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A B S T R A C T

Based on reactions with five flavonoids, the regioselectivities of twelve human UDP-glucuronosyl-

transferase (UGT) isozymes were elucidated. The various flavonoid glucuronides were differentiated

based on LC–MS/MS fragmentation patterns of [Co(II)(flavonoid-H)(4,7-diphenyl-1,10-phenanthro-

line)2]+ complexes generated upon post-column complexation. Glucuronide distributions were

evaluated to allow a systematic assessment of the regioselectivity of each isozyme. The various UGT

enzymes, including eight UGT1A and four UGT2B, displayed a remarkable range of selectivities, both in

terms of the positions of glucuronidation and relative reactivity with flavanones versus flavonols.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Flavonoids, a class of polyphenols found in fruits and
vegetables, have been shown not only to have anti-inflammatory
properties but also to exhibit promising chemopreventive
properties against cancer and cardiovascular disease [1,2]. The
positive bioactivities of flavonoids have been demonstrated in a
variety of in vitro, in vivo, and case control studies [2–4]. In recent
years the presumed chemopreventive properties have been under
closer scrutiny due to the poor bioavailability of most unmodified
flavonoid aglycones in the body [5], coupled with the growing
documentation that flavonoids undergo extensive biotransforma-
tion [6–8]. The metabolism of flavonoids has a great impact on
their absorption and distribution, and importantly biotransforma-
tion can substantially alter the chemical properties of the
flavonoids, such as altering the bioactivities [9].

Most flavonoids are found naturally as glycosylated forms in
fruits and vegetables. When ingested the flavonoid glycosides
undergo deglycosylation by b-glucosidase or lactose phloridzin
hydrolase enzymes primarily found in the small intestine [10].
After loss of their sugar side-chains, flavonoids are rapidly
metabolized by mainly Phase II enzymes found in small intestine,
kidneys, and most importantly the liver [10]. This process results in
glucuronidation, sulfation, methylation, or hydroxylation depend-
ing on the nature of the interacting enzyme [11]. Any flavonoid
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compound metabolized or unmodified that is not absorbed prior to
reaching the large intestine may be absorbed by microflora, a
process leading to decomposition of the flavonoid by ring fission
and causing the release of small phenolic acids that are excreted in
the urine [10]. Since most of the flavonoids ingested are conjugated
and consequently absorbed as conjugates, there has been
increasing interest in understanding the formation, uptake,
distribution, and chemopreventive properties of the conjugates.
To facilitate such investigations, the development of sensitive
analytical methods to characterize, identify and track the flavonoid
conjugates is paramount.

Glucuronidation of flavonoids is carried out in the body by the
UDP-glucuronosyltransferase (UGT) family of enzymes. These
enzymes have been found in every major organ involved in
digestion, as well as the kidneys and liver [11]. To date, nineteen
different isomers of the UGT enzyme have been identified [12],
which are categorized into three different subgroups (UGT1As,
UGT2As and UG2Bs). There are nine isoforms of the UGT1A group
and seven in the UGT2B group, and together they play a major role
in Phase II metabolism. The role of UGT2A isoforms remains
unknown [12]. UGT enzymes catalyze the addition of glucuronic
acid at a hydroxyl group, carboxylic acid, sulfide group, amine, or in
rare cases a methyl group [11]. Flavonoids possessing one to
multiple hydroxyl groups may undergo O-glucuronidation at
various positions when metabolized by UGT enzymes. However,
the specific positions which are glucuronidated by each enzyme
are still not fully established.

