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ABSTRACT
The metabolism of ingested foods and orally administered
drugs occurs in the hepato-gastrointestinal tract. This process
is facilitated by several supergene families that catalyze oxida-
tive metabolism as well as conjugation of the small molecular
weight substances that enter the systemic circulation through
resorption in the gastrointestinal tract. The catalytic action car-
ried out by one of several conjugation reactions leads to the
eventual elimination of the resultant metabolites from the cell.
As early as 1959 (R. T. Williams, Detoxification Mechanisms) it
was suggested that the detoxification of most agents is effi-
ciently performed by the phase II conjugation reactions, be-
cause the addition of bulky, water-soluble groups to the target
substrates facilitates the partitioning of these metabolites from
the lipid into the aqueous compartments of the cell. The com-
bined efforts of the phase II reactions provides remarkable
redundancy in a biological system that seems to be designed to

assure that many endogenously generated catabolic products
as well as exogenous agents introduced through the surface
tissues of the digestive tracts are efficiently removed through
excretion to the bile or urine. In this review, we focus on recent
findings that highlight the genetic multiplicity and regulatory
patterns of the phase II superfamily UDP-glucuronosyltrans-
ferases (UGTs). Although much is known regarding the number
of UGTs that make up the UGT1 and UGT2 gene families, as
demonstrated after the characterization of expressed cDNAs,
examples are also presented in which information obtained
from the human genome project will aid in the final character-
ization of the genetic multiplicity. In addition, tools have now
been developed and examples presented to identify the ex-
pression patterns of the UGTs in human tissues, paying partic-
ular attention to expression patterns of these genes in the
hepato-gastrointestinal tract.

Eliminating from different tissues small molecules that
may be present as steroids, heme byproducts, free fatty acids,
environmental contaminants, xenobiotics, drugs, and dietary
byproducts is performed most efficiently via the addition of
glucuronic acid, a process that leads to detoxification of the
original compound. The conversion of small lipophilic mole-
cules to water-soluble glucuronides is catalyzed by the super-
family of UGTs (Tukey and Strassburg, 2000; Dutton, 1980).
The UGTs are localized in the endoplasmic reticulum and
utilize UDP-glucuronic acid (UDPGlcUA) as cosubstrate for
the formation of b-D-glucuronides (Dutton and Storey, 1953).

The chemical index of compounds that serve as substrates for
the UGTs ranges into the thousands, and the reactive groups
that are used have been observed to be alcoholic, phenolic,
carboxyl, thiol, carbonyl, and amino linkages (Dutton, 1978).
There are only rare examples that glucuronides retain bio-
logical activity; therefore, this pathway is regarded as a
“detoxification” mechanism, as originally proposed by Dutton
(1975). In any one species, the remarkable diversification in
substrate specificity and the ability of glucuronidation to
play such a significant role in the detoxification process can
be attributed to two significant biological parameters. First,
although there is some selectivity in substrate specificity
between the different UGTs, there is also remarkable redun-
dancy between the UGTs in their ability to accept similar
compounds as potential substrates for glucuronidation
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(Tukey and Strassburg, 2000). This assures that in any given
tissue, adequate metabolic processes are in place to facilitate
the process of detoxification. Second, the ability to form b-D-
glucopyranosiduronic acid derivatives with the many differ-
ent reactive groups can be attributed in part to the evolution
of a large multigene family (Mackenzie et al., 1997). Like all
multigene families involved in metabolism, selective pres-
sure has led to gene duplication events (Gonzalez, 1989),
followed by divergence of sequence, a process most likely
aimed at accommodating the metabolic requirements of the
host species.

Characterization of gene structure and the molecular clon-
ing of cDNAs have identified 16 UGT gene products in hu-
mans. Based upon amino acid sequence relatedness and evo-
lutionary divergence, these proteins fall into two gene
families that have been classified as UGT1 and UGT2 (Mack-
enzie et al., 1997) (Fig. 1). The ability to clone the UGT
cDNAs and express recombinant proteins with the aid of
heterologous cell culture tools has allowed for the character-
ization of substrate specificities. To date, more than 350
known agents have been identified as substrates for the
expressed UGTs (Tukey and Strassburg, 2000). This large
classification of structurally divergent compounds spans
many different chemical classes, including alcohols, flavones,
coumarins, carboxylic acids, amines, opioids, and steroids.
The reactive groups associated with these classes of agents
are found in many products of our regular diet and in nu-
merous pharmaceutical drugs, which are administered via
an oral route requiring subsequent intestinal transport and
possibly first pass metabolism before resorption and entry
into the systemic circulation. Examining the expression pro-
files and functional activity of the UGTs in the gastrointes-
tinal tract has been pursued to better understand the contri-
bution these enzymes play in intestinal uptake and
metabolism.

