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Copper modifies liver microsomal UDP-glucuronyltransferase
activity through different and opposite mechanisms
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bstract

Treatment of hepatic microsomes with Fe3+/ascorbate activates UDP-glucuronyltransferase (UGT), a phenomenon totally pre-
ented and reversed by reducing agents. At �M concentrations, iron and copper ions catalyze the formation of ROS through
enton and/or Haber–Weiss reactions. Unlike iron ions, indiscriminate binding of copper ions to thiol groups of proteins different
rom the specialized copper-binding proteins may occur. Thus, we hypothesize that incubation of hepatic microsomes with the
u2+/ascorbate system will lead to both UGT oxidative activation and Cu2+-binding induced inhibition, simultaneously. We studied

he effects of Cu2+ alone and in the presence of ascorbate on rat liver microsomal UGT activity. Our results show that the effects
f both copper alone and in the presence of ascorbate were copper ion concentration- and incubation time-dependent. At very low
u2+ (25 nM), this ion did not modify UGT activity. In the presence of ascorbate, however, UGT activity was increased. At higher
opper concentrations (10 and 50 �M), this ion led to UGT activity inhibition. In the presence of ascorbate, 10 �M Cu2+ activated

2+
GT at short incubation periods but inhibited this enzyme at longer incubation times; 50 �M Cu only inhibited UGT activity.
hiol reducing agent 2,4-dithiothreitol prevented and reversed UGT activation while EDTA prevented both, UGT activation and

nhibition. Our results are consistent with a model in which Cu2+-induced oxidation of UGT leads to the activation of the enzyme,
hile Cu2+-binding leads to its inhibition. We discuss physiological and pathological implications of these findings.
eywords: UGT-inhibition/activation; UGT-Cu; UGT-Cu/ascorbate

. Introduction
UDP-glucuronyltransferase isoenzymes (UGT, EC
.4.1.17) comprise a large gene super family classi-
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fied into two major gene families, UGT1 and UGT2,
based in the extent of nucleotide sequence identity of
the isoforms. Nascent UGT isoforms have a 20 amino
acid signal peptide, cleaved during protein maturation
[1]. These enzymes catalyze the conjugation of glu-
curonic acid with different substrates, including many

structurally different compounds, such as phenols, car-
boxylic acids, aliphatic and aromatic alcohols, certain
aromatic amines, and physiological molecules, including
bile acids, sex hormones, and serotonin [1,2].
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The major portion of mature UGT molecules, includ-
ing the binding sites for UDP-glucuronic acid (UDPGA)
and the aglycone substrates seem to be located within
the endoplasmic reticulum cistern. There is a single 17
amino acid membrane-spanning segment and a 26 amino
acid cytoplasm tail at the C-terminal end of the molecule.
hUGT1A1 contains a total of 11 cysteine residues, one of
which is within the signal peptide (amino acid 18) that is
cleaved during synthesis of the enzyme. Seven cysteine
residues (Cys127, Cys156, Cys177, Cys186, Cys223,
Cys280 and Cys383) are present within the major seg-
ment of the enzyme that seems to be located within
the endoplasmic reticulum cistern. Cys509, Cys510 and
Cys517 are located within the C-terminal cytoplasm
tail. Sequence alignment revealed that the ten-cysteine
residues that are present in mature hUGT1A1 are highly
conserved in all human UGT1A isoforms. Furthermore,
most of these cysteine residues are conserved across
species (rats, mice and Rhesus monkeys) hinting their
potential importance within the protein. Substitution of
the three-cysteine residues within the C-terminal cytoso-
lic tail had minimal effect on basal UGT1A1 activity, but
prevented UGT1A1 activation by its physiological acti-
vator UDP-GlcNAc, which stimulates the import of the
donor substrate UDPGA [1,3].

Since UGT catalytic domain is oriented to the endo-
plasmic reticulum lumen, there is a lipid physical con-
straint for the access of UDPGA from the cytosol to the
enzyme active site. In fact, various methods and condi-
tions that perturb the lipid phase of the microsomal mem-
brane increase UGT activity. These methods include
sonication and treatment with phospholipases, bilirubin,
organic solvents, detergents and lipid peroxidation-
inducing agents [4–7]. A compartmentation-based
hypothesis has been widely accepted in order to explain
this activation phenomenon. The destruction of the
vesicular structure of microsomes, which facilitates the
passage of UDPGA through holes in the microsomal
membranes to the enzyme active site, result in an increase
of UGT activity, supporting a complex model of com-
partmentation. However, it has also been reported that
treatment of microsomes with elevated concentrations
of detergents or for extensive lengths of time, abolish
microsomal UGT activity [4,8–10].

Treatment of microsomes with �M Fe3+ concentra-
tion in the presence of ascorbate causes oxidative effects
on endoplasmic reticulum proteins, including UGT;
such treatment also activates the enzyme. The reducing

agents such as DTT, GSH, or cysteine prevented and
reversed totally the UGT oxidative activation, indicating
that only redox changes on the UGT seem to be involved
in its activation [11]. Iron ions as well as copper ions,
at �M concentrations catalyze the formation of ROS
through Haber–Weiss and/or Fenton reactions. Thus,
Cu2+/ascorbate can cause UGT oxidative activation
similar to that described for Fe3+/ascorbate. However,
�M copper concentrations mainly cause binding of
copper ions to microsomal protein [12]. Lawrence et al.
[13] reported that copper ions Cu1+ and Cu2+ inhibited
morphine glucuronidation. Authors postulated that
copper ions could be acting directly on the enzyme
to mediate this inhibition, possibly via the formation
of covalent bonds with suitable free residues on the
enzyme molecule. Alternatively, they proposed that
copper ions could act as allosteric inhibitors, by
attaching to a specific site on the enzyme. In this
case, authors used total liver homogenates and mM
copper ions concentrations to assay UGT activity. These
copper ions concentrations are higher than those hepatic
concentrations described in copper-associated diseases.
Because Cu1+ and Cu2+ inhibited differentially the
formation of morphine 3-glucuronide and morphine
6-glucuronide, more than one isoenzyme could have
been involved in the morphine glucuronidation. Thus,
the UGT inhibitory effects of copper ions seem to affect
to all UGT isoforms, probably because all of them are
thiol proteins. Since the substrate specificity of UGT
isoenzymes is very broad and they can metabolize in
distinct extension several substrates, agents capable to
modify their catalytic activity may exert differential
effects on them. Because the hepatic endoplasmic
reticulum is the principal subcellular organelle where
UGT isoforms are localized, the studies of UGT activity
modifiers in a liver microsomal preparation may result
in an approximation of what in vivo could occur.

