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Abbreviations used 

UGT, UDP-glucuronosyl transferases 

UDPGA, Uridine diphospho glucuronic acid 

R3G, Resveratrol 3-O glucuronide 

R4’G, Resveratrol 4’-O glucuronide 

RES, Resveratrol 

CXZ, Chlorzoxazone 

DMSO, Dimethyl sulfoxide 

E-H, Eadie-Hofstee Plots 
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Abstract 

The dietary polyphenol trans-resveratrol is glucuronidated at the 3 and 4’ positions to yield 

two major glucuronide conjugates – resveratrol-3-O-glucuronide (R3G) and resveratrol-4’-O-

glucuronide (R4’G). The major enzymes catalyzing this conjugation reaction are members of 

the UGT1A family and include UGT1A1 and UGT1A9, with minor contributions by 

UGT1A10. The kinetics of resveratrol glucuronidation in these three UGT1A isoforms as 

well as in human liver and intestinal microsomes were characterized across a wide 

concentration range. Atypical kinetics was observed for resveratrol glucuronidation in all the 

protein sources studied. The Vmax estimate per total protein for both glucuronides was higher 

in human intestinal microsomes compared with human liver microsomes (12.2 ± 0.34 vs 7.4 

± 0.25 nmol/min/mg for R3G and  8.9 ± 0.14 vs 0.45 ± 0.01 nmol/min/mg for R4’G). The 

kinetic profile for formation of R3G in both human liver and intestinal microsomes fit a 

substrate inhibition model while that for R4’G exhibited a biphasic kinetic profile in human 

liver microsomes and substrate inhibition in human intestinal microsomes. In recombinant 

human UGT supersomes, for both glucuronides, UGT1A9 exhibited higher activity than 

UGT1A1 while the lowest activity was observed with UGT1A10. The kinetic profile for 

R3G exhibited substrate inhibition for all three isoforms while that for R4’G differed, 

exhibiting substrate inhibition for UGT1A1 and UGT1A10 and Hill kinetics for UGT1A9. 

These results suggest that in vitro kinetics of resveratrol glucuronidation at high 

concentrations cannot be ignored in predicting in vivo clearance upon high dose consumption 

of resveratrol. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on November 8, 2007 as DOI: 10.1124/dmd.107.018788

 at A
SPE

T
 Journals on A

pril 10, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18788 

 5

Resveratrol (trans-resveratrol, 3,5,4’-trihydroxy-trans-stilbene, (Fig. 1);  (referred to 

hereafter as resveratrol) is a dietary antioxidant polyphenol of plant origin (Aumont et al., 

2001). It is found in grapes, cranberries, peanuts and red wine and is thought to possess a 

variety of beneficial effects (Wang et al., 2002). The most important and widely studied of 

these include its cardioprotective (Renaud and de Lorgeril, 1992) and chemopreventive (Jang 

et al., 1997) effects. Other biological effects attributed to resveratrol include anti-

inflammatory and strong antioxidant effects (Baur and Sinclair, 2006). Resveratrol has 

additionally been reported to interfere with multiple stages of carcinogenesis including 

initiation, promotion and progression, while its ability to inhibit platelet aggregation and 

increase the expression of endothelial and inducible nitric oxide synthase was reported to be 

responsible for its cardioprotective effects (Jang et al., 1997; Chan et al., 2000; Bhat et al., 

2001). A recent study implicated resveratrol in the improvement of health and protection of 

mice on a high calorie diet, with potential impact on obesity studies in humans (Baur et al., 

2006).  

 

Resveratrol is known to be glucuronidated in the small intestine of rat (Kuhnle et al., 2000) 

as well as in both the human GI tract (Sabolovic et al., 2006) and liver (de Santi et al., 

2000a). Resveratrol glucuronidation is mediated by a multigenic family of enzymes known 

as UDP-glucuronosyltransferases (UGTs) which catalyze the transfer of the glucuronic acid 

moiety from the co-substrate UDP-glucuronic acid (UDPGA) to the substrate, usually 

resulting in a metabolite with greater polarity and water solubility. Several UGT isoforms 

exist and their expression in both the human liver and GI tract as well as their distinct but 

sometimes overlapping substrate specificity  are well documented (Burchell and Coughtrie, 
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1989; Mackenzie et al., 1997; Tukey and Strassburg, 2000). Resveratrol glucuronidation in 

the human liver is both regioselective and stereospecific, producing two major metabolites – 

resveratrol 3-O glucuronide (R3G) and resveratrol 4’-O glucuronide (R4’G) (Aumont et al., 

2001). The formation of the two conjugates has been reported to occur at different rates, with 

the R3G being preferentially glucuronidated in both cis and trans resveratrol isomers.   

