average daily dose of PB in 
these animals was 100 mg/kg. 

Prrpuration of rnictmonws. Liver microsomes were 
prepared from 33”/, homogenates in 0.05 M Tris buffer 
(pH 7.7) containing 1,15’,‘:, KC1 as previously described 

[19]. The microsomal pellets were resuspended in 
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I.1 5”,, KCI and recentrifuged to ensure complete remo- 
val of hemoglobin and the soluble fraction. The final 
microsomal pellets were layered with 0.02 M Tris 
buffer (pH 7.5) and stored frozen for l-7 days. Storage 
of microsomal pellets in this manner does not result in 
any significant loss of glucuronyl transferase activity. 
Before use. the microsomal pellets were thawed and 
suspended in 0.02 M Tris buffer (pH 7.5) to a con- 
centration equivalent to 1 g liver (wet wt) per ml. 
Except where noted, the microsomal suspensions were 
mixed with equal volumes of 0.02 M Tris buffer (pH 
7.5) or activated by mixing with equal volumes of the 
appropriate digitonin suspensions in Tris buffer. A 1’;;; 
digitonin suspension was used for estrone and estriol 
studies. a 4’J,, suspension was used for testosterone and 
estradiol, and a 7.5 per cent suspension was used for 
bilirubin. Further dilutions of all microsomal suspen- 
sions were made with 0.02 M Tris buffer (pH 7.5). 

Srwoid ylucuronidurion. Unactivated or digitonin- 
activated microsomal suspensions were incubated at 
37 with the various 14C-labeled steroids (0.13 mM) 
dissolved in methanol, UDPGA (5 mM) and MgCI, (5 
mM) in a final volume of 1.0 ml of 0.05 M Tris buffer 
(pH 8.0). The studies were done under conditions 
where the formation of steroid glucuronides was pro- 
portional to tissue concentration and incubation time. 
In cstrone and estriol studies, microsomes from 50 mg 
liver (wet wt) were used. The incubation times were 30 
and 15 min for unactivated and activated microsomes 
respectively. In testosterone and estradiol studies. un- 
activated microsomes (25 mg liver, wet wt) and acti- 
vated microsomes (2.5 mg liver, wet wt) were used, and 

the incubation time was 15 min. The protein con- 
centration in liver microsomes of control rats was 16 
I8 mg/g of liver (wet wt). The increase in microsomal 
protein resulting from PB treatment of the animals is 
described later under “Protein determination.” 

The rate of glucuronidation of the various steroids 
was measured by the method of Miller et (11. [20] with 
some modification. After incubation. unconjugated 
testosterone, estradiol or estrone was extracted twice 
for 15 min with 5 ml toluene in 15-ml shaking tubes. 
Unconjugated estriol was removed by three 15-min 
extractions with ether. After each extraction, the tubes 
were immersed in a dry ice-acetone bath to freeze the 
aqueous phase. The organic phase was removed each 
time and, after the last extraction, the aqueous phase 
was acidified with 0.25 ml of 4 N HCI. Five ml of a 
methylene chloride--isopropanol Hz0 (75 :25 :2) sol- 
vent mixture was added to each tube. and the glucur- 
onides were extracted by shaking for 15 min. A 2-ml 
portion of the organic phase was transferred to a scin- 
tillation vial and the radioactivity was quantified. 

Biliwhin glucuronidution A solution of bihrubin was 
prepared as previously described by Potrepka and 
Spratt [21] by rapidly dissolving 9.5 mg in 2.5 ml of 
0.2 N NaOH. This was followed by the addition of 7. I3 
ml water. Unactivated and digitonin-activated micro- 
somes equivalent to 50 mp liver (vvct ut) wcrc incu- 
bated at 37” for 30 and 15 min, rcspcctivcly, wtth bili- 
rubin (0.28 mM), UDPGA (5 mM) and MgCl, (5 mM) 
in a final volume of 0.5 ml of 0.05 M Tris buffer (pH 
7.4). The method used for measuring the bilirubin glu- 
curonide formed was essentially that described by 
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Fig. 1. Effect of various detergents on steroid glucuronidation by rat liver microsomea Male rats (136140 
g) received PB (75 mg/kg, i.p.) for 3 days. The detergents were added to liver microsomes in specific rattos 
of mg detergent/mg microsomal protein, Unactivated microsomal suspensions (@5 mg protein) or deter- 
gent-treated microsomal suspensions (0.05 mg protein) were incubated with ‘%I-testosterone or estradiol 

