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The effects of growth hormone on the uridine diphosphate glucuronosyltransferase
functional state, biophysical membrane parameters (order parameters and rotational
correlation frequency) and the composition in phospholipids were studied in male rat
hepatic microsomes. Sham-operated and hypophysectomized animals were injected
with two different dosages of growth hormone, mimicking either the male or female
growth hormone secretion pattern. Half the animals received thyroxine and cortisol
in concentrations chosen to compensate for the lack of thyroid hormones and gluco-
corticoids in hypophysectomized rats. Growth hormone treatment resulted in a
decrease in the latency (that gives a quantification of uridine diphosphate glucuron-
osyltransferase functional state) of the glucuronidation activities towards various
substrates (testosterone, androsterone, bilirubin and 4-nitrophenol). This decrease
with growth hormone treatment was particularly evident in hypophysectomized ani-
mals that had received cortisol and thyroxine supplementation treatment. These
modifications were strongly correlated with modifications in the microsomal mem-
brane lysophospholipid content and to a lower extent with microsomal membrane
fatty acid composition. The cytosolic phospholipase A2-dependent increase in the lys-
ophospholipid content in the endoplasmic reticulum is probably a major determinant
in the regulation of the functional state of glucuronoyltransferases in response to
high dosage growth hormone treatment.

Key words: fatty acid composition, lysophospholipids, membrane fluidity, somatotro-
pin, UDP-glucuronosyltransferases.

Abbreviations: ANDRO, androsterone; ANOVA, analysis of variance; BIL, bilirubin; CT, cortisol and thyroxine;
DBI, double bond index; GH, growth hormone; LPC, lysophosphatidylcholine; LPE, lysophosphatidyleth-
anolamine; LPL, lysophospholipid; MUFA, monounsaturated fatty acid; 4-NP, 4-nitrophenol; NS, nitroxide stearic
acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; cPLA2, cytosolic phospholipase A2; PUFA, polyun-
saturated fatty acid; SFA, saturated fatty acid; TESTO, testosterone; UDPGA, UDP-glucuronic acid; UGT, UDP-
glucuronosyltransferase.

Microsomal uridine diphosphate glucuronosyltransferases
(UGTs) [EC 2.4.1.17] comprise a family of closely related
enzymes that conjugate a wide variety of lipophilic com-
pounds with glucuronic acid, enhancing their water solu-
bility and then facilitating their excretion into bile or
urine. Glucuronidation represents a major metaboliza-
tion pathway of endogenous and exogenous compounds
(1, 2).

As UGTs are deeply embedded in the microsomal
membrane, the apparent activity depends on the amounts
of enzyme as well as on the interactions between enzymes
and their lipidic environment. Therefore, the activity of
UGT can vary more than 100-fold as a function of the
lipid used to reconstitute the pure enzyme (3). In hepato-
cytes or in intact microsomes, the glucuronidation activ-
ity is low, but it can be increased by adding pore-forming

This biochemical property of UGTs in the restriction of
activity under native conditions is designated as the
latency, as is the case for enzymes embedded in the endo-
plasmic reticulum (ER) membranes such as glucose 6-
phosphatase (6). Therefore, the regulation of the func-
tional state of UGTs can be considered as another possi-
ble way for cells to regulate their own capability to syn-
thesize glucuroconjugates of lipophilic compounds.

Several factors including diet, gender, age or preg-
nancy-delivery events have been shown to modify the
latency of UGTs (7–10). The latency reflects only the aver-
age degree of constraint of native UGTs, their activity
being measured both under native and non-constrained
conditions (10). Yet, despite extensive investigation, the
regulation of the functional state of UGTs at the molecu-
lar level is still the subject of debate. In fact, different
alternative models have been proposed to account (i) for
the existence of biochemical constraints on UGTs under
native conditions in microsomes (11) and (ii) for their mod-
ulation depending on biochemical factors such as uridine
diphosphate-glucuronic acid (UDPGA), uridine diphos-
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phate-N-acetylglucosamine (UDP-N-acetylglucosamine),
and uridine monophosphate (UMP), which are comparti-
mentalized (12). More recently, a third model for latency
has been proposed: the UGT oligomeric model, which
presents dimers or higher oligomers of UGTs as putative
transporters of UDP-N-acetylglucosamine in membranes
(13). Modifications of UGT latency with the pregnancy-
delivery event have been observed with concomitant
changes in membrane viscosity (10), but no statistical
correlation has been strictly established between these
two membrane parameters. On the contrary, the differ-
ence in the functional state of 4-nitrophenol UGT in male
and female liver is not related to a sex difference in mem-
brane fluidity (7). So, the structural link between the
UGT functional state and membrane fluidity is not fully
understood and seems rather controversial.

In a previous work, we showed that growth hormone
(GH) could differentially modify the amount of different
UGTs in rat liver, particularly UGT 1A1, which conju-
gates bilirubin (14). Besides, we showed also that GH can
deeply modify the fatty acid composition of the hepatic
microsomal membranes of male rats inducing a so-called
“feminization” process (15). GH induces a reduction in
the proportion of monounsaturated fatty acids (MUFAs)
and an increase in polyunsaturated fatty acids (PUFAs),
particularly in arachidonic acid. Therefore, as GH is a
pleiotropic hormone implicated in the regulation of
numerous metabolic processes including lipid metabo-
lism, its effect on UGT latency needs to be determined
precisely.