 

Despite the purported effects of resveratrol, in vivo pharmacokinetic studies in both rats and 

humans show that resveratrol given orally results in very low plasma concentrations due to 

poor bioavailability. Resveratrol upon an oral dose is almost completely conjugated to its 

glucuronide and sulfate metabolites, with the major sulfate metabolite for resveratrol reported 

to be resveratrol-3-sulfate. Although resveratrol sulfation is not the goal of this study, the 

contribution of sulfation to resveratrol metabolism and its limited bioavailability is critical 

(De Santi et al., 2000b). Significant systemic levels of the sulfate metabolite upon oral 

resveratrol doses have been reported (Walle et al., 2004; Boocock et al., 2007).  This has 

inevitably led to the hypothesis that these glucuronide and sulfate metabolites could also 

elicit pharmacological effects (Soleas et al., 2001a; Marier et al., 2002; Walle et al., 2004). 

Although glucuronidation is commonly thought of as a detoxification mechanism, several 

examples of active and / or toxic glucuronides exist in the literature (Burchell and Coughtrie, 

1989). The observation that in vivo concentrations of both resveratrol and its glucuronides do 

not correspond with those required to elicit chemopreventive effects in vitro suggests higher 

resveratrol dose requirement for therapeutic effects (Goldberg et al., 2003). A recent phase 1 

dose escalation study on resveratrol measured in vivo levels in an attempt to confirm these 

reported observations  (Boocock et al., 2007).  
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Although resveratrol glucuronidation in human liver and intestinal microsomes as well as 

several recombinant UGT preparations has been studied at either single or low concentrations 

(Brill et al., 2006; Sabolovic et al., 2006), characterization across a greater concentration 

range is necessary in the light of the potentially high dose requirement discussed above. Also, 

evaluating the kinetics of resveratrol glucuronidation over a wide concentration range will 

aid in comparison of independent studies conducted under variable experimental conditions, 

notably the different resveratrol concentrations utilized for single concentration metabolite 

formation velocities (de Santi et al., 2000a; Brill et al., 2006) . This study aims at 

characterizing the in vitro metabolic profiles for the two major resveratrol glucuronides 

across relevant enzyme sources. These sources include human liver and intestinal 

microsomes as well as those UGT1A isoforms reported to be specific for trans-resveratrol 

and which are differentially expressed in either the human liver or intestine -  UGT1A1, 1A9 

and 1A10 (Aumont et al., 2001). To the best of our knowledge, this is the first 

comprehensive report of resveratrol glucuronidation kinetics over a wide concentration 

range. 
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Materials and Methods 

Chemicals and Reagents. Resveratrol (trans-resveratrol), the co-factor uridine-5’- 

diphosphoglucuronic acid (UDPGA), β-glucuronidase (lyophilized powder from E.Coli), 

dimethyl sulfoxide (DMSO), alamethicin, and chlorzoxazone were purchased from Sigma-

Aldrich (St. Louis, MO, USA).  All chemicals used to prepare buffers and other reagents 

were of analytical grade. Pooled human liver and intestinal microsomes as well as 

Supersomes™ expressing the recombinant human UGT1A1, 1A9 and 1A10 isozymes were 

obtained from Gentest™ BD Biosciences (Bedford, MA). The primary anti-UGT1A antibody 

(sc-25487) for western blot analysis was purchased from Santa Cruz Biotechnology Inc 

(Santa Cruz, CA), while the secondary horseradish peroxidase conjugated goat anti-rabbit 

antibody as well as all other materials for western blots were purchased from Bio-Rad 

laboratories (Hercules, CA). SuperSignal West Pico chemiluminescent substrate was 

purchased from Pierce (Rockford, IL).  

 

Resveratrol glucuronidation assays 

Resveratrol glucuronidation activity was determined in pooled human liver and intestinal 

microsomes as well as various recombinant UGT1A isoforms. The conditions for linearity 

with respect to time and protein concentration were optimized in preliminary studies. The 

assays were linear with respect to the selected time points and microsomal protein 

concentrations for each enzyme source. The incubation mixture consisting of enzyme 

fractions (final concentration 1mg/ml protein), the substrate resveratrol dissolved in DMSO 