(0.13 mM), UDPGA (5 mM) and MgCI, (5 mM) at 37 for 15 min. The glucuronides were quantified as 
described under Methods. I, Cholate; 2, Triton X-100: 3, Emulgen 911 ; 4. Triton N-101 : 5, deoxycholate. 
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Black ct al. [22] with slight modification. The incuba- 
tion was terminated by adding 1 ml glycine-HC1 buffer 
(pH 2.8) to the incubation tubes, mixing the contents, 
and then transferring the tubes onto ice. After removal 
from the ice and allowing the samples to reach room 
temperature, 1 ml of freshly prepared diazo reagent 
was added. (This reagent was prepared by finely dis- 
persing 0.1 ml ethyl anthranilate in 10 ml of 0.15 M 
HCI and then adding, with shaking. 0.3 ml of 0,5”~,, 
NaNO, to the mixture.) The tubes were incubated for 
30 min at 37” and the diazotization reaction was ter- 
minated by adding 0.5 ml of freshly prepared 7”,, ascor- 
bic acid. The samples were then extracted with 5 ml of 
a 2-pentanone (redistilledtn-butyl acetate (85 : 15) 
mixture by shaking for 30 min. The azo-pigment-con- 
taining upper layer was pipetted into cuvettes and the 
absorbance at 530 nm was determined spectrophoto- 
metrically against a solvent mixture blank. The 
amount of bilirubin conjugated was calculated from 
the difference between the two readings by use of the 
molar extinction coefficient (44.4 x lo3 M ’ cm- ‘) as 
was previously determined [23]. 

Protein determimtion. Liver microsomal protein was 
determined by the method of Sutherland et trl. 1241. In 
the studies reported below, treatment of Long Evans 
rats with PB (75 mg/kg/day. i.p.) once daily for 3 days 
resulted in a 15 per cent increase in microsomal pro- 
tein per g wet wt of liver, while treatment for 20 days 
with O,l”;, PB in the drinking water resulted in a 45 per 
cent increase. In the Gunn rat, a 20 per cent increase 
in microsomal protein per g wet weight occurred as a 
result of long-term PB treatment (0,05”;, PB in the 
drinking water for 20 days). 

RESULTS 

i5flbct of rurious ilrtergrnts on steroid glucuronyl 
tmnsferasr uctiritJ~ in rut her microsomes. Several 
detergents were tested for their ability to increase the 
glucuronidation of testosterone and estradiol by rat 
liver microsomes. Various amounts of the detergents 
expressed as mg detergent per mg of microsomal pro- 
tein were combined with the microsomal suspensions 
prior to incubation with substrate. The activation pro- 
files for cholate, Triton X-100, Emulgen 911, Triton N- 
101 and deoxycholate are shown in Fig. 1 and indicate 
that maximal stimulation of testosterone and estradiol 
glucuronidation occurred in each case at ratios of 0.5 
mg detergent per mg of protein. Varying degrees of in- 
hibition were observed at higher concentrations for all 
the detergents except cholate, which was the least in- 
hibitory. 

&fict of digitonifl on the glucuronidation of hilirubin 
und wriaus steroids hi rut licrr micro.soms. Hepatic 
bilirubin glucuronidatron has been reported to be in- 
creased by treatment of enzyme preparations with digi- 
tonin [22,25,26]. In our studies the maximal increase 
in bilirubin conjugation occurred when 510”,, digi- 
tonin suspension was mixed with an equal volume of 
a microsomdl suspension. 
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Fig. 2. Effect of digitonin on steroid glucuronidation by rat 
liver microsomes. Male rats received O.I”;, PB in their drink- 
ing water for 20 days. Liver microsomal suspensions (equiv- 
alent to 1 g wet wt liver/ml) were combined with equal 
volumes of 0.5 to IO”,, digitonin suspensions in 0.02 M Tris 
buffer (pH 7.5). Incubation conditions and the assay for the 

glucuronides formed are described under Methods. 