In the present work, we examined the effects of GH
treatment and hypophysectomy associated or not to hor-
monal restoration with thyroid hormone and glucocorti-
coid on the latencies of several UGTs in male rats. Two
different concentrations of GH were used, mimicking
either the male or female secretion pattern of GH. Since
the microsomal fatty acid composition is deeply modified
by these treatments (15), the dependence of latency on
the modification of the composition of specific fatty acids
was studied using multidimensional statistics. This
method revealed the probable biophysical effect of some
specific fatty acids on the passive diffusion kinetics of
UGT substrates depending on the activity considered.
Although measurements of viscosity parameters in mem-
branes, which were performed in parallel, revealed a sig-
nificant correlation with modifications in fatty acids com-
position, importantly, none of the viscosity markers
observed are related to latency change. The only global
structural change induced in vivo in ER membranes by
such physiological treatments corresponds to significant
modifications in the amounts of lysophospholipids
(LPLs), which are strongly correlated with the modifica-
tion of UGT latency, regardless of the UGT activity con-
sidered.

MATERIALS AND METHODS

Chemicals—Unlabelled 4-nitrophenol (4-NP), testo-
sterone (TESTO), androsterone (ANDRO), bilirubin
(BIL), 4-nitro[U-14C]phenol (437 MBq/mmol), coenzymes
and biochemicals were purchased from Sigma-Aldrich
Chimie (St-Quentin Fallavier, France). [4-14C]testoster-
one (1.67–2.22 GBq/mmol) was provided by NEN Life

Sciences (Les Ulis, France). [4-14C]Androsterone was syn-
thesized enzymatically in the laboratory from [4-14C]tes-
tosterone as previously described (14).

Animals—Male Sprague-Dawley rats, hypophysect-
omized or sham-operated at 6 weeks of age were pur-
chased from Iffa-Credo (L’Arbresle, France). The animals
were weighed every day after their arrival in the labora-
tory. They were individually housed under conditions of
controlled temperature (20–22�C) and photoperiod (14 h
of light/10 h of darkness) and were fed a standard diet ad
libitum. The rats were allowed to recover for two weeks
from hypophysectomy and sham-operation, and then,
were randomly divided into 12 groups of 8 according to a
factorial arrangement. The effectiveness of hypophysec-
tomy was verified by the absence of weight gain over this
period. The animals were given (at 12-h intervals) a s.c.
injection of recombinant human growth hormone (GH1:
0.25 IU/kg of body weight; GH2: 2 IU/kg of body weight)
twice daily, while GH controls (GH0) received only vehi-
cle (25 mM sodium carbonate buffer, pH 9.5, 0.9% NaCl).
Recombinant human growth hormone was a generous
gift from Sanofi-Synthélabo (Labège, France). Half the
animals received daily subcutaneously injection of corti-
sol (400 �g/kg of body weight) and L-thyroxine (T4) (50 �g/
kg of body weight) (Sigma-Aldrich Chimie) as described
elsewhere (16, 17). This T4 concentration was found to
render hypophysectomized rats euthyroid (18). The
remaining animals received only vehicle (0.9% NaCl).
This cortisol/thyroxine treatment (CT) started 2 days
prior to GH treatment and lasted throughout the experi-
mental period. Weight gain during the treatment period
showed that hormone replacement was effective.

After 16 days of treatment, the animals were slaugh-
tered between 09:00 and 11:00 h a.m. to avoid any circa-
dian variation; blood was collected and the liver was
immediately perfused with Ringer solution via the portal
vein, excised, weighed and placed in liquid nitrogen
before storage at –80�C. Microsomal membranes were
prepared as described previously (14).

Measurements of UDP-Glucuronosyltransferase Activi-
ties and Estimation of Their Latency—UGT activities to-
wards 4-NP, TESTO, ANDRO and BIL were measured
both in “native” and fully detergent-activated micro-
somes. For each substrate, the optimal concentration of
detergent leading to the activation of glucuronidation ac-
tivities (Triton X-100 in all cases except for BIL glucuro-
nidation activity for which digitonin was used) was deter-
mined in a preliminary step by testing each treatment
(hypophysectomy or GH2 treatment) (14). The common
optimal dose of detergent for all groups of animals was
the one that gave a maximal increase of UGT activity re-
gardless of the treatment group.

UGT activity towards 4-NP was assayed radiochemi-
cally by the procedure of Tukey et al. (19) with 250 �M of
substrate, 2.5 mg of microsomal protein and Triton X-100
(0.15 mg/mg microsomal protein) at 37�C for 30 min.
UGT activities towards TESTO and ANDRO were
assayed radiochemically as described in a previous work
(14) with 100 �M of substrate, Triton X-100 (0.4 and 0.5
mg/mg of microsomal protein for TESTO and ANDRO
glucuronidation, respectively), 1 mM UDPGA and 0.5 mg
of microsomal protein, for 30 min at 37�C. UGT activity
towards BIL was assayed as described by Van Roy &
J. Biochem.
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Heirwegh (20). Incubations were carried out with 3.75
mM UDPGA, 1 mg of microsomal protein, 400 �M of sub-
strate and 2% digitonin for 30 min at 37�C. Determina-
tion of BIL glucuronide in the incubation mixtures was
done spectrophotometrically at 530 nm using the diazo-
nium salt of ethyl anthranilate (20). All glucuronidation
rates were found to be linear with respect to incubation
time and amount of microsomal protein.