The structural characterization of flavonoids and their
metabolites has proven to be a challenging task. All flavonoids

http://dx.doi.org/10.1016/j.bcp.2011.08.015
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Fig. 1. Structures of flavonoids.
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share the same basic three-ring structure and may differ by the
position of a single functional group, making their positive
identification difficult by many analytical methods. Mass spec-
trometry has proven to be one of the most effective tools for
identification of flavonoids, in large part due to the informative
fragmentation patterns generated by collision induced dissocia-
tion (CID) upon application of MS/MS strategies [13], especially
when coupled with HPLC to allow separation of complex mixtures
of flavonoids [14–20]. We have extended the capabilities of MS/
MS methods for differentiation of flavonoids by formation of
complexes containing a flavonoid, a metal, and an auxiliary
organic ligand [21]. These complexes, upon CID, give unique
fragmentation patterns that allow confident identification and
differentiation of flavonoids, even for isomers. We have evaluated
a number of metal complexation approaches and shown their
versatility [22–29], including the adaptation of the methods for
identification of metabolites in urine and plasma [30–33]. More
recently, we applied the metal complexation/MS/MS methodolo-
gy to gain insight into the regioselectivity of the UGT1A1 enzyme
with various flavonoids [34]. In this prior study, the products were
confidently identified and the distributions of various glucur-
onidated products were quantified.

In this present study, we have expanded our investigation of the
selectivity of glucuronidation of the twelve most common UGT
enzymes (1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15,
2B17) for five of the most commonly consumed flavonoids
(hesperetin, isorhamnetin, kaempferol, naringenin, quercetin).
(Fig. 1) While biotransformation of flavonoids has been an area
of much interest [12,35–40], this is the first time the isomeric
flavonoid glucuronide products of such a large array of enzymatic
syntheses have been determined, thus providing detailed insight
into the selectivities of the UGT isoenzymes. This systematic study
provides benchmark data for assessment of UGT enzymatic
regioselectivity and establishes predictive correlations of biotrans-
formation upon consumption of flavonoids.

2. Methods and materials

2.1. Reagents

All UDP-glucuronosyltransferase isozymes were purchased
from BD Biosciences (Woburn, MA, USA). UDP-Glucuronic acid
(UDPGA) trisodium salt, 4,7-diphenyl-1,10-phenanthroline (4,7-
dpphen), cobalt(II) bromide, hesperetin, naringenin, isorhamnetin,
kaempferol, and quercetin were purchased from Sigma–Aldrich
(St. Louis, MO, USA). HPLC grade acetonitrile, HPLC grade water,
potassium phosphate, and methanol were purchased from Thermo
Fisher Scientific, Inc. (Waltham, MA, USA).
2.2. Synthesis of flavonoid glucuronides by UGT enzymes

The procedure for the glucuronidation reactions was modified
from the protocol reported in Davis et al. [34]. Each enzyme was
divided into 25 mL aliquots and stored at �80 8C until use. The
following reaction was set up for each combination of UGT enzyme
(UGT1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15,
2B17) and flavonoid (hesperetin, isorhamnetin, kaempferol,
naringenin, quercetin). All volumes were delivered using appro-
priate micropipettes. The synthesis was carried out by adding
2 mM aqueous UDPGA (65 mL), 20 mM potassium phosphate
buffer pH 7.0 (378.75 mL), and 10 mM methanolic solution of
flavonoid (6.25 mL) to a microcentrifuge tube. The reaction was
started by addition of 25 mL of a UGT enzyme (5 mg/mL). This
concentration of enzyme was used based on experiments reported
by Plumb et al. [41]. The mixture was incubated at 37 8C overnight.
To stop the reaction, 1.5 mL of acetone was added. The tubes were
centrifuged for 10 min at 16,000 � g. The supernatant was
removed and the acetone was evaporated by placing the tubes
in a Savant DNA120 SpeedVac Concentrator (Thermo Electron,
Waltham, MA, USA) on low heat for 1 h and 40 min. The remaining
mixture was refrigerated until analysis. In a study by Easterbrook
et al. [42], the activities of UGT enzymes were evaluated in the
presence of organic solvents at various concentrations, and it was
reported that there were no apparent effects on enzyme activities
for solutions containing up to 2% methanol content, so a significant
effect on enzymatic activity was not anticipated for the present
study. A low concentration of methanol was used in the present
study to enhance solubility of the flavonoids and assure more
accurate concentrations in solution.