Characterization of the UGTS
The UGTs have evolved as a unique class of proteins that

utilize UDPGlcUA as cosubstrate, are found exclusively in
vertebrates, and are the only “credible” enzyme for adding
glucuronic acid to aglycones (Dutton, 1975). The UGTs are,
however, distantly related in amino acid sequence to verte-
brate and invertebrate proteins that catalyze the addition of
glycosyl groups from other UDP-sugars to small cellular mol-
ecules (Kapitonov and Yu, 1999). A consensus amino acid
signature sequence (Prosite accession number PS00375) is
found in the different classes of UDP-glycosyl transferases,
mainly the UDP-glucuronosyltransferases, the putative
UGTs from Caenorhabditis elegans, the mammalian 2-hy-
droxyacylsphingosine 1-b-galactosyltransferase, the plant
flavonol O-(3)-glucosyltransferases, the baculovirus ecdys-
teroid UDP-glucuronosyltransferase, and the prokaryotic ze-
axanthin glucosyltransferase (Mackenzie et al., 1997; Kapi-
tonov and Yu, 1999). There are more than 470 protein
sequences in the various databases worldwide that encode
this signature sequence (an up-to-date inventory of the avail-
able sequences that recognize the UGT signature sequence
can be obtained at http://srs.ebi.ac.uk/ by searching with
the accession number PS00375). It is predicted that this
conserved amino acid sequence may link these proteins in
function by participating in the acceptance of the UDP-sugar

as cosubstrate in the active site of the transferase. Although
only the UGTs utilize UDPGlcUA as cosubstrate, it seems
that the biological process underlying the transfer of sugar
molecules to nonlipid dependent cellular substrates is an
ancient event that has evolved and diversified and is essen-
tially conserved from the early prokaryotes to man.

The UGTs range in size from 526 to 533 amino acids and
each is characterized by several uniquely conserved features
(Fig. 2).

• The amino terminal region of all the UGTs (with the ex-
ception of UGT1A10) encodes an endoplasmic reticulum
consensus NH2-terminal signal sequence that facilitates
the insertion of the protein during translation and is then
removed as the protein is directed into the membrane. All
of the UGTs have type I transmembrane topology, classi-

Fig. 1. Phylogenetic tree of the human UGTs. Shown in this dendrogram
are those sequences encoding only the exon 1 regions of the proteins. The
displayed proteins were aligned with Clustal X (obtained from ftp://
ftp.ebi.ac.uk/pub/software/dos/clustalw/clustalx) and the dendrogram
generated with the average linkage clustering method (UPGMA) from the
Phylip program (http://evolution.genetics.washington.edu/phylip/get-
me.html). The results of the UPGMA sorting was drawn with TreeView
(http://taxonomy.zoology.gla.ac.uk/rod/treeview). All of the sequences
were obtained from Swisspro or Genbank, and their accession numbers
are indicated by “ac”. UGT2B17-ac075795 (Beaulieu et al., 1996);
UGT2B15-acP54855 or P23765 (Coffman et al., 1990; Chen et al., 1993);
UGT2B4-acP06133; P36538; O60731 (Jackson et al., 1987; Ritter et al.,
1992a; Chen et al., 1993; Jin et al., 1993a; Levesque et al., 1999);
UGT2B7-acP16662 (Ritter et al., 1990; Jin et al., 1993b); UGT2B11-
acO75310 (Beaulieu et al., 1998b); UGT2B10-acP36537 (Jin et al.,
1993a); UGT2A1-acQ9Y4X1 (Jedlitschky et al., 1999); UGT1A6-
acP19224 (Harding et al., 1988; Ritter et al., 1992b); UGT1A1-acP22309
(Ritter et al., 1992b; Sutherland et al., 1992); UGT1A3-acP35503 (Mojar-
rabi et al., 1996); UGT1A4-acP22310 (Ritter et al., 1991); UGT1A5-
acP35504 (Ritter et al., 1992b); UGT1A7-acO00473 (Strassburg et al.,
1997b); UGT1A8-acO14928 (Mojarrabi and Mackenzie, 1998; Strassburg
et al., 1998a); UGT1A9-acP36509 (Wooster et al., 1991); UGT1A10-
acO00474 (Meech and Mackenzie, 1998; Strassburg et al., 1997b).
UGT2A2-the sequence encoding this protein was identified on clone
401_E_05, as011254. Note that the cDNA and protein encoding UGT1A5
has not been identified in any human tissues. It is possible that the
promoter for UGT1A5 is not functional.
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fied with the N terminus and catalytic domain inside the
endoplasmic reticulum (Meech and Mackenzie, 1997).

• The feature of each protein most likely responsible for the
unique recognition of the many different structurally di-
vergent compounds is the region flanking the amino ter-
minal recognition sequence (amino acid 35) and that of the
conserved carboxyl region (amino acid 290). This stretch of
the amino terminus is approximately 260 amino acids.
When the amino-terminal components of the UGTs are
used to generate phylogenetic relationships in the form of
a dendrogram (Fig. 1), the branch points and similarities
of each UGT to the others are identical to the patterns
observed if the full-length proteins were used (for compar-
ison, see Tukey and Strassburg, 2000). This region is the
most divergent of the proteins. Several laboratories have
performed experiments designed to examine the functional
domains of these regions. By exchanging the divergent
regions of the amino terminus among different UGT cD-
NAs, catalytic activity analysis of the chimerics has indi-
cated that this region is most likely to be responsible for
the unique functional diversity that is observed with each
protein (Mackenzie, 1990; Li et al., 1997).

