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Abstract

Intense research efforts performed during the past decade clearly established the major role of glucuronidation and uridine-diphospho-
glucuronosyltransferase (UGT) enzymes for steroid metabolism in humans. However, a clear understanding of the physiological importance
of this metabolic process requires in vivo studies. Numerous evidences ascertain that simians are the most appropriate animal models for
such studies. Indeed human and monkey have a similar pattern of steroidogenesis, unlike common laboratory mammals such as rat or
mouse. Furthermore, human and monkey are unique in having high levels of circulating androsterone glucuronide and arddistane-3
glucuronide (&-Diol-G). In addition, characterization of eight monkey UGT proteins demonstrated the similarity of their conjugation
activity toward steroid hormones. Like human ones, monkey enzymes are expressed in steroid target tissues, where they preferentially
glucuronidate androgen and estrogen metabolites. In monkey tissues, immunohistochemical studies demonstrated that UGT2B proteins
are expressed in a cell-type specific manner in ovary and kidney, where they control androgens and aldosterone inactivation. These results
identify the cynomolgus monkey as an appropriate animal model for the determination of cellular localization of UGT enzymes in steroid
target tissues and for the identification of endogenous or exogenous stimuli affecting steroid glucuronidation.
© 2003 Published by Elsevier Ltd.
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1. Introduction 2. UDP-glucuronosyltransferase (UGT) enzymes

Conjugation of compounds by glucuronidation is a path-  To date, numerous UGT cDNAs have been isolated from
way found in all vertebratefl]. This reaction is catalyzed several mammalian species. In humans, 16 proteins were
by uridine-diphosphate-glucuronosyltransferase (UGT) en- characterized and categorized into two major families,
zymes and corresponds to the transfer of the glucuronosylUGT1 and UGT2, according to their primary amino acid
group from uridine-5diphosphoglucuronic acid (UDPGA) sequence homology#]. The entire UGT1 family is derived
to acceptor moleculgd]. Substrates for UGT enzymes are from a single gene locusJGT1A), located on chromosome
generally hydrophobic compounds with oxygen, nitrogen 2 (2g37), coding for nine functional proteins (UGT1A1,
and sulfur functional groups. The glucuronide products are UGT1A3-1A10) and three pseudogengs]. The physio-
more polar, generally water soluble and more easily excretedlogical importance of UGT1 enzymes is demonstrated by
in bile or urine[1]. Glucuronidation is a major metabolic mutations iNUGT1A genes, which cause several diseases
pathway for more than 40% of all the xenobiotics to which with varying degrees of hyperbilirubinemia (Crigler—Najjar
the human body is exposed, and for numerous endoge-Types | and Il, and Gilbert's diseas@)8]. These mutations
nous molecules such as bilirubin, bile acids and steroids provoke lowered or absent levels of bilirubin glucuronida-
[2,3]. tion that may lead to toxic levels of substrate accumulation

in the body. UGT1A enzymes were first associated to spe-

cific bilirubin and xenobiotics conjugation; however, recent

studies have shown their role in C18-steroids inactivation
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inactivation of odorant molecul¢$3-15] UGT2B enzymes These results clearly established the role of UGT enzymes

catalyze the glucuronidation of bile acids, steroids, fatty in sex steroids inactivation and elimination.

acids, carboxylic acids, phenols and carcinogens. Seven hu-

man UGT2B proteins have been characterized: UGT2B4,

UGT2B7, UGT2B10, UGT2B11, UGT2B15, UGT2B17 4. Human UGT enzymes are expressed in steroid

and UGT2B28[16-22] These enzymes are encoded by target tissues

different genes clustered on chromosome 4 (4q13-4g21.1)

[23-26] UGT2B4, UGT2B10 and UGT2B11 are more It is widely accepted that the liver is a major site of glu-

specific for bile acids and fatty acids glucuronidation curonidation. However, there is accumulating evidences that

[27,28] whereas UGT2B7, UGT2B15, UGT2B17 and extrahepatic tissues are also involved in the conjugation of

UGT2B28 conjugates sex steroids (namely androgens) andsteroids hormones. High levels ofseduced C19-steroid

a variety of other endogenous and exogenous moleculesglucuronides were measured in the human prostate, breast