2.3. LC–MS/MS analysis

LC–MS analysis of the flavonoid glucuronides was undertaken
using a Waters Alliance 2695 HPLC system (Milford, MA, USA) or a
Hitachi L-7000 HPLC system (Hitachi High Technologies America,
Pleasanton, CA, USA) and LCQ Duo quadrupole ion trap mass
spectrometer (Thermo Electron, Waltham, MA, USA) with electro-
spray ionization (ESI). The column was a Waters Symmetry C18
column, 2.1 mm � 50 mm, 3.5 mm particle size, with a guard
column. The injection volume was 30 mL. The mobile phase was
0.33% formic acid in water (A) and 0.33% formic acid in acetonitrile
(B). The gradient used began at 15% B and increased to 40% over
30 min.

Samples were first analyzed in the negative ESI mode in order to
search for flavonoid glucuronides. The spray voltage was set at
4.5 kV, the heated capillary temperature was 200 8C, and the
automatic gain control was set to 5 � 107 ions with a maximum
injection time of 500 ms and 5 microscans averaging. All other
parameters were set to obtain optimal signal. The positive ESI
mode was used for MS/MS analysis of the flavonoid/metal
complexes. The metal complexes were formed by post-column
addition of a methanolic solution of 5 mM CoBr2 and 4,7-dpphen,
which was infused at a rate of 20 mL/min controlled by a syringe
pump. The spray voltage for the positive ion mode was set to 5 kV,
and the heated capillary temperature was 200 8C. The automatic
gain control for MS/MS was set to 2 � 107 ions with a maximum
injection time of 500 ms and 5 microscan averaging, the isolation
width was set to 4 Da, and a collision energy of 35% normalized
collision energy was used for collision induced dissociation.

2.4. LC-UV monitoring of reaction products

In order to estimate the relative product distributions of
different flavonoid glucuronides for each enzymatic reaction
leading to multiple products, the peak area for each resulting
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product was integrated based on its LC-UV chromatographic
profile at 360 nm. The area of each product peak was divided by the
total area of all product peaks in order to calculate the product
distributions as percentages. This percentage was rounded to the
nearest 5%.

3. Results

Our objective was to map the formation of various flavonoid
glucuronides for each glucuronosyltransferase enzyme. In order to
differentiate the flavonoid glucuronide isomers, MS/MS spectra of
the metal complexes [Co(II) (FG–H) (4,7-dpphen)2]+ were analyzed
along with HPLC retention times (where FG represents a flavonoid
glucuronide). These metal complexes were produced via post-
column complexation in LC–MS runs of the product mixtures
obtained for each flavonoid/glucuronosyltransferase combination.
Whereas the fragmentation patterns of deprotonated flavonoid
glucuronides are typically not distinctive for isomers, the MS/MS
spectra of the metal complexes allows differentiation and
confident elucidation of the isomers. As described previously
[30,34], the metal complexes containing 7-O-glucuronides show
losses of the auxiliary ligand (-Aux) and the glucuronic acid moiety
(-GlcA), both individually or together (-(GlcA + Aux)), upon CID.
The loss of the flavonoid aglycon (-Agl) is also a characteristic
fragment of 7-O-glucuronides. The metal complexes of the 5-O-
glucuronides and 3-O-glucuronides both show a prominent loss of
the glucuronic acid moiety in conjunction with the auxiliary ligand
(-(GlcA + Aux)); moreover, the 5-O product has been shown to
elute prior to the 7-O product [34] whereas the 3-O-glucuronide
elutes after. For B-ring-glucuronides, the characteristic fragments
include the loss of the auxiliary ligand (-Aux) and the losses of both
the auxiliary ligand and glucuronide moiety together (-
(GlcA + Aux)) [30]. 40-O-glucuronides elute before 30-O glucur-
onides and after the 3-O-glucuronides. These systematic MS/MS
and elution patterns were utilized for assignment of the
glucuronide products in the present study. A table listing all the
fragments found for the products is shown in Supplement Table 1.

