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Summary

Resveratrol, a natural polyphenol found in grapes, berries and other plants, has been proposed as 

an ideal chemopreventative agent due to its plethora of health promoting activities. However, 

despite its lofty promise as a cancer prevention agent its success in human clinical trials has been 

limited due to its poor bioavailability. Thus, interest in other natural polyphenols is intensifying 

including the naturally occurring dimethylated analog of resveratrol, pterostilbene. The UDP-

glucuronosyltransferase (UGT) family of enzymes plays a vital role in the metabolism of both 

resveratrol and pterostilbene. The current study sought to elucidate the UGT family members 

responsible for the metabolism of pterostilbene and to examine gender differences in the 

glucuronidation of resveratrol and pterostilbene. We demonstrate that UGT1A1 and UGT1A3 are 

mainly responsible for pterostilbene glucuronidation although UGT1A8, UGT1A9 and UGT1A10 

also had detectable activity. Intriguingly, UGT1A1 exhibits the highest activity against both 

resveratrol and pterostilbene despite altered hydroxyl group specificity. Using pooled human liver 

microsomes, enzyme kinetics were determined for pterostilbene and resveratrol glucuronides. In 

all cases females were more efficient than males, indicating potential gender differences in 

stilbene metabolism. Importantly, the glucuronidation of pterostilbene is much less efficient than 

that of resveratrol, indicating that pterostilbene will have dramatically decreased metabolism in 

humans.
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Introduction

Resveratrol (trans-3,5,4′-trihydroxystilbene), a natural polyphenol present in grapes, berries 

and other plants, exerts several beneficial effects including antioxidant, anti-inflammatory, 

anti-aging and anti-carcinogenic.1,2) Thus, resveratrol has been heralded as a dietary 

supplement that can combat several chronic diseases in humans. Two major ailments 

resveratrol is predicted to prevent are cardiovascular disease and cancer. In fact, 

resveratrol’s notoriety skyrocketed with the report that it could prevent all three phases of 

tumor development: initiation, promotion and progression.3) In the fifteen years since that 

seminal publication, intense interest in resveratrol’s anti-cancer abilities have led to a myriad 

of reports demonstrating the ability of resveratrol to combat and prevent several types of 

human cancers in vitro and in vivo including breast, prostate, colon, bladder, endometrial, 

and skin, to name a few.2,4) However, its use in humans as a chemopreventative agent seems 

to be unlikely at the present time due to its poor bioavailability.4,5) Resveratrol is well 

tolerated in humans, but is readily metabolized, leading to a short half-life which hinders its 

effectiveness as a chemopreventitive agent.6) Therefore, understanding how the human body 

metabolizes resveratrol is important.

One major pathway of metabolism for resveratrol is glucuronidation.7) Two resveratrol 

glucuronides have been reported, resveratrol-3-O-glucuronide and resveratrol-4′-O-

glucuronide.7,8) The UDP-glucuronosyltransferase (UGT) family of enzymes catalyzes the 

glucuronidation of resveratrol by conjugating a glucuronic acid moiety to either the 3 or 4′ 

hydroxyl, thereby altering the biological properties of resveratrol and facilitating its 

elimination from the body. There are 19 functional human UGTs classified into three 

subfamilies based upon structural and amino acid sequence homology, UGT1A, UGT2A 

and UGT2B.9,10)

The UGTs are membrane-bound enzymes largely localized to the endoplasmic 

reticulum.10,11) Substrate specificity varies greatly between family members, with broad 

overlap, and their substrate specificity can be altered by posttranslational modifications such 

as phosphorylation.12) Although UGTs are primarily expressed in the liver, they also play 

vital roles in other tissues in the body. For example, UGT2B15 and UGT2B17 are expressed 

in the prostate where they regulate local androgen levels through glucuronidation13) and 

UGT1A10 and UGT2B7 are expressed in the breast where they regulate estrogens.14)