(final DMSO concentration 10%v/v), alamethicin (10 µg/ml), MgCl2 (5mM final 

concentration) and made up to final incubation volume with Tris-HCl buffer (100mM, pH 
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7.4 at 37˚C) was preincubated for 3 minutes in a shaking water bath at 37˚C. An appropriate 

volume of the cofactor UDPGA (final concentration 5mM) was then added to start the 

reaction. A final volume of 100µl was used during preliminary studies for assay optimization 

and then scaled down to 50µl in subsequent assays. Concentrations of trans-resveratrol in the 

incubation mixtures ranged from 0.005 – 5 mM.  The tubes were incubated in a shaking 

water bath for 30 minutes at 37°C. The reaction was quenched with equal volumes of an ice 

cold solution of the internal standard chlorzoxazone (10mM) in methanol. Samples were 

centrifuged at 12,000 rpm for four minutes and the supernatant was directly injected onto the 

HPLC column for analysis. For each enzyme fraction, appropriate negative control 

experiments were performed under the same conditions but without either substrate or 

UDPGA. The presence of resveratrol β-D-glucuronides was confirmed by testing their 

susceptibility to hydrolysis by β-glucuronidase. For this purpose, β-glucuronidase from 

E.Coli (6µL, final concentration 150 units) dissolved in 100 mM Tris Hydrochloride buffer 

(pH 7.4) was added to 50µL of the incubation mixture and incubated overnight at 37°C. The 

β-glucuronidase - treated mixture was subsequently quenched by the addition of an equal 

volume of an ice cold methanolic solution of chlorzoxazone (100mM). After precipitation of 

the proteins by centrifugation, the supernatant was then analyzed by HPLC. Control assays 

without β-glucuronidase were run under the same conditions, to estimate the stability of the 

glucuronide under the incubation conditions. All incubations were carried out in triplicate on 

two different occasions to afford a total of 6 replicates per assay. 

 

Preliminary solubility studies indicated insolubility of resveratrol (1 – 5 mM final 

concentration) in aqueous solvents, even with 5% DMSO as a co-solvent. Therefore, all 
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incubations were conducted with resveratrol dissolved in DMSO to yield a final high DMSO 

concentration of 10%. The effect of DMSO on the glucuronidation of resveratrol was 

therefore studied using three different concentrations of DMSO (2, 5 and 10% DMSO) and a 

substrate concentration range of 5-1000 uM.  The effect of the higher DMSO concentrations 

on R3G formation was minor, differing only at the 500 uM concentration. However, R4’G 

formation at 500 and 1000 uM resveratrol was decreased significantly with 10% DMSO 

compared to 2% DMSO.  

 

HPLC analysis 

Pooled human liver and intestinal microsomes and the purified recombinant UGT1A proteins 

were characterized for catalytic activity toward the substrate resveratrol by a sensitive reverse 

phase HPLC assay using methods modified from those described by He and Aumont 

(Aumont et al., 2001; He et al., 2006). The HPLC system (HP 1100 series)  consisted of  a 

solvent delivery quaternary pump, an auto sampler with an injection valve fitted with a 200µl 

injection loop, a diode array detector with UV detection set at λ = 303nm, and a Zorbax SB 

C18 column (4.6 X 150mm, 5 µm particle size, Agilent Tech. Santa Clara, CA, USA). 

Integration was carried out using the software ChemStation version for LC Rev.A.08.01. The 

isocratic mobile phase consisted of 68.5% water and 31.5% buffer (Methanol/Glacial acetic 

acid 0.5%v/v) at a flow rate of 1ml min-1. Analysis was carried out at ambient temperature. 

The areas of the glucuronide peaks formed were normalized to that of the internal standard 

(IS) chlorzoxazone. As pure standards of the resveratrol glucuronides were not commercially 

available, quantification of any resveratrol glucuronide(s) was performed by comparing the 

normalized peak areas to that of an external standard curve consisting of the parent 
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compound resveratrol. The standard curve correlation coefficients were ≥ 0.99 and the 

validated assay exhibited intra and inter day coefficients of variation and bias of less than 

10% for the concentration range studied. 

 

Data analysis for enzyme kinetics 

Prior to non-linear regression analysis, all data were transformed and Eadie-Hofstee curves 

plotted. The Michaelis-Menten model was fit only to data exhibiting linear Eadie-Hofstee 

plots in order to obtain kinetic parameter estimates. To determine Michaelis-Menten 

parameter estimates, the following equation was used to fit the data exhibiting linear Eadie-

Hofstee plots:  

 v = Vmax.[S]/ (Km + [S])     (1)                         

where v is the rate of the reaction, Vmax is the maximum velocity estimate, [S] is the substrate 

concentration, and Km is the Michaelis-Menten constant.  