Once the enzymatic reactions were quenched, each of the
incubates was centrifuged and the supernatant was screened by LC–
MS in the negative ESI mode. The resulting total ion chromatograms
were searched both for the unreacted flavonoid aglycon, mono-
glucuronidated flavonoid products (aglycon + 176), and diglucur-
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Fig. 2. (a) Total ion chromatogram for UGT1A10 reaction with hesperetin, including backg

301). (c) Selected ion chromatogram for deprotonated hesperetin monoglucuronide (m
onidated products (aglycon + 176 + 176) based on the m/z values of
the anticipated products. A typical total ion chromatogram obtained
for the hesperetin product mixture is shown in Fig. 2a with extracted
ion chromatograms shown in Fig. 2b and c for deprotonated
hesperetin (m/z 301) and the monoglucuronidated products (m/z
477). No diglucuronidated products were detected. After screening
the enzymatic incubates, then the metal complexes were generated
upon LC–MS by post-column complexation and subjected to CID for
structural characterization. Examples of the resulting MS/MS
spectra are shown in Fig. 3 for hesperetin glucuronides produced
from UGT1A6 and in Fig. 4 for kaempferol glucuronides produced
from UGT1A1. All products identified are summarized for the two
classes of flavonoids (flavanones and flavanols) in Table 1 along with
the distribution of products based on integration of the chro-
matographic peak areas of each product and unreacted flavonoid.
Inclusion of the unreacted flavonoids gives an indication of the
relative reactivity promoted by each enzyme for a particular
flavonoid.

3.1. Flavanone glucuronides

Hesperetin formed monoglucuronidated products upon expo-
sure to all the glucuronosyltransferases except for UGT1A4 (which
in fact produced no glucuronides for any of the flavonoids). These
products were analyzed by the metal complexation/MS/MS
method described in the methods and materials section and
assigned based on their characteristic fragmentation patterns and
retention times. For UGT1A1, 1A3, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7,
2B15, and 2B17, two products were found (Table 1). The MS/MS
spectrum of the first glucuronide product showed losses of GlcA,
Agl, and Aux, which is characteristic of 7-O-glucuronide products.
The second eluting product yielded the prominent loss of
(GlcA + Aux) as well as the loss of Aux, which as described above
is characteristic of 30-O-glucuronidation. For UGT1A6, hesperetin
showed a total of three products (see corresponding MS/MS
patterns in Fig. 3). Two of the products are identical to those
described above for the other glucuronosyltransferase reactions.
The third product eluted prior to the 7-O-glucuronide, and the MS/
MS spectrum shows one prominent loss of (GlcA + Aux), thus
confirming this product as a 5-O-glucuronide.

For naringenin all of the glucuronosyltransferases resulted in
only a single product except for UGT1A4, which promoted no
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round subtraction. (b) Selected ion chromatogram for deprotonated hesperetin (m/z
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products at all and UGT1A6 which led to the formation of two
products. The single dominant product dissociated by pathways
characteristic of a 7-O-glucuronide (losses of GlcA, Agl, and Aux).
For the UGT1A6 reaction the second product showed a prominent
loss of (GlcA + Aux) which is assigned as the 5-O-glucuronide
owing to its elution prior to the 7-O-glucuronide product (see CID
mass spectra in Supplementary Fig. 1).

