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ABSTRACT

The potential role of prolactin in modulating hepatic UDP-
glucuronosyltransferase (UGT) activity was studied. Ovariecto-
mized adult female rats were treated with ovine prolactin (0PRL)
at doses of 150, 200, 260 and 310 ng/100 g b.wt. per day, for
4 days. Enzyme assays were performed in native and activated
microsomes with p-nitrophenol as substrate. Activation was
achieved either by including UDP-N-acetylglucosamine in the
incubation mixtures or by preincubating native microsomes
with palmitoyl-lysophosphatidylcholine. Data obtained with
UDP-N-acetylglucosamine as activator showed that increasing
doses of oPRL produced a progressive increase in enzyme
activity up to a maximum of about 35% over basal values.

Immunoblotting of microsomal protein with anti-UGT antiserum
revealed also a dose-dependent increase in the immunoreac-
tive protein. A kinetic method for measuring glucuronidating
enzyme content confirmed the result of the immunoblot. oPRL
induced minor changes in the physicochemical properties of
the microsomal membrane. Consistent with this observation,
studies performed with palmitoyl-lysophosphatidyicholine as
activator showed no change in UGT latency, suggesting that
the functional characteristics of the enzyme were not substan-
tially affected by oPRL. The current data support the conclusion
that prolactin may act as a modulator of UGT activity by in-
creasing the amount of enzyme.

UGTSs are a group of isozymes of 50 to 60 kDa localized
primarily in the hepatic endoplasmic reticulum (Tephly and
Burchell, 1990). The UGT superfamily is responsible for the
glucuronidation of potentially toxic endobiotics and xenobi-
otics, thereby facilitating their transport to and excretion in
bile (Burchell et al., 1991). In rats, at least three of these
isozymes are involved in glucuronidation of a wide variety of
planar phenols (Burchell, 1993). Hepatic conjugation of o-
aminophenol and p-nitrophenol, two of these compounds,
appears to be influenced by sex hormones (Mulder, 1986) and
by pregnancy and lactation (Borlakoglu et al., 1993; Luquita
et al., 1994). The UGTs are partially constrained and have
complex regulatory properties that depend, in part, on inter-
actions between the enzyme and its membrane environment
(Zakim and Dannenberg, 1992). Thus, changes in UGT ac-
tivity could be associated with changes not only in the
amount of enzyme but also in its functional state, with the
latter being usually evaluated as the degree of enzyme con-
straint (latency). We found that the enhancement in p-nitro-
phenol UGT activity during lactation was due to both an
increase in the number of catalytic units and an improve-
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ment in the functional state of the enzyme. Although the
latter finding was also observed in nonlactating mother rats,
the increase in the number of catalytic units was associated
exclusively with the newborn suckling stimulus (Luquita et
al., 1994). This raises the possibility that a modification in
prolactin levels or another mechanism related to this stimu-
lus could enhance the amount of UGTs conjugating p-nitro-
phenol.

The present work studies the potential role of prolactin in
modulating p-nitrophenol UGT activity. For this purpose,
enzyme activity and the physicochemical properties of the
membrane were evaluated in hepatic microsomes from ovari-
ectomized rats treated with oPRL. Ovariectomized rats have
been extensively used to study the regulation of prolactin
secretion by the pituitary gland, as well as the effects and
mechanism of action of the hormone (Vermouth and Deis,
1974; Tesone et al., 1984; Moy and Lawson, 1992). Ovariec-
tomized rats were also used as a model of post-partum rats
(Liu et al., 1992; Liu et al., 1995), because removal of the
ovaries decreases estrogen and progesterone levels (Smith
and Neil, 1977) and eliminates the endogenous prolactin
variations associated with the estrous cycle (Amenomori et
al., 1970). Evidence is presented here supporting the hypoth-
esis that prolactin acts as a modulator of p-nitrophenol UGT
by regulating the amount of enzyme.