Glucuronidation of testosterone, estradiol, estrone 
and estriol by liver microsomes from control and PB- 
treated rats was also measured as a function of digi- 
tonin concentration. The results shown in Fig. 2 indi- 
cate that there are marked differences in the extent of 
activation and the concentration of digitonin needed 
for maximal activation of these steroids. Estriol, 
estrone and testosterone were maximally conjugated 
by microsomes from control rats when a 1”~; digitonin 
suspension was added to an equal volume of a micro- 
somal suspension. The conjugation of estriol and 
estrone was inhibited at higher concentrations. When 
suspensions with a digitonin concentration greater than 
4 per cent were added to microsomes, estradiol conju- 
gation was markedly enhanced. Microsomes from PB- 
treated rats generally showed maximal conjugating 
activity at slightly higher concentrations of digitonin 
than did control microsomes, except in the case of 
estradiol conjugation where activity at the highest con- 
centration of digitonin was lower in microsomes by 
PB-treated animals than in microsomes from the con- 
trols. 
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Fig. 3. Efl’ect of Mg’+ on liver microsomal steroid glucur- 
onidation. Liver microsomes from male rats weighing 130 
g were activated with the appropriate digitonin suspensions 
as described under Methods. A l’j6 digitonin suspension 
was used for estrone and estriol studies, and a 4”,, digitonin 
suspension was used for testosterone and estradiol studies. 
Unactivated and activated microsomal suspensions were in- 
cubatcd with the various substrates and UDPGA in the 

presence of the indicated concentrations of MgCI,. 

Efl>ct ofMg2 + concmtr’ution OH steroid glucuronidu- 
tion by rut liver micro.sornrs. Divalent cations, such as 
Mg' + and Ca , 2-t have been shown to affect differen- 
tially the glucuronidation of various substrates [S, 12- 
141. Some investigators have reported a requirement 
for these metals, while others have demonstrated in- 
hibitory effects. In fact, the Mg”-induced increase in 
the rate of synthesis of bilirubin glucuronide was 
shown to be the result of an enhancement of bilirubin 
solubility and not the result of a direct effect on kinetic 
behavior of the glucuronyl transferase, as is the case 
with other substrates [13]. 

In view of these differential effects of the divdlent 
cations on glucuronidation, we thought it important to 
study their effects on the glucuronidation of the 
various steroids. The rate of steroid glucuronidation 
by unactivated microsomes was measured as a func- 
tion of Mg” concentration in the incubation mixture. 
The results shown in Fig. 3 indicate a partial require- 
ment for Mg’+ in steroid glucuronidation. 

E/f&t oftr.autment qf’rats with PBfor 3 days on hiliru- 
hirl am/ steroid glucuronidution. Rats were pretreated 

with PB (75 mg/kg/day, i.p.) once daily for 3 days. 
Twenty-four hr after the last injection, the animals 
were killed and liver microsomes were prepared and 
incubated with the various substrates and UDPGA as 
described under Methods. The results obtained with 
both unactivated and digitonin-activated microsomes 
are shown in Fig. 4. Significant increases in testoster- 
one and estradiol glucuronidation were observed with 
both activated and unactivated microsomes from the 
PB-treated rats. PB pretreatment had no stimulatory 
effect, however, on estrone or bilirubin conjugation 
when the data were expressed per mg of microsomal 
protein. 

E@ct oftreatment ofrats with PBfor 20 days on hili- 
ruhin and steroid glucuronidution. Male rats received 
O.lyO PB in their drinking water for 20 days. Bilirubin 
and steroid glucuronyl transferase activities in acti- 
vated and unactivated liver microsomes were deter- 
mined and the results are shown in Fig. 5. A significant 
stimulatory effect of PB on bilirubin glucuronidation 
was observed only when activated microsomes were 
used. while a decrease occurred with unactivated mic- 
rosomes. Other investigators havealso reported a stimu- 
latory effect of long-term PB treatment on liver 
microsomal biiirubin glucuronidation as compared to 
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Fig. 4. Effect of short-term PB treatment on glucuronyl 
transferax activity of rat liver microsomes. Male rats (I 30 
I40 g) received PB (75 mg’kg, i.p.) once daily for 3 days. The 
digitonin activation of liver microsomes and the incubation 
conditions are described under Methods. Unactivated and 
activated microsomes are indicated by U and A respectively. 
Each value is the average + S. E. obtained from three deter- 
minations (three rats per determination). * = P < 0.05: 