3.2. Flavonol glucuronides

Upon reactions with most of the glucuronosyltransferases,
isorhamnetin displayed no reactivity in the presence of the
UGT1A4, 1A6, 1A8, 2B4, 2B7, 2B15, and 2B17 enzymes. Reaction
with the UGT1A3 enzymes led to the formation of two products.
The first product showed losses of GlucA, Agl and Aux upon CID,
allowing ready assignment as the 7-O-glucuronide. The second
product demonstrated loss of (GlcA + Aux) as the major product,
and also showed a loss of Aux though this fragment occurred in
very low abundance. This product could either be a 3-O
glucuronide or a 40-O glucuronide because its elution after the
7-O glucuronide ruled it out as a 5-O glucuronide. Moreover the 30

position has a methoxy group, and the absence of a methyl group
loss allowed a 30-glucuronide structure to be ruled out. The minor
loss of Aux in the MS/MS spectrum suggested that this was the 40-O
glucuronide, but the evidence was somewhat inconclusive due to
the lack of other diagnostic ions.

The UGT1A1 enzyme promoted the formation of one product for
isorhamnetin that dissociated by a major loss of (GlcA + Aux) and a
minor loss of Aux which had a very low abundance. Since there are
no other products in this reaction, confident identification of this
product was not possible; however comparing the elution time of
this product with confirmed products of other isorhamnetin/
glucuronidation reactions shows that this product has a retention
time matching that of the second product of the UGT1A3, which
suggest that this product also having the minor loss of Aux in the CID
spectrum appears to be a 40-O-glucuronide. However this product



Table 1
Glucuronide product distributions relative to unreacted flavonoid.

1A1 1A3 1A4 1A6 1A7 1A8 1A9 1A10 2B4 2B7 2B15 2B17

Hesperetin

Hesperetin 60 15 100 10 45 70 30 75 80 60 100 100

5-O-glucuronide – – – Trace – – – – – – – –

7-O-glucuronide 30 10 – 90 5 10 30 15 20 30 Trace Trace

30-O-glucuronide 10 75 – Trace 50 20 40 10 Trace 10 Trace Trace

Naringenin

Naringenin 40 50 100 30 80 65 20 90 70 80 95 95

5-O-glucuronide – – – Trace – – – – – – – –

7-O-glucuronide 50 50 – 70 20 35 80 10 30 20 5 5

40-O-glucuronide – – – – – – – – – – – –

Isorhamnetin

Isorhamnetin 80 35 100 100 90 100 95 95 100 100 100 100

5-O-glucuronide – – – – 10 – 5 Trace – – – –

7-O-glucuronide – 50 – – Trace – – Trace – – – –

3-O-glucuronide (20) (15) – – – – – (5) – – – –

40-O-glucuronide (20) (15) – – – – – (5) – – – –

Kaempferol

Kaempferol 40 90 100 60 75 90 75 100 95 100 100 100

5-O-glucuronide 5 Trace – 30 10 Trace 10 Trace - Trace – –

7-O-glucuronide 50 10 – 10 15 5 15 Trace 5 Trace – –

3-O-glucuronide – – – – – – – – – – – –

40-O-glucuronide 5 Trace – Trace – 5 Trace Trace – Trace – –

Quercetin

Quercetin 25 55 100 95 100 100 70 95 100 90 100 100

5-O-glucuronide – – – Trace – – – – – Trace – –

7-O-glucuronide 5 25 – 5 – Trace 30 5 – – – –

3-O-glucuronide – – – – – – – – – – – –

40-O-glucuronide 10 5 – – – Trace – Trace – – – –

30-O-glucuronide 60 15 – – – Trace – Trace – 10 – –

All values are percentages of total product distribution. Values in parenthesis indicate products with unconfirmed structures, meaning that two alternatives are possible. A

dash is used to indicate the absence of a product. All values rounded to the nearest 5%. The average standard deviation is �5%.
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could not be confidently distinguished between the 3-O-glucuro-
nide and 40-O-glucuronide structures. The UGT1A7 enzyme resulted
in formation of two products upon reaction with isorhamnetin. The
first product exhibited the dominant loss of (GlucA + Aux), and the
second product displayed all the characteristic losses of a 7-O-
glucuronide species (-GlucA, -Agl, -Aux). The first product corre-
sponded to the 5-O-glucuronide due to its elution prior to the 7-O
product. The UGT1A9 enzyme promoted formation of one product
that dissociated by loss of (GlcA + Aux) upon CID, indicating that this
could be a 3-O or 5-O glucuronide. With only a single product
eluting, the only way this product can be identified is based on
comparison of retention times to products from those of the 1A7
reaction. The elution time of the UGT1A9 product matched that of
the 5-O-glucuronide identified from the 1A7 reaction mixture, thus
confirming the UGT1A9 product as 5-O-glucuronide (see CID mass
spectra in Supplemental Fig. 2).