ABBREVIATIONS: DPH, 1,6-diphenyl-1,3,5-hexatriene; oPRL, ovine prolactin; PLPC, palmitoyl-lysophosphatidyicholine; UDP-N-AG, UDP-N-
acetylglucosamine; UDPGA, UDP-glucuronic acid; UGT, UDP-glucuronosyltransferase.
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Materials and Methods

Chemicals. UDPGA (ammonium salt), UDP-N-AG (sodium salt),
p-nitrophenol, D-saccharic acid-1,4-lactone, PLPC, oPRL and DPH
were from Sigma Chemical Co. (St. Louis, MO). All other reagents
were of the highest grade commercially available.

Animals. Adult female Wistar rats weighing 200 to 250 g were used
throughout. They were fed ad libitum on a standard laboratory pellet
diet and were allowed free access to water. All animals were ovariecto-
mized at 14 to 15 weeks of age and randomly divided into five experi-
mental groups: control rats (which were sacrificed 25 days after ovari-
ectomy) and rats receiving daily s.c. doses of 150, 200, 260 and 310 ug
oPRL/100 g b.wt. (PRL,, PRL,, PRL, and PRL, groups, respectively),
injected every 8 hr for 4 consecutive days, starting 21 days after ovari-
ectomy. The last dose was administered 4 to 5 hr before sacrifice.
Animals from the control group were given injections of the vehicle for
oPRL (0.9% NaCl/25 mM Tris-HC], buffered to pH 7.6).

Isolation of microsomes. Animals were sacrificed by exsangui-
nation and liver microsomes were obtained as previously described
(Catania et al., 1995). Blood samples were allowed to clot at room
temperature and the corresponding sera were separated and stored
frozen (—20°C) until assayed for endogenous prolactin. The protein
content of microsomal preparations was determined by the biuret
method (Gornall et al., 1949) and then adjusted to about 12 mg/ml
before enzyme assays.

Activation of microsomes with lysophosphatidylcholine. Pre-
incubation of native microsomes with an excess of PLPC serves to
abolish possible differences in membrane lipid composition between
groups and was used both to evaluate UGT latency and to estimate the
number of catalytic units (Dannenberg et al., 1992; Catania et al., 1995).
For the latter purpose, V., toward UDPGA was calculated in all
experimental groups. The optimal concentration of PLPC was deter-
mined as described previously (Luquita et al., 1994), resulting in a
PLPC/protein ratio of 0.10:1 (w/w) that was used throughout this work.

Enzyme assay. Procedures to determine p-nitrophenol glucu-
ronidation in native, UDP-N-AG-activated and PLPC-activated mi-
crosomes, as well as the kinetic study of UGT in PLPC-activated
preparations, were as reported previously (Catania et al., 1995).

Immunoblot analysis of microsomes. Immunoblotting was
performed with antiserum raised against a phenol-conjugating iso-
form of UGT, as described previously (Catania et al., 1995). Immu-
noreactive protein bands were quantified by densitometry (CS-9000;
Shimadzu, Kyoto, Japan).

Lipid analysis. Microsomal lipids were extracted by the proce-
dure of Folch et al. (1957). Phospholipids were separated by thin
layer chromatography as described (Neskovic and Kostic, 1968).
Total cholesterol was determined by the cholesterol oxidase method
(Omodeo-Sale et al., 1984). Lipid phosphate content was measured
by the method of Chen et al. (1956). Fatty acid composition was
determined by gas-liquid chromatography of the corresponding
methyl ester derivatives (Metcalfe et al., 1966), as reported previ-
ously (Luquita et al., 1994).

Polarization studies. Steady-state fluorescence anisotropy of
DPH (r) was measured as described previously (Luquita et al., 1994).

Determination of rat prolactin. Serum prolactin was measured
(Carén et al., 1994) to establish whether treatment of animals with
oPRL could affect endogenous hormone levels.

Statistical analysis. All data were presented as mean * S.D.
Statistical analysis was performed by using the Newman-Keuls mul-
tiple-range test (Tallarida and Murray, 1987), which includes anal-
ysis of variance. Values of P < .05 were considered to be statistically
significant.