** = P < 0.01. 
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bilirubin, they are able to conjugate other substrates 
such as p-nitrophenol and chloramphenicol [1,3]. It 
was. therefore, of interest to determine whether liver 
microsomes from Gunn rats could metabolize steroids 
by glucuronidation. The results of this study (Table 1) 
show that marked differences occurred in glucuronida- 
tion by Gunn rat liver microsomes as compared to glu- 
curonidation by liver microsomes from normal or 
heterozygous Gunn rats. Although the ability to conju- 
gate bilirubin is absent in liver microsomes from the 
homozygous Gunn rat, the rate of testosterone glucur- 
onidation was only 21 per cent lower than in control 
rats. and the rate ofestrone glucuronidation was 48 per 
cent lower (Table 1A). 

An apparent absence of a digitonin-induced increase 
in estrone glucuronidation by homozygous Gunn rat 
liver microsomes was observed. This absence of digi- 
tonin activation resulted in a magnification of the dif- 
ference in enzyme activity (after digitonin treatment) 
between microsomes from Gunn rats and microsomes 
from control rats (Table 1B). The digitonin activation 
of testosterone glucuronidation was the same for both 
the homozygous Gunn rat and the control rat. Thus, 
in this case, the per cent difference in enzyme activity 
between the control and homozygous Gunn rat was 
not appreciably changed by digitonin. 
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Fig. 5. Effect of long-term PB treatment on glucuronyl 
transfcrase activity of rat liver microsomes from male rats. 
Rats (45-50 g) received O.l”,, PB in their drinking water for 
20 days. The digitonin activation of liver microsomes and 
the incubation conditions are described under Methods. 
Unactivated and activated microsomes are indicated by U 
and A respectively. Each value is the average _t S. E. 
obtained from three determinations (three rats per deter- 
mination). * = P < 0.05; ** = P < 0.02; *** = P < 0.01. 
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the lack of effect when PB is administered for a short 
period of time C2.271. 

A significant stimulatory effect of PB on testosterone 
and estrone glucuronidation was observed with both 
activated and unactivated microsomes (Fig. 5). In con- 
trast to the results in Fig. 4 showing an increase in 
estradiol glucuronidation after treatment with PB for 
3 days. no significant increase was observed after long- 
term PB treatment. Estriol glucuronidation was not in- 
creased by the 20-day treatment with PB. Similar 
effects of PB on the glucuronidation of bilirubin and 
the steroids were obtained when liver microsomes 
from female rats were used (Fig. 6). 

When the data from Fig. 5 (nmoles substrate conju- 
gdted/mg proteimmin) were expressed as /Imoles sub- 
strate conjugated/g liver/hr, a significant stimulatory 
effect of PB on the glucuronidation of bilirubin. testos- 
terone, estrone, estradiol and estriol was observed (Fig. 
7). Increases in the glucuronidation ofall the substrates 
by female rat liver microsomes were also observed 
when the data from Fig. 6 were similarly recalculated. 
These increases in glucuronidation are related to the 
increase in total microsorndl protein per g of liver 
caused by treatment of rats with PB. 

Steroid &muoniriatio~~ by liver ~uicr’oso~ws f&l 
hor77o2~gous Gum ruts. Although homozygous Gunn 
rats are genetically deficient in the ability to conjugate 

rr 
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Fig. 6. Effect of long-term PB treatment on glucuronyl 
transferase activity ofrat liver microsomes from female rats. 
Treatment of the rats and digitonin activation of liver mic- 
rosomes are the same as in Fig. 5. Unactivated and activated 
microsomes are indicated by U and A respectively. * = 

P < 0.02; ** = P < 0.01. 
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Fig. 7. EIYcct of long-term PB treatment on liver microso- 
mal glucuronyl transferase activity per g wet weight liver 
obtained from male rats. The conditions are the same as 
those in Fig. 5. Unactivated and activated microsomes are 
indicated by II and A respectively. Activity is calculated as 
mnoles substrate conjugated/g liver (wet wt);hr. * = 

P < WJl : ** = P < 0.02. 