The reaction of isorhamnetin with UGT1A10 yielded three
products. The first two eluting products were identified as the 5-O
glucuronide and 7-O glucuronide, respectively; this is because the
second product showed losses of GlucA, Agl, and Aux upon CID,
allowing it to be identified as the 7-O glucuronide. The first eluting
product showed a dominant loss of (GlucA + Aux), which because it
eluted before the 7-O glucuronide can be readily assigned as the 5-
O glucuronide. The third product showed a loss of (GlcA + Aux) as
the major product, and also exhibited a loss of Aux although this
latter fragment occurred in very low abundance similar to that of
the second product of the UGT1A3 reaction. This product could not
be confidently distinguished between the 3-O glucuronide and 40-
O glucuronide structures. NMR spectroscopy would arguably allow
more confident identification and differentiation of these products,
albeit requiring far greater quantities of products as well as
isolation of individual products or use of LC-NMR.

Kaempferol formed three glucuronides (5-O, 7-O, and 40-O)
with the exception of reactions promoted by UGT1A4, UGT2B15,
and UGT2B17 which resulted in no products, UGT1A7 which
yielded only two products, and UGT2B4 which led to only one
glucuronide. As described above, the identities of the products
were assigned based on their MS/MS patterns, as illustrated in
Fig. 4, and their relative retention times. Upon analysis of the
UGT1A1 glucuronides, the first eluting product dissociated by
losses of GlcA and (GlucA + Aux), the second product demonstrated
losses of GlcA, Agl, and Aux, some occurring together, and the third
product showed prominent losses of Aux and (GlcA + Aux). The
first product was readily identified as kaempferol-5-O-glucuronide
because of the characteristic sole major loss of (GlucA + Aux), as
well as the fact that this product eluted prior to the second product,
the latter which is confidently assigned as the 7-O-glucuronide
based on its characteristic fragmentation pattern. The third
product could conceivably be a 3-O or 40-O glucuronide, both
which should elute after the 7-O-glucuronide. However, the fact
that the loss of Aux was observed along with the combined loss of
(GlcA + Aux) ruled out the 3-O-glucuronide. For the reactions with
the UGT1A7 enzyme, the two products formed included the 5-O-
glucuronide and 7-O-glucuronide but not the 40-O-glucuronide.
The one product formed for the UGT2B4 reactions was identified as
the 7-O- glucuronide product, while neither the 5-O-glucuronide
nor the 40-O-glucuronide were produced.

Quercetin has five possible glucuronidation sites, and it
generated three different products upon reaction with the
UGT1A1, 1A3, 1A8, and 1A10 glucuronosyltransferases. Upon
CID, the first eluting product showed fragment pathways
characteristic of 7-O-glucuronide, including losses of GlcA, Agl,
and Aux. The next two products both showed losses of Aux and
Aux + GlcA. The first of these two products is assigned as the 40-O-
glucuronide based on its elution prior to the other 30-O-
glucuronide. Reaction with the UGT1A9 enzyme resulted in only
one product, the 7-O-glucuronide. The UGT1A6 enzyme predomi-
nantly led to formation of the 7-O-glucuronide as well as the 5-O
product which was not observed for any of the enzymatic reactions
of quercetin. This 5-O product was confirmed because it showed
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only one characteristic loss (-(GlcA + Aux)) and eluted prior to the
7-O-glucuronide. The UGT2B7 enzyme led to formation of two
products, the first of which showed the loss of (GlcA + Aux) as the
only major fragmentation pathway while the second product
showed losses of Aux and (GlcA + Aux). The fragmentation pattern
of this second product was consistent with either a 30-O
glucuronide or a 40-O glucuronide. The similar MS/MS patterns
and elution times of 30-O and 40-O glucuronides did not allow
conclusive assignment of this particular quercetin product.
However, upon LC–MS separation and analysis of a mixture
containing the products from the UGT1A3 reaction and the
products from this UGT2B7 reaction, the formation of the 40-O
glucuronide product was ruled out, and the product was identified
as a 30-O modification. The first product was identified as a 5-O
glucuronide because of its similar retention time to the 5-O
product confirmed from the UGT1A6 reactions (see CID mass
spectra in Supplemental Fig. 3).