Calculations of latency were done for each animal and
each substrate as described elsewhere (21): where Adet
represents UGT activity measured in the presence of
detergent (activated conditions) and Anat represents UGT
activity without detergent (native conditions).

Fatty Acid Analysis—The influence of different treat-
ments on the fatty acid composition of total microsomal
phospholipids was analysed in a previous work (15). In
the present study, these results were used again to estab-
lish statistical correlations with other variables, such as
UGT latency and membrane physical parameters.
Results obtained in the same set of experiments on sham-
operated CT-treated male rats treated with GH0, GH1,
and GH2 were combined with those obtained in animals
presented in the previous study in order to obtain a
greater number of individuals for establishing correla-
tion with latency variables and biophysical parameters.

ESR Measurements—Membrane lipids were probed
with 5-, 7-, and 10-nitroxide stearic acids (5-, 7-, and 10-
NS) under conditions of 2% (by volume) spin label solu-
tion (10–2 M in DMSO) in microsomes for the measure-
ment of order parameter S (with 5- and 7-NS probes that
undergo anisotropic motion, and 10-NS probe, which is
located in the intermediate zone of the phospholipidic
layer). Membrane lipids were probed with the 16-NS
probe, which is in the hydrophobic zone, under conditions
of 1% (by volume) spin label solution (10–2 M in DMSO) in
microsomes for the measurement of rotational correla-
tion frequency �. ESR experiments were performed using
an E-109 Varian-X Band spectrometer (Varian, Les Ulis,
France) at 9.14 GHz. Measurements were made at incre-
ments of 2�C between 0 and 40�C and the sample temper-
ature was monitored with a thermocouple. The spectra
were then digitized on a HP 9847 A (Hewlett-Packard,
Les Ulis, France), and the spectral characteristics were
analysed on a HP 9825 T calculator. From these measure-
ments, values calculated at 37�C were obtained by linear
regression for measurements done with the 5-, 7-, and 16-
NS probes or by third degree polynomial regression for
measurements done with the 10-NS probe.

Phospholipid Composition of the Microsomal Mem-
brane—Total microsomal lipids were extracted according
to Bligh and Dyer (22). Quantification of phospholipids
was achieved by the measurement of inorganic phospho-
rus by the Bartlett procedure (23). The lipidic extract was
then submitted to separation on a silica cartridge as
described previously in order to isolate phospholipids
from other lipid fractions (15). The different phospholipid
classes were separated by HPLC as described elsewhere
(24) on a Varian model 9010 apparatus using a Lichro-
CART column (244 mm � 4 mm) filled with Lichrosorb Si
60 (5 �m) (Merk, Darmstadt, Germany) and a Cunow-

model 10 light diffusion detector (Eurosep Instruments,
Cergy, France). Separation was achieved using a ternary
gradient: A, hexane; B, 2-propanol/chloroform 4/1 (v/v); C,
2-propanol/water 1/1 (v/v). The following gradient was
used: from 0 to 20 min, elution with a linear gradient
from A/B/C 42:52:6 (by volume) to A/B/C 33:52:15 (by vol-
ume); from 20 to 55 min, isocratic elution with A/B/C 33:
52:15 (by volume); from 55 to 57 min, linear gradient elu-
tion to A/B/C 28:52:20 (by volume), which was main-
tained isocratically to 90 min. The flow rate was 1 ml/
min. Retention times were confirmed using authentic
standards.

Statistical Analysis—Treatment effects on UGT laten-
cies were determined by analysis of variance (ANOVA)
using the SAS GLM procedure (25) on a completely rand-
omized design with a 2 � 3 � 2 factorial arrangement of
treatments (hypophysectomy, GH and CT, respectively).
Treatment effects on biophysical and phospholipid com-
position parameters were determined by ANOVA on a
restricted number of animals. Data concerning phosphol-
ipidic composition expressed in percentage were trans-
formed into arcsine (x) to correct for unequal variances.
When a three-factor ANOVA was used (complete additive
model: hypophysectomy *GH*CT), some first order and
second order interactions between treatments most often
proved to be highly significant. Thus, the effect of each
treatment was also tested in the following reduced
groups of animals: GH treatment in sham-operated
CT-untreated, sham-operated CT-treated, hypophysect-
omized CT-untreated, and hypophysectomized CT-treated
rats, separately; hypophysectomy in GH-untreated ani-
mals; and CT treatment in sham-operated GH-untreated
rats. Within these different groups, the statistical analy-
sis of differences between the means was performed
using the Student-Newman-Keuls test. In order to exam-
ine further the conditions of hormonal restoration of con-
trol values after hypophysectomy, a one-factor ANOVA
was done followed by mean comparisons between the 12
groups of animals using the Student-Newman-Keuls test.

Canonical analyses were made by the SAS CANCOR
procedure. This statistical method was used in order to
test the dependence level (or canonical correlations)
existing between different sets of variables, such as UGT
latencies on one hand and biophysical spectroscopic
parameters or fatty acid/phospholipid composition on the
other hand (26, 27). This procedure tests a series of
hypotheses that each canonical correlation and all
smaller canonical correlations are zero in the population.
Besides, this multivariate technique provides multiple
regression analysis to explain in more detail the canoni-
cal correlation analysis. So, it is possible to examine the
linear regression (based on a least-squares criterion) of
each variable that belongs to the dependent variable set
on the opposite set of variables that belong to the regres-
sor variable group. This canonical analysis allows com-
parison of a great number of variables belonging to differ-
ent sets and making apparent the simple correlations
existing eventually between two variables belonging to
two different sets of variables. When these correlations
were found to be significant, simple correlations were
then calculated between the different variables. Simple
total or partial correlations were determined using the
SAS CORR procedure.