‘1‘0 confirm the formation of testosterone glucur- 
onide by liver microsomes from homozygous Gunn 
rats, the method of Miller et al. [20] for estrone and 
estradiol was used with some modification. The 
radioactive metabolites which were not extracted with 
toluene but which were extracted into the methylene 
chloride-isopropanol-HLO (75 : 25 : 2) mixture after in- 
cubation of ‘*C-testosterone with liver microsomes of 
homozygous Gunn rats were reincubated at 37’ in 2 M 
acetate buffer with /I-glucuronidase at pH 5.0 for 18 hr. 
This incubation resulted in a marked increase in 
radioactivity which was extractable into toluene and 

Table 1. Glucuronyl transferase acti\sity of liver micro- 
somes from normal or heterozygous Gunn and homozygous 

Gunn male rats 

I ,it,c ,,,urcil 1,1,(‘)‘,1,011,“~ 
T~\tO\lU<XW I ,Y9 I 57 79 
EItronc (l-25 0 I 3 52 

Billruhln I, 

I<t,lwr<?l !,,IL.I.“C”,B‘T* 
Testosteronr 637 3-60 72 
r rrronc o-65 “- I Y 29 
I~,,II.Llhlll 0 35 0 0 

* Liver microsomal suspensions (1 g wet wt liver/ml) were 
mixed with equal volumes of the appropriate digitonin sus- 
pension (I’:,, for estrone, 4”,, for testosterone and 7.52, for 
bilirubin). Each value is the average obtained using two to 
three rats. 

represented unconjugated testosterone (Table 2). Incu- 
bation of the metabolites with fl-glucuronidase m the 
presence of saccharic acid 1.4-lactone, a specific inhibi- 
tor of the enzyme, resulted in the recovery of much less 
toluene-extractable radioactivity, but a substantial 
amount of radioactivity extractable into the polar 
methylene chloride-isopropanol-H,O mixture. Thus, 
the conversion of the polar conjugated products of tes- 
tosterone glucuronidation to unconjugated testoster- 
one by /I-glucuronidase was inhibited by saccharic acid 
1,4-lactone. These findings indicate that testosterone 
glucuronide is indeed formed during the incubation of 
homozygous Gunn rat liver microsomes with testos- 
terone and UDPGA. 

IZffect of PB on ylucuron_d tr.ansjiirase uctioity of liw 
micro.sowss ~~OIJI ko~~o~yqou.s Gum rats. Male and 
female homozygous Gunn rats received O.OSo/, PB in 
their drinking water for 20 days. Although PB 
administration did not enhance the conjugation of 
bilirubin by liver microsomes in the Gunn rat, varying 
increases in liver microsomal steroid glucuronidation 
were observed after PB treatment, with testosterone 
and estrone glucuronidation showing the most signifi- 
cant increases (Table 3). 

DISCUSSION 

Several studies have suggested that there are a multi- 
tude of liver UDP glucuronyl transferases with differ- 
ent substrate specificities [I-IS]. Although bilirubin 
conjugation has been studied extensively, relatively few 
comparative studies have dealt with the glucuronida- 
tion of steroid hormones and other normal body con- 
stituents. 