4. 4.Discussion

4.1. Selectivity trends

Each UGT enzyme exhibited selectivity with respect to the sites of
glucuronidation of flavonoids. To establish a benchmark for
evaluating the array of UGT glucuronosyltransferases, the glucur-
onidation trends for 1A1 in the present study were first compared to
a previous limited set of results obtained using the same enzyme and
LC–MS/MS analysis [34]. It was previously reported that UGT1A1
selectively modifies only the hydroxyl group at the 7 position, unless
there is a hydroxyl at the 30 position in which case UGT1A1 also
modifies hydroxyl groups on the B ring [34]. The relative quantities
of the hesperetin and quercetin glucuronidation products in this
current study were in good agreement with those found in the
previous study [34]. The sole glucuronidation of naringenin at the 7-
O position noted in the past study also matches the same finding in
the present study. The glucuronidation of kaempferol, however,
shows a discrepancy based on our present results relative to past
results [34] and another recent study [40]. In one study, only the 7-
O-glucuronide product was reported [34], unlike the three distinc-
tive products (5-O, 7-O, and 40-O) found in the present study. In a
more recent study by Singh et al., the interaction of kaempferol with
the UGT1A1, 1A3, 1A6, 1A7, 1A8, 1A9, 1A10, and 2B7 enzymes was
evaluated based on a UV shift method for glucuronide differentiation
[40]. Singh et al. reported modification of kaempferol at the 3-O
position for several of the UGT enzymes, as well as a low likelihood of
5-O product formation, in contrast to our findings in which
glucuronidation was found to occur at the 5-O position but not at
the 3-O position based on the MS/MS patterns of the metal
complexes. This difference may require the synthetic production of
individual flavonoid glucuronides and NMR spectral analysis for
confident resolution. Isorhamnetin is the only flavonoid whose
glucuronidation in the presence of UGT1A1 has not been reported
previously, and it in fact yields just one product.

The results for the UTG1A3 enzyme show that its selectivity
differs slightly from that of UGT1A1, with greater preference for
glucuronidation of the 7-O position of the flavonols. The best
example of this is reflected by the quercetin and isorhamnetin
results, in which the production of 7-O glucuronides is enhanced
for the UGT1A3 reactions. This is particularly evident in the
reactions of isorhamnetin with UGT1A3 for which the 7-O-
glucuronide product was by far the most abundant, a product not
even detected upon reaction in the presence of UGT1A1. The
selectivity of the UGT1A3 enzyme for hesperetin is likewise very
different from that of the UGT1A1 reaction, in that the 30-O
glucuronide is the most abundant product, not the 7-O product. A
previous recent study reported the glucuronidation of isorhamne-
tin, kaempferol, and quercetin with UGT1A3 and UGT1A9 [35], but
specific product identities were not assigned. In this past study
three products were found for isorhamnetin, two for kaempferol,
and four for quercetin [35]. For each of isorhamnetin and quercetin,
this represents one additional product then reported in the present
study but for kaempferol it is one less for the UGT1A3 reactions.
Due to the lack of product identities [35], further comparisons to
the present results were not possible.

