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Abstract
Flavonoid glucuronides are the main circulating metabolites of flavonoids in humans and animals.
There has been a growing interest in the biological function of glucuronides. In order to
differentiate biological activity and to assess efficacy it is essential to accurately determine the
levels of flavonoid aglycone and metabolic conjugate in vivo. Many organs and body fluids of
humans and animals exhibit β-glucuronidase against flavonoid glucuronides. Studies have shown
that β-glucuronidase within the tissues hydrolyzes glucuronides to their aglycones during the
tissue extraction, leading to artificially higher reported tissue levels of aglycone than actual in vivo
concentrations. The aims of this study were to estimate the extent by which the aglycones were
overestimated and to investigate the use of saccharo-1,4-lactone, a β-glucuronidase inhibitor, to
block the ex vivo hydrolysis of flavonoid glucuronides. Our data demonstrate that in mouse liver
tissues and human tumor xenografts levels of quercetin and methylated quercetin aglycones could
be over-estimated by 7 fold. The inhibition of deconjugation of quercetin and baicalein
glucuronides by saccharo-1,4-lactone is dose-dependent. The amount of saccharo-1,4-lactone used
to produce optimal inhibition of the enzyme activity is in the range of 15 – 24 μmol per gram of
liver tissue. The use of β-glucuronidase inhibitor blocks the ex vivo deconjugation resulting in an
accurate estimation of tissue levels of aglycone and conjugate. Our study described here can be
extended to other animal models and human studies with different types of substrates of β-
glucuronidase.
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1. Introduction
Flavonoids are the most commonly distributed group of plant polyphenolic compounds.
Important dietary sources of flavonoids are fruit, vegetables and other plant-derived
products. Due to their multiple health benefits flavonoids have been the subject of increasing
research interest [1–3]. Human intervention studies have demonstrated that flavonoid
glycosides present in food are extensively altered during first-pass hepatic metabolism so
that after oral administration and absorption, the resulting metabolites that reach the blood
and tissues are conjugates (glucuronides and sulfates) of the flavonoids and methylated
flavonoids. These conjugates are chemically different from their aglycones in regard to the
size, solubility and polarity. Therefore, their physiological behavior could be different from
that of aglycones. Whereas glucuronide conjugates are the most important class of Phase II
xenobiotic metabolites and act in a detoxifying role, aglycones have long been considered as
the more biologically active forms [4,5]. For example, quercetin is shown to be a powerful
antioxidant in vitro but the antioxidant activity of quercetin conjugates is only about half
that of aglycone [6,7]. Recent studies, however, show that conjugation does not always
decrease the biological activities, and that glucuronide conjugates can be potent precursors
of the biologically active aglycones [8–10]. In order to differentiate biological activity and
assess in vivo efficacy on various diseases, it is essential to accurately quantify the level of
flavonoid aglycones and metabolic conjugates in vivo.

Because of the multiple and complex glucuronide and sulfate conjugates formed in vivo and
the lack of chemical standards, the total amount of glucuronide and sulfate conjugates in
tissue and plasma is often measured as the amount of total aglycones detected after
enzymatic treatment subtract the free aglycones measured in the absence of exogenously
added enzymes (β-glucuronidase and sulfatase). Nevertheless, β-glucuronidase, an acid
hydrolase enzyme, is present in many organs and body fluids of humans and animals. β-
glucuronidase is localized mainly in lysosomes in humans and in both the endoplasmic
reticulum and lysosomes in rodents [11], and is remarkably stable at high temperature (up to
55°C) and at a wide range of pH (4–11) [12]. It has been reported that quercetin 3-O-β-
glucuronide (Q3G, Fig. 1) added to rat and pig tissues converts to quercetin aglycone during
extraction [13]. Cell free extracts from human small intestine, liver and neutrophils were
shown to deconjugate a mixture of five quercetin glucuronides by the endogeneous β-
glucuronidase. The deconjugation activity can be completely inhibited by D-saccharic acid
1,4-lactone, a specific β-glucuronidase inhibitor [14].