• The carboxyl half of each protein, approximately 245
amino acids, is highly conserved between UGT1 and UGT2
proteins. This region is identical in all of the UGT1A
proteins (Wooster et al., 1991; Ritter et al., 1992b). Within
this region has been identified the characteristic signal
sequence or Prosite that is located approximately at amino
acids 369 to 407.

• Each UGT contains a hydrophobic stretch of amino acids
at the distal end of the carboxyl region that has been
predicted to span the membrane (Iyanagi et al., 1986).

• Positioned in close proximity to the carboxyl-end, hydro-
phobic membrane spanning region are a cluster of highly
charged amino acids, that in combination with the mem-
brane spanning region has been predicted to serve as a
classical anchor sequence securing the protein to the mem-
brane (Iyanagi et al., 1986).

Genetic Multiplicity
Within a short period of time, the complete DNA sequence

of the human genome will be available and it will be possible
to identify unambiguously the number and genetic composi-
tion of the UGT gene family. Although this project has re-
cently been advertised as having been completed by the U.S.

Human Genome Research Institute, the privately held
Celera Genomics Corporation and other international cen-
ters participating in the human genome project, only rem-
nants of chromosomal sequencing is presently available in
DNA gene banks such as EMBL and GenBank. However,
along with the cloning of cDNAs and gene mapping experi-
ments, the gene bank data is starting to shed light on the
multiplicity of the UGT supergene family.

UGT2B Family. Evolutionary studies have indicated that
although all of the UGT2 sequences in the different species
are closely linked, selective evolutionary pressure has re-
sulted in the generation of two subfamiles of UGT2 genes
whose function within each species is unique. For example,
UGT2B gene products have been identified in species such as
rodents, lagomorphs, and humans (Mackenzie et al., 1997),
yet there does not seem to be a truly orthologous UGT2B
gene product that shares similar catalytic function among
these species. Experiments conducted on chimpanzees, the
closest genetic relatives to humans, have resulted in the
characterization of a unique panel of UGT2B genes (Belanger
et al., 1997; Beaulieu et al., 1998a; Barbier et al., 1999a,b)
that have little functional correlates with those identified in
humans. This impressive segregation of structure and func-
tion indicates that the UGT2B genes have evolved as a result
of selective pressure to deal with the removal of endogenous
and exogenous substrates unique to the evolutionary con-
straints put upon each species. The lack of highly conserved
UGT2B genes may well be the result of significant environ-
mental differences and challenges confronting each species.
The most dramatic of these could be diet, a factor that, over
time, can define the biological makeup and influence the
evolution of the enzymes needed for gastrointestinal and
hepatic metabolism.

In humans, several of the UGT2 cDNAs have been mapped
to chromosome 4-q13 or 4-q28 (Turgeon et al., 2000; Mon-
aghan et al., 1994), and have been shown to be tightly linked
within approximately 200 kb. The UGT2 genes are composed
of six exonic sequences as demonstrated by the characteriza-
tion of UGT2B4 (Monaghan et al., 1997), UGT2B7 (Carrier et
al., 2000) and UGT2B17 (Beaulieu et al., 1997; Belanger et
al., 1998) (Fig. 3A). From the six UGT2B cDNAs, the ordered
array of the genes indicates a mapping profile of UGT2B7-
UGT2B4-UGT2B15 (Monaghan et al., 1994), as illustrated in
Fig. 3C. Using the exon 1 DNA sequence from any of the
UGT2B genes to search the available shared genomic and
DNA databases in a Blast N DNA sequence search, all of the
current cDNAs can be identified, along with DNA sequence
from several BAC clones (Fig. 3B). Each BAC clone in the
figure shows regions represented by highly homologous
UGT2 exon 1 sequences. At present, the DNA sequence of
these genomic clones is not complete and the ordering of the
fragments that were sequenced and deposited in the data-
bases is still random, but the high homology of the UGT2B
exon 1 sequences indicates that the UGT2 gene family is
significantly larger than represented by the available cDNA
clones that have been characterized.

Shown in Fig. 3B is an example of the number of UGT2B
exon 1-related sequences and the identification of the known
UGT2 genes. Blast N searches have identified BAC genomic
clones that encode UGT2B4, UGT2B10, UGT2B15, and
UGT2A1 exon 1 sequences. Interestingly, BAC clone
401_EO5 encodes both UGT2B4 and UGT2A1, confirming

Fig. 2. Unique amino acid regions common to the UGTs. With the
exception of UGT1A10, all of the UGTs contain an NH4-terminal leader
sequence as predicted by Von Heijne (1986). Both the UGT1 and UGT2
proteins contain a “divergent” region that is encoded by exon 1, and a
“common” region encoded by five UGT2 exons and four UGT1 exons.
Other salient features are a consensus Prosite (accession number
PS300375), a transmembrane region and a highly charged carboxyl por-
tion of the protein that facilitates anchoring the protein to the membrane
(Iyanagi et al., 1986).
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these genes to be in close proximity. These data can be used
with previous gene mapping experiments that position the
orientation of UGT2B7-UGT2B4-UGT2B15 genes (Mon-
aghan et al., 1994) to demonstrate that the UGT2A1 gene can
be placed among the clustering of these UGT2B sequences.