Previous reports have identified that human liver microsomes (HLM), which contain high 

concentrations of most UGT family members, preferentially form the 3-O-glucuronide (~2.5 

fold more activity) as compared to the 4′-O-glucuronide.8) Further, UGT1A1 is mostly 

responsible for the observed 3-O-glucuronidation, while UGT1A9 is primarily responsible 

for 4′-O-glucuronidation. Several other UGTs also have detectable activity against 

resveratrol (at one or both positions) including UGT1A3, UGT1A6, UGT1A7, UGT1A8 and 

UGT1A10.7,8) Another recent report demonstrated interesting variation in resveratrol 

glucuronidation across species (human, mouse, rat and dog were examined).15) However, 

human gender differences in the glucuronidation of resveratrol have not been reported 

previously.

Dellinger et al. Page 2

Drug Metab Pharmacokinet. Author manuscript; available in PMC 2015 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



There are several ongoing investigative avenues being pursued to overcome resveratrol’s 

poor bioavailability in humans. Human trials looking at different dosing regiments of 

resveratrol supplementation, while varying the source and delivery method of resveratrol, 

have produced some promising results.16) Other researchers are devising targeted delivery 

methodologies,17) while still others have turned to other natural polyphenols with similar 

anti-cancer properties.18)

Pterostilbene [trans-3,5-dimethoxy-4′-hydroxystilbene] is another natural product found in 

grapes and berries. It is a naturally occurring dimethylated analog of resveratrol, but is 

predicted to have a longer half-life due to the 3 position being methylated and, therefore, 

being unable to be glucuronidated at this position.19) Pterostilbene has been shown to be 

equally or significantly more potent than resveratrol in several biological assays in mice 

including inhibition of skin,20) colon,21) and liver22) cancer. Although pterostilbene-4′-O-

glucuronide has been characterized as a major metabolite for pterostilbene,23) the UGTs 

responsible for its glucuronidation have not been examined previously, nor have gender 

differences been assessed.

The current report seeks to elucidate the human UGTs responsible for pterostilbene 

glucuronidation and to evaluate possible gender differences in the glucuronidation of 

pterostilbene and resveratrol.

Methods

Reagents

UDPGA, β-glucuronidase and alamethicin were purchased from Sigma (St. Louis, MO). 

Resvertrol-3-O-glucuronide and resveratrol-4′-O-glucuronide standards were purchased 

from Cayman Chemical (Ann Arbor, MI). Resveratrol and pterostilbene were obtained from 

ChromaDex, Inc. (Irvine, CA). Supersomes expressing individual UGT family members and 

the UGT1A antisera were purchased from BD Biosciences (Woburn, MA). Human liver 

microsomes (HLM) were purchased from XenoTech (Lenexa, KS). Both male and female 

pooled human liver microsomes consisted of the microsomal liver fraction of 10 individual 

human donors. Male HLM consisted of 7 Caucasian and 3 Hispanic donors while the female 

HLM consisted of 9 Caucasian and 1 African American donors. HPLC grade methanol and 

water were purchased from Fisher Scientific (Pittsburgh, PA).

Western blot

Relative levels of total UGT1A protein in human liver microsomes were measured by 10% 

SDS-PAGE (with 4% stacking gel) followed by Western blot analysis using the anti-

UGT1A antibody (1:5,000 dilution as per the manufacturer’s instructions). Proteins were 

detected by chemiluminescence using the SuperSignal West Dura Extended Duration 

Substrate (Pierce Biotechnology, Inc., Rockford, IL). Secondary antibodies supplied with 

the Dura ECL kit (anti-rabbit) were used at 1:3,000. Relative UGT1A protein levels were 

quantified against a known amount of human UGT1A protein (supplied in the Western 

blotting kit provided by Gentest, Tewksbury, MA) by densitometric analysis of X-ray film 

exposures.
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Glucuronidation assays

The rate of glucuronidation by was determined essentially as previously described.11,24,25) 