During the course of our studies on the distribution of quercetin and baicalin (5, 6, 7-
trihydetroxyflavone-7-β-D-glucuronide, or baicalein-7-O-glucuronide, BG, Fig. 1) and their
metabolites in mouse tissues and human tumor xenografts, we found a large percentage of
aglycones present in various organ tissues and tumors but a limited amount present in
plasma [15,16]. These data are consistent with literature on the flavonoid aglycones found in
tissues from humans, pigs and rats administered orally with quercetin or baicalin diet
[13,17]. In addition, we found that about 28% of BG added to the liver homogenate
converted to its aglycone form immediately after its addition while 60 % was deconjugated
after 30 min incubation. These experimental data and studies provided clear evidence that
endogenous β-glucuronidase in the tissues of humans and animals (pig, rat and mouse)
hydrolyzes flavonoid glucuronides to their aglycones during the tissue extraction, leading to
the artificially higher reported tissue levels of aglycones (or lower levels of glucuronides)
than the actual in vivo concentrations. The aims of this study were to estimate the extent by
which the aglycones were overestimated and to investigate the use of D-saccharic acid 1, 4-
lactone (SL, Figure 1) to block the ex vivo hydrolysis of flavonoid glucuronides.

Lu et al. Page 2

J Pharm Biomed Anal. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. Materials and Methods
2.1. Materials

Quercetin (>98%), isorhamnetin (>95.0%) baicalein (>98%), β-glucuronidase (from E. coli,
recombinant) and β-glucuronidase/sulfatase (from Helix pomatia) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Baicalein-7-O-glucuronide (80%) and quercetin 3-O-
β-D-glucuronide were purchased from Chromadex (Irvine, CA, USA). Oroxylin A (99%)
was purchased from Nanjing Selang Medical Technology Co. Ltd., China. D-saccharic acid
1,4-lactone (SL, 98% purity) was purchased from MP Biomedicals (Solon, OH, USA).
Internal standard 3, 3′, 4′-trihydroxyflavone was purchased from Indofine (Hillsborough,
NJ, USA). All solvents used were of HPLC grade (Fisher Scientific, Fair Lawn, NJ, USA).

2.2. Animal tissues
The pancreatic xenograft mouse model fed with standard diet (AIN-93G, Dyets, Bethlehem,
PA, USA) and standard diet supplemented with 1% or 5% quercetin, or 1% Scutellaria
baicalensis Georgi (SB) extract containing 20.6% (wt/wt) baicalin has been reported
previously [18,19]. In both studies, orthotopic tumor xenografts in nude mice (Charles River
Laboratories, San Diego, CA, USA) were established by implantation of a small piece of
subcutaneously grown xenografts of human pancreatic cancer cells (MiaPaCa-2). All animal
studies were approved by the Chancellor’s Animal Research Committee of the University of
California, Los Angeles. Unused tissues and tumors from these studies were stored in a
−78°C freezer and used in this study.

2.3. Inhibition of ex vivo deglucuronidation of Q3G and BG by SL in tissue homogenates
Stock solution of SL (100 or 200 mM) was prepared in Milli Q H2O. Known concentrations
of SL in homogenizing buffer (200μl, 50 mM potassium phosphate, pH 7.4) containing 1%
ascorbic acid were added to 0.05 g frozen mouse liver. All tissues were homogenized in ice-
water using a tissue grinder. Glucuronide (Q3G or BG, 46 nmol/g tissue) was then added,
vortex mixed and the resulting homogenate was transferred to a clean tube. The tissue
grinder was quickly rinsed with 100μl of buffer which was combined with homogenate. The
homogenate was then incubated in a 37°C water bath for 30 min, followed by the addition of
600 μl of acetone (for quercetin metabolites) or MeOH (for baicalin metabolites) and
internal standard (IS). The resulting mixture was vortexed for 2 min and then centrifuged at
13,500×g for 10 min. Supernatant was separated and the residue was extracted one more
time with the same amount of solvent. The combined supernatant was dried completely in a
SpeedVac at room temperature and the residue was reconstituted in 200 μl of acetone/water
or methanol/water (7:3) and analyzed by HPLC as indicated below.