Results

UGT activity in UDP-N-AG-activated microsomes.
Figure 1 shows p-nitrophenol UGT activities measured in the
presence of UDP-N-AG as enzyme activator. Treatment of
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Fig. 1. p-Nitrophenol glucuronidation rate in ovariectomized control
rats (open bar) and in ovariectomized rats receiving daily doses of 150,
200, 260 and 310 ug oPRL/100 g b.wt. (PRL,, PRL,, PRL; and PRL,,
respectively) for 4 consecutive days (closed bars). UGT assays were
carried out in the presence of UDP-N-AG (2 mM) and fixed concentra-
tions of p-nitrophenol (0.8 mM) and UDPGA (3.6 mM). Data are ex-
pressed as the mean + S.D. of four or five rats per group. One-way
analysis of variance followed by Newman-Keuls test showed a signif-
icant group effect (P < .01). a, significantly different from controls and

PRL, (P < .05). b, significantly different from controls, PRL, and PRL,
(P < .01).

Controls
PRI
PRI
PRLg
PRI

ovariectomized animals with oPRL produced a progressive
increase in the p-nitrophenol-glucuronidating capacity up to
the dose of 260 1g/100 g b.wt. Administration of a higher dose
of oPRL (310 ng/100 g b.wt.) did not further increase enzyme
activity.

Estimation of the amount of UGT. As shown in figure 2,
immunoblot analysis revealed more immunoreactive protein
in PRL, (about 30% increase), as well as in PRL; and PRL,
(about 60% increase), compared with control females and
PRL,. As stated previously (Dannenberg et al., 1992; Catania
et al., 1995), the antiserum used here cross-reacts with mul-
tiple isoforms of UGT. Because we were interested specifi-
cally in the isozymes conjugating p-nitrophenol, it was nec-
essary to use a second approach to compare the amounts of
UGT in all experimental groups. The estimation of the V.,
at infinite UDPGA concentration, with microsomes preincu-
bated with an excess of PLPC (which reflects the sum of all
V nax values from the individual transferase isoforms), con-
firmed the results of the immunoblot. As shown in table 1,
V. nax toward UDPGA was higher in PRL, (about 16%) and in
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Fig. 2. Western blot analysis of the amount of UGT detected in pooled
microsomes from ovariectomized control rats (lane 1) and ovariecto-
mized rats receiving daily doses of 150, 200, 260 and 310 ng oPRL/100
g b.wt. (lanes 2 to 5, respectively) for 4 consecutive days. Equal
amounts of total microsomal protein (10 ug) were loaded in all lanes.
Densitometry was performed on total immunoreactive UGT as de-
scribed under “Materials and Methods.” The corresponding areas are
as follows: controls, 1000; PRL,, 1018; PRL,, 1315; PRL;, 1585; PRL,,
1623 arbitrary units.
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TABLE 1
Apparent kinetic constants toward UDPGA for control and oPRL-treated rats

Kinetic parameters for UDPGA were determined by using variable concentrations of this substrate (0.6-12.0 mM) and a fixed concentration of p-nitrophenol (0.8 mM).
Microsomes were incubated with PLPC at a detergent/protein ratio of 0.10:1 (w/w). oPRL was administered at daily doses of 150, 200, 260 and 310 ng oPRL/100 g
b.wt. (PRL,, PRL,, PRL; and PRL,, respectively) for 4 consecutive days. Data are expressed as mean *+ S.D. of four to seven rats per group. One-way analysis of

variance followed by Newman-Keuls test showed a significant group effect for V.o, (P < .01) but not for K,,, (P > .05).

Controls PRL, PRL, PRL; PRL,
Vimax (NMol/min per mg microsomal protein) 52+3 55+ 4 60 = 420 70 + 5° 73 + 6°
K,, (mM) 12*02 1.0+ 0.1 1.2+ 0.1 1.1 *x02 1.0+ 0.1

# Significantly different from controls (P < .01).
® Significantly different from PRL, (P < .05).
¢ Significantly different from controls, PRL, and PRL, (P < .01).