Adet Anat–

Adet
----------------------------- 100�
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RESULTS

In order to point out statistical correlations, we show in
the first two tables data obtained in this study and a pre-
vious one performed using the same animals (15). Table 1
summarises the hepatic microsomal membrane fatty acid
compositions obtained for all groups of animals. In Table
2, the phospholipid compositions of hepatic microsomal
membranes in sub-groups of animals are shown.

Effects on UGT Latency of GH and CT Treatments in
Sham-Operated Animals, and Hormonal Restorations in
Hypophysectomized Ones—Latency represents the per-
centage of constrained UGT in untreated microsomes.
The latency of four UGT activities was studied in the dif-
ferent animal groups (Fig. 1). ANOVA on all animal
groups showed that GH has a depressing effect, which is
significant: p � 0.0001 for the BIL, TESTO and 4-NP glu-
curonidation latencies, and p � 0.05 for the ANDRO glu-
curonidation latency. This GH effect is more important
than the effect of hypophysectomy or CT treatment.

When ANOVA was performed on sub-groups of ani-
mals (Fig. 1), the GH effect appears much more impor-
tant in animals that had been treated concomitantly with
CT. So, in sham-operated animals, the GH effect is signif-
icant only for TESTO glucuronidation latency with a 31%
reduction with GH2 treatment (p � 0.05); when sham-
operated animals were treated with CT, the GH effect
was significant for all studied latencies. In this latter
group, TESTO glucuronidation latency was reduced by
21 and 40% (p � 0.001), BIL glucuronidation latency by
10 and 22% (p � 0.001), 4-NP glucuronidation latency by
16 and 21% (p � 0.01) and ANDRO glucuronidation
latency by 20 and 24% (p � 0.01) with GH1 and GH2
treatments, respectively. In hypophysectomized rats, the
GH effect was significant only for BIL glucuronidation
latency with a slight reduction with GH2 treatment;
when hypophysectomized animals were treated concomi-
tantly with CT, the GH effect was again significant for all
studied latencies, but primarily at high dosages of GH. In
this GH2-treated group, BIL glucuronidation latency was
reduced by 22% (p � 0.001), 4-NP glucuronidation latency
by 53% (p � 0.001), ANDRO glucuronidation latency by
34% (p � 0.05), and TESTO glucuronidation latency was
reduced by 56% (p � 0.01).

Hypophysectomy had only a slight significant enhanc-
ing effect of 8% (p � 0.05) on BIL glucuronidation latency,
which was reversed by most of the treatments used.

In sham-operated animals, the CT treatment had an
increasing effect on 4-NP (+14%, p � 0.05) and on ANDRO
(+30%, p � 0.05) glucuronidation latencies.

Canonical Relationships between UGT Latencies, Fatty
Acid Composition and Spectroscopic Parameters of the
Microsomal Membrane—In order to obtain a more com-
prehensive biochemical as well as structural characteri-
zation of UGT latency, canonical correlations between
latencies, microsomal fatty acid proportions and mem-
brane spectroscopic parameters were studied.

Canonical analysis shows evidence for a statistical link
existing between UGT latencies and the microsomal fatty
acid composition (R2 = 0.53, p = 0.0001), and, more partic-
ularly, the MUFA proportion (Table 3). Nevertheless, the
relationships between fatty acid composition and UGT
latencies vary qualitatively from one substrate to anotherT
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Fig. 1. Effect of GH treatment, hypophysectomy and cortisol/
thyroxine treatment on various UGT latencies. Latencies were
calculated as described in “MATERIALS AND METHODS.” Values
are the means of eight individual determinations � SD. Abbrevia-
tions: CT, cortisol/thyroxine treatment; GH, growth hormone treat-
ment; GH0, no GH treatment; GH1, low dosage treatment; GH2,
high dosage treatment; hypox, hypophysectomized rats; sham-op,
sham-operated rats. *, **, and *** show a significant effect of GH in
the following groups of animals: sham-operated untreated rats,
sham-operated CT-treated rats, hypophysectomized CT-untreated

rats and hypophysectomized CT-treated rats with p � 0.05, p � 0.01,
and p � 0.001, respectively. a and b show significant differences
between GH treatments within each group at p � 0.05 (Student-New-
man-Keuls test). � and � show a significant effect of CT treatment at
p � 0.05. A and B show a significant effect of hypophysectomy at p �
0.05. Black bars represent the necessary combination of hormonal
treatments of hypophysectomized rats for a restitution of the control
values (statistically not different from sham-operated untreated
rats) with Student-Newman-Keuls tests.

Table 2. Phospholipid composition of hepatic microsomal membranes obtained on restrained groups
of animals. Effects of GH2 and CT treatments.