2.4. Inhibition of ex vivo deglucuronidation by SL in liver tissues and tumors from mouse
administered with quercetin and SB

To the liver tissues and tumor samples, an aliquot of known concentration of SL mixed with
600 μl of buffer (pH 7.4) was added to 0.15 g of frozen tissue which was homogenized in a
tissue grinder. The combined homogenate and rinse (300 μl buffer) was then transferred to a
tube and divided equally into 3 parts by weight. For tumor samples, 0.05 g frozen tissue was
homogenized in 200 μl buffer. Sample was added IS and then extracted with 800 μl of
MeOH or acetone twice. Products were extracted and analyzed by HPLC as described
above.
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2.5. Analysis of flavonoids and glucuronides by high-pressure liquid chromatography
(HPLC)

Quantification of flavonoids and glucuronide conjugates was performed with a Luna C18
column (150 × 4.6 mm, 3 μm, Phenomenex, Torrance, CA, USA) on an Agilent 1100 HPLC
system (Santa Clara, CA, USA) comprised of an autosampler and a quaternary pump
coupled to a photodiode array detector. The mobile phase consisted of a binary gradient of
0.1% (v/v) ortho-phosphoric acid in water (eluent A) and acetonitrile (eluent B) as
previously described [16,18]. Quercetin and metabolites were detected by UV absorbance at
a wavelength of 258 nm and baicalin and metabolites were detected at 278 nm. Data were
analyzed with Hewlett Packard Chemstation® software. Concentrations were determined by
calculating the peak area ratio of the glucuronide to the IS. The specificity was evaluated by
analyzing the chromatograms of blank liver samples from mice for possible interferences at
the retention time of Q3G, quercetin, BG, baicalien and the IS. The limit of detection in
tissues was defined as the lowest concentration resulting in a signal-to-noise ratio of 3:1.
Quality control (QC) was performed by daily injection of standards and by analyzing tissue
samples spiked with three concentrations of quercetin for accuracy, precision and recovery.
The intra-day and inter-day precision and accuracy were determined by replicative analysis
of three QC samples at concentrations of 2.0, 10.0 and 25.0 nmol/g liver for quercetin on the
same day and on four consecutive validation days, respectively. The extraction recovery was
determined by comparing the ratio of the analyte peak areas of the extracted QC samples
with the standard solutions of the same concentration.

2.6. Statistical analysis
Descriptive statistics, such as mean and SD, were used to summarize the results. Data were
analyzed by paired student t-test. Statistical significance was defined by a p-value of 0.05.

3. Results
3.1. Ex vivo deglucuronidation of Q3G and BG by the endogenous β-glucuronidase

We first examined ex vivo deconjugation of Q3G in the suspension of blank mouse liver.
Q3G at a concentration of 46 nmol/g tissue was added to liver tissues. Samples were
collected every 10 min at 0, 10, 20 and 30 time points after incubation. Q3G and its
deconjugation products were extracted and analyzed by HPLC immediately. At 10 min, less
than 15% of the Q3G was detected. Q3G was completely degraded within 20 min. At the
same time quercetin and detectable amounts of methylated quercetin (isorhamnetin) and
quercetin sulfate were found. These data demonstrated the ability of liver tissue to
deconjugate quercetin glucuronide under ex vivo condition. We also added the same
concentration of Q3G into the Sprague Dawley rat liver and found that the degradation rate
of Q3G in the rat liver was similar (data not shown).