The screening of the human genome sequences will aid in
mapping and identifying those sequences that might encode
additional UGT genes. Figure 3B demonstrates there exist
many potential genetic elements that might contribute to the
UGT supergene family. As previously indicated with the
partial characterization of BAC clones that encode UGT2B15
and UGT2B17, some of these homologous sequences are
pseudogenes (Turgeon et al., 2000), as evident from the in-
terruption of the open reading frames with termination se-
quences. Yet analysis of these highly homologous sequences
will inevitably lead to the discovery of new genes.

An example of this power is evident from the identification
of a new UGT2A sequence on BAC clone 401_E05. This
sequence encodes an exon 1 sequence that is 58% identical in
amino acid sequence to UGT2A1 (Fig. 4) and thus could be
provisionally identified as UGT2A2. In this figure, we show
an example of a simple experiment to demonstrate how this
information can be applied to analyze the functionality of
these new genes. Analysis of RNA expression by RT-PCR
using primers specific to the UGT2A2 DNA sequence dem-
onstrates that UGT2A2 is expressed in a number of tissues
such as liver and the small intestine (Fig. 4). This analysis
confirms that the UGT2A family of proteins, like the UGT2B
family, is highly diversified with regard to multiplicity and
tissue expression. Although UGT2A1 and UGT2A2 have
been identified on the same BAC clone, significant diversifi-
cation in exon 1 sequence and the regulatory regions of the
genes has occurred. For example, UGT2A1 was identified
and shown to be expressed primarily in nasal mucosa tissue
with little RNA detected in the hepatic-gastrointestinal tract
(Jedlitschky et al., 1999), whereas in these experiments,
UGT2A2 is clearly expressed in the hepatic-gastrointestinal
tract. Although our understanding of the genetics and mul-
tiplicity of the UGT2 family has arisen primarily out of

characterization of expressed cDNAs, a comprehensive pic-
ture of this Supergene family will emerge from the informa-
tion made available as a result of the human genome project.

UGT1A Family. Unlike the UGT2 family, the UGT1 fam-
ily of proteins are highly conserved in function and have been
found in several vertebrates (Iyanagi et al., 1989, 1991; Rit-
ter et al., 1992b; Li et al., 2000). The genes encoding the
UGT1 proteins have undergone unusual evolutionary events
compared with other supergene families. Experiments con-
ducted by Ritter et al. (1992b) and Wooster et al. (1991)
demonstrated that the carboxyl terminal region of several
UGT1A proteins were identical, leading them to speculate
that these proteins are processed by an alternative RNA
splicing event. However, characterization of the UGT1A lo-
cus (Ritter et al., 1992b) led to the discovery of a unique
biological structure that encoded the UGT1A proteins. Struc-
tural analysis of the UGT1A locus indicates that the process-
ing of UGT1A RNA occurs through classical RNA splicing
events and is not the result of alternative RNA splicing (Fig.
5)

The UGT1A locus is located on chromosome 2-q37 (Hard-
ing et al., 1990) and spans approximately 200 kb (Fig. 5).
There are two primary domains important for the evolution
of the multiple UGT1A proteins. First, each of the UGT1A
proteins is encoded by five exons, with exons 2 to 5 conserved
in all of the UGT1A proteins. The DNA sequence encoding
exons 2 to 5 is located at the 39 portion of the locus. Second,
the sequences that encode the exon 1 portions of the UGTs
are composed of blocks of DNA that exist as cassettes and are
basically aligned in series upstream of exon 2. Identification
of exons 1 through 6 were characterized by gene walking
experiments conducted by Ritter et al. (1992b). Exons 7
through 13 were identified in Ida Owens’ laboratory and the
information was deposited into GenBank (accession number
AF29703). Each functional exon 1 cassette is composed of a
conventional transcriptional start site and a 59 consensus
spliceosome recognition sequence at the 39-end of the cas-
sette. The cassettes are separated from each other by 15 to 25
kb; flanking each cassette in the 59-direction are functional

Fig. 3. Organization of the UGT2
gene family. Characterization of
UGT2B4 and UGT2B17 indicate that
the UGT2 genes encode six exons, as
displayed in the 3A. Blast N searches
of homologous UGT2 sequence have
identified a number of BAC clones
that contain partial sequence, as dis-
played in 3B. Each dark underline in-
dicates the predicted position on the
BAC clone representing the homolo-
gous sequence. The various functional
genes are represented as indicated. As
of this writing, BAC clones encoding
UGT2B7, UGT2B11 and UGT2B17
have not been identified. Figure 3C
indicates that based upon the posi-
tioning of UGT2B7-UGT2B4-
UGT2B15 by Monaghan et al. (1994),
it can be concluded that UGT2A1 and
UGT2A2 lie in close proximity to
these genes.
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promotor elements that drive transcription. With the first
39-spliceosome sequence positioned at the start of exon 2,
transcription proceeding at any of the exon 1 cassettes re-
sults in RNA synthesis and splicing of the exon 1 RNA
sequence to RNA encoding exon 2 (Tukey and Strassburg,
2000). This process would seem to control the tissue-specific
expression of these genes.