Data are expressed as the means of four individual determinations � SD. Analysis of the samples was done as
described in “MATERIAL AND METHODS.” CT, cortisol and thyroxine treatment; CT–, CT-untreated animals;
CT+, CT-treated animals; GH, growth hormone treatment; GH0, no GH treatment; GH2, high dosage treatment;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; SM,
sphingomyeline; PG, phosphatidylglycerol; LPE, lysophosphatidylethanolamine; LPC, lysophosphatidylcholine;
LPL, lysophospholipids (LPE + LPC). * and ** show a significant effect of GH2 treatment with p � 0.05 and p �
0.01, respectively. a and b show a significant effect of CT with p � 0.05. Phospholipid composition is expressed as
relative proportion (percentage) of total phospholipids.

Phospholipids Sham-operated Sham-operated + CT Hypophysectomized + CT
GH0 GH2 GH0 GH2 GH0 GH2

PC 69.6  � 1.9 70.2  � 4.7 57.0  � 12.8 73.2* � 2.6 47.8  � 11.1 56.6  � 9.9
PE 17.9a  � 4.1 15.1  � 2.0 31.2b  �  9.1 15.9* � 3.6 40.6  �  9.3 28.6*  � 7.4
PI + PS 8.86 � 2.74 10.7  � 4.9 8.87 �  4.77 7.95 � 1.53 7.90 �  4.68 9.16  � 5.47
SM 2.48 � 0.37 2.3  � 1.18 1.68 �  1.11 1.61 � 0.55 1.73 �  0.58 2.65  � 1.35
PG 0.43 � 0.18 0.52  � 0.11 0.28 �  0.08 0.31 � 0.09 0.90 �  0.61 0.92  � 0.42
LPE 0.29 � 0.13 0.43  � 0.12 0.34 �  0.10 0.38 � 0.11 0.59 �  0.38 0.79  � 0.30
LPC 0.45 � 0.16 0.75  � 0.24 0.55 �  0.20 0.61 � 0.19 0.44 �  0.54 1.24** � 0.45
LPL 0.75 � 0.28 1.18* � 0.21 0.89 �  0.27 0.98 � 0.25 0.86 �  0.20 2.03** � 0.72
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(Table 4). If MUFAs correlate positively with most of the
studied UGT latencies, negative correlations between
latencies and fatty acids differ as a function of the UGT
substrate. 4-NP glucuronidation latency is negatively
correlated with the sum of the fatty acids from the n-6
family, TESTO glucuronidation latency is negatively cor-
related primarily with the PUFA proportion and the n-6
family, ANDRO glucuronidation latency is positively cor-
related with the 22:5n-6 proportion but not with the
MUFA proportions, and BIL glucuronidation latency is
negatively correlated mainly with the 18:0 and 20:4n-6
proportions, the 20:4n-6/18:2n-6 ratio, the double bond
index (DBI) and content in PUFAs. BIL glucuronidation
latency shows the greatest correlations with fatty acid
composition variables, while ANDRO glucuronidation
latency is far less correlated with these variables (Table
4). In fact, when partial correlations are calculated by
excluding the influence of LPL content on UGT activity
latencies (see below), no significant difference with the
total correlations could be shown.

The statistical correlation between UGT latencies and
microsomal fatty acid proportions needs to be more pre-
cisely defined in a membrane structural context since
global membrane biophysical parameters, such as viscos-
ity, are related to lipidic composition. Furthermore, the
canonical analysis shows evidence for a strong relation-
ship existing between the studied membrane spectro-
scopic parameters and the microsomal fatty acid compo-
sition (R2 = 0.42, p = 0.0001) (Table 3). This validates the
use of these parameters to account for the biophysical
state of the membrane. Among the different treatments
used in this study, hypophysectomy appears to affect
those parameters in the most important way, determin-
ing a membrane rigidization with a reduction of the rota-
tional correlation frequency and an enhancement of the
order parameter measured with the 5- and the 7-NS
probes (Fig. 2). The other treatment effects are mostly
erratic and it is more difficult to arrive at reliable inter-
pretations. Besides, canonical analysis done with 96 ani-
mals between UGT latencies on one hand and spectro-
scopic parameters measured with the 5- and 16-NS
probes on the other hand shows no significant relation-
ships between these two sets of variables (R2 = 0.049, p =
0.49) (Table 3).

Order parameter measurements with 7- and 10-NS
probes were carried out with a reduced number of ani-
mals (28 instead of 96 for 5- and 16-NS measurements).
GH1-treated animals and hypophysectomized CT-
untreated animals treated with GH2 were excluded from
this study because of the insufficient amount of informa-
tion they provide with respect to the latency study.
Canonical analysis done with 28 animals between UGT
latencies and spectroscopic parameters measured with
the 5-, 7-, 10-, and 16-NS probes (Table 5) shows no sig-
nificant correlation (R2 = 0.578, p = 0.08) between spec-
troscopic parameter measurements and glucuronidation
activity latencies.

Relationship between UGT Latencies and the Micro-
somal Phospholipid Composition—The microsomal phos-
pholipid composition was studied in different groups of
animals that showed great UGT latency variations as a
function of GH treatment (24 animals). So this study was
restricted to sham-operated and hypophysectomized CT-T
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treated rats that had been treated with GH0 or GH2.
Sham-operated CT-untreated rats receiving GH0 or GH2
treatment were added to this study (Table 2). These
groups were also chosen in order to get an almost contin-
uous distribution in the UGT latency values to achieve
regression studies and correlations between UGT laten-
cies and microsomal phospholipid composition using sat-
isfying statistical conditions.