The mechanisms of copper toxicosis are not still clear.
Since it affects mainly liver function, it may represent,
among other possibilities, a risk in the drug biotrans-
formation. Noteworthy phase II enzymes act on some
toxins directly, while others must first be activated by
the phase I enzymes. Patients with Gilbert and Crigler-
Najjar’s syndromes are characterized by a chronically
elevated serum bilirubin level, an endogenous compound
biotransformed by UGT and eliminated as diglucuronide
[14]. The risk in drug biotransformation is especially
high in these patients. Ideally, phase I and phase II
detoxification mechanisms work synergistically. If phase
I detoxification is highly active and phase II detoxi-
fication is lethargic, the individual is referred to as a
“pathological detoxifier,” a condition which increases

sensitivities to environmental poisons. The intermedi-
ates of phase I are accumulated when glucuronidation
is low and re-enter in the phase I cycle. Several of
these intermediates are extremely toxic products, i.e.
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etabolites of car exhausts, food contaminants and pes-
icides, since the cytochrome P450 system can convert
uch substances into carcinogenic compounds [15–17].

deleterious effect of copper toxicosis on UGT activity
ay thus have a relevant impact in the delicate balance

etween phases I and II biotransformation of drugs.
Data presented in this work indicate that endogenous

ompounds and xenobiotics could reach toxic concen-
rations if copper ions inhibit the UGT activity. Thus, in
rder to investigate the possible effects of high copper
oncentrations on UGT activity exploring the changes
n its liver microsomal activity provoked by 25 nM,
0 �M and 50 �M of Cu2+ alone and in the presence
f ascorbate. To select these copper concentrations, we
onsidered a previous study in which, we demonstrated
hat indiscriminate binding of copper could take place
nly at high �M copper concentrations and only oxida-
ive effects at nM copper concentrations [12]. Our results
howed that 25 nM Cu2+ alone did not alter microsomal
GT activity, but in the presence of ascorbate, it pro-
oked only UGT oxidative activation. Interestingly, only
GT inhibition was observed with 10 �M Cu2+ concen-

ration; but, 10 �M Cu2+/ascorbate either activated or
nhibited microsomal UGT activity depending of incu-
ation time assayed. On the other hand, 50 �M Cu2+

lone and in the presence of ascorbate only inhibited the
GT microsomal enzymatic activity. Moreover, DTT
revented and reversed the UGT activation and EDTA
revented both the activation and the inhibition of the
GT activity, so indicating that copper ions provoked
oth phenomena. Thus, our results seem to indicate that
t means two different mechanisms may be involved
n the changes that Cu2+/ascorbate cause on UGT: (1)
xidation of its thiol groups may account for UGT activa-
ion; (2) the binding of copper ions to these groups, may
xplain UGT inhibition. Because these phenomena may
ccur simultaneously, the final microsomal UGT activity
ould be the balance of both processes. The pharmacoki-
etic, pharmacodynamic and toxicological implications
f these results are discussed.

. Materials and methods

.1. Chemicals

Cysteine, 5,5′-dithiobis(2-nitrobenzoic acid)
DTNB), 2,4-dithiothreitol (DTT), glutathione (GSH),
-nitrophenol (PNP), UDP-glucuronic acid (ammonium

alt) (UDPGA), ethylen-diamine tetra-acetic acid
EDTA), iminodiacetic acid sodium form in polystyrene
atrix (CHELEX-100) and Triton X-100 were pur-

hased from Sigma Chemical Co. (St. Louis, MO,
USA). Trichloracetic acid (TCA), ascorbate (sodium
salt) and CuSO4 × 5 H2O were purchased from Merck
Co. Chile. Other chemicals were p.a. grade. All these
compounds were prepared in buffer solution previously
treated with CHELEX-100.

2.2. Animals

Adult male Sprague–Dawley rats (200–250 g),
derived from a stock maintained at the University
of Chile, were used. They were allowed free access
to pelleted food, maintained with controlled tempera-
ture (22 ◦C) and photoperiod (lights on from 07:00 to
19:00 h). All animals’ procedures were performed using
protocols approved by the Institutional Ethical Com-
mittee of the Faculty of Chemical and Pharmaceutical
Sciences, University of Chile.

2.3. Microsomal preparation

Animals were fasted for 15 h with water ad libitum
and sacrificed by decapitation. Livers were perfused
in situ with 4 volumes of 25 ml 0.9% (w/v) NaCl,
excised, and placed on ice. All homogenization and frac-
tionation procedures were performed at 4 ◦C and all
centrifugations were performed using either a Suprafuge
22 Heraeus centrifuge or an XL-90 Beckmann ultra-
centrifuge. Liver tissue (9–11 g wet weight), devoid
of connective and vascular tissue, was homogenized
with five volumes of 0.154 M KCl, with eight strokes
in a Dounce Wheaton B homogenizer. Homogenates
were centrifuged at 9000 × g for 15 min, and sediments
were discarded. Then, supernatants were centrifuged
at 105,000 × g for 60 min. Sediments (microsomes,
enriched in endoplasmic reticulum) were stored at
−80 ◦C until use. Protein determinations were per-
formed according to Lowry et al. [18].