Several other notable features emerged upon inspection of the
glucuronidation results for the other enzymes. UGT1A6 proved to
be unusual in that it is the only glucuronidase that is able to
promote 5-O-glucuronidation of the two flavanones, hesperetin
and naringenin, and also the flavonol quercetin. UGT1A7 and
UGT1A9 exhibited a preference for modifying the 30 position of the
hesperetin, but favored the 7-O position of naringenin and the
flavonols. In particular, the 30-O glucuronides were most abundant
for hesperetin, whereas kaempferol and quercetin showed no or
low abundance B-ring products. Instead the most abundant
products for kaempferol were the 7-O and 5-O (A-ring) glucur-
onides. The UGT1A8 enzyme displayed a high preference for
modification of flavonoids on the B-ring. For all the flavonoids that
yielded multiple products, the most abundant glucuronide
involved the B-ring. UGT1A10 preferentially glucuronidated the
7-O position, except for isorhamnetin which showed the 3-O or 40-
O position as the more highly favored sites for glucuronidation.

The UGT2B enzymes (UGT2B4, UGT2B7, UGT2B15, and
UGT2B17) all shared one similar characteristic: they all showed
poor to no reactivity with the flavonols, suggesting that the general
flavanol structure restricted interaction with the UGT2B enzymes
or otherwise deactivated the glucuronidation reactions.

There are also notable differences in the glucuronidation
selectivities based on subtle structural differences of the flavo-
noids. For example, naringenin and kaempferol are analogs, with
the former being a flavanone and the latter being a flavanol with its
characteristic double bond on the C ring and hydroxyl at the 3-O
position. The flavanol structure enhances the ability of the UGT
enzymes to modify the 40-O position. In no cases does naringenin
undergo glucuronidation at the 40-O position, whereas 40-O
glucuronide products are produced in nearly every reaction for
kaempferol.

Kaempferol and quercetin also share similar structures except
for the additional hydroxyl group at the 30 position of quercetin.
The 30-OH group proved to be a very reactive site for glucuronida-
tion for quercetin (as well as the flavanone hesperetin). Another
point of interest when comparing kaempferol and quercetin is that
the presence of the hydroxyl at the 30 position seems to render the
5-O position almost completely inactive, except for in the cases of
the UGT1A6 and the UGT2B7 enzyme, which both lead to 5-O
glucuronide as a minor product.

Quercetin also is similar in structure to isorhamnetin with the
only difference being that the 30-O position is methylated for
isorhamnetin. The methoxy at the 30 position appears to deactivate
glucuronidation in general by the UGT enzymes since products are
only detected for five of the UGT enzymes (UGT1A1, UGT1A3,
UGT1A7, UGT1A9, and UGT1A10). Interestingly, isorhamnetin
exhibited greater reactivity with UGT1A7 than was observed for
quercetin (no products).

5. Conclusion

The regioselectivity of the reactions of twelve human UDP-
glucuronosyl-transferase (UGT) isozymes with five common flavo-
noids was evaluated by LC–MS/MS with post-column metal
complexation. Metal complexation results in the formation of
[Co(II) (FG-H) (4,7-dpphen)2]+ ions which are key for confident
identification of the modification site promoted by a given UGT
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isozyme due to the more diagnostic fragmentation patterns than
produced by conventional deprotonated flavonoid glucuronides.
The UGT1A enzyme selectivities are affected by the presence of a
hydroxyl group at the 3, 40, or 30 positions as well as by the presence
of a methoxy at the 30 position. The UGT2B enzymes all share one
similar trend: they all show poor to no reactivity with the flavonols.
This result implies that the greater planarity of the flavonols
compared to the non-planar structures of flavanones or the
additional hydroxyl group at the 3 position of the flavonols inhibits
interaction with the UGT2 enzymes. This study also shows the
effectiveness of metal complexation/tandem mass spectrometry in
conjunction with HPLC retention times for identification of flavonoid
monoglucuronides. Of the 60 reactions reported in this study only
three resulted in a product that could not be differentiated.
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