The following equations were used to fit the data exhibiting non linear Eadie-Hofstee plots: 

a) for those exhibiting a partial substrate inhibition profile (Zhang et al., 1998), 

 v = V1 (1+ (V2.[S]/V1.Ki))/ (1+ (Km/[S]) + ([S]/Ki))   (2)  

where Ki is the substrate inhibition constant 

b) for those exhibiting a biphasic metabolism profile (Bowalgaha et al., 2005) , 

 v = Vmax1.[S]/ (K1+[S]) + (Vmax2.[S]/ (K2+[S]))     (3) 

where K1 and K2 represent the affinity constants for the two metabolic phases. 

c) for those exhibiting a sigmoidal or autoactivation profile (Uchaipichat et al., 2004), 

 v = Vmax.S
n/S50

n + Sn        (4) 
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where S50 is the substrate concentration resulting in 50% of Vmax (analogous to Km in 

previous equations) and n is the Hill coefficient. Nonlinear regression was performed with 

GraphPad Prism for Windows (version 4.03; GraphPad Software Inc., San Diego, CA). 

Statistical comparison of the parameter estimates was performed with GraphPad Instat using 

a two-sided t test assuming normal distribution, for which a p value < 0.01 was considered 

significant (Nagar et al., 2004). 

 

Western blot analysis 

UGT1A1 and UGT1A9 supersomes were subjected to western blot analysis for 

determination of relative levels of expressed UGT protein. Varying amounts (0.5 – 10 ug) of 

UGT1A1 and UGT1A9 supersomes (and 15 – 30 ug HLM as positive control) were 

electrophoresed on PAGEgel 10% SDS-polyacrylamide gels at 150 V for 1 h, and 

transferred on nitrocellulose membranes. The membrane was blocked in 5% milk in Tris – 

buffered saline with 0.05% Tween-20 (TTBS) for 1 h. This was followed by incubation with 

1: 2000 anti-UGT1A primary antibody for 1 h. Membranes were washed for 30 min with 

TTBS, followed by incubation with 1: 1000 horseradish peroxidase conjugated anti-rabbit 

secondary antibody for 1 h. Membranes were washed with TTBS and incubated in 

SuperSignal West Pico chemiluminescent substrate for 1 min. Upon exposing and 

developing the film, images were analyzed with the software ImageJ 1.38x (NIH USA) for 

densitometric measurements.  
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Results 

The glucuronidation of resveratrol was studied in five different protein sources to determine 

enzyme kinetic profiles for the formation of the two main glucuronide conjugates- resveratrol 

3-O glucuronide (R3G) and resveratrol 4’-O glucuronide (R4’G) within a substrate 

concentration range of 5-5000 uM. (Fig. 1A) depicts the chemical structure of resveratrol 

showing the reported positions for resveratrol glucuronidation and the major and minor UGT 

1A isoforms that catalyze conjugation at those positions (Aumont et al., 2001). A sample 

chromatogram from our assays showing retention times for the glucuronide products, the 

parent resveratrol and the internal standard chlorzoxazone is also depicted (Fig. 1B). R4’G, 

being the more polar metabolite, eluted before R3G (retention times were approximately 3 

and 4 minutes respectively) (Aumont et al., 2001; Yu et al., 2002; Vitaglione et al., 2005; 

Brill et al., 2006). 

 

In Fig. 2, the kinetic profiles for the formation of R3G in human liver microsomes (HLM), 

human intestinal microsomes (HIM), recombinant UGT1A1 supersomes and recombinant 

UGT1A9 supersomes are depicted with their Eadie- Hofstee (E-H) plots shown as insets. The 

corresponding enzyme kinetic parameters are listed in (Table 1). The R3G profiles exhibited 

substrate inhibition in all the enzyme systems. This was determined by fitting the data 

obtained to the substrate inhibition equation as specified under materials and methods to 

obtain correlation coefficients (r2), the least sum of squares (SS) values, and by direct 

visualization of the E-H plots. The E-H plots for R3G formation exhibited a hook in the 

upper quadrant indicative of substrate inhibition kinetic profiles (Fig. 2 insets) (Hutzler and 

Tracy, 2002).  
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Formation of R3G as evident by the Vmax estimate per total protein was greatest in HIM, this 

rate being between 1.5 – 3 fold greater than that in HLM, UGT1A9 or 1A1. The Km estimate 

for HIM (505.4 ± 29.4 µM) was significantly greater than that for HLM (280.4 ± 21.6 uM) 

with p < 0.01. The Ki estimates for this reaction were markedly different in HLM versus HIM 

(1022 ± 71.5 µM and 600.8 ± 20.5 µM for HLM and HIM respectively). The Km and Ki 

estimates differed significantly between UGT1A1 and 1A9 (Table 1). 