GH2 treatment decreased the proportion of phosphati-
dylethanolamine (PE) in sham-operated (–49%, p � 0.05)
and hypophysectomized (–29%, p � 0.05) rats that were
concomitantly treated with CT (Table 2). On the contrary,
GH2 treatment enhanced significantly the proportion of
phosphatidylcholine (PC) only in sham-operated CT-
treated rats (+28%). In sham-operated animals, CT treat-
ment enhanced the PE proportion by 74% (p � 0.05).

Minor classes of microsomal phospholipids were not
affected by GH treatment, except LPLs, and particularly
lysophosphatidylcholine (LPC), whose proportion was
enhanced by 57% in sham-operated rats and by 180% in
hypophysectomized CT-treated rats.

Canonical analysis performed between microsomal
phospholipid composition and UGT latencies shows evi-
dence for a strong correlation existing between these two
sets of variables (R2 = 0.79, p = 0.001) (Table 5). Signifi-
cant individual correlations were further established
between all different UGT latencies and LPL proportions
(p � 0.005) (Fig. 3). On the contrary, no significant corre-
lation was found between these latencies and proportions
in the major phospholipids. Only BIL glucuronidation
latency was correlated with PE proportion (p � 0.05). No

significant statistical relationship was found between
phospholipid composition and spectroscopic parameters
(R2 = 0.61, p = 0.47) except with the 7-NS probe measure-
ment (R2 = 0.58, p = 0.04).

When we performed ANOVA on the latency parameter
using substrates as factors, and the proportions of
PUFAs and the ratio between the proportions of satu-
rated fatty acids (SFA) and PUFAs (SFA/PUFA ratio) as
covariates, it appeared that the LPL content was highly
significant (p � 0.0005) whatever substrate considered and
had prominent effects on 3 (4-NP, TESTO, and ANDRO)
of the 4 substrates considered. In contrast, the effects of
the covariate PUFAs and SFA/PUFA ratio were less sig-
nificant (p � 0.025) on the latency parameter when the
substrate was not taken as a specific factor in the statis-
tical model. These effects were related to the latency for
only 4-NP, TESTO and BIL when considering PUFAs,
and for only 4-NP and TESTO when considering the SFA/
PUFA ratio. Clearly, this means that latency can be
considered to be a composite parameter that is mainly
explained by the overall concentration in lysophospholip-
ids, whatever UGT considered, but also to a lesser extent
by the composition in some fatty acids when considering
some specific substrates.

DISCUSSION

The present study was undertaken in order to determine
whether GH, which was previously shown to differen-
tially modify the amounts of various hepatic UGT iso-
forms in microsomal vesicles (14, 28), can also modify

Table 4. Correlations between 4-NP, TESTO, BIL, and ANDRO glucuronidation activity latencies and
hepatic microsomal membrane fatty acid composition.

Correlations were established with 96 animals. Fatty acid proportions and glucuronidation activity latencies were
measured as described in “MATERIAL AND METHODS.” � represents the correlation coefficient and p the probability
of a null correlation. �n-6, sum of the fatty acids from the n-6 family; �n-3, sum of the fatty acids from the n-3 fam-
ily; 20:4/18:2, arachidonate to linoleate ratio; SFA, saturated fatty acids; DBI, double bond index [sum (% of each
unsaturated fatty acid x number of double bonds in the same fatty acid)]. Bold values indicate a significant corre-
lation

Fatty acids UGT activity latency
4-NP TESTO BIL ANDRO

� p � p � p � p
16:0 +0.05 0.61 +0.43 0.0001 +0.45 0.0001 –0.03 0.74
16:1 n-7 +0.42 0.0001 +0.35 0.0007 +0.28 0.006 +0.22 0.041
18:0 –0.17 0.1 –0.29 0.006 –0.43 0.0001 +0.08 0.46
18:1 n-7 +0.27 0.007 +0.19 0.07 –0.09 0.35 +0.13 0.21
18:1 n-9 +0.04 0.67 +0.13 0.22 +0.5 0.0001 +0.02 0.84
18:2 n-6 +0.07 0.52 –0.01 0.89 +0.34 0.0007 –0.14 0.17
20:3 n-6 +0.28 0.006 +0.13 0.22 +0.48 0.0001 –0.21 0.04
20:4 n-6 –0.21 0.03 –0.17 0.1 –0.5 0.0001 +0.02 0.83
22:4 n-6 –0.06 0.55 +0.19 0.06 –0.17 0.09 +0.06 0.59
22:5 n-6 +0.27 0.007 +0.18 0.09 –0.08 0.44 +0.31 0.003
22:5 n-3 +0.25 0.01 +0.22 0.04 +0.25 0.01 +0.07 0.48
22:6 n-3 +0.15 0.15 –0.03 0.78 –0.4 0.0001 +0.25 0.01
�n-6 –0.28 0.006 –0.37 0.0003 –0.21 0.04 –0.18 0.08
�n-3 +0.25 0.01 –0.01 0.89 –0.22 0.03 +0.23 0.03
SFA –0.16 0.13 +0.05 0.63 –0.19 0.07 –0.04 0.69
MUFA +0.23 0.03 +0.24 0.02 +0.49 0.0001 +0.01 0.96
PUFA –0.08 0.47 –0.38 0.0002 –0.35 0.0005 –0.04 0.72
20:4/18:2 –0.13 0.23 –0.07 0.5 –0.41 0.0001 –0.08 0.46
DBI –0.03 0.75 –0.10 0.37 –0.41 0.0001 –0.08 0.43
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their latency in vivo. Therefore, using different physio-
logical disruptions resulting from hypophysectomy and
hormonal restorations based on GH and cortisol/thyrox-
ine treatments, a more precise analysis based on a con-
venient multidimensional statistical procedure can be
obtained on the possible relationships existing between
UGT latency, lipid composition and the membrane physi-
cal state. Two different dosages of GH were used in order
to mimic either the male GH secretion pattern (GH1) in
hypophysectomized rats or the female pattern (GH2) in
intact male rats. Indeed, in rats the GH secretion pattern
appears to be a deciding factor for the regulation of sev-
eral hepatic features such as cytochromes P450 and glu-
tathione S-tranferases (18, 29, 30), as well as for micro-
somal fatty acid composition (15).