PRL; and PRL, (about 40%) than in ovariectomized females
and PRL,. K, was unaffected by prolactin. In agreement
with the UGT activities measured in UDP-N-AG-activated
microsomes (fig. 2), the amount of enzyme (V,,,,) reached a
maximum at the dose of 260 ug/100 g b.wt.

Lipid composition and UGT latency. UGT is a mem-
brane-bound system and it is widely accepted that the phys-
icochemical properties of the microsomal membrane repre-
sent one of the principal factors regulating its functional
state (Zakim and Dannenberg, 1992). Microsomal lipid com-
position in the aforementioned groups is shown in table 2.
The cholesterol/phospholipid molar ratio remained virtually
unchanged except in the PRL, group, which exhibited a
slight increase, compared with controls. No significant differ-
ence was found in the relative content of phosphatidylserine,
phosphatidylinositol, sphingomyelin, phosphatidylcholine or
phosphatidylethanolamine among groups (data not shown).
Concerning total fatty acids, prolactin treatment did not
significantly affect the unsaturation index, although an ap-
parent decrease in the relative content of the 16:1 and 16:2
fatty acids was detected.

The value of fluorescence anisotropy (r) of DPH in the
control group (0.110 *+ 0.003) was not affected by prolactin
(data not shown). This result is consistent with the slight
modification detected in the lipid composition of the mem-
branes.

Lipid composition could modulate the function of UGT via
direct interactions of individual constituents inserted in the
lipidic annulus of the enzyme. The membrane parameters
studied here reflect the characteristics of the whole mem-

TABLE 2
Lipid composition of microsomal membranes

brane and do not necessarily apply to the enzyme microen-
vironment. Therefore, it was necessary to introduce a func-
tional study of the enzyme, such as the estimation of its
latency. This parameter reflects the average degree of re-
striction of the isozymes involved in the conjugation of p-
nitrophenol to express their activities and can be estimated
by the percent increase in UGT activity produced by a mem-
brane perturbant (for instance, PLPC) (Catania et al., 1995).
We found that oPRL treatment did not affect UGT latency
(data not shown), suggesting that hormone-induced modifi-
cations in membrane lipid composition do not substantially
affect the enzyme functional state.

Rat prolactin. The basal serum level of endogenous pro-
lactin in ovariectomized rats (31 * 9 ng/ml, n = 3) was not
affected by the administration of oPRL. The mean hormone
concentration for all treated groups was 35 * 11 ng/ml (n =
9). Thus, differences between groups in UGT activity seem to
be related exclusively to the different doses of oPRL. Simi-
larly, Liu et al. (1992) found that continuous infusion of oPRL
did not affect endogenous prolactin levels.

Discussion

Lactation increases bile flow (Klaassen and Strom, 1978;
Muraca et al., 1984; Liu et al., 1992) and biliary excretion of
bile acids and some xenobiotics (Kilpatrick et al., 1980; Bolt et
al., 1984; Liu et al., 1992) and induces changes in some Phase
I (Borlakoglu et al., 1993) and Phase II (Luquita et al., 1994;
Luquita et al., 1995) detoxifying systems. The enhancement
observed in p-nitrophenol UGT activity during lactation has

oPRL was administered at daily doses of 150, 200, 260 and 310 ug oPRL/100 g b.wt. (PRL,, PRL,, PRL; and PRL,, respectively) for 4 consecutive days. Data are
as mean * S.D. of four to seven rats per group. One-way analysis of variance followed by Newman-Keuls test showed a significant group effect for

cholesterol/phospholipid ratio (P < .01) and fatty acids 16:1 and 16:2 (P < .01).