Regulation of Human UDP-
Glucuronosyltransferases in the Hepato-

Gastrointestinal Tract
The gastrointestinal tract and the liver are the primary

metabolic organs involved in the metabolism of components
of our daily diet as well as pharmaceutical drugs adminis-
tered for therapeutic purposes (Matern et al., 1984; Peters
and Jansen, 1988; Iyanagi et al., 1989; McDonnell et al.,
1996; Strassburg et al., 1999a). The hepatocyte represents
the main metabolic cell type of the liver. Its microanatomical
organization is polar, which means that potential candidate
compounds for hepatic metabolism reach the hepatocyte at
the sinusoidal membrane, where uptake mechanisms (i.e.,
organic anion transport proteins) are available to channel the
agents to subcellular sites of metabolism such as the cyto-
plasm, endoplasmic reticulum, and cytoplasmic vesicles

(Konig et al., 2000; Kullak-Ublick et al., 2000). Export of
metabolites as well as other macromolecules such as bile
acids proceeds via the apical membrane by specific transport
processes (MRP2, MDR3, and bile salt export pump) (Konig et
al., 1999; Kullak-Ublick et al., 2000). Exported molecules and
conjugates collect in the biliary canaliculi, which eventually
lead to the bile ducts and then transport to the duodenum.
Thus, this enterohepatic and consequently enterohepatoenteric
transit provides the biochemical and anatomical framework of
human epithelial detoxification. It is not surprising, then, that
such drug-metabolizing enzymes as the UGT family are specif-
ically regulated and distributed in the critical tissues defining
the locations of xenobiotic contact (Strassburg et al., 1998a,
2000; Tukey and Strassburg, 2000).

The human digestive tract encompasses one of the largest
external transitional surfaces of the body. Food and xenobi-
otic metabolism begins as soon as contact is established with
the squamous cell epithelium of the oral cavity, and contin-
ues for a minimum of about 48 h until passage ends in the
rectum. The proximal portions of the gastrointestinal tract,
such as gastric and small intestinal tissue, participate in
resorption and metabolism of therapeutic drugs in addition
to the distal colon, which is a common route of nonparenteral
drug application. Research into defining the distribution of

Fig. 4. Amino acid sequence and expression of UGT2A2*. A portion of clone 401_E_05 (accession number 011254) encoding bases 7132–7869 encodes
a protein that is approximately 56% similar in amino acid sequence to UGT2A1. The alignment is shown on the left (A). The right side of the figure
(B) shows expression of UGT2A2 RNA in several human tissues of the gastrointestinal tranct. In this experiment, oligonucleotide primers to the DNA
spanning bases 7132 to 7869 were generated. After reverse transcription, duplex polymerase chain reaction using a combination of the human actin
primers and the UGT2A2 primers was performed. The actin RNA is observed in each sample along with differential expression of UGT2A2.
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oxidative drug metabolism in humans has established that
the hepatocyte and other organs of the gastrointestinal tract,
such as the small intestine, are active in cytochrome P-450–
directed metabolism (Kolars et al., 1992, 1994). Thus, be-
cause most drugs and xenobiotics are eventually targeted for
elimination through glucuronidation, it is not surprising that
a role for this process in the gastrointestinal tract has been
perceived to play an important role.

Glucuronidation of phenolic substrates (bilirubin as well as
bile acids in extrahepatic tissue extracts from the small in-
testine, colon, and kidney) emphasizes the potential impor-
tance of this pathway in extrahepatic metabolism (Matern et
al., 1984; Pacifici et al., 1986, 1988; Parquet et al., 1988;
Peters and Jansen, 1988; Peters et al., 1991; Bock, 1996;
McDonnell et al., 1996). Knowledge of the molecular and
genetic organization of the UGT supergene family has facil-
itated the identity of UGT gene expression in extrahepatic
tissues. Because many of the individual UGT gene products
share a high degree of sequence similarity, methods that rely
upon sequence hybridization by Northern blot analysis pro-
vides limited information. Homology between the UGT1A
first exons encoding UGT1A3, UGT1A4, and UGT1A5, as
well as the first exons of UGT1A7, UGT1A8, UGT1A9, and
UGT1A10 exceeds 93%, which significantly confounds the
use of DNA fragments as probes in hybridization techniques
such as Northern blot analysis (Strassburg et al., 1997a). In
addition, antibodies directed against purified preparations of
UGTs share avidity toward epitopes which are conserved
between the different proteins (Strassburg et al., 1998a).
This makes detection of the individual UGT proteins in spe-

cific target tissues a significant challenge. However, antibod-
ies directed against the more diverse isoforms, including
UGT1A6, UGT1A1, and UGT2B7 (Radominska-Pandya et
al., 1998; Ritter et al., 1999; Walle et al., 2000) have been
generated while the immunological discrimination of
UGT1A3 and UGT1A4 as well as UGT1A7–10 and UGT2B7-
UGT2B15 continues to pose an unresolved obstacle.