2.4. Microsomes treated with Triton X-100

Rat liver microsomes were treated with 0.1% (v/v)
of Triton X-100 for five min at 20 ◦C; then, microsomes
suspension were centrifuged at 105,000 × g for 60 min
in a XL-90 Beckmann ultracentrifuge. Pellets were used
to estimate protein and UGT remaining activity in micro-
somal membrane and, supernatants, to assess protein and
UGT activity solubilisation.
2.5. Copper and ascorbate concentrations assayed

CuSO4 25 nM, 10 and 50 �M alone and in the pres-
ence of 1 mM sodium ascorbate were assayed. In all



Fig. 1. UGT activity: effect of preincubation time of microsomes with
Cu2+. Microsomes were preincubated without (control) or with Cu2+

alone before to determine the UGT activity as described in Section 2.

A similar effect was observed with 50 �M Cu2+, but
UGT activity was abolished at the minimum preincuba-
tion time assayed (15 min).

Fig. 2. UGT activity: effect of preincubation time of microsomes with
assays, microsomes were preincubated with Cu2+ or
Cu2+/ascorbate during 15 min to 37 ◦C before to deter-
mine UGT activity; the only exceptions were those in
which we evaluate the microsomes preincubation time
with Cu2+ and Cu2+/ascorbate.

2.6. UGT activity

p-Nitro phenol (PNP) conjugation was studied essen-
tially as described in Letelier et al. [11]. Activity was
assayed determining the remaining PNP after 15 min
incubation at the following conditions: 0.5 mM PNP;
2 mM UDPGA, 100 mM Tris–HCl, pH 8.5, 4 mM MgCl2
and 1 mg of microsomal protein/ml. Control samples
were performed in absence of UDPGA. Trichloroacetic
acid (5% final concentration) was used to stop reactions;
samples were then centrifuged at 10,000 × g for 10 min
in a Suprafuge 22 Heraeus centrifuge and NaOH was
added to the mixture in order to achieve a 0.5 M final con-
centration. Remaining PNP was determined at 410 nm
using control samples of known PNP initial concen-
tration as standards. Reaction rates were determined at
conditions where product formation were linearly depen-
dent to time and protein concentration.

2.7. Microsomal thiol content

Microsomal thiols were titrated with DTNB, as
described by Letelier et al. [12]. Microsomal thiol con-
centration was estimated by the equimolar apparition of
5-thio-2-nitrobenzoic-acid (e410 = 13,600 M−1 cm−1).

2.8. Statistical analysis

Data groups (means ± S.E.M.) were compared using
Student

′
s t-test for paired observations. Statistical sig-

nificance and regression analyses were performed using
the Origin 7.0 Software. Differences were considered
significant when p < 0.05.

3. Results

3.1. Effect of Cu2+ and Cu2+/ascorbate on UGT
activity

We first tested the effects of preincubation time
at 37 ◦C of microsomes alone (control values), in

the presence of Cu2+ and in the presence of
Cu2+/ascorbate on UGT activity. These results are shown
in Figs. 1 (Cu2+) and 2 (Cu2+/ascorbate). UGT activ-
ity control values increased with preincubation time.
UGT activities values are expressed as nmoles of conjugate/min/mg
of microsomal protein (mean ± S.E.M. of at least four independent
experiments).

UGT activity remained unchanged following treatment
of microsomes with 25 nM Cu2+ at all the preincuba-
tion times assayed. After preincubation of microsomes
with 10 �M Cu2+, however, a robust UGT inhibition
was observed; this phenomenon was preincubation time-
dependent until total loss of enzymatic activity, at 60 min.
Cu2+/ascorbate. Microsomes were preincubated without (control) or
with Cu2+/ascorbate before to determine the UGT activity as described
in Section 2. UGT activities values are expressed as nmoles of con-
jugate/min/mg of microsomal protein (mean ± S.E.M. of at least four
independent experiments).
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modified although microsomes were preincubated dur-
ing 30 min with 25 nM Cu2+ before to determinate the
enzymatic activity (Fig. 4A: T1 and T2). However, UGT
activity was inhibited 30% when microsomes treated
Preincubation of microsomes with 25 nM
u2+/ascorbate induced UGT activation in a preincu-
ation time-dependent manner; the extension of this
henomenon ranged between ∼1.9 fold (microsomes
reincubated during 15 min) and ∼1.2 fold (microsomes
reincubated during 60 min). Treatment of microsomes
ith 10 �M Cu2+/ascorbate for 15 min increased UGT

ctivity; longer preincubation times, however, caused a
trong inhibition of this enzymatic activity until its total
oss at 60 min. Finally, preincubation of microsomes
ith 50 �M Cu2+/ascorbate for 15 min was sufficient to

ompletely abolish UGT activity, similar to what was
bserved with 50 �M copper ions in the absence of
scorbate.

.2. Effects of copper ions on UGT activity in
icrosomes treated with Triton X-100

It is known that the microsomal proteins conforma-
ion can be altered by treatment with Triton X-100,
esulting in changes of their biological functions. In
act, UGT activity from microsomes treated with this
etergent was ∼3 fold higher than the control activity
Fig. 3). This effect was not due to solubilisation of the
nzyme as UGT activity remained completely associated
o the membrane fraction following detergent treatment,

s assessed by centrifugation at 105,000 × g and screen-
ng of pellet and supernatant for UGT activity (data no
hown).