Link between LPL Content in ER Membranes and UGT
Latency—Enzyme activities were measured in both
native and fully detergent-activated microsomes in order
to calculate latency from the different UGT1 and UGT2
isoenzymes studied in this work. In the last decade, pore-

forming agents such as alamethicin and �-toxin have
been used to permeabilize microsomes instead of deter-
gents. Using all-trans-retinoic acid (RA) and 5,6-epoxy-
RA as UGT substrates, Little et al. (31) have obtained
similar patterns of activation of UGT with Brij-58 or
alamethicin, although the activities obtained with deter-
gent were lower than with alamethicin. Under our condi-
tions, it is possible that 4-NP, TESTO and BIL glucuroni-
dation activities are underestimated when compared to
previously published values (32), probably due to a par-
tial inhibitory effect of detergent on these activities that
should be revealed only by comparison with activation
conditions using pore-forming agents. Nevertheless,
thanks to robust statistical analyses such as ANOVA and
canonical analysis, we were able to analyse unambigu-
ously the effect of physiological factors on the variation of
latency determined under detergent-activation condi-
tions. Latency is an important functional parameter of
UGTs and can be related to the broader notion of “func-
tional potential” that was previously defined to charac-

Fig. 2. Effect of GH treatment, hypophysectomy and cortisol/
thyroxine treatment on the microsomal membrane order
parameter (measured at various membrane depths with var-
ious probes: 5-, 7-, and 10-NS) and the rotational correlation
frequency (measured with the 16-NS probe). Spectroscopic
parameters were measured as described in “MATERIALS AND METH-

ODS.” Values are the means of eight individual determinations � SD
for the 5- and 16-NS probe measurements (96 animals); values are
the means of four individual determinations � SD for the 7- and 10-
NS probe measurements (28 animals). Abbreviations: see Fig. 1.
J. Biochem.
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terize membrane functioning (33). In microsomes, UGT
activity is not fully expressed until physical or chemical
treatments, such as high pressure, detergents or pore-
forming agents, are used to activate these enzymes (11).
The biochemical basis for this constraint is controversial
(11). The compartmental model is based on the assump-
tion that UGTs are oriented with their active sites within
the lumen of the ER, thus preventing passive diffusion of
UDPGA to the active site of the enzyme (34–36). Differ-
ent authors have reported the existence of a transporter
for UDPGA (12, 37) that is rate-limiting for glucuronida-
tion in native microsomes as well as in the intact ER of
permeabilized hepatocytes (38). Such UDPGA and UDP-
N-acetylgalactosamine transporters have recently been
identified, cloned and characterized (39), but the involve-
ment of the proteins in the glucuronidation of xenobiotics
is still unclear. A second model assumes that UGTs can
exist in different conformational states that have varia-
ble kinetic properties and are dependent on lipid-protein
or protein-protein interactions (11). In their oligomeric
model, Ikushiro et al. (13) have invoked a dimeric organi-
zation for UGTs implicated in the transport of UDPGA
under native conditions.

Here, we show that GH treatment has a significant
depressing effect on UGT latency, whatever activity is
considered (Fig. 1). So, when compared to control, UGTs
from GH-treated animals can be considered as more
“active.” This GH effect is dependent on the GH dosage
used and is greatly amplified by parallel CT treatment.
This indirect and general effect of GH on UGT activities
is independent from the effect observed on the transcrip-

tion of these enzymes by us (14) and others (28), and
which has been shown to be isoform specific. Indeed, the
GH effect on UGT latency seems to counterbalance its
effect on UGT expression. For example, when bilirubin
glucuronidation is considered, GH treatment decreases
the bilirubin glucuronidation activity significantly by
30% in sham-operated animals under activated condi-
tions, which implies that the activities measured under
activated conditions are correlated to the amount of total
UGT protein (14), while under native conditions, which
reflect the amount of enzymes together with their func-
tional state, this decrease is no longer significant (results
not shown).

The cholesterol content was not modified by the differ-
ent treatments used in these experiments, as previously
shown (15), and, therefore, cannot be involved in latency
modifications. The most evident relationship existing
between latency and microsomal composition as a func-
tion of the treatment used is the inverse relationship
between all the studied latencies and the LPL content of
microsomes (Fig. 3). The increased LPL content in ER
membranes can be related to an increase in the activity
of cytosolic phospholipase A2 (cPLA2) with GH treatment,
as it has been shown in hepatocyte cultures (40). How-
ever, the synergetic effect of CT treatment on the increase
of LPL with GH treatment remains to be explained. CT
treatment could interfere with LPL metabolism, possibly
by preventing LPL reacylation activity (41).