The studies described in this paper indicate that the 
glucuronidation of bilirubin and several steroids by rat 
liver microsomes is differentially affected by a number 
of factors such as detergent treatment of microsomal 
preparations, administration of PB to the rats, and the 
source of the liver microsomes (homozygous Gunn 
versus control rats). The extent of the detergent-in- 
duced increase in the glucuronidation of bilirubin and 
the steroid hormones was substrate dependent. The 
curves for glucuronidation activity versus con- 
centration of digitonin differed for bilirubin, estradiol, 
estrone, estriol and testosterone. The ability of deter- 
gent treatment of enzyme preparations to increase the 
UDPGA-dependent conjugation of many substrates in 
vitro has been well documented [20, 22,25, 26, 2X]. 
Our data showing that Trition X-100 enhances the 
microsomal glucuronidation of estradiol. however, are 
in contrast to those of Miller et aI. [20], who could not 
demonstrate this effect with estradiol as the substrate. 
Perhaps the ratio of detergent concentration to micro- 
somal protein concentration used in their studies was 
too low for maximal activation. In contrast to the en- 
hancement of bilirubin and steroid glucuronidation by 
treatment of liver microsomes with digitonin, the 6/I-, 
7c(- and lba-hydroxylation of testosterone by the 
mixed-function oxidase system was inhibited by 60 per 
cent after this treatment (unpublished observations). 
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Table 2. Evidence for testosterone glucuronide formation by liver microsomes from the homozygous Gunn rat* 

Radioactivity as nmoles of testosterone 
extractable into 

Treatment Toluene Methylene chlorideeisopropanolLHZO 

None 0 7.03 
/j-Glucuronidasc (3000 units) 6.83 0.20 
[Glucuronidass + saccharic acid 1,4-lactone (IO- “M) 2.16 4.87 

* Tcatostcrone-4-“C (123 nmoles) was incubated for 30 min with digitonin-activated microsomes from 5 mg liver from 
homorygous Gunn rat\. After removal of the substrate by two extractions with toluene. the metabolites were extracted 
mto methylene chloride~isopropanol- H,O (75: 25: 2). Two ml of the extract contaming the metabolites was WdpOmted to 

dryms and the residue was dissolved in 2 M acetate buffer. pH 5.0. The appropriate additions were made and the mixtures 
(14 ml final volume) were incubated for 18 hr at 37’. Following two toluene extractions. 0.25 ml of 4 N HCI was added 
to each tube and the contents were extracted with methylene chloride~isopropanol-Hz0 (72:25:2). The total toluene- 
extractable radioactivity and that extractable into the methylene chloride+isopropanol-Hz0 mixture was measured. 

Table 3. Effect of long-term phenobarbital treatment on glucuronyl transferase activity of unactivated liver microsomes 
from homozygous Gunn rats 

Testosterone Estrone Estradiol . Estriol 
Rats* Bilirubin (nmoles/mg protein:min) 

Mule 
C‘onlrol 0 I .39 0.23 0.72 0.30 
PB 0 2.80 0.42 1.28 0.44 
F<~Wll~ 
Control 0 I .40 0.24 0.96 0.31 
PB 0 2.72 0.46 I.40 0.49 

” Rata rcccibcd 0,05”,, phenobarbital in thclr drinking water for 20 daqs. Each value was obtained using two to three 
rats. 

Other investigators have also demonstrated an inhibi- 
tory action of detergents on liver microsomal mixcd- 
function oxidases [29-321. 

The data presented here and elsewhere [Xl] indicate 
that the rate of estradiol glucuronidation by rat liver 
microsomes was higher than that of estrone. Although 
these d;tta suggest the possibility that the alcohol hy- 
droxyl group m the I7/Gposition may be conjugated m 
the rat to a greater extent than the phenolic hydroxyl 
group in the 3-position. Brcuer and Wessendorf [33] 
demonstrated that in the rabbit the glucuronidation of 
estradiol occurs primarily at the 3-position. Further- 
more. estradiol-B-methyl ether is conjugated by rabbit 
liver microsomes to a lesser extent than is estrone [34]. 
It appears. therefore, that species differences exist in 
the rate of conjugation of the phenolic and alcoholic 
hydroxq groups in the 3- and 17/Cpositions, respect- 
ively, and/or that modification of the molecule at the 
I7l(-position may influence glucuronidation at the 3- 
position. It was of interest that pregnenolone and cor- 
ticosterone, steroids which contain alcoholic hydroxyl 
groups in positions other than the 17-position, were not 
conjugated to any appreciable extent bg !-at liver mic- 
rosomcs (unpublished observations). Interestinglq, in 
our studies, estriol. which has an alcoholic hydroxyl 
group in the Ihx-position in addition to hydroxyl 
groups in the 3- and 17/?-positions. was conjugated by 
rat liver microsomes more slowly than was estradiol 

and to the same extent as estrone. Slaunwhite clt (11. 
1351 have shown that the conjugation of radioactive 
estriol by human liver microsomes is inhibited by addi- 
tion to the incubation of unlabeled estrogens hydroxy- 
lated at the 16r-position, but not by the 3r-hydroxy- 
steroids, l6-epiestriol or estradiol. These data suggest 
that estriol may undergo glucuronidation by a glucur- 
onyl transferase different from the transferase(s) that 
conjugates certain other steroids. 