For determination of UGT family members with activity against pterostilbene, 100 μg of 

Supersomes overexpressing the indicated UGT was incubated on ice with alamethicin (50 

μg/mg protein) for 10 min. The final incubation reaction was carried out (100 μL final 

volume) in 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 4 mM UDPGA, and 500 μM 

pterostilbene at 37°C for 60 min. Reactions were quenched by addition of 100 μL of cold 

methanol and centrifuged at 13,000 rpm, and supernatants were analyzed by HPLC 

(Alliance, Waters), equipped with a UV detector operated at 308 nm for both resveratrol and 

pterostilbene, using an HPLC Atlantis T3 C18 5 μm 6 × 250 mm column (Waters, Milford, 

MA). The following gradient conditions were utilized: 90% buffer A (20 mM ammonium 

acetate pH 5.0) for 4 min, followed by a linear gradient up to 80% buffer B (100% 

methanol) over 20 min at a flow rate of 1.0 mL/min, then 95% buffer B for 4 min and, 

finally, initial conditions for 2 min. As a control, this UGT screen was repeated with 500 μM 

resveratrol exactly as described for pterostilbene.

For all glucuronidation rate determinations, substrate concentrations, Supersome levels, 

HLM levels and incubation times for individual assays were chosen to maximize detection 

within a linear range of uptake and were similar to established protocols.11,26) For kinetic 

analysis using HLM (either male or female) of O-glucuronidation against resveratrol or 

pterostilbene, 20 μg protein was used in each reaction as described above. For kinetic 

analysis of resveratrol-4′-O-glucuronide formation, a concentration range of 3.9–250 μM 

resveratrol and the incubation time was 60 min were used. For kinetic analysis of 

resveratrol-3-O-glucuronide formation, a concentration range of 50–800 μM resveratrol and 

the incubation time was 60 min were employed. For kinetic analysis of pterostilbene-4′-O-

glucuronide formation, a concentration range of 3.9–250 μM pterostilbene and the 

incubation time of 60 min were used. The chosen substrate concentration ranges 

encompassed the KM for all conditions tested and Michaelis-Menten kinietics was observed 

in all cases. The putative glucuronide peaks were confirmed first using β-glucuronidase as 

previously described.11,26) The amount of glucuronide was determined by the area under the 

curve of glucuronide peak relative to the area under the curve of substrate peak. Experiments 

were always performed in triplicate as independent assays. GraphPad Prism 5 software 

(GraphPad Software Inc., San Diego, CA) was employed to calculate kinetic values and 

standard errors.

Results

Characterization of resveratrol and pterostilbene glucuronides

To elucidate which UGTs are responsible for pterostilbene glucuronidation and to examine 

possible gender differences in the glucuronidation of selected polyphenols, it was necessary 

to first characterize the parent compounds and glucuronides by HPLC. First, gradient 

conditions were optimized so one HPLC method would separate out all informative peaks 

(resveratrol, pterostilbene and metabolites) and those conditions are described in Methods. A 

chromatogram of resveratrol injected alone is shown in Figure 1 (top panel). Resveratrol 

eluted at around 18 min. A chromatogram of resveratrol-3-O-glucuronide (RES-3-O-Gluc) 
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standard injected alone is depicted in Figure 1 (middle panel) and eluted at about 14 min. 

Lastly, resveratrol-4′-O-glucuronide (RES-4′-O-Gluc) standard was injected alone and 

eluted at about 13 min (Fig. 1; lower panel).