LPL are phospholipids whose carbon chain has been
hydrolyzed at the sn2 position and, consequently, they
possess important detergent properties. For this reason,

Fig. 3. Variation of the different latencies on 4-NP, TESTO,
BIL, and ANDRO UGT activities with hepatic microsomal LPL

contents expressed as arsine(x) calculated variables. The lin-
ear regressions are plotted as continuous lines.
J. Biochem.
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LPL are commonly used in biochemical studies as activa-
tors of pure, delipidated UGTs (3, 42) as well as UGTs
embedded in microsomes (9). In response to GH treat-
ment, this increase in microsomal content of LPL could
easily explain the decrease in UGT latencies we have
observed. However, the amount of LPC usually used for
the in vitro activation of UGTs, which represents about
50% of the final phospholipid content in microsomal sus-
pension (43), is far greater than the amount obtained in
our study after GH treatment, which represents at most
only 3% of the microsomal phospholipid content. LPC is
known to affect bulk physical properties of the membrane
via modifications of its curvature strain and then may
influence protein-mediated functions of the membrane,
as it has been shown for the functionality of the insulin
receptor (44). In particular, LPC has a large polar head
and a thin hydrophobic acyl chain tail and can be pic-
tured as an inverted cone with its base at the polar inter-
face (45, 46) reducing the energetic cost associated with a
convex monolayer membrane deformation (47). The UGT
conformational state could then be affected by modifica-
tions of membrane physical properties. Although com-
pounds that relieve negative curvature strain on the
membrane, such as LPC, have a rather inhibitory effect
on membrane functionality (44), LPL could nevertheless
have a facilitating effect on the transport of UDPGA
through the ER membrane as shown previously (48, 50).
Interestingly, it has been shown by preincubation of
embryo extracts with phospholipase that LPL are
released concomitantly with the activation of two mem-
brane transferases: the collagen glucosyl and galactosyl-
transferases, which share common biochemical proper-
ties with UGTs (51). Probably, according to the model of
UGT oligomer formation (13), the native UGT dimeric or
oligomeric organization involved in the active transport
of UDPGA could be significantly affected by a modifica-
tion of the physical properties of the ER membrane due to
an increase in LPC content.

Specific Link between a Given UGT Latency and the
Membrane Composition in Some Specific Fatty Acids: a
Minor Additional Mechanism for Modulating Glucuroni-
dation—Beside the overall effect of LPLs on the UGT
functional state regardless of the activity considered,
some significant correlations do exist between a given
UGT latency and the microsomal composition in specific
fatty acids. If MUFAs seem to be implicated in correla-
tion with most of the studied latencies, some specific fatty
acids also have preferential relationships with only one
glucuronidation latency. This relationship implicating
specific fatty acids may be related to the transport/parti-
tioning of lipophilic substrates of UGTs that diffuse
across the ER membrane. So, it was previously shown
that the partition of bilirubin between albumin and
membrane depends on its fatty acid composition, inde-
pendent of its bulk phase fluidity (52). Some of the sub-
strates used in this study are glucuronidated by different
UGT isoforms (TESTO, 4-NP and to a lesser extent BIL)
with different biochemical characteristics. The possible
functional relationship between fatty acid composition
and substrate transport or diffusion kinetics through the
ER membrane could then be a function of the lipophilic
characteristics of the substrate, but not necessarily a

function of the conformational characteristics of the UGT
isoforms under study.

Nevertheless, if a correlation is well demonstrated
between the latency calculated for a given UGT and the
content of some specific fatty acids, this quantitative
relationship is not related to parallel variations in bio-
physical parameters such as order parameter and rota-
tional correlation frequency (Tables 3 and 5). Indeed,
UGT latency is essentially affected by GH treatment
when membrane spectroscopic parameters are primarily
affected by hypophysectomy, among the treatments we
used. However, as awaited, membrane spectroscopic
parameters are well correlated with membrane fatty acid
composition. The fact that there is no evidence for a rela-
tionship between the membrane biophysical parameters
we have measured and enzyme latency has been reported
by others considering the (Ca2+-Mg2+) ATPase (53). Spec-
troscopic parameters such as the order parameter or the
rotational correlation frequency give a general idea of the
biophysical state of the whole membrane but, most of the
time, may not account for the biophysical state of the pos-
sible microenvironment surrounding membrane proteins
such as UGTs. Such microdomains in microsomal mem-
branes characterized by different compositions in fatty
acids have been well evidenced by Leikin and Shinitzky
(54) for the �6-desaturase.

In conclusion, the UGT functional state appears to be
modulated by hormonal status, more particularly GH,
which determines significant modifications in LPL con-
tent in hepatic ER membranes. Hence, UGT latency
adjustment results mainly from LPLs, and to a consider-
ably lesser extent from specific fatty acids. Such struc-
tural modifications could have a significant effect on the
lateral pressure profile of membranes, which underlies
curvature stress as theoretically studied recently by Can-
tor (55, 56), leading to a disruption of the “curvature
stress homeostasis” (57). This effect could then result in
an alteration of the UDPGA transport towards the active
site controlled under normal conditions by UGT dimers
or oligomers (13) or by UDPGA transporters (39). The
effects of cPLA2 stimulated release of arachidonate
induced by high dosages of GH on the glucuronidation
activities in hepatocyte cultures is now under investiga-
tion in this laboratory.
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