[16-21] cyst fluid and ovarian follicular fluid, indicating that glu-
All mammalian UGT proteins share an identical organi- curonidation of these androgen metabolites occurs in these

zation with two major domains. The amino-terminal part, tissueqg37—-39] In the skin, where local androgens synthe-

encoded by the first exon of bothGT1A andUGT2B genes, sis occurs, &-reduced C19-steroids are also glucuronidated

contains the substrate-binding domain and is responsible for[40]. Furthermore, Northern-, Western-blot and reverse tran-

the substrate specificity of each isofof@)4]. By contrast, scription (RT)-PCR analyses demonstrated the expression of

the UDPGA-binding domain is found in the carboxyl termi- UGT2B and UGT1A transcripts and proteins in a large va-

nal part of the proteins, which is highly conserved among riety of human steroid target tissues, including skin, testis,

mammalian UGT enzymdg8,4]. ovary, breast and prostaig 16,19-21,32,41,42These ob-

servations strongly demonstrate the local inactivation of an-

drogens inside their target tissues.
3. Glucuronidation of steroid hormones in humans

Numerous studies on steroid metabolism demon- 5. Characterization of the cynomolgus monkey as an
strated that androsterone glucuronide (ADT-G) and 5 animal model for studying steroid glucuronidation in
androstane-®@, 173-diol glucuronide (a-Diol-G) are the extrahepatic tissues
major circulating C19-steroid metabolites in hum423].

Furthermore, the plasma levels of these glucuronide deriva- Identification and characterization of human UGT en-
tives reflect the peripheral tissue conversion of adrenal zymes during the 1990s evidenced the importance of these
and gonadal precursor C19-steroids to active androgens inenzymes in the metabolism of steroid hormones. However,
various pathophysiological conditiofi80]. More recently, a clear understanding of the physiological role of UGTs in
identification and characterization of human UGT2Bs sex hormones inactivation and elimination required in vivo
demonstrated the major role that these enzymes playanalyses. To obtain a relevant system in which to study
in androgen conjugationf16,19-21,31] A recent study the role of steroid glucuronidation, it was suggested that
clearly established the relative contribution of each hu- non-human primates may be the most appropriate animal
man UGT2B in the glucuronidation of various C19-steroid model. Indeed, the crab-eating (or cynomolgus) monkey
metabolites[32]. Indeed, UGT2B7 plays a major role in (Macaca fascicularis) is a commonly used animal model for
the glucuronidation of @-Diol, whereas UGT2B15 and the development of drugs, and particularly for the character-
UGT2B17 are major ADT, dihydrotestosterone (DHT) and ization of pharmacokinetic and toxicological properties of

testosterone-conjugating isoforrfd2]. In addition to an- novel molecules. Using this model, it was demonstrated that
drogens, UGT2B7 also conjugates bile acids, estrogen,glucuronidation is a major metabolic pathway for numerous
mineralocorticoid and glucocorticoid hormords,33,34] moleculeg43-46] In addition, humans and other primates

Estrogens and catecholestrogens are also important enare unique in having adrenals that secrete large amounts of
dogenous substrates for UGT enzymes. As such, all of thedehydroepiandrosterone (DHEA) and its sulfated derivative
UGT1A tested so far, with the exception of UGT1A®6, glu- DHEA-sulfate. These steroids act as precursors of active
curonidate estrogens. While UGT1A3, UGT1A4, UGT1A9 androgens and estrogens formed in peripheral target tissues,
and UGT1A10 enzymes conjugate some C19-steroids,where the same enzymes involved in active steroid synthe-
their activity is apparently much higher for estrogens sis are expressed. As observed in humans, these precursors
and catecholestrogen8,10]. The glucuronidation of cat- are converted into androgens and estrogens in a large series
echolestrogens, such as 4-hydroxyestrone, is a poten-of monkey peripheral tissues. In addition, oral administra-
tially important catabolic pathway for the elimination of tion of DHEA to monkeys resulted in a rapid increase of
these genotoxic steroid metabolites from a given tissue, serum DHEA, testosterone, androstenedione;D®l-G
and the prevention of the cell damages they can induceand ADT-G concentrations, as observed in humpiy.
[35,36] These observations indicate that in cynomolgus monkey, and
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like in humans, the measurement of androgen glucuronidesare first exposed to exogenous compounds, preferentially ex-

reflects the peripheral conversion of adrenal precuigails press UGT enzymes conjugating xenobioft®-51] These
observations revealed the presence of steroid glucuronida-