 

The kinetic profiles for the formation of R4’G in HLM, HIM, UGT1A1 and 1A9 are depicted 

in Fig. 3 along with their respective E-H plots shown as insets. The corresponding enzyme 

kinetic parameter estimates are listed (Table 1). In the case of R4’G, the kinetic profiles were 

different across the enzyme sources, exhibiting a substrate inhibition profile in HIM and 

UGT1A1, a biphasic metabolic profile in HLM and a sigmoidal (Hill kinetic) profile in 

UGT1A9. As with R3G formation, the best fits and kinetic profiles were determined by 

fitting data to the respective equations for the models, obtaining r2 and least SS values and by 

visualization of the E-H plots. The E-H plots for HIM and UGT1A1 were also hook shaped 

(indicative of substrate inhibition profiles) while the E-H plot for HLM clearly showed a 

biphasic profile. The E-H plot for 1A9 was also characteristic of an enzyme exhibiting 

sigmoidal or autoactivation kinetics (Hutzler and Tracy, 2002). Interestingly, model fitting of 

the data obtained for UGT1A9 to the Michaelis-Menten equation provided similar goodness 

of fit estimates (data not shown). The maximal rate of formation of R4’G per total protein 

was highest in HIM; this rate was 4 and 10 fold greater when compared with 1A1 and 1A9 

respectively. A direct comparison could not be made with HLM due to the biphasic kinetic 
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profile obtained via HLM. The kinetics for formation of R4’G in UGT1A9 was best fit to the 

Hill equation with a Hill coefficient n = 1.6.  

 

UGT expression levels in UGT1A1 and UGT1A9 supersome batches utilized in this study 

were compared with western blot analysis using the anti-UGT1A antibody. It was assumed 

that this antibody would exhibit similar affinity to both UGT1A isoforms. As shown in figure 

4, at the amounts of total protein loaded (0.5 – 10 ug), UGT1A1 supersomes exhibited 

markedly higher levels of protein compared to UGT1A9. Based on these results, high 

reaction velocities catalyzed via UGT1A9 versus UGT1A1 are even greater when normalized 

by expressed UGT1A protein levels.  

 

Figure 5 depicts the formation of R3G and R4’G in UGT1A10. Glucuronide formation is 

expressed as the normalized peak areas obtained from the peak area ratios of glucuronides to 

the internal standard over the concentration range studied. The formation of both 

glucuronides was very low and kinetic parameter estimates could not be obtained. However, 

visual observation of the plots indicated that both R3G and R4’G formation was inhibited at 

high substrate concentrations. 

 

Overall the rate of formation of R3G per total protein was higher than that for R4’G in HLM 

and HIM, as well as recombinant UGT1A1 and UGT1A9. In UGT1A10 the maximum 

formation of R4’G seems greater if one considers only the formation peak area of the 

glucuronides as depicted. The rate of formation of both glucuronides was seen to be much 

higher in HIM than in any other protein source. Our data correlates well with previously 
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published data  regarding formation of resveratrol glucuronides in these enzyme systems 

(Aumont et al., 2001; Brill et al., 2006; Sabolovic et al., 2006). However, we observed an 

overall higher rate of UGT1A9 – catalyzed formation of R3G over R4’G within the substrate 

concentration range studied, which is in contrast to previously published reports (Aumont et 

al., 2001; Brill et al., 2006; Sabolovic et al., 2006).  
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Discussion 

Resveratrol is a dietary polyphenol with anticarcinogenic and cardioprotective effects, whose 

phase II conjugation by glucuronidation and sulfation in rats (Marier et al., 2002; Yu et al., 

2002; Wenzel and Somoza, 2005), humans (de Santi et al., 2000a; De Santi et al., 2000b; 

Walle et al., 2004), various in vitro systems and recombinant enzyme preparations (Aumont 

et al., 2001; Kaldas et al., 2003; Brill et al., 2006; Sabolovic et al., 2006)  has been evaluated. 

Studies were carried out with low substrate doses or concentration(s) ranging from 10nM to 

1mM, assumed to be within acceptable limits for pharmacological activity. In studies with 

low dose resveratrol in rats (43ug/kg to 50mg/kg dose ranges) and humans (25mg oral dose), 

very low concentrations of resveratrol were found in plasma after either oral, i.p and i.v 

administration, but with measurable levels of various conjugated metabolites (Soleas et al., 

2001a; Soleas et al., 2001b; Walle et al., 2004; Vitaglione et al., 2005; Wenzel and Somoza, 

2005). This has led to the conclusions that a) the dose of resveratrol may have to be increased 

to produce measurable plasma levels and therefore therapeutic effects or b) resveratrol 

metabolites may possess pharmacological activity.  In this study, we evaluated the 

glucuronidation kinetics of resveratrol in vitro across a wider concentration range than had 

been previously reported, to elucidate the impact of metabolism on its activity. The concept 

of administering very high doses of resveratrol for better therapeutic activity has been 

proposed and tested (Boocock et al., 2007). 