A glucuronidation assay was then performed with 100 μg of female human liver microsomes 

(HLM) incubated with 500 μM resveratrol for 1 h as described in Methods. The resulting 

chromatogram is displayed in Figure 2A (middle panel). Two putative resveratrol 

glucuronides are easily distinguishable from the parent compound. The first peak is the 

RES-4′-O-Gluc; the second, larger peak is the RES-3-O-Gluc and the third peak is the 

unconjugated resveratrol (RES). The identities of these peaks are consistent with previous 

reports8,15) and with the synthesized standards displayed in Figure 1. The chemical structure 

of resveratrol is also shown with 3- and 4′-hydroxyl groups identified along with a repeat of 

RES alone as a control (Fig. 2A; top panel). To further confirm that the two new peaks were 

in fact glucuronides, a β-glucuronidase assay was performed on one half of the reaction used 

to generate the chromatogram in the middle panel of Figure 2A as described in Methods. As 

shown in Figure 2A (lower panel) the two resveratrol glucuronides were cleaved by β-

glucuronidase leaving only the parent compound and confirming the identities of the two 

new peaks as glucuronide conjugates.

A similar set of experiments was then performed for pterostilbene. Figure 2B (top panel) 

depicts the chromatogram of pterostilbene injected alone. A single peak eluted at about 25 

min. Glucuronidation assay utilizing female HLM performed identically to the resveratrol 

experiment showed the appearance of one metabolite peak eluting at about 20 min. This 

peak is labeled as pterostilbene-4′-O-glucuronide (PTERO-4′-O-Gluc) since pterostilbene 

can only be glucuronidated at the 4′ position because the 3 position is methylated (see inset 

on Fig. 2B; top panel). Further, this peak was confirmed to be a glucuronide since it 

disappeared after addition of β-glucuronidase as shown in the bottom panel of Figure 2B. 

This is the first demonstration of pterostilbene-glucuronidation from a human source, either 

in vitro or in vivo, although this data is consistent with previous reports in mice27) and 

rats.23)

Individual human UGTs responsible for glucuronidation of pterostilbene

Human, recombinant, over-expressed UGT family members were used to screen for 

glucuronidation activity against pterostilbene. This screen was patterned after a previous 

report that screened for UGT activity against resveratrol.7) Those reported experiments were 

repeated here as a control. As shown in Figure 3A, UGT1A1 is the primary UGT 

responsible for resveratrol-3-O-glucuronidation. UGT1A7, UGT1A9 and UG-T1A8 also 

have considerable activity against resveratrol at the 3 hydroxyl position (Fig. 3A). For the 

resveratrol-4′-O-glucuronide, UGT1A9 clearly shows the highest activity, with UGT1A1, 

UGT1A3, UGT1A8 and UGT1A10 all showing minimal activity (Fig. 3A). These data are 

consistent with the previous publication.7) Next, we performed the novel identification of 

human UGTs responsible for pterostilbene glucuronidation. Interestingly, UGT1A1 

demonstrated the highest activity against pterostilbene, yielding the pterostilbene-4′-O-

glucuronide (Fig. 3B). UGT1A3 also demonstrated significant activity against pterostilbene, 

while UGT1A8, UGT1A9 and UGT1A10 all showed minimal activity (Fig. 3B). No other 
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human UGTs examined had activity against pterostilbene. Overall, considerably more UGT 

activity was observed against resveratrol than against pterostilbene.

Kinetic evaluation of human UGT1A1 and UGT1A3 against pterostilbene

Kinetic glucuronidation analysis was then carried out for the two UGTs that demonstrated 

significant activity against pterostilbene, UGT1A1 and UGT1A3. Kinetic analysis was 

carried out as described in Methods using Supersomes overexpressing recombinant 

UGT1A1 (Fig. 4A) or UGT1A3 (Fig. 4B). Both curves followed Michaelis-Menten kinetics 

over the range examined and are composites of three independent experiments. Kinetic 

values for both curves are reported in Figure 4C including the Michaelis constant (KM), 

maximum rate (Vmax) and catalytic efficiency (Vmax/KM). The KM and Vmax values for 

UGT1A1 (54.5 ± 6.2 μM and 841 ± 29 pmol·min−1·mg−1, respectively) were significantly (p 

< 0.01) higher than the corresponding values for UGT1A3 (KM = 219 ± 39 μM and Vmax = 

438 ± 36 pmol·min−1·mg−1). Accordingly, the catalytic efficiency of UG-T1A1 was ~8-fold 

higher than UGT1A3.