5.1. Seroid glucuronides are formed in monkey target tion enzymes in monkey extrahepatic target tissues and pro-

tissues vided the first evidence that steroid conjugation occurs in

a specific manner in target tissues. Furthermore, these data
A comparison of the circulating levels ofa&reduced  suggested that glucuronidation is an important pathway for
C19-steroid glucuronides among mammalian species, re-the termination of the steroid signaling in these tissues.
vealed that human and monkey are unique in having high  To compare the molecular and biochemical mechanisms
levels of circulating ADT-G and &-Diol-G (Fig. 19. Us- of steroid glucuronidation in human and monkey, 10 simian
ing polyclonal antibodies raised against human UGT1A and UGT enzymes have been cloned and characterized.
UGT2B enzymes, Western-blot experiments indicated the
presence of UGT proteins in various monkey steroids target5.2. Cloning and characterization of monkey UGT2B
tissues, including uterus, mammary gland, testis and prostateenzymes
(Fig. 1b [48]. In addition, a comparison of the glucuronida-
tion activity in 24 monkey tissues, demonstrated that xeno-  To isolate UGT2B clones, monkey liver and prostate
biotics, as well as estrogens or androgens are significantlycDNA libraries were made with mRNA isolated from the
conjugated in a wide variety of tissug3]. However, the  cynomolgus monkey. Screening of these libraries with a
steroid glucuronidation versus xenobiotics glucuronidation combination of human probes resulted in the identification
ratio was higher in steroid target tissues, suggesting a preferof six monkey enzymes: UGT2B9, UGT2B18, UGT2B19,
ential expression of steroid-conjugating enzymes in these tis-UGT2B20, UGT2B23 and UGT2B3{B2-57]} The primary
sues. By contrast, tissues of the gastrointestinal tract, whichstructures of these enzymes, deduced from the nucleotide se-
guence of the corresponding cDNAs were compared to those
6000 of human, rat and rabbit enzymesid. 2). Clearly, simian
' [ | 8a-DiolG UGT2B enzymes are closer to the human ones than rat and
Bl AoTG rabbit proteins. The primary structure of the human and
simian UGT2B proteins share 62—-92% of identi8;57].
The amino-terminal sections of the protein are less homol-
ogous than the carboxyl-terminal portiofts2-57] The
human and monkey UGTs thus share similar primary struc-
tures. Moreover, they also present identical post-translational
modifications. Indeed, we demonstrated that human
UGT2B7, UGT2B15 and UGT2B17 and monkey UGT2B20
are glycosylated proteins, and that this post-translational
modification is essential for their glucuronidation activity
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Y 2 g2 2 T 2 [58]. However,N-glycosylation is also an important modi-
= 0 3 3 ©* 3 fication for rat UGT2B1 and UGT2B2 proteifi59], which
(a) so a @ = indicates that this post-translational modification affects
both higher mammals and rodents UGT enzymes. The
g e recent determination of the intron—exon structure of the
L a o UGT2B30 gene demonstrated that this gene, which spans
TR g approximately 15kb, is composed of six exons and five
-3 > introns as humat/GT2B genes Fig. 3) [57]. This observa-
§ § 3 £ c T4 g g tion further demonstrates that the structur&J@T2B genes
Y ¥ E 5_ 2 55 E 3 is conserved among rat, monkey and humag.(3).
kDa u:!:'l % u:" 53 8 ¥ 5 =a Simian UGT2B cDNAs have been stably transfected in
66 — - PP~ Anti-UGT1A human embryonic kidney (HEK) 293 cells and the substrate
66 — . specificity of each enzyme was analyzed and compared
() —- S S Ant-UGT2B to human isoforms. The monkey enzymes can conjugate

Fig. 1. Human and monkey have high concentrations of circulating of C19-steroids, SL_jCh as testosterone, DFH?"[BOI or ADT,
5a-reduced C19-steroid glucuronides, which are formed by UGT enzymes @nd other steroid substrates as seen with the human pro-
expressed in extrahepatic tissues. (a) The concentration of androgen gluteins Fig. 4). However, the overall substrate specificity of
curonides was determined by radioimmuno assays in plasma from 20 5 given simian enzyme is slightly different from that of the
men, and 4 monkey, dog, bovine, swine, rat and mouse adult males; (b),,man proteins, which make it difficult to classify these en-
expression of UGT1A and UGT2B proteins in microsome preparations . e .
gymes as true orthologues. Based on their stereospecificity

from various monkey tissues, as measured by Western-blot analyses usin ) >
anti-UGT1A or anti-UGT2B antibodies. of androgen glucuronidation, monkey UGT2B enzymes
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UGT2B8 Rat
UGT2B13  Rabbit
—|_| UGT2B16  Rabbit
UGT2B14  Rabbit
UGT2B18 Monkey
UGT2B9 Monkey