3.2. Dose effect of SL on the deglucuronidation of Q3G and BG
We then evaluated the effect of increasing concentration of SL on the deconjugation of Q3G
and BG. A known amount of SL was added into blank liver, followed by the addition of 46
nmol/g tissue of Q3G or BG. As shown in Fig, 2A–B, there is a concentration-dependent
decrease in the deconjugation of Q3G (Fig. 2A) and BG (Fig. 2B) with an increase in SL.
Q3G deconjugated more rapidly than BG but the initial degradation of BG (in absence of
SL) was fast. The deconjugation of Q3G and BG by the endogenous β-glucuronidase was
blocked completely when SL concentration reached 4 μmol/g tissue for Q3G and 8 μmol/g
tissue for BG. Incubation of liver homogenates containing the same amount of Q3G at pH
5.0 resulted in a decrease in quercetin formation similarly as compared to pH 7.4, but less
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Q3G was recovered (Fig. 2C), indicating that Q3G converted to products other than
quercetin at the specified condition.

3.3. Inhibition of the deconjugation of quercetin glucuronides in tissues of mice
administered with diets supplemented with quercetin

Next, we tested different amounts of SL added to the liver of mice fed with a quercetin diet.
Fig. 3 shows a concentration-dependant decrease in levels of quercetin and methylated
quercetin aglycones deconjugated from glucuronides with increasing SL. After adding 1
(Fig, 3A), 4 (Fig, 3B) and 15 (Fig. 3C) μmol/g of SL to liver tissue, quercetin and methyl-
quercetin were found to be 36% and 50%, 28% and 33%, and 13% and 16% of their
aglycones measured in the absence of SL, respectively. The optimal inhibition of β-
glucuronidase activity was observed when 15 μmol/g of SL was added. At this
concentration, quercetin level was 0.40 nmol/g, a 7.7-fold decrease from 3.04 nmol/g
measured without adding SL. We found that SL blocked the deconjugation of quercetin
glucuronides from lung tissue similarly (data not shown).

In tumor samples, we tested SL concentrations at 2 (Fig. 3D), 7 (Fig. 3E), 12 (Fig. 3F) μmol/
g tumor. Optimal inhibition of β-glucuronidase activity was observed when 7 μmol/g of SL
(equivalent to 1.17 mM) was added, in which the deconjugation of quercetin and methyl
quercetin glucuronides was reduced by 65% and 80%, respectively. The highest
concentration of SL at 12 μmol/g resulted in less inhibition (34% for quercetin and 44% for
methylated quercetin). Of note, because of the limited availability of tumor samples, we
were not able to determine our data in triplicate.

3.4. Inhibition of deconjugation of BG in tissues of mice administered with diet
supplemented with SB extract

We also tested different amounts of SL added to the liver of mice fed with a diet containing
BG. Fig. 4A presents a concentration-dependent decrease in levels of baicalein and
methylated baicalein (oroxylin A) aglycones in mouse liver samples. SL at 24 μmol/g (or
4.0 mM) produced the maximum inhibition of the deconjugation of baicalin by 20-fold and
methylated BG by 2.7-fold. In tumor samples, the concentration of SL at 120 μmol/g
produced maximal effect on the inhibition of deconjugation of BG but higher concentration
of SL (240 μmol/g) was necessary to further inhibit the deglucuronidation of methylated BG
(Fig. 4B).

3.5. Method Validation
The HPLC method was evaluated through intra-day and inter-day analysis for precision and
accuracy. The accuracy and precision of the method were assessed by determining quality
control samples using 4 replicated preparations of blank liver samples at three concentration
levels (0.2, 2 and 8 μg/mL) of quercetin. The accuracy of this method is 97.5, 102.2 and
107.5% at low, intermediate and high concentration, respectively. The precision indicates
that all coefficients of variation (CVs) were below 10.0. Table 1 summarizes the intra- and
inter-day precision and accuracy for quercetin evaluated by assaying the quality control
samples of mouse liver as a representative example. These results demonstrated that the
values were within the acceptable range and the method was accurate and precise.