Gender differences in pterostilbene glucuronidation

To ascertain if gender differences exist in the glucuronidation of pterostilbene, pooled 

human liver microsomes (HLM) from either ten male donors or ten female donors were 

used. By pooling samples from ten different subjects inter-individual variation in UGT 

expression and activity can be averaged out. Kinetic analysis of the glucuronidation of 

pterostilbene was carried out as described in Methods using either male (Fig. 5A) or female 

(Fig. 5B) HLMs. Both curves followed Michaelis-Menten kinetics and are composites of 

three independent experiments. Kinetic values for both curves are reported in Figure 5D 

including the KM, Vmax and Vmax/ KM. There was no observable difference in KM between 

male HLM (180 ± 31 μM) and female HLM (189 ± 31 μM). However, there was a 

significant (p < 0.01) increase in the Vmax for female HLM (2,706 ± 100 pmol·min−1·mg−1) 

as compared with male HLM (1,678 ± 123 pmol·min−1·mg−1). These data corresponded to a 

significant increase of approximately 50% in catalytic efficiency for female HLMs (Fig. 5D) 

indicating that women are more efficient at metabolizing pterostilbene than men. To rule out 

that the observed differences were due to differences in UGT1A expression, a total UGT1A 

Western blot was performed on 20 μg of male and female HLMs. Figure 5C clearly shows 

that UGT1A protein is expressed in equivalent amounts between male (lane 1) and female 

(lane 2) HLM. Unfortunately, there are no commercial antibodies available capable of 

distinguishing all the individual UGT1A family members.

Gender differences in resveratrol glucuronidation

With our observation that pterostilbene-glucuronidation exhibited gender differences, we 

next evaluated resveratrol for potential gender differences in its metabolism. Although 

resveratrol glucuronidation by human UGTs has been addressed in several previous reports 

as well as compared to UGTs from several others species, human gender differences have 

never been reported.7,8,15) Thus, we tested the glucuronidation of resveratrol by male and 

female HLMs in a similar manner to that described above. The only difference is that two 

glucuronides of resveratrol are possible, resveratrol-3-O-glucuronide (RES-3-O-Gluc) and 

resveratrol-4′-O-glucuronide (RES-4′O-Gluc), and the enzyme kinetics need to be 
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performed for formation of each glucuronide separately. First, the kinetics of RES-4′-O-

Gluc formation was examined using male and female HLMs (Fig. 6). Once again a clear 

difference in glucuronidation activity was observed between genders. Specifically, the 

catalytic efficiency of female HLMs was ~3-fold higher than male HLMs (Fig. 6) due to 

significant differences (p < 0.01) in both KM and Vmax between genders. The kinetic curves 

for male HLMs (Fig. 6A) and female HLMs (Fig. 6B) did follow Michaelis-Menten kinetics 

over the range examined and are the composite of three independent experiments. These 

results show that the formation of RES-4′-O-Gluc displays gender differences similar to 

PTERO-4′-O-Gluc formation. Next, we analyzed RES-3-O-Gluc formation for human 

gender differences.

As shown in Figure 7, female HLMs are significantly (p < 0.0253) more efficient at 

generating the RES-3-O-Gluc than male HLMs (Vmax/KM of 350 ± 35 versus 254 ± 33, 

respectively). Once again, the kinetic curves for male HLM (Fig. 7A) and female HLMs 

(Fig. 7B) shown are composites of three independent experiments and displayed Michaelis-

Menten kinetics. Significant (p < 0.01) differences in both KM and Vmax were seen between 

genders (Fig. 7C). Taken together, this is the first demonstration that human gender 

differences exist in the glucuronidation of both pterostilbene and resveratrol.