UGT2B23 Monkey
— UGT2B7 Human

UGT2B10 Human
— UGT2B28 Human
UGT2B11 Human
_|: UGT2B17 Human
UGT2B15  Human
— UGT2B20 Monkey
_|: UGT2B19 Monkey
UGT2B30 Monkey
— UGT2B4 Human
— UGT2B3 Rat
_|_|: UGT2B6 Rat
UGT2B2 Rat

UGT2B12 Rat
UGT2B1 Rat

Fig. 2. Dendrogram of homology between the UGT2B enzymes from rats, rabbit, human and monkey. Amino acid sequences were from the GenBank
data base.

can be divided into two groups: UGT2B19 and UGT2B20 both estrogens (estradiol and estriol) and catecholestro-
conjugate specifically the Bfhydroxy position of testos-  gens, while UGT2B19 and UGT2B20 only glucuronidate
terone, DHT and &-Diol, whereas other enzymes can estrogens, and UGT2B9 and UGT2B18 are unable to cat-
conjugate androgen at bota-dydroxy position (ADT) and alyze C18-steroid glucuronidatiof2-57] Interestingly,
17B8-hydroxy position[52,54-57,60](Fig. 4). It is impor- similar results could be observed with the human isoforms,
tant to note that despiten3Diol presents hydroxyl groups since UGT2B7, UGT2B17 and UGT2B28 glucuronidate
at both 3 and 1B positions, only 1B-glucuronides of this ~ 3a- and 1B-hydroxyandrogens, whereas UGT2B15 only
metabolite are detected in monkey plasma. Interestingly, theconjugates 1@-hydroxyandrogens (testosterone and DHT)
stereospecificity of monkey UGT2B enzymes for androgen [16,19,21,31,32,34]

glucuronidation, can be extended to other substrates, such Kinetic analyses of the human and monkey UGT2B en-
as C18-steroids, which are conjugated at a lower rate thanzymes illustrate the conjugation of steroids Wik, values
androgens. As such, UGT2B9 and UGT2B30 conjugate in the low micromolar range which is consistent with a

Rat UGT2B1
2 3 4
Rat UGT2B2 F— 7

kb 0 5 10 15 20 25
Fig. 3. Intron—exon structure of rat, human and monkkyT2B genes. The organization of dlGT2B genes characterized to date in different species
is represented in a schematic view.
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Fig. 4. Relative activity of monkey UGT2B enzymes toward androgenic substrates. The levels of testosteroney-DisTaBd ADT glucuronidation by
monkey UGT2B enzymes stably expressed in HEK293 cells were normalized by the level of protein expression in the corresponding transfected cell lines