ig. 3. Microsomal UGT activity in the presence of 0.1% (v/v) Triton
-100. Control: microsomes not treated with Triton X-100; Triton X-
00: microsomes treated with Triton X-100; pellet and supernatant:
ractions of microsomes treated with Triton X-100 and then cen-
rifuged to 105,000 × g according to Section 2. UGT activity values
re expressed as nmoles of conjugate/min/mg of microsomal protein.
ll values represent the mean ± S.E.M. of at least four independent

xperiments.
The conformational changes of microsomal protein
may induce different susceptibility of the amino acid
residues such as cysteinyl groups; these groups can be
oxidized or/and bind copper ions. UGT isoenzymes are
thiol proteins [1,3]. Thus, we assayed the UGT activ-
ity of microsomes treated with Triton X-100 in the
presence of Cu2+ alone (Fig. 4A) and Cu2+/ascorbate
(Fig. 4B). When these microsomes were treated with
25 nM Cu2+ the UGT activity control value was not
Fig. 4. UGT activity of microsomes treated with 0.1% (v/v) Triton
X-100. Effect of Cu2+ (A) and Cu2+/ascorbate (B). Microsomes were
treated with Triton X-100, under conditions detailed in Section 2. T1:
microsomal UGT activity was determined immediately after to add
Cu2+ or Cu2+/ascorbate according to Section 2. T2: microsomes prein-
cubated for 30 min with Cu2+ or Cu2+/ascorbate before to determine
UGT activity. Values represent the UGT activity expressed as nmoles
of conjugate/min/mg of microsomal protein (mean ± S.E.M. of at least
four independent experiments).



Fig. 5. Effect of Cu2+ on microsomal thiol content. (A) Native micro-
somes. (B) Microsomes treated with Triton X-100, under conditions
detailed in Section 2. T1: microsomal UGT activity was determined
immediately after to add Cu2+ or Cu2+/ascorbate according to Sec-
tion 2. T2: microsomes preincubated during 30 min with Cu2+ before
to determine thiol content according to Section 2. Thiol content
values are expressed as nmoles of thiol/mg of microsomal protein

*

with Triton X-100 were tested with 10 �M Cu2+ alone;
moreover, the preincubation of these microsomes with
10 �M Cu2+ abolished the enzymatic activity (Fig. 4A:
T1 and T2). Likewise, treatment of these microsomes
with 50 �M Cu2+ (0 and 30 min before to measure the
enzymatic activity), abolished the UGT activity (Fig. 4A:
T1 and T2).

On the other hand, microsomes treated with Triton
X-100 tested in the presence of 25 nM Cu2+/ascorbate
increased in 40% the UGT activity (Fig. 4B: T1);
when microsomes were preincubated during 30 min with
25 nM Cu2+/ascorbate before assaying the enzymatic
activity, however, UGT activity remained unchanged
(Fig. 4B: T2). Triton X-100-solubilised microsomes
treated with 10 �M Cu2+/ascorbate displayed increased
UGT activity ∼40% (Fig. 4B: T1); preincubation of
these microsomes for 30 min with 10 �M Cu2+/ascorbate
prior to determination of UGT activity, abolished this
enzymatic activity (Fig. 4B: T2). Preincubation of
microsomes treated with Triton X-100 with 50 �M
Cu2+/ascorbate for 0 and 30 min before assaying UGT
activity abolished this enzymatic activity (Fig. 4B: T1
and T2).

3.3. Microsomal thiol content

To address the potential relevance of thiol groups of
UGT in its enzymatic activity, we measured the micro-
somal thiol content in the presence of Cu2+ alone (Fig. 5)
and Cu2+/ascorbate (Fig. 6). To evaluate microsomal
membrane conformational changes we performed these
experiments in native microsomes (Figs. 5A and 6A)
and microsomes pre-treated with 0.1% (v/v) Triton X-
100 (Figs. 5B and 6B). Microsomal thiol content of
samples without preincubation (T1) or preincubated dur-
ing 30 min (T2) with Cu2+ alone or Cu2+/ascorbate, are
shown in Fig. 5A. In the condition T1, native microsomes
treated with 25 nM, 10 �M and 50 �M Cu2+ alone did
not modify microsomal thiol content. In the condition
T2, thiol content of native microsomes was not modified
by 25 nM Cu2+, but 10 and 50 �M Cu2+ decreased it
in the same extension (∼56%). Pre-treatment of micro-
somes with 0.1% (v/v) Triton X-100, according to
Section 2, increased the thiol content (∼13%). Treat-
ment of these microsomes for 0 and 30 min with 25 nM
Cu2+ led to a decrease (∼10%) in microsomal thiol con-
tent (Fig. 5B). In the condition T1, 10 and 50 �M Cu2+

caused a decrease of ∼10% and ∼55% in thiol con-

tent, respectively. As shown in Fig. 5B, further decreases
of microsomal thiol content was observed when these
microsomes were preincubated for 30 min with 10 and
50 �M Cu2+ (∼78 and ∼85%, respectively).
(mean ± S.E.M. of at least four independent experiments). Values
not significantly different to control values (p > 0.05); **values signif-
icantly different to control values (p < 0.05).

As shown in Fig. 6A, in the condition T1, 25 nM
Cu2+/ascorbate did not modify thiol content of native
microsomes while in the condition T2 a decrease of
∼20% was observed. Likewise, 10 �M Cu2+/ascorbate
and 50 �M Cu2+/ascorbate decreased the thiol content
of native microsomes in ∼15 and ∼18%, respectively
(Fig. 6A). In the condition T2, however, these val-
ues were increased to ∼62% (10 �M Cu2+/ascorbate)
and ∼70% (50 �M Cu2+/ascorbate). As illustrated in
Fig. 6B, thiol content of microsomes treated with Triton

X-100 following 25 nM Cu2+/ascorbate treatment did
not modify thiol content; preincubation of these micro-
somes for 30 min with 25 nM Cu2+/ascorbate, however,



Fig. 6. Effect of Cu2+/ascorbate on microsomal thiol content. (A)
Native microsomes. (B) Microsomes treated with Triton X-100, under
conditions detailed in Section 2. T1: microsomal UGT activity was
determined immediately after to add Cu2+ or Cu2+/ascorbate accord-
ing to Section 2. T2: microsomes preincubated for 30 min with
Cu2+/ascorbate before to determine thiol content according to Section
2
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Fig. 7. UGT activity in the presence of Cu2+ and Cu2+/ascorbate.
Effect of EDTA. [EDTA]: 1 mM. (A) Microsomes preincubated dur-
ing 30 min with a mixture of Cu2+/EDTA before to determine the UGT
activity. (B) Microsomes preincubated during 30 min with a mixture of
Cu2+/ascorbate/EDTA before to determine the UGT activity accord-
ing to Section 2. Control: microsomes preincubated for 30 min with or
without EDTA before to determine the UGT activity. Values represent
the UGT activity expressed as nmoles of conjugate/min/mg of microso-
mal protein (mean ± S.E.M. of at least four independent experiments).
. Thiol content values are expressed as nmoles of thiol/mg of microso-
al protein (mean ± S.E.M. of at least four independent experiments).