Discussion

Resveratrol and pterostilbene hold great promise as dietary supplements that can combat and 

prevent chronic human diseases including cancer. Both compounds are found naturally in 

grapes, berries, peanuts and other plants. As individual compounds they have both shown 

prowess in the prevention of cancer in mouse models.4,18) To date, human clinical trials 

looking at cancer prevention by resveratrol have failed to live up to the promise of the 

rodent models most likely due to its poor bioavailability in humans.16) Therefore, 

understanding the metabolism of resveratrol is vital to its moving forward in the clinic. By 

extension, understanding the metabolism of pterostilbene will be important in its journey to 

the clinic to ensure it will not also be hampered by poor bioavailability. One major 

elimination pathway for both of these compounds from the human body is glucuronidation. 

This investigation had two main goals: first, to elucidate the human UGTs responsible for 

pterostilbene glucuronidation and, second, to explore possible gender differences in the 

glucuronidation of these polyphenols.

We screened human UGTs, except UGT2A enzymes since they are exclusively localized to 

the nasal cavity,10) for activity against pterostilbene. Human UGT1A1 and UGT1A3 were 

identified as the two UGTs primarily responsible for the glucuronidation of pterostilbene. 

UGT1A8, UGT1A9 and UGT1A10 also had discernable activity, but at a significantly lower 

rate than UGT1A1 and UGT1A3 (Fig. 3). A similar screen was performed for 

glucuronidation of resveratrol as a control. Our results mirrored a previous report for 

resveratrol glucuronidation.7) Intriguingly, both UGT1A1 and UGT1A3 preferentially 

attacked the 3-hydroxyl of resveratrol, yet have the highest activity against pterostilbene, 

which can only be attacked at the 4′-hydroxyl group (Fig. 3). Conversely, UGT1A9, which 

has the most glucuronidation activity against the 4′-hydroxyl of resveratrol, had minimal 

activity against the 4′-hydroxyl group of pterostilbene (Fig. 3). These results speak to both 
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the elastic and finicky nature of UGT substrate affinity. Why does UGT1A1 have the most 

activity against pterostilbene when it can only attack at the opposite side of the molecule as 

compared to resveratrol? Why do distal methylations render UGT1A9 ineffective against 

pterostilbene despite the 4′-hydroxyl group remaining unchanged? Answers to these 

questions will hopefully be available as UGT/substrate prediction modeling continues to 

mature.28,29)

Another major route of polyphenol elimination from the human body is sulfonation.30) A 

previous report examining resveratrol sulfonation in detail demonstrated that the preferred 

hydroxyl group for conjugation of the sulfo group is the 3-hydroxyl position. In fact, this 

preference is very striking for three of the four human sulfotransferases (SULTs) that 

demonstrated activity against resveratrol. Only SULT1E1 demonstrated some specificity for 

the 4′-hydroxyl group.30) Furthermore, sulfonation at the 4′-OH of resveratrol is much less 

efficient than at the 3-OH. These results mirror the glucuronidation specificity for 

resveratrol. Thus, we hypothesize that since pterostilbene only has an available 4′-OH (as 

the 3 position is methylated), pterostilbene will be a poorer substrate for SULTs than 

resveratrol in the human body. Our demonstration that pterostilbene is glucuronidated at a 

significantly lower rate than resveratrol is extremely encouraging in suggesting that 

pterostilbene will achieve greater bioavailability in humans than resveratrol. Of course this 

hypothesis will have to be tested in humans.

Gender differences in resveratrol and pterostilbene glucuronidation were addressed here for 

the first time. Pooled HLMs from either male (n = 10) or female (n = 10) donors were used 

to examine potential differences in glucuronidation profiles. Our data clearly show that 

female HLMs are more efficient than male HLMs in the glucuronidation of both 

pterostilbene and resveratrol. For pterostilbene, kinetic data revealed that although male and 

female KMs are similar, female HLMs had a significantly higher Vmax indicating they are 

capable of much higher catalytic turnover than male HLMs (Fig. 5). Since UGT1A1 has the 

most activity against pterostilbene and has the highest expression of any UGT in human 

livers,31) we hypothesize that the observed gender difference is most likely attributable to 

varying UGT1A1 expression levels between the two HLM samples despite there being no 

difference in total UGT1A expression (Fig. 5C). Furthermore, the similarity in KMs between 

genders for pterostilbene glucuronidation is intriguing and may be indicative of a single 

UGT (UGT1A1) being responsible for pterostilbene glucuronidation. However, further 

studies are required to validate this theory.