physiological role of these proteins in steroid glucuronida- 100 positive recombinants were isolated. Among these
tion[16,19-21,52-57]The rate of substrate glucuronidation recombinants, cDNA clones homologous to the human
of a given isoform, as determined using stable transfectant, UGT1A6, UGT1A8 and UGT1A9 were named UGT1AO06,
depends on the level of enzyme expression in HEK293 UGT1A08 and UGT1A0942]. Alignment of the deduced
cells, it is therefore difficult to compare the specific roles amino acid sequences of these proteins demonstrated a re-
of different enzymes in androgen glucuronidation. To ad- gion of total identity from residues 286 to 530, whereas the
dress this specific role, Girard et .7] have compared the  amino-terminal parts of the proteins were variable. From
glucuronidation activity toward testosterone, DHT, ADT these results it is apparent that the monkey UGT1A proteins
and 3x-Diol of the six monkey UGT2B enzymes. The glu- contain a variable domain at the amino-half that is prob-
curonidation activity values were subsequently corrected ably encoded by exon 1, and is followed by a conserved
with the amount of proteins contained in the correspond- carboxyl-region encoded by exons 2-5 as found in the hu-
ing cell lines, as determined by Western-blot. This study man [6], rat [61], and mousd62] UGT1A genes. Based
evidenced that testosterone is mainly glucuronidated by on this observation, the monkey UGT1A01 was cloned
UGT2B19 and UGT2B20, while UGT2B9 plays an im- from liver by PCR using a sense primer specific for human
portant role for DHT, &-Diol and ADT glucuronide con-  UGT1A1 and an antisense oligonucleotide hybridizing the
jugation Fig. 4) [57]. UGT2B30 and UGT2B18 are also common 3region of monkey UGT1A§42].
important enzymes fora@3Diol and ADT glucuronidation, Comparison of the primary structure of the amino-part of
respectively Fig. 4). These data demonstrate that despite monkey UGT1A proteins with the corresponding human en-
a relative overlap of substrate specificity, each UGT2B zymes revealed a more than 90% sequence ideiittylé J).
enzyme plays a specific role in androgens inactivation. In addition, comparison of the conserved carboxyl-region
Interestingly, the rhesus monke#écaca mulatta) ho- demonstrates 97% sequence identity between human and
mologue of UGT2B9 (UGT2B®, GenBank number: monkey proteins. Overall, these data illustrate the elevated
AF294901) has been cloned, but its steroid glucuronida- homology of UGT1A isoforms and suggest a simUsBT1A
tion activity was not investigated. However, this demon- gene organization between human and monkey.
strate that monkey UGT2B enzymes are conserved among As performed for UGT2Bs, human and monkey UGT1A1l
cynomolgus and rhesus species. and UGT1A9 enzymes were stably expressed into HEK293
Overall, these data demonstrate that monkey UGT2B en-cells for subsequent comparison of their enzymatic prop-
zymes are close to human proteins and conjugate steroidserties [41,42] Interestingly, human and monkey homo-

with similar sterospecificity and enzymatic properties. logues of both enzymes present an identical endogenous
substrate specificity Table 3. Furthermore, human and

5.3. Cloning and characterization of monkey UGT1A monkey UGT1Al and UGT1A9 fail to conjugate andro-

enzymes gens, whereas these enzymes catalyze estrogen and cate-

cholestrogen glucuronidatio1,42] Although, UGT1A1
In order to clone and characterize simian UGT1A iso- glucuronidates only estradiol, UGT1A9 is able to convert
forms, a monkey liver cDNA library was screened, and estradiol, estrone and estriol to their glucuronide derivatives
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Table 1

Homology between monkey and human UGT1A proteins

Human enzymes GenBank numbers Monkey homologues GenBank numbers Percentage of homology
UGT1A1 AAAB3195 UGT1A01 AAF15549 94

UGT1A6 AAG30420 UGT1A06 AAF15547 94

UGT1A8 AAAB6625 UGT1A08 AAF15548 94

UGT1A9 AAC31425 UGT1A09 AAF15546 90

Homology of amino acid sequence of cynomolgus monkey UGT1A01, UGT1A06, UGT1A08 and UGT1A09 putative exon 1 and the first exon of human
homologous UGT1A1, UGT1A6, UGT1A8 and UGT1A9.

(Table 3. Furthermore, human and monkey UGT1Al en- studying the role of UGT1A enzymes in the metabolism of

zymes are more active on the 2-hydroxyestroddi$. By C18-steroids.
contrast, UGT1A9 and UGT1AQ9 conjugate preferentially
catecholestrogens with a hydroxyl group at positiq@d 2], 5.4. Tissue distribution of monkey UGT transcripts