Controls PRL, PRL, PRL; PRL,
Cholesterol/phospholipid ratio (mol/mol) 0.11 + 0.01 0.12 = 0.02 0.12 + 0.02 0.12 + 0.01 0.13 * 0.01¢
Fatty acid composition (% weight)
16:0 186 = 1.7 183 + 29 18521 189+ 29 19.5 23
16:1 29+1.0 1.4 +0.8° 1.8 +0.2° 1.9 + 0.3 1.3 £ 0.6°
16:2 18 0.7 1.0 + 0.3° 1.1 +0.2° 09 +0.2° 0.6 = 0.1°
18:0 32415 314 +20 328+ 15 32.1+08 303 2.2
18:1 6.9 + 0.3 75*03 74+04 6.9 + 04 7004
18:2 10.1 = 0.8 119=*14 106 = 1.0 104 1.2 108 = 1.2
18:3 25+0.9 25*0.9 22 +0.7 18+ 05 21*09
20:3 25+04 21+0.2 21 +06 18+0.7 2705
20:4 21027 227+ 438 221+ 35 240*24 245+ 40
22:6 1.8*07 1404 14 0.7 13*05 1.2+ 06
(VAR 1.36 + 0.05 1.41 = 0.06 1.38 = 0.08 1.39 = 0.07 1.43 + 0.07

# Significantly different from controls (P < .05).
® Significantly different from controls (P < .01).

¢ U.l. (unsaturation index) = 2n; x/FA, where n, is the number of double bonds in each fatty acid, x; is moles of each fatty acid, and FA is total moles of fatty acid.
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been attributed to both a decrease in enzyme constraint and
an increase in the number of catalytic units (Luquita et al.,
1994). Although changes in enzyme constraint (which
seemed to be associated with changes in the physicochemical
properties of the microsomal membrane) were independent of
lactation, modification of the amount of enzyme appeared to
depend exclusively on the newborn suckling stimulus. Be-
cause serum prolactin levels are clearly increased during
lactation, we studied here the effect of this hormone on he-
patic p-nitrophenol glucuronidation.

Different approaches allowed us to clarify the action of
prolactin. To estimate the actual conjugating capacity of
hepatocytes, enzyme activity was first determined in micro-
somes activated with UDP-N-AG. It was suggested that
UDP-N-AG may be a key physiological activator of the en-
zyme due to its modulatory effect on rate-limiting transport
of UDPGA across the microsomal membrane (Berg et al.,
1995; Bossuyt and Blanckaert, 1995). Our data indicate that
prolactin produces a dose-dependent increase in UGT activ-
ity, reaching the maximal effect at the highest doses. Due to
its complex regulatory properties, changes in UGT activity
may be attributed to more than one factor.

Both Western blot and PLPC analyses revealed a dose-
dependent effect of oPRL on the amount of enzyme. This
increase could be due to differences in rates of enzyme syn-
thesis or degradation, which, in turn, could reflect differences
in rates of gene transcription or mRNA stability. In this
regard, previous reports showed that prolactin increases
mRNA encoding hepatic proteins such as phosphoenolpyru-
vate kinase (cytosolic form) (Zabala and Garcia-Ruiz, 1989)
and Na*/taurocholate cotransport polypeptide (Liu et al.,
1995). Thus, it is reasonable to speculate that a similar
mechanism may be responsible for the effects of prolactin on
UGT expression. Our current data also support the idea that
prolactin does not modify enzyme constraint, and thus the
dose-dependent improvement in UGT activity seems to be
almost exclusively mediated by an increase in the number of
catalytic units.

Although other factors resulting from the newborn suck-
ling stimulus could affect UGT activity, the increase (about
40%) in V. previously reported in lactating rats (Luquita et
al., 1994) agrees with that observed in the present work.
Therefore, prolactin appears to be a principal factor regulat-
ing UGT content in hepatocytes from female rats at this
reproductive stage. Although moderate, this effect could be
reinforced during lactation by a less restrictive environment,
as a consequence of the previous pregnancy-delivery event
(Luquita et al., 1994). The current data are consistent with
those reported previously by Liu et al. (1992), describing a
significant role of the hormone in regulating biliary bile acid
secretion and consequently bile flow. The overall evidence
supports a positive modulatory function of prolactin in post-
partum hepatic elimination of xenobiotics.
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