Similar differences were seen in RES-3-O-Gluc formation where female HLMs exhibited a 

dramatically increased Vmax (although the KM was higher as well) resulting in a higher 

Vmax/KM as compared to male HLMs (Fig. 7). A similar trend was also observed for 

RES-4′-O-Gluc formation where the female Vmax/KM was significantly higher than for male 

HLMs, but in this case it was a dramatically decreased KM value driving this efficiency (Fig. 

6). The variation in KM values may indicate that several UGTs are playing a role in the 

glucuronidation of resveratrol. This situation is clearly different than for pterostilbene. 

However, it is very interesting that in all cases examined, females were more efficient than 

males in the metabolism of these promising prevention agents. These results entreat the 

incorporation of gender into future studies of resveratrol and pterostilbene metabolization. 
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Furthermore, this conclusion is consistent with other reports of gender differences in the 

glucuronidation of aspirin32) and emodin.33)

One limitation to our study is that inter-individual differences in stilbene glucuronidation 

were not examined. We chose to examine pooled HLM samples (n = 10 male or female 

donors) to try and minimize outliers and obtain initial results on gender differences. This 

approach did not allow individual livers to be examined and patient histories were not 

available. This data would be desirable in future studies as environmental factors such as 

smoking and current medications can influence UGT expression levels. Genetic differences 

in UGT genes, mainly in the form of single nucleotide polymorphisms, can also influence 

UGT expression and activity levels. Once again, individual livers would be needed to assess 

potential genetic differences.

Overall, our results clearly show that resveratrol is a much better UGT substrate than 

pterostilbene. This preference is demonstrated clearly in Figure 2 (compare middle panels) 

where glucuronidation assays were performed under identical conditions using female 

HLMs for 1 h. The difference is self evident, where approximately 68% of the resveratrol 

has already been glucuronidated (Fig. 2A; middle panel) while only 22% of the pterostilbene 

has been metabolized (Fig. 2B; middle panel) in this head-to-head comparison. The UGT 

screen supports this conclusion further since more UGTs have activity against resveratrol as 

compared to pterostilbene and the glucuronidation rates are significantly higher for 

resveratrol (Fig. 3). The kinetic data also support this claim with significantly higher 

Vmax/KM values seen against resveratrol as opposed to pterostilbene (Figs. 5–7). Lastly, 

these data are logical, considering that resveratrol can be glucuronidated at two sites as 

compared to pterostilbene’s single site and the preferred glucuronidation site on resveratrol 

(the 3-hydroxyl group) cannot be glucuronidated on pterostilbene. Taken together, 

pterostilbene is predicted to have a significantly higher half-life in humans, which may 

translate to greater bioavailability. While this will have to be confirmed in humans, it does 

correlate nicely with published data from rats in which pterostilbene showed 95% 

bioavailability and a half-life of 105 min contrasting with resveratrol’s 20% bioavailiblity 

and 14 min half-life.18)

In summary, we have identified the UGTs responsible for the glucuronidation of 

pterostilbene. Surprisingly, UGT1A1 has the most activity against pterostilbene and 

resveratrol despite having to re-orient its attack to another hydroxyl position. Evidence of a 

potential gender difference in the glucuronidation of resveratrol and pterostilbene is also 

presented. We hypothesize this UGT activity difference is due to gender-specific UGT 

expression profiles since the UGT expression is known to be regulated by sex 

hormones34–37) and we have ruled out differences in overall UGT1A protein expression 