thus indicating a clear stereospecificity for C18-steroid
glucuronidation by human and monkey UGT1A enzymes, Characterization of monkey UGT enzymes demonstrated
as observed for UGT2Bs and androgens. Kinetic analysesthat, although a given isoform may play a specific role in
also demonstrated that human and monkey UGT1A en- steroid inactivation, a certain degree of redundancy in their
zymes conjugate estrogens and catecholestrogens with lowsubstrate specificities is observed. The physiological role of
Km values in the micromolar range, suggesting that steroid a UGT isoform in the metabolism of sex steroids depends
glucuronidation by UGT1A enzymes occurs with a high not only on its substrate specificity, but also on the steroid
affinity. target tissues where the enzyme is expressed. Using specific
The glucuronidation activity of human and monkey ho- oligonucleotides for RT-PCR, the presence of UGT2B and
mologues of UGT1Al and UGT1A9 was also identical UGT1A mRNAs was analyzed in various monkey tissues
with other substrates, such as bilirubin (for UGT1A1) or (Table 3. UGT1AQ9 transcripts were observed in all stud-
planar phenols (for UGT1A9}1,42] thus indicating that  ied tissues, including estrogen-sensitive of#?], which
human and monkey UGT1A enzymes share an identical is consistent with this enzyme having a role in estrogen
substrate specificity for a variety of endogenous or ex- metabolism. Similar analyses demonstrated the presence of
ogenous molecules. Moreover, as observed for UGT2B9, UGT1A01 mRNAs in various tissues such as liver, kidney
the rhesus monkey UGT1A01 isoform (GenBank number: and ovary, where it may catalyze bilirubin glucuronidation
AF360121) was also isolated, and presents a greater tharand contribute to estrogen eliminati¢gal]. Interestingly,
99% amino acid sequence identity to the cynomolgus mon- all enzymes analyzed are expressed in liver, prostate and
key UGT1A01, and is also capable to convert estradiol into ovary, whereas at least five isoforms are found in other tis-
its glucuronide derivativs3]. sues Table 3. Furthermore, each UGT2B enzyme displays
Overall, these results demonstrate that UGT1A enzymesa specific expression pattern, thus suggesting that UGT en-
are conserved between humans and monkey, and establiseymes with similar substrates specificities may play com-
the relevance of the cynomolgus monkey as a model for plementary roles in the tissue specific steroid inactivation.
Similarly to the catabolism of xenobiotics in liver and in-
testine[9,49], the expression of all UGT isoforms in tissues
Table 2 such as the prostate or ovary, reveal the importance of glu-

Reactivity of estrogens and catecholestrogens with monkey and humancuronidation as a steroid inactivating pathway.
UGT1Al and UGT1A9 expressed in HEK293 cells

UGTIAL UGTIA9 6. Cellular localization of UGT2B enzymes in monkey

Human Monkey Human Monkey tissues

Glucuronide formation
Estrogens The physiological importance of UGT enzymes depends

Estradiol + + + + not only on their ability to conjugate steroid hormones,
Ezglc?r:e : B 1 i but also on their tissue- and cell-specific expression. As
example, in human prostate the expression of UGT2B15
Catecholestrogens and UGT2B17, two major androgen-conjugating enzymes
2-Hydroxyestradiol ~ + + + + . e . .
4-Hydroxyestradiol  + " " " is cell-type specnflc in the two cell I.ayers epithelium. Ir!-
2-Hydroxyestriol + + + + deed, UGT2B17 is expressed only in androgen producing
2-Hydroxyestrone ~ + + + + basal cells, whereas UGT2B15 expression is detected only
4-Hydroxyestrone ~ + + + + in androgen responsive luminal cell§0]. These obser-

(+) indicates a reactive substrate an€) (ndicates no reactivity. vations illustrate a complementary role of these two en-
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Table 3
Tissue distribution of monkey UGT2B and UGT1A transcripts

UGT2B9 UGT2B18 UGT2B19 UGT2B20 UGT2B23 UGT2B30 UGT1A01 UGT1A09

Liver

Prostate
Epididymis
Ovary
Mammary gland
Adrenal
Intestine

Kidney -

I+ + + +
|+ + + +

i
+++ 0+t

I+ ++ 4+ + +
I+ ++++++
0+t
FH+++ 0+t
4+ttt

+
+

+

Total RNA isolated from the tissues were analyzed by RT-PCR using specific oligonucleotides for each UGT transcript. The specificity of each RT-PCR
was confirmed by direct sequencing.or — indicate the presence or absence of transcript.

zymes: UGT2B17 may control the formation of ADT-G synthesis in the granulosa cells, but also have a fundamental
and -Diol-G in basal cells, whereas UGT2B15 inactivates trophic role in follicular developmenfit5]. Measurement
DHT in luminal cells. It is therefore tempting to speculate of unconjugated and glucuronidated C19-steroids in human
that monkey enzymes expressed in a given tissue also dis{follicular fluid demonstrated that the levels of-Biol-G,

play complementary roles. To date, two studies report that ADT-G and DHT-G are two- to six-fold higher than their
UGT2B proteins are expressed in a cell-type specific man- unconjugated formg39]. In addition, ovarian UGT enzymes

ner in monkey tissues: ovary and kidni@s,64] conjugate ADT and &-Diol with five-fold higher rates than
the xenobiotic eugendh8], indicating that UGT enzymes
6.1. Localization of UGT2B in ovary expressed in this tissue have specific activity for androgens.