Values not significantly different to control values (p > 0.05).

ecreased thiol content in ∼20%. In the condition T1, the
icrosomal thiol content was decreased ∼63 and ∼70%

y 10 �M Cu2+/ascorbate and 50 �M Cu2+/ascorbate,
espectively, and in the condition T2, these values were
ecreased to ∼80% (10 �M Cu2+/ascorbate) and ∼83%
50 �M Cu2+/ascorbate).

.4. EDTA and UGT activity in the presence of
u2+ and Cu2+/ascorbate
If Cu2+ is exerting direct effects, the presence of
helating agents such as EDTA will prevent them.
hus, we assayed the effect of Cu2+ (Fig. 7A) and
u2+/ascorbate (Fig. 7B) on the UGT activity in the
*Values not significantly different to control values (p > 0.05).

presence of EDTA. This chelating agent did not mod-
ify by itself the UGT activity of control value and
that measured in the presence of 25 nM Cu2+. How-
ever, EDTA abolished the inhibitory effects on UGT
activity induced by 10 and 50 �M Cu2+ (Fig. 7A). More-
over, EDTA abolished the UGT activation induced by
25 nM Cu2+/ascorbate and the UGT inhibition induced

by 10 �M/ascorbate and 50 �M Cu2+/ascorbate when
microsomes were preincubated for 30 min with these
Cu2+/ascorbate mixtures prior to determination of the
UDGT activity (Fig. 7B).



Fig. 8. Effect of DTT on UGT activation induced by Cu2+/ascorbate.
[ascorbate]: 1 mM; [DTT]: 2 mM. DTT-protection: microsomes incu-
bated during 15 min with DTT and then 30 min Cu2+/ascorbate before
to determine UGT activity. DTT-reversion: microsomes incubated dur-
ing 30 min with Cu2+/ascorbate and then 15 min with DTT before to
determine UGT activity according to Section 2. Control: microsomes

incubated without Cu2+/ascorbate. Values represent UGT activity
expressed as nmoles of conjugate/min/mg of microsomal protein
(mean ± S.E.M. of at least four independent experiments).

3.5. Effect of DTT on microsomal UGT activity in
the presence of Cu2+/ascorbate

To evaluate the oxidative changes induced by
Cu2+/ascorbate on UGT activity, we studied the effect
of a known thiol reducing agent, DTT; Fig. 8 illus-
trates these results. Treatment of microsomes with 2 mM
DTT for 15 min before (prevention) and after (reversion)
to add Cu2+/ascorbate, abolished the UGT activation
induced by the preincubation of microsomes for 30 min
with 25 nM Cu2+/ascorbate. In the same conditions (pre-
vention and reversion), DTT increased UGT activity
inhibition caused by 10 �M Cu2+/ascorbate since ∼13%
to ∼74% and did not modify the UGT activity inhibition
elicited by 50 �M Cu2+/ascorbate.

4. Discussion

Recently, there has been an increase in reports
regarding copper-associated diseases in both man and
animals. Wilson’s disease is an autosomal recessive
disorder that results from pathological accumulation of
copper predominantly in the liver and brain. Copper also

has a role in fatal, non-Wilson liver diseases affecting
young children with a genetic abnormality of copper
metabolism. Excess accumulation of copper also occurs
because of chronic liver diseases such as primary biliary
cirrhosis, and chronic hepatitis in both humans and
animals [19–23]. Thus, disruption of the normal copper
homeostasis or accumulation of copper in excess of
metabolic requirements can lead to copper toxicity.
Thus, copper toxicosis can be classified as primary
when it results from an inherited metabolic defect, and
as secondary when it is the consequence of an abnor-
mally high intake, increased absorption, or reduced
excretion of copper due to underlying pathologic
processes.

In the present study, we studied the molecular mech-
anisms by which copper ions alter one of the most
relevant enzymatic activities in liver biotransformation
of xenobiotics. UGT is a relevant enzyme in the bio-
transformation of drugs; glucuronides are the major
metabolites excreted by urine. Previous studies demon-
strate that the Fe3+/ascorbate system elicits microsomal
UGT activation, due to the generation of reactive oxy-
gen species via Fenton and/or Haber-Weiss reactions
[11]. Similarly, Cu2+/ascorbate may induce redox effects
[12,24]. Unlike iron ions, however, copper ions may also
indiscriminately bind to thiol groups of proteins other
than the ones related to its transport and/or storage. Fur-
thermore, such effect seems to depend on copper ions
concentration, as it has been observed only with �M but
no with nM concentrations [12].