The refinement of polymerase chain reaction-based tech-
niques to precisely detect small changes in DNA sequence
down to the level of 1- and 2-bp disparities has enabled the
identification of highly related UGT gene transcripts (Strass-
burg et al., 1997a,b). This approach has been helpful in the
identification and characterization of human tissue-specific
glucuronidation patterns. Shown in Fig. 6 is a schematic of
the RNAs and the location of the sense and antisense oligo-
nucleotides that have been developed and used in different
studies to identify the mRNAs that encode the different
UGT1A and UGT2 proteins (Strassburg et al., 1997b). Using
cDNA generated from total RNA by reverse transcription,
the pairs of oligonucleotides for each UGT cDNA can be used
in PCR analysis to identify with remarkable specificity the
UGT gene transcripts. Combined with internal markers in
the same reaction, quantification of the relative mRNA abun-
dance in the different tissues can also be determined (Strass-
burg et al., 1997b).

Using UGT1A-specific oligonucleotides, most of the tissues
of the gastrointestinal tract have now been studied and UGT
gene expression has been characterized. The cloning of cD-
NAs from liver identified UGT1A1, UGT1A3, UGT1A4,
UGT1A6, and UGT1A9 (Harding et al., 1988), and their

Fig. 5. The organization of the human UGT1A locus. The UGT1A locus has been completely sequenced (Genbank accession number AF297093) and
encodes functional genes that can lead to the transcription of RNA encoding UGT1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, and 1A10. The distances between
the exon 1 sequences are shown as calculated from the DNA sequence. Nuclear RNA of the predicted sizes are speculated to be synthesized, each
containing a different exon 1 element and the same exons 2 to 4. Normal RNA processing of the nuclear transcripts leads to mature mRNA encoding
the different UGTs. There are three pseudogenes, 1A11p, 1A12p, and 1A13p, as indicated. Because RNA encoding UGT1A5 has not been identified
in any human tissue, we arre designating that exon as a potential pseudogene (indicated by the smaller size). The initial characterized by restriction
enzyme mapping and partial DNA sequence leading to the identification of the 39-exon sequences and the first exons encoding UGT1A1, 1A3, 1A4, 1A5,
and 1A6 have been published previously (Ritter et al., 1992b).
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expression confirmed by differential RT-PCR analysis (Ritter
et al., 1991; Wooster et al., 1991; Mojarrabi et al., 1996;
Strassburg et al., 1997b). The availability of divergent exon 1
sequences encoding UGT1A7, UGT1A8, and UGT1A10 made
it possible to examine their expression in liver and other
tissues. The extension of differential RT-PCR detection to an
analysis of tissue samples from the human biliary tree dem-
onstrated that the UGT1A locus was differentially regulated
between liver and extrahepatic tissues (Strassburg et al.,
1997b). Similar to the liver, biliary tissue was found to ex-
press UGT1A1, UGT1A3, UGT1A4, and UGT1A6. Two sig-
nificant exceptions were observed. First, unlike in liver,
UGT1A9 was not expressed in biliary epithelium. Second, the
expression of UGT1A10 RNA, which was not found in liver,
was abundantly expressed in biliary epithelium. This finding
demonstrated that UGT1A9 and UGT1A10 are differentially
regulated in human tissues that are ontogenetically and
functionally linked. In addition, the identification of

UGT1A10 seemed to be strictly an extrahepatic UGT.
UGT1A10 has since been found to be expressed in multiple
extrahepatic organs of the gastrointestinal tract, demon-
strating that this UGT may provide an important role in
overall homeostasis and based on its anatomical expression
pattern, play an important role in both first pass metabolism
as well as systemic metabolism (Strassburg et al., 1997b,
2000).

Analysis of other gastrointestinal tissues confirmed the
complexity of UGT1A gene expression patterns. In human
colon, the extrahepatic expression of UGT1A8 was observed
(Cheng et al., 1998; Mojarrabi and Mackenzie, 1998; Strass-
burg et al., 1998a). Although the expression of UGT1A8
mRNA has been reported in jejunum and ileum (Cheng et al.,
1998), a separate study using 18 small intestinal samples
was unable to detect the expression of UGT1A8 in small
intestine (Strassburg et al., 2000). Human colon shows the
most complex patterns of UGT1A expression, with all of the
isoforms expressed except UGT1A5 and UGT1A7 (Strass-
burg et al., 1999a). Interestingly, in esophagus, expression
patterns showed the exclusive transcription of the
UGT1A7–10 cluster of gene products (Strassburg et al.,
1999b). Three of these UGTs—UGT1A7, UGT1A8, and
UGT1A10—are expressed only in extrahepatic tissues. In
combination, these recent findings demonstrate a tissue spe-
cific expression of UGT1A gene products and support the
hypothesis that glucuronidation requirements of different
metabolically active tissues are regulated in a tissue specific
fashion.