(Fig. 5C). Furthermore, the novel results presented here predict that pterostilbene will have 

greater bioavailability in humans than resveratrol and clearly warrant human 

pharmacokinetic studies to directly test this prediction. If pterostilbene is shown to have 

much higher bioavailability in humans it may prove a superior alternative to resveratrol in 

the prevention of human chronic diseases.
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Fig. 1. Characterization of resveratrol and resveratrol-glucuronide standards by HPLC
Representative HPLC chromatograms for: 1) resveratrol alone (top panel), 2) RES-3-O-Gluc 

standard (middle panel), 3) RES-4′-O-Gluc standard (bottom panel).
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Fig. 2. Characterization of resveratrol and pterostilbene glucuronides
(A) Representative HPLC chromatograms for: 1) resveratrol alone (top panel), 2) 

glucuronidation assay using female HLMs and resveratrol for 60 min (middle panel), and 3) 

β-glucuronidase assay of one-half of the reaction from middle panel (bottom panel). (B) 

Representative HPLC chromatograms for: 1) pterostilbene alone (top panel), 2) 

glucuronidation assay using female HLMs and pterostilbene for 60 min (middle panel), and 

3) β-glucuronidase assay of one-half of the reaction from middle panel (bottom panel). All 

peaks are labeled and the chemical structures of resveratrol (A) and pterostilbene (B) are 

inset in their respective top panels with reactive hydroxyl groups indicated. RES, 

resveratrol; PTERO, pterostilbene.

Dellinger et al. Page 14

Drug Metab Pharmacokinet. Author manuscript; available in PMC 2015 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Screen for human UGTs active against pterostilbene
Supersomes over-expressing individual, recombinant, human UGTs were used to screen for 

glucuronidation activity against resveratrol (A) and pterostilbene (B). 4′-O-Glucuronides are 

shown in open boxes and 3-O-glucuronides are shown in shaded boxes. All reactions were 

performed for 2 h using 25 μg of the indicated UGT with 500 μM of substrate. All data 

shown are the composite of at least three independent experiments with standard error.
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Fig. 4. Kinetic analysis of pterostilbene-glucuronide formation by UGT1A1 and UGT1A3
Kinetic curves of the rate of pterostilbene-glucuronide formation by UGT1A1 (A) and 

UGT1A3 (B). Plots were generated by GraphPad Prism 5 software and calculated kinetic 

values are shown in (C). ** indicates significance of p < 0.01 as compared to the same 

kinetic parameter above.
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Fig. 5. Gender differences in the glucuronidation of pterostilbene
Kinetic curves of the rate of pterostilbene-glucuronide formation by Male (A) and Female 

(B) HLMs. (C) Western blot showing relative UGT1A protein levels in male (lane 1) and 

female (lane 2) HLMs. UGT1A positive control that came with antibody is shown in lane 3. 

Kinetic plots were generated by GraphPad Prism 5 software and calculated kinetic values 

are shown in (D). ** indicates significance of p < 0.01 as compared to the same kinetic 

parameter above.
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Fig. 6. Gender differences in the glucuronidation of resveratrol at the 4′-hydroxyl position
Kinetic curves depicting the rate of resveratrol-4′-O-glucuronide formation by Male (A) and 

Female (B) HLMs. Plots were generated by GraphPad Prism 5 software and calculated 

kinetic values are shown in (C). ** indicates significance of p < 0.01 as compared to the 

same kinetic parameter above.
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Fig. 7. Gender differences in the glucuronidation of resveratrol at the 3-hydroxyl position
Kinetic curves of the rate of resveratrol-3-O-glucuronide formation by Male (A) and Female 

(B) HLMs. Plots were generated by GraphPad Prism 5 software and calculated kinetic 

values are shown in (C). Significance value of p < 0.01 (**) or p < 0.05 (*) is shown 

compared to the same kinetic parameter above.
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