UGT is represented by a super family of thiol pro-
teins and modification of their cysteine alter it enzymatic
activity; i.e. substitution of the three cysteine residues
within the C-terminal cytosolic tail had minimal effect
on basal UGT1A1 activity, but prevented UGT1A1 acti-
vation by UDP-GlcNAc physiological activator, which
stimulates the import of the donor substrate UDPGA
[1,3]. Moreover, the microsomal UGT-activation pro-
voked by �M Fe3+ concentration in the presence of
ascorbate was totally prevented and reversed by reduc-
ing agents, such as, DTT, GSH and cysteine, indicating
that only redox changes on the UGT seem be involved in
its activation [11]. Furthermore, thiol-alkylating agents
such as NEM and mersalyl may alter UGT activity
[11,25]. UGT cysteine residues can bind copper ions,
a process that alters its enzymatic activity; this phe-
nomenon seems to depend, however, on copper ion
concentration. Thus, Cu2+/ascorbate could cause simul-
taneously UGT oxidative activation and UGT inhibition
by its redox effects and binding of copper ions to
the enzyme, respectively. It is necessary to note that
the binding phenomenon may cluster the copper ions,

hindering their pro-oxidant capacity. The extension of
both binding-induced inhibition and oxidative activation,
should determine the final effect on microsomal UGT
activity.
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Consistent with our hypothesis, in the absence of
scorbate, �M Cu2+ inhibited the microsomal UGT
ctivity while it remained unchanged following nM Cu2+

reatment (Fig. 1). In the presence of ascorbate, only
M Cu2+ caused UGT activation, low �M Cu2+ led
o a transient activation by inhibition of UGT activ-
ty, and high �M Cu2+ abolished this activity (Fig. 2).

e have previously demonstrated, with other enzy-
atic activities, that nM Cu2+ concentrations in the

resence of ascorbate induce only oxidative changes
hile �M Cu2+, in either the presence or absence of

scorbate, elicited mainly Cu2+ binding to microso-
al protein [12]. The corollary of these observations

s that intermediate copper ions concentration will have
ixed effects. The data presented here is completely

onsistent with a model in which copper behaves as a
ro-oxidant when a reducing agent is present (i.e. ascor-
ate) and at very low concentrations (i.e. nM) while
t higher concentrations (i.e. �M), the copper-binding
ffect is prevalent, even in the presence of reducing
gents.

Contrary to our results, probably because the assay
onditions were different, Ikushiro et al. [26] report
ctivation of rat liver microsomes UGT provoked by
TT (5 mM). These authors postulate the reduction
f a disulphide bond within the enzyme as a possible
echanism explaining their observations. Ghosh et al.

1] who reported that treatment with 5 mM DTT did
ot significantly affect UGT activity towards bilirubin
n native, digitonin-permeabilized or UDPGlcNAc-
reated human liver microsomes, indicating that intra-
r inter-molecular disulphide bonding is not required
or UGT1A1 activity towards bilirubin, have challenged
hese results.

Another question we addressed in this study is
hether UGT activity relies on the presence of criti-

al cysteinyl residues that need to be in the free form.
opper-binding proteins are able to bind different metal

ons (Zn2+, Cd2+, Ag+ and Hg2+) as well in virtue
f the occurrence of thiol clusters in their amino acid
equences [27–33]. UGT isoenzymes appear to dis-
lay reactivity towards thiol alkylating agents, such
s NEM and mersalyl acid. Apparently, these agents
ct in a concentration-dependent biphasic manner and
ifferently towards different UGT isoforms [1,11,25].
icromolar Cu2+ concentrations alone and in the pres-

nce of ascorbate decreased microsomal thiol content
Fig. 5) and inhibited UGT activity (Fig. 1). We have

eported that �M Fe3+ concentrations alone did not
odify both UGT activity and microsomal thiol con-

ent; similar to nM Cu2+/ascorbate, �M Fe3+/ascorbate
licited UGT activation [11].
It is known that different detergents induce a sig-
nificantly UGT activation which induce conformational
changes in the microsomal membrane [2,4,5]. These
compounds alter the fluidly of microsomal membrane
changing the conformation of their components. These
changes may provoke the exposure of new protein cys-
teine residues, making them available for oxidative or
other modifications; on the other hand, membrane flu-
idity changes may favour the access of UDPGA into
de lumen of endoplasmic reticulum, thus increasing the
UGT activity. Noteworthy, in our conditions (micro-
somes treated with Triton X-100), UGT activity remains
completely associated to the microsomal membrane, but
it was three fold higher than that of native microsomes
(Fig. 3). The conformational changes of the microsomal
membrane components-including UGT- may explain
the activation induced by detergents. The UGT activ-
ity inhibitory effects and the decrease of the microsomal
thiol content provoked by Cu2+ and Cu2+/ascorbate were
significantly higher in microsomes treated with Triton X-
100 than native microsomes (Figs. 5B and 6B). In light
of these data, our results confirm the relevance of free
thiol groups in UGT activity.

In copper-overload diseases, free copper ions may
reach so high concentrations that may alter the biologi-
cal functions of several hepatic proteins -including UGT
[34,35]. Due to its similarities with iron, an excess of
copper is thought to result in cell oxidative damage,
including lipid peroxidation. The level of thiobarbituric
acid reactive substance (TBARS), a measure of lipid
peroxidation, appears increased in copper-loaded rats
[34,35]. A study by Aburto et al. [36], however, did
not find significant alterations in the levels of malondi-
aldehyde, a lipid peroxidation by product, prompting the
study authors to postulate that lipid peroxidation does not
play a major role in copper toxicity although it may occur
as a terminal event because of cell injury. Copper-binding
to proteins, such as UGT, may underlie the non-oxidative
mechanism underlying copper-overload damage. This
is a very novel proposal, and we are actively testing
this model for copper-related consequences in biological
systems.

Oxidative UGT activation may represent a relevant
physiological mechanism for xenobiotic biotransfor-
mation processes since: i) metabolites generated of
the xenobiotics biotransformation catalyzed by the
cytochrome P450 system are substrates of UGT,
and ii) several lipophilic xenobiotics metabolized by

cytochrome P450 system, cause oxidative stress (sol-
vent, pesticides and drugs). In this regard, cytochrome
P450 reductase, a member of the cytochrome P450
oxidative system, catalyzes the nitro-reduction of
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Nitrofurantoin (antibacterial drug) and Nifurtimox
(antichagasic drug). The nitro-reduction of these drugs
generate ROS, which in turn lead to microsomal lipid
peroxidation and UGT activation similar to that observed
in our studies, in the presence of Fe3+/ascorbate and
25 nM Cu2+/ascorbate [11,37]. Probably, the oxidative
UGT activation phenomenon may account for a physio-
logical oxidative crosstalk between phase I and II drug
metabolizing enzymes in order to enhance detoxication
of lipophilic substances. If copper ions inactivate UGT,
not only drugs glucuronidation may be affected, also
those lipophilic drugs metabolized by cytochrome P450
system. This is an interesting field of research and we
are currently testing this hypothesis.