Not surprisingly, the UGT2 genes are also under the in-
fluence of tissue specific regulation; however, a clear distinc-
tion between hepatic and extrahepatic isoforms has not been
observed to date. The most significant differential expression
pattern seems to be that observed for UGT2A1 (Jedlitschky
et al., 1999). It has been demonstrated that UGT2A1 expres-
sion is restricted mainly to the sensory tissues, such as the
olfactory mucosa, and is not found in the gastrointestinal
tract. Like UGT1A gene expression, there does not seem to be
a form of the UGT2 family that is restricted selectively to the
liver. With the exception of UGT2A1, all of the UGT2B gene
products have been found in liver (Tukey and Strassburg,
2000). Initial observations indicated that UGT2B4 may be

Fig. 6. Tissue-specific identification of human UGT expression through
out the hepatic-gastrointestinal tract. Using oligonucleotide primers de-
signed to identify the unique UGT transcripts, RNA isolated from the
different human tissues was primed for the synthesis of cDNA by reverse
transcriptase and then used for specific PCR reactions, as outlined pre-
viously (Strassburg et al., 1998a). Using unpublished structural DNA
sequence information deposited into GenBank by Ida Owens from the
National Institutes of Health, we were able to use this method to identify
the expression of the UGT1A7, UGT1A8 and UGT1A10 genes in extra-
hepatic tissues (Strassburg et al., 1997a, 1998a).

Fig. 7. Schematic diagram showing
primers designed for the specific am-
plification of individual UGT1A and
UGT2B transcripts. Descriptions of
the primers are as published previ-
ously (Strassburg et al., 1997b, 2000).
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selective to the liver (Radominska-Pandya et al., 1998), but
recent observations using multiple samples of small intestine
have shown that UGT2B4 is expressed polymorphically in
the small intestine (Strassburg et al., 2000). Careful analysis
of the small intestine shows that UGT2B10 is not detectable
in the duodenum or jejunum and is expressed in only ;12.5%
of samples of ileum (Strassburg et al., 2000). Experiments
carried out in our laboratory have demonstrated that
UGT2B4 is not expressed in colon, whereas UGT2B7,
UGT2B10, and UGT2B15 are abundant in large intestine.
UGT2B7, UGT2B10, UGT2B15, and UGT2B17 can be found
in many tissues of the gastrointestinal tract, as well as in
steroid-sensitive target tissues (Beaulieu et al., 1996, 1997;
Levesque et al., 1997).

A detailed picture of tissue-specific regulation of the UGT
gene families in the human digestive tract are becoming
available. This differential regulation can be regarded as the
biochemical basis determining tissue specific glucuronida-
tion in man. When the specific UGT activities in the epithe-
lial compartment of the different gastrointestinal organs are
compared, a pattern emerges in which glucuronidation activ-
ity in the most proximal (esophagus, stomach) (Strassburg et
al., 1998b, 1999b) and most distal locations (colon) (Peters
and Jansen, 1988; Strassburg et al., 1999a) is clearly reduced
(Fig. 8). In the human digestive system, the highest overall
glucuronidation activity has been identified in the jejunum
and in the liver (Strassburg et al., 1999a, 2000). For some
compounds that are glucuronidated through phenolic link-
ages, such as polycyclic aromatic hydrocarbons and some
steroid hormones, small intestinal glucuronidation activity
exceeds that of the liver (Strassburg et al., 2000). Given the
amount of small intestinal surface, duodenal, jejunal, and
ileal glucuronidation is likely to have considerable relevance
for human detoxification.

Polymorphic Interindividual Regulation of
UGT Genes in the Gastrointestinal Tract.

Genetic (structural) polymorphisms of human drug-metab-
olizing enzymes, including cytochrome P-450, glutathione-S-

transferases, and N-acetyltransferases, have been identified
and evaluated as determinants underlying interindividual
differences in drug metabolism and potential adverse drug
reactions (Daly, 1995; Meyer and Zanger, 1997). For some of
the UGT genes, such as UGT1A1, UGT1A6, UGT2B4,
UGT2B7, and UGT2B15, polymorphic alleles have also been
identified (Ciotti et al., 1997; Levesque et al., 1997; Coffman
et al., 1998; Lampe et al., 1999; Levesque et al., 1999). For
UGT1A1, which is the only UGT isoform capable of biologi-
cally relevant bilirubin glucuronidation (Bosma et al., 1994),
as many as 32 allelic variants have been identified (for re-
view, see Tukey and Strassburg, 2000). Many groups have
studied these genetic polymorphisms because they form the
genetic basis for hereditary unconjugated hyperbiliru-
binemias that underlie Crigler-Najjar’s syndrome (Ritter et
al., 1993) and Gilbert-Meulengracht’s disease (Bosma et al.,
1995; Monaghan et al., 1996). Structural polymorphisms of
the UGT genes are likely to influence interindividual varia-
tions of glucuronidation activity as evidenced by variations of
serum unconjugated bilirubin levels in affected persons.