The administration of PB to rats for 3 days caused 
a small but significant increase in microsomal testos- 
terone and estradiol glucuronidation, but had no stimu- 
latory effect on estrone or bilirubin glucuronidation 
when the data obtained with digitonin-activated mic- 
rosomes were expressed as amount of glucuronidation 
per mg of microsomal protein. When rats were treated 
with PB over the course of 20 days, a different pattern 
of enzyme induction emerged. The stimulatory effect of 
PB on testosterone glucuronidation in this study was 
similar to thdt obtained after short-term treatment. 
However. estrone conjugation per mg of microsomal 
protein was induced. while cstradiol and estriol conju- 
gation was unaffected. An induction of bilirubin glu- 
curonidation was observed after the 20-day PB treat- 
ment only when digitonin-activated microsomes were 
used. When unactivated microsomes were incubated. 
the same decrease in specific enzyme activity occurred 
as in short-term PB experiments. The absence of an in- 
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ductive effect of PB on bilirubin conjugation by unacti- 
vated lni~roso~les might be attributed to a limited abi- 
lity of the biiirubin to reach a relatively nonaccessible 
gilicuronyl transhase in the intact mi~rosomal mem- 
brane. Other investigators have reported that PB does 
not stimulate the glucuronidation ofp-nitrophenol un- 
less activated enzyme preparations are used f36,37]. 

Althougll liver rn~cl~osoj~es from homt~~y~ous Gunn 
rats are totally deficient in tile ability to conjugate 
bilirubin. these microsomes are able to conjugate tes- 
tosterone: es&one, estradiol and estriol. The rate of 
es&one cun_jtI~atjon irk t+Wo was substantially lower in 
these animals than in heterozygous nonja~ind~e~d 
Gunn or normal rats, while the rate of testosterone 
conjugation was only slightly lower. Furthermore, 
digitonin trcatmcnt of microsomes from homozygous 
Gunn rats did not increase the rate of estrone conjuga- 
tion but did increase: the rate of testosterone conjuga- 
tion to the r&me extent as in hetcrozygous Gunn or 
normal rats. Zakim CT trl. [38J have demonstrated that 
phospholipase A and Triton X-100 have no effect on 
microsomal IT-nitrophcnol or o-aminophenol glucur- 
vnidation in the homozygous Gunn rat and have sug- 
gested that there may be a defect in micro-osomat phas- 
phoiipid structure in this ~tnimal. ~1~~0~~1~ this poss- 
ible defect lnight explain the lack of a digitonin effect 
on cstrone conjugation, it is apparently not a detcr- 
mining factor in the ability of the Gunn rat to conju- 
gate testosterone. Drucker [39) has shown that 
another steroid aplycone. tctrahydro~ort~sone, is con- 
jugated normally by homozygous Gunn rat liver mic- 
rosomes. 

The adrni~iistr~ition of PB to homozygous Gunn rats 
for 20 days was also shown in this paper to increase 
testosteroll~ and cstrone glu~uronjdation signi~c~~ntl~l* 
but in agreement with studies by other investigators 
[Z, 401. the metabolism of biliruhin was not stimulated. 

The many dif?ercnces in liver microsomal gfucuroni- 
dation of the various substrates described in this paper 
support the concept that a multitude of gh~~onyl 
transferases exist in liver microsomes. The results of 
these studies suggest that the glucuronyl transferase for 
bilirubin is different from the enzyme(s) that metabo- 
lizes testosterone, estradiol, estrone and estriol by glu- 
curonidation. However, direct evidence for multiple 
glucuronyl tnmsferases wilt only emerge from the solu- 
bilization and purification of each of these enzymes. 
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