A major subject of our research focuses on the
potential differences in iron-related and copper-related
damage. Our data show once more that Cu2+ has the
ability to cause damage to biological systems through
two very different mechanisms: as a prooxidant (only
in the presence of reducing agents, such as ascorbate)
and by indiscriminate binding to thiol groups of pro-
teins. In the case of UGT, Cu2+/ascorbate cause both
activation and inhibition of the UGT activity. It is neces-
sary to note that DTT totally prevented and reversed the
activation of UGT caused by oxygen free radicals gener-
ated by Cu2+/ascorbate (Fig. 8), thus indicating that this
phenomenon is mediated by oxidative changes on micro-
somal protein, possibly UGT. Noteworthy, in our assay
conditions, microsomal lipoperoxidation also occur and
data exist that in this condition microsomal UGT acti-
vation also occur (11). Lipoperoxidation is not a redox
reversible phenomenon and UGT activation was totally
reversed by DTT (Fig. 8), making it an unlikely player
in this phenomenon.

These data suggest that ROS generated by
Cu2+/ascorbate are likely to be the responsible agents
of UGT activation, either directly or indirectly. On the
other hand, our data show that concomitant UGT inhibi-
tion is explained most likely by copper binding to thiol
groups of microsomal protein, which may include UGT
itself. We are actively working to address whether these
are universal mechanisms for copper-related damage to
biological systems.

References

[1] S.S. Ghosh, Y. Lu, S.W. Lee, X. Wang, C. Guha, J. Roy-
Chowdhury, N. Roy-Chowdhury, Role of cysteine residues in the

function of human UDP glucuronosyltransferase isoform 1A1
(UGT1A1), Biochem. J. 392 (2005) 685–692.

[2] C.B. Kasper, D. Henton, Glucuronidation, in: W.B. Jacoby (Ed.),
Enzymatic Basis of Detoxication, Vol. II, Academic Press, New
York, NY, USA, 1980, pp. 3–36.

[

[3] C. Senay, G. Jedlitschky, N. Terrier, B. Burchell, J. Magdalou, S.
Fournel-Gigleux, The importance of cysteine 126 in the human
liver UDP-glucuronosyltransferase UGT1A6, Biochim. Biophys.
Acta (BBA): Protein Struct. Mol. Enzymol. 1597 (1) (2002)
90–96.

[4] E. Sánchez, T.R. Tephly, Activation of hepatic microsomal
glucuronyl transferase by bilirubin, Life Sci. 13 (11) (1973)
1483–1490.

[5] S.T. Martin, S.D. Black, Detergent effects in rabbit liver
microsomal UDP-glucuronosyltransferase studied by means
of a continuous spectrophotometric assay with p-nitrophenol,
Biochem. Biophys. Res. Commun. 200 (2) (1994) 1093–1098.

[6] D. Bentley, G. Wood, A. Graham, Effects of lipid peroxidation on
the activity of microsomal UDP-glucuronosyltransferase, Med.
Biol. 57 (5) (1979) 274–280.

[7] A.J. Dannenberg, J. Kavencasky, A. Scarlata, D. Zakim, Organi-
zation of microsomal UDP-glucuronosyl transferase. Activation
by treatment at high pressure, Biochemistry 29 (25) (1990)
5961–5967.

[8] R. Fulceri, G. Bánhegy, A. Gamberucci, R. Giunti, J. Mandl,
A. Benedetti, Evidence for the intraluminal positioning of p-
nitrophenol UDP-glucuronosyltransferase activity in rat liver
microsomal vesicles, Arch. Biochem. Biophys. 309 (1) (1994)
43–46.

[9] H. De Groot, T. Noll, T. Tolle, Loss of latent activity of liver
microsomal membrane enzymes evoked by lipid peroxidation
of nucleoside diphosphatase, glucose-6-phosphatase and UDP
glucuronyltransferase, Biochim. Biophys. Acta 815 (1) (1985)
91–96.

10] L. Lear, R.L. Nation, I. Stupans, Influence of morphine
concentration on detergent activation of rat liver morphine-UDP-
glucuronosyltransferase, Biochem. Pharmacol. 42 (1991) 55–60.

11] M.E. Letelier, A. Pimentel, P. Pino, A.M. Lepe, M. Faúndez,
P. Aracena, H. Speisky, Microsomal UDP-glucuronyltransferase
from rat liver. Oxidative activation, Basic Clin. Pharmacol. Tox-
icol. 96 (6) (2005) 480–486.

12] M.E. Letelier, A.M. Lepe, M. Faúndez, J. Salazar, R. Marı́n, P.
Aracena, H. Speisky, Possible mechanisms underlying copper-
induced damage in biological membranes leading to cellular
toxicity, Chem. Biol. Interact. 151 (2) (2005) 71–82.

13] A.J. Lawrence, A. Michalkiewicz, J.S. Morley, K. Mackinnon,
D. Billington, Differential inhibition of hepatic morphine UDP-
glucuronosyltransferases by metal ions, Biochem. Pharmacol. 43
(11) (1992) 2335–2341.

14] A. Watanabe, H. Wakabayashi, Y. Kuwabara, H. Yamamoto, S.
Hattori, T. Tsuji, Liver bilirubin UDP-glucuronosyltransferase
activity in chronic nonhemolytic unconjugated hyperbilirubine-
mia of adults, J. Res. Exp. Med. 197 (6) (May, 1998) 329–336.

15] M. Denissenko, A. Pao, M. Tang, Preferential formation of
benzo(a)pyrene adducts at lung cancer mutational hotspots in
P53, Science 274 (1996) 430–432.