A distinct mechanism separate from allelic polymorphisms
is represented by the detection of regulatory polymorphisms
resulting in unique interindividual patterns of gene expres-
sion in different tissues (Strassburg et al., 1998b; 2000).
Examples of this feature have been identified for both UGT1
and UGT2 genes in stomach epithelium, duodenal, jejunal,
and ileal epithelium. Patterns of altered gene expression
were defined by the detection or absence of UGT gene prod-
ucts between individual organisms (e.g., by RT-PCR or West-
ern blot in the absence of evidence suggesting structural
polymorphisms of the underlying gene sequence). In gastric
epithelium, the polymorphic regulation of UGT1A1,
UGT1A3, and UGT1A6 gene transcripts was observed in 30%
of the tissues analyzed, whereas the expression of UGT1A7
and UGT1A10 mRNA were not subject to polymorphic regu-
lation (Strassburg et al., 1998b). Changes in levels of gene
activity were found to correlate with interindividual varia-
tion in overall microsomal phenolic substrate glucuronida-
tion in gastric mucosa. Interestingly, catalytic activity of

Fig. 8. Schematic diagram of the hu-
man digestive system demonstrating
a glucuronidation gradient in the
course of the intestinal passage. Index
activities determined with microsomal
protein from the respective tissues in
the digestive system are indicated in
the boxes corresponding to the colors
in the drawing (7-OH-BaP, 7-hydroxy-
benzo[a]pyrene; PNP, para nitrophe-
nol). The lowest glucuronidation activ-
ities are found in the esophagus and
stomach as well as in the distal colon.
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hyodeoxycholic acid, a substrate that is glucuronidated pri-
marily by UGT2B7 and UGT2B4, was evident in one of the
four tissue samples analyzed. These data provided evidence
for the polymorphic regulation of both the UGT1A locus and
UGT2B genes.

The characterization of UGT expression in hepatic, cholan-
giocellular, esophageal, and colonic tissue does not share
evidence of regulatory polymorphisms, as observed in gastric
epithelium (Strassburg et al., 1997b, 1998a, 1999a). How-
ever, the analysis of the three levels of the human small
intestine—duodenum, jejunum and ileum—has revealed
that a second organ of the digestive system is subject to
regulatory gene expression (Strassburg et al., 2000). Up to 13
UGT gene transcripts were analyzed in small intestine, and
only UGT1A7, UGT1A8, and UGT1A9 were not detectable.
UGT1A10 was expressed in all of the small intestinal tissues,
suggesting that UGT1A10 fulfills a requirement for glucu-
ronidation that is necessary in all extrahepatic gastrointes-
tinal tissues. The other UGT1A and UGT2B gene products
displayed patterns of regulatory polymorphism. A tight cor-
relation between functional activities and UGT gene tran-
script expression is not evident because substrate specifici-
ties between the different UGTs are characterized by a high
degree of overlap. Hyodeoxycholic acid represents an exam-
ple of a substrate that is glucuronidated by a limited number
of UGT proteins (Ritter et al., 1992a; Levesque et al., 1999).
UGT2B7 and UGT2B4 exhibit hyodeoxycholic acid UGT ac-
tivity; both of these enzymes were found to show a polymor-
phic pattern of expression in duodenum and jejunum, but not
in liver. The characterization of hyodeoxycholic acid UGT
activity using small intestinal microsomes and hepatic mi-
crosomes confirmed the existence of interindividual varia-
tions in catalytic activity only in small intestine. Addition-
ally, the differences found at the functional level were
corroborated by immunoblot detecting the absence of small
intestinal UGT2B7 protein in persons without UGT2B7
mRNA expression. These results show not only that the
qualitative regulation of UGT genes is tissue specific but also
that polymorphic regulation is a tissue-specific property.

Given the diversity of glucuronidation enzymes in the
small intestine and the complex regulatory mechanisms de-
fining their catalytic contribution to metabolism, it seems
that prehepatic metabolism may be significantly underesti-
mated and may play a role in the disposition toward drugs
that are taken orally. UGTs catalyze the glucuronidation of
many structurally different drugs (Tukey and Strassburg,
2000), and the glucuronidation of these pharmacologically
active drugs can be demonstrated with microsomes prepared
from epithelial cells of the digestive tract (Matern et al.,
1984; Parquet et al., 1988; Peters et al., 1991; Strassburg et
al., 1998b, 1999a, 2000). Thus, glucuronidation at the site of
resorption would lead directly to an inactivation of the phar-
macological properties of the drug and limit the concentra-
tion of the active drug that can reach the systemic circula-
tion. In contrast to this mechanism, digestive tract
glucuronidation enzymes play a critical role in the enterohe-
patic circulation of compounds, which include digoxin and
bile acids. Intestinal deconjugation would result in the inac-
tivation of biological activity of these compounds and recon-
jugation in the epithelial cells of the digestive tract would
allow a recycling of deconjugated compounds for additional
rounds of enterohepatic cycling. The delineated studies and

data have provided the first steps aimed at elucidating the
biochemical and physiological basis of human digestive tract
glucuronidation and its overall significance for metabolism
and homeostasis.
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