 

The main UGT1A isoforms catalyzing the  glucuronidation of trans-resveratrol are UGT1A1 

and 1A9 (Aumont et al., 2001; Brill et al., 2006; Sabolovic et al., 2006).  UGT1A1 is 

expressed in both the human liver and intestine while 1A9 is expressed only in the liver 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on November 8, 2007 as DOI: 10.1124/dmd.107.018788

 at A
SPE

T
 Journals on A

pril 10, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18788 

 18

(Tukey and Strassburg, 2000; Nagar and Remmel, 2006). The putative intestine specific 

isoform UGT1A10 (Nagar and Remmel, 2006; Sabolovic et al., 2006) was also reported to 

be involved in resveratrol glucuronidation, although to a small extent (Aumont et al., 2001). 

Our results indicate that the kinetic profiles of the two main resveratrol conjugates (R3G and 

R4’G) in UGT1A1, 1A9 and HLM are markedly different. In HIM and UGT1A10, the 

profiles for both glucuronides were similar to one another, differing only in their rates of 

formation. 

 

In HLM, substrate inhibition for R3G formation (table 1) was described by a two site model 

with one inhibitory binding site and the other operable at high substrate concentrations, 

resulting in decreased velocity with increasing concentrations (Shou et al., 2001; Hutzler and 

Tracy, 2002). De santi et al reported a Km of 150 uM for overall resveratrol glucuronidation 

in HLM (de Santi et al., 2000a). The substrate concentration range used in that study (62.5 - 

1000 uM) may explain why their data fit the Michaelis-Menten equation, had a lower Km 

value and no inhibition was observed. These differences highlight the importance of 

characterizing enzyme kinetics across wider ranges of substrate concentration since the 

profiles at high concentrations may differ from those observed at lower less saturating 

concentrations.  

 

For the formation of R4’G via HLM, the kinetics fit a biphasic model with a Vmax2 > Vmax1 

and a Km2 >> Km1 where the velocity approaches Vmax2 at higher substrate concentrations 

without becoming asymptotic. Biphasic kinetics makes it difficult to predict or establish a 

single value for Vmax and Km (Korzekwa et al., 1998; Hutzler and Tracy, 2002). The biphasic 
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profile obtained resembles that for a mixture of two different enzymes, one saturating at low 

concentrations and one with a very high Km (Korzekwa et al., 1998). It is not possible to 

determine which two isoforms within the HLM pool are responsible for the kinetics 

observed, but UGT1A1 and 1A9 are significant contributors based on their activities toward 

R4’G formation (table 1). With regard to rates of formation, even the highest velocity Vmax2 

determined for R4’G was 6 fold less than that for R3G, consistent with previous reports 

(Aumont et al., 2001; Brill et al., 2006; Sabolovic et al., 2006).   

 

In HIM the profiles for R3G and R4’G exhibit substrate inhibition, but the rate of formation 

for R3G was 1.5 fold greater than for R4’G, in agreement with previous reports (Brill et al., 

2006; Sabolovic et al., 2006). This rate of formation obtained is per total protein 

concentration and not per individual UGT concentration. Lin et al have proposed the 

existence of two binding sites to explain substrate inhibition in CYP – mediated reactions 

(Lin et al., 2001; Shou et al., 2001). Although the mechanism of substrate inhibition may be 

unknown, ignoring atypical kinetics and truncating the data to fit Michaelis-Menten kinetics 

may lead to erroneous parameter estimates. The substrate inhibition profile obtained with 

HIM is similar to one with Vmax2  < Vmax1 and a Km2 =  Km1 for  a one enzyme two site model 

(Korzekwa et al., 1998). Assuming Ki = Km2, we see that our data does indeed fit this model 

(table 1). Based on our results in HIM, the UGT1A isoform(s) responsible for 

glucuronidation of resveratrol would exhibit substrate inhibition. UGT 1A1, a major isoform 

for resveratrol glucuronidation in the liver (Aumont et al., 2001) has also been implicated in 

its intestinal metabolism (Brill et al., 2006; Sabolovic et al., 2006); this isozyme does indeed 

exhibit substrate inhibition kinetics for both glucuronides.  Although it was reported not to 
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contribute significantly to the formation of R4’G, its role in glucuronidation within the 

intestine cannot be ignored at such high concentrations, The putative intestine specific 

UGT1A10 also showed inhibition for both glucuronides although its contribution was very 

low. The formation rate reported for resveratrol glucuronidation in HIM is not adequately 

explained by the rates obtained with the individual recombinant UGTs utilized, and 

additional intestinal UGTs may therefore contribute. It is noteworthy that direct comparisons 

cannot be made between tissue microsomes and recombinant UGTs, due to obvious 

differences in these UGT sources (Miners et al., 2006).  