Immunohistochemistry analyses showed that UGT2B pro-
In the ovary, androgens produced by theca cells, serve notteins are equally expressed in theca and granulosa cells of
only as substrates for the P450 aromatase-catalyzed estrogegrowing follicles, whereas theca cells represent the exclusive

Follicular Phase Luteal Phase
ii Cholesterol
£ Testo ——» DHT
Theca
cells

Proges

v
E, DHT-G ADT-G 30-Diol-G E, Progesterone

Fig. 5. The androgen-conjugating UGT2B enzymes are differentially expressed temporally and spatially in the monkey follicle throughout tie¢ menstr
cycle. As revealed by immunohistochemistry, UGT2B enzymes are expressed in granulosa cells of growing follicles, whereas in preovula®ry follicle
and in corpus luteum their expression is restricted to theca cells.
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site of UGT2B expression in secondary follicles and corpus the antibody was replaced by the preimmune serum a total
luteum Fig. 5 [64]. This differential cell-type expression absence of labelling confirmed the immunostaining speci-
of UGT2B enzymes during the maturation and degradation ficity. This specific cellular expression is consistent with the
of follicles suggests that these enzymes have importantdetoxifying role of UGTs, because the proximal tubule cells
physiological roles throughout this process. The fact that are exposed to the initial filtrate through the glomerulus, so
UGT2B and the androgen receptor co-localize in the gran- that it is reasonable to suggest that they play the primary
ulosa cells of growing follicles suggests that these enzymesrole in xenobiotic conjugatiofi68]. However, the expres-
may increase the inactivation of androgen diffusing from sion of MR in distal tubule epithelial cel[§7] indicates that
theca cells, and may thus influence the androgen responsealdosterone activity and catabolism occurs in different cell
(Fig. 5. By contrast, the presence of UGT2B in theca cells types. Such a two-cell mechanism of hormone action and
of preovulatory follicles and of corpus luteum demonstrates metabolism has been previously described for androgens in
that androgens may be conjugated in the cells where theirhuman prostatgs0].
formation occurs. This process may limit the concentration
of DHT diffusing from theca to granulosa cells, and thus
may concur to the control of granulosa cell growth and 7. Conclusion
proliferation.
The present data identify the cynomolgus monkey as a

6.2. Cellular expression of UGT2B proteins in relevant animal model for studying steroid glucuronidation.
monkey kidney This model constitutes a unique tool for determining whether

UGT enzymes conjugate active steroids or their reduced

Aldosterone, the major mineralocorticoid that regulates Metabolites inside target cells. Emerging evidences from in
plasmatic electrolyte homeostasis, is also metabolized asV!r0 Systems indicate that UGT enzymes expression is reg-
a glucuronide derivativd66], and in a recent study we Ulated by a wide variety of endogenous or exogenous stim-
have identified human UGT2B7 and monkey UGT2B19 as Uli [23,26,69-73]However, complexities of glucuronidation
aldosterone-conjugating enzymi&8]. Furthermore, using renders qn‘ncult in vitro to in vivo extrapolation, especially
cynomolgus monkey tissues, it was observed that aIdos—for ster0|d_s. By contra_st, a_model such as the cyno_molgus
terone glucuronidation occurs in liver and kidney. In the Monkey will allow physiologically relevant future studies on
later, aldosterone regulates electrolytes absorption and selh€ stimuli affecting UGT enzymes expression in the whole
cretion through binding to the mineralocorticoid receptor body.

(MR), which is expressed in the epithelial cells of distal

tubuleg67]. To determine whether aldosterone glucuronida-

tion could interfere with its biological activity, the cellular ~Acknowledgements

localization of UGT2B enzymes in the cortex of monkey

kidney was investigated by immunohistochemisﬁig( 6) The authorS thank Dr. V. BOCher fOI’ Critical reading Of
The expression of UGT2B enzymes was found exclusively the manuscript.

in epithelial cells of proximal tubule$=(g. 6a and b When
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