16] J.G. Liehr, Is estradiol a genotoxic mutagenic carcinogen?
Endocr. Rev. 21 (2000) 40–54.

17] T. Shimada, C. Hayes, H. Yamazaki, Activation of chemically
diverse procarcinogens by human cytochrome P450-1B1, Cancer
Res. 56 (1996) 2979–2984.

18] O.H. Lowry, N.J. Rosenbrough, R.J. Farr, A.L. Randall, Protein

measurement with the Folin phenol reagent, J. Biol. Chem. 193
(1) (1951) 265–275.

19] R. Hatano, M. Ebara, H. Fukuda, M. Yoshikawa, N. Sugiura, F.
Kondo, M. Yukawa, H. Saisho, Fatty liver, chronic hepatitis C and
hepatocellular carcinoma. Accumulation of copper in the liver and



[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

hepatic injury in chronic hepatitis, C. J. Gastroenterol. Hepatol.
15 (2000) 786–791.

20] S.A. Bhave, A.N. Pandi, A.M. Pradhan, D.G. Sidhaye, A. Kan-
tarjian, A. Williams, I.C. Talbot, M.S. Tanner, Liver disease in
India, Arch. Dis. Child 57 (12) (1982) 922–928.

21] M.S. Tanner, Role of copper in Indian childhood cirrhosis, Am.
J. Clin. Nutr. 67 (1998) 1074–1081.

22] H.K. Chutan, P.S. Gupta, S. Gulati, D.N. Gupta, Acute copper
sulphate poisoning, Am. J. Med. 39 (5) (1965) 849–854.

23] I. Suciu, L. Prodan, V. Lazar, E. Ilea, A. Cocirla, L. Olinici,
A. Paduraru, O. Zagreanu, P. Lengyel, L. Gyorffi, D. Andru,
Research on copper poisoning, Med. Lav. 72 (3) (1981) 190–
197.

24] M.C. Aparna Jain, M. Nazneen Parveen, N.U. Khan, J.H. Parish,
S.M. Hadi, Reactivities of flavonoids with different hydroxyl
substituents for the cleavage of DNA in the presence of Cu(II),
Phytother. Res. 13 (7) (1999) 609–612.

25] E. Sánchez, E. Del Villar, M.E. Letelier, P. Vega, Dual effects
of mersalyl on UDP-glucuronyltransferase activities in rat liver
microsomes, IRCS Med. Sci. 9 (1981) 1049–1050.

26] S. Ikushiro, E. Yoshikazu, T. Iyanagi, Activation of glu-
curonidation through reduction of a disulfide bond in rat
UDP-glucuronosyltransferase 1A6, Biochemistry 41 (2002)
12813–12820.

27] E.D. Harris, Copper transport: an overview, Proc. Soc. Exp. Biol.

Med. 196 (1991) 130–140.

28] S. Goldstein, G. Czapsky, The role and mechanism of metal ions
and their complexes in enhancing damage in biological systems
or in protecting these systems from the toxicity of O2, J. Free
Radic. Biol. Med. 2 (1986) 3–11.

[

29] D. Eaton, B. Toal, Evaluation of the Cd/hemoglobin affinity assay
for the rapid determination of metallothionein in biological tis-
sues, Toxicol. Appl. Pharmacol. 66 (1) (1982) 134–142.

30] N.E. Hellman, J.D. Gitlin, Ceruloplasmin metabolism and func-
tion, Annu. Rev. Nutr. 22 (2002) 439–458.

31] R.D. Palmiter, The elusive function of metallothioneins, Proc.
Natl. Acad. Sci. 95 (1998) 8428–8430.

32] H. Roelofsen, H. Wolters, M.J. Van Luyn, N. Miura, F. Kuipers,
R.J. Vonk, Copper-induced apical trafficking of ATP7B in polar-
ized hepatoma cells provides a mechanism of biliary copper
excretion, Gastroenterology 119 (2000) 782–793.

33] D.L. Huffman, T.V. O’Halloran, Function, structure, and mech-
anism of intracellular copper trafficking proteins, Annu. Rev.
Biochem. 10 (2001) 677–701.

34] B.M. Myers, F.G. Prendergast, R. Holman, S.M. Kuntz, N.F.
Larusso, Alterations in hepatocyte lysosomes in experimental
hepatic copper overload in rats, Gastroenterology 105 (6) (1993)
1814–1823.

35] R.J. Sokol, M.W. Deveraux, K. O’Brien, R.A. Khandwala,
J.P. Loehr, Abnormal hepatic mitochondrial respiration and
cytochrome C oxidase activity in rats with long-term copper
overload, Gastroenterology 105 (1) (1993) 178–187.

36] E.M. Aburto, A.E. Cribb, I.C. Fuentealba, B.O. Ikede, F.S.
Kibenge, F. Markham, Morphological and biochemical assess-
ment of the liver response to excess dietary copper in Fischer 344

rats, Can. J. Vet. Res. 65 (2) (2001) 97–103.

37] M.E. Letelier, P. Izquierdo, L. Godoy, A.M. Lepe, M. Faúndez,
Liver microsomal biotransformation of nitro-aryl drugs: a mech-
anism for potential oxidative stress induction, J. Appl. Toxicol.
24 (6) (2004) 519–525.


	Copper modifies liver microsomal UDP-glucuronyltransferase activity through different and opposite mechanisms
	Introduction
	Materials and methods
	Chemicals
	Animals
	Microsomal preparation
	Microsomes treated with Triton X-100
	Copper and ascorbate concentrations assayed
	UGT activity
	Microsomal thiol content
	Statistical analysis

	Results
	Effect of Cu2+ and Cu2+/ascorbate on UGT activity
	Effects of copper ions on UGT activity in microsomes treated with Triton X-100
	Microsomal thiol content
	EDTA and UGT activity in the presence of Cu2+ and Cu2+/ascorbate
	Effect of DTT on microsomal UGT activity in the presence of Cu2+/ascorbate

	Discussion
	References