 

For UGT1A1, the substrate inhibition profiles for R3G and R4’G fit a one enzyme two site 

model. This isozyme contributes significantly to the formation of R3G, as seen in its rate of 

formation. Brill et al (2006) reported a Km of 149 uM for R3G formation in UGT1A1 

compared with 279 uM in this report, although the concentration range of resveratrol used 

was not stated. They also report that their data fit a Hill equation, which differs from our 

observations.  With respect to the kinetics of R4’G, UGT1A1 seems to be a high affinity, low 

capacity isoform.  The relevance of the relatively minor contribution of this isoform to the 

formation of R4’G remains to be seen.                                                       

 

With UGT1A9 supersomes, the substrate inhibition profile seen for R3G differs from that 

observed for UGT1A1 and HIM in that the apparent Ki and Km values differ significantly. 

The rates of formation for R3G via UGT1A9 and UGT1A1 were equivalent. Previously 

published data (Aumont et al., 2001; Brill et al., 2006) state that among the UGT1A isoforms 

the highest rate of R3G formation is seen with UGT1A1, while we report the highest rate 
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with UGT1A9, in agreement with Sabolovic et al (2006). The formation of R4’G in 

UGT1A9 exhibited Hill kinetics (suggesting autoactivation), also reported by Brill et al 

(2006). Hill kinetics have been previously reported for phase II metabolism (Fisher et al., 

2000).  

 

It is important to perform these experiment after eliminating artifactual sources of atypical 

kinetics (Hutzler and Tracy, 2002). Such sources include significant substrate depletion, low 

substrate solubility, paucity of data points, lack of analytical sensitivity and use of multi-

enzyme systems (Houston and Kenworthy, 2000). We have taken care to exclude most of the 

sources cited. The very low solubility of resveratrol and the higher concentrations studied led 

to the high final DMSO concentration used. High concentrations of organic solvents may 

lead to substrate inhibition. With the exception of UGT 1A6, 2B15, and 2B17, organic 

solvent concentrations of 0.5 and 1% are reported to have minor though variable effects on 

isoform activity (Uchaipichat et al., 2004). While the concentration of DMSO used in this 

study may have decreased the R4’G formation, we note here that this effect was not 

inhibitory; the profile for R4’G in HLM was seen to be biphasic, while exhibiting a 

sigmoidal profile in UGT1A9 (Fig. 1A and 1D). 

 

Having characterized the in vitro atypical kinetics of resveratrol glucuronidation, the question 

remains as to whether similar kinetics will be observed in vivo (Hutzler and Tracy, 2002). 

Even in the absence of atypical kinetics in vivo, complex in vitro kinetics may affect how 

data is scaled to the in vivo situation, because atypical kinetics may not allow for the simple 

use of the intrinsic clearance (CLint) obtained by dividing the Vmax/Km as in the case of 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on November 8, 2007 as DOI: 10.1124/dmd.107.018788

 at A
SPE

T
 Journals on A

pril 10, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18788 

 22

hyperbolic kinetics. The estimation of intrinsic clearance from atypical kinetics has been 

described (Venkatakrishnan et al., 2001) but assumed that the substrate concentration is well 

below the Km, a situation which does not apply in this study. 

 

In conclusion, the glucuronidation of resveratrol studied in a variety of protein sources 

showed that rate of glucuronidation varied between the two main resveratrol glucuronides 

across the various enzyme sources. The formation of R3G was higher that of R4’G in all the 

enzyme sources; glucuronide formation was very low via recombinant UGT1A10. The 

atypical kinetics observed with resveratrol glucuronidation at this wide concentration range 

cannot be ignored, and may prove useful in predicting in vivo clearance upon consumption of 

very high doses of resveratrol.
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Figure Legends 

Figure 1 

(A) Chemical structure of trans-resveratrol and (B) a representative chromatogram showing 

the retention times for resveratrol (RES), resveratrol 3-O glucuronide (R3G), resveratrol 4’-O 

glucuronide (R4’G) and the internal standard chlorzoxazone (CXZ). The arrows on the 

chemical structure indicate the positions of the glucuronides formed and the reported major 

and minor UGT1A isoforms  responsible for glucuronidation at those positions (Aumont et 

al., 2001). Major isoforms are indicated in bold letters. 

 

Figure 2 

Atypical kinetic profiles for formation of resveratrol 3-O Glucuronide (R3G) in A) Pooled 

human liver microsomes (HLM), B) Pooled human intestinal microsomes (HIM), C) 

Recombinant human UGT1A1, and D) Recombinant human UGT1A9 supersomes 

Inset; The Eadie-Hofstee plots for each of the profiles are shown. Data reported as mean ± 

SEM, n = 6. Incubations were carried out across a 5 – 5000 µM substrate concentration 

range. 

 

Figure 3 

Atypical kinetic profiles for formation of resveratrol 4’-O Glucuronide (R4’G) in A) Pooled 

human liver microsomes (HLM), B) Pooled human intestinal microsomes (HIM), C) 

Recombinant human UGT1A1, and D) Recombinant human UGT1A9 supersomes 
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Inset; The Eadie-Hofstee plots for each of the profiles are shown. Data reported as mean ± 

SEM, n = 6. Incubations were carried out across a 5 – 5000 µM Substrate concentration 

range. 

 

Figure 4 

Western blot analysis for the comparison of UGT1A expression in UGT1A1 and UGT1A9 

supersomes. Varying amounts (0.5 – 10 ug total protein) of each supersome were loaded, 

with HLM (15 and 30 ug) as the positive control. Due to the low levels of UGT1A9 obtained 

upon an initial 30s exposure of film, the film was overexposed (1 min) to obtain measurable 

UGT1A9 bands. The data are additionally represented as a bar graph of total protein loaded 

(X-axis) versus optical density measured with ImageJ (Y-axis). Western blots were replicated 

on three separate occasions, and a representative blot is shown.  

 

Figure 5 

Atypical kinetic profiles seen in a plot of normalized glucuronide peak areas for formation of  

A) resveratrol 3-O glucuronide (R3G) and B) resveratrol 4’-O glucuronide (R4’G) in 

recombinant human UGT1A10 supersomes. Data reported as mean ± SEM, n = 6. 

Incubations were carried out across a 5 – 5000 µM substrate concentration range.  
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Table 1: Kinetic parameter estimates for the glucuronidation of trans-resveratrol by 

Human liver and intestinal microsomes and recombinant UGT1A isoforms 

 
Data are expressed as estimate ± SE, n = 6. Estimate units are as follows: Vmax, V2 = nmol/min/mg; Km, Ki = uM. 

PSI = Partial Substrate Inhibition, BPM = Biphasic Metabolism, HLM = Human liver microsomes, HIM = Human 

intestinal microsomes, na = not applicable. 

a: HLM versus HIM estimate significantly different, p < 0.01. b: UGT1A1 versus UGT1A9 estimate 

significantly different, p < 0.01. c: Ki   was significantly greater than the Km for R3G formation in UGT1A9, p 

< 0.01 

 

 

Conjugation 
Product 

Protein 
Source 

Vmax 

 

Km Ki Type of 
Fit 

Goodness 
of Fit (r2) 

HLM 7.4 ± 0.25 280.4 ± 
21.6 

1022 ± 
71.5 

PSI 0.91 

HIM 12.2 ± 0.34 505.4 ± 
29.4a 

600.8 
± 
20.5a 

PSI 0.95 

UGT1A1 4.4 ± 0.22 279 ± 
20.53 

383 ± 
5.4 

PSI 0.93 

Resveratrol 3-O 
Glucuronide 
(R3G) 

UGT1A9 5.4 ± 0.13 109.5 ± 
5.9 b 

613.5 
± 
18.9b,c 

PSI 0.94 

HLM Vmax1 = 0.45 
± 0.01 
Vmax2 =  1.3 
± 0.03 

Km1 = 
65.2 ± 29  
Km2 = 
1685 ± 
106.8 

na BPM 0.96 

HIM 8.9 ± 0.14 454.5 ± 
21.8 

564.3 
± 38.1 

PSI 0.95 

UGT1A1 0.86 ± 0.02 50.7 ± 1.9 129.7 
± 2.8 

PSI 0.97 

Resveratrol 4’-O 
Glucuronide 
(R4’G) 

UGT1A9 2.2 ± 0.05 750 na Hill 
(n=1.6) 

0.95 
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