4. Discussion
Flavonoid glucuronides and sulfates are the main circulating metabolites of flavonoids in
human and animals after ingestion of a flavonoid rich diet. Quercetin aglycone found in the
plasma of human and animals constitutes a very small portion of the total amount of
quercetin (aglycones + conjugates) present [4,18,20]. Tissues are exposed to flavonoids via
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the blood, which is the only route through which dietary flavonoids can reach tissues and
their cells except the cells lining the intestinal tract. Therefore, it is conceivable that
aglycones should exist in small amount as well in these tissues. Several studies have
reported high proportions of aglycones from organ tissues in various animal models
[13,15,20,21]. These levels of aglycones were likely overestimated, which can be attributed
to the presence of endogenous β-glucuronidase that deconjugates the glucuronide
metabolites during sample preparation. We reported earlier that BG added to homogenates
of several organ tissues (small intestine, colon, liver, lung, kidney, prostate and pancreas)
and tumors of mice converted to its aglycone rapidly under ex vivo condition. However, the
lung and kidney tissues from treated mice had the highest portion of aglycones (91% and
90% of the total concentration, respectively), but blank tissue suspensions with added BG
converted only 16% (lung) and 24% (kidney). These data are in agreement with the
published data on quercetin by Bieger and colleagues who found no correlation between the
proportion of aglycones and the specific β-glucuronidase activity in the various tissues [20].

SL is the most commonly used in vitro β-glucuronidase inhibitor. It has been used frequently
to inhibit β-glucuronidase for estimating the glucuronide formation rates by the uridine
diphosphoglucuronosyl tranferases (UGTs) [22,23], and, to a lesser extent, to block the β-
glucuronidase activity in quantifying tissue flavonoids and their conjugates. In this study, we
have demonstrated that the inhibition of β-glucuronidase activity by SL is dose-dependent in
liver and tumor samples. SL at concentrations ranging from 15 to 24 μmol/g tissue
(equivalent to 2.5 to 4.0 mM) completely inhibited the deglucuronidation of selected
flavonoids in mouse liver. These concentrations are generally in line with published data
where 1 – 4 mM concentration of SL was used to inhibit endogenous β-glucuronidase
activity [9,14,24]. Higher than optimal concentration of SL may result in reduced inhibition.
For different flavonoid glucuronides, the amount of SL needed to produce optimum
inhibition varies. We and others [17] also show that the conversion of glucuronides is pH-
and temperature-dependent. Therefore, acidic conditions and incubation should be avoided
when enzymatic treatment is not carried out.

O’Leary and colleagues reported that levels of the aglycone within tissues depend on the
substrate specificity of the deconjugating enzyme β-glucuronidase towards circulating
flavonoid glucuronides [14]. Some studies show that although deconjugation can potentially
occur in vivo to produce aglycones, it occurs only at certain sites [4,25]. β-glucuronidase
activity is high in liver and is increased in certain sites or under physiological conditions,
such as inflammation [26], carcinogenic tissue [21] and tumor [27,28]. Yuan et al. reported
that β-glucuronidase activity in tumor xenografts is approximately 8 times higher than that
of liver [29]. Our current study demonstrated that higher concentrations of SL may be
needed in tumor samples in order to achieve the optimal inhibition of deconjugation.
Because of the large individual variation in activity and expression of β-glucuronidase in
tissues and blood [13,14,30], the heterogeneity of the enzyme activity expressed in tumors
[31] and the difference in catalytic efficiency of β-glucuronidase toward structurally
dissimilar flavonoid glucuronides, the optimal dose of SL needs to be tested in different
tissues.

5. Conclusion
Taken together, our results show that mouse liver and xenograft tumors exhibited β-
glucuronidase activity. Levels of quercetin aglycone can be overestimated as much as 7-fold
in liver tissues. This occurred during the extraction of flavonoids and metabolic conjugates
from tissues expressing β-glucuronidase enzyme that hydrolyzes glucuronides to their parent
aglycones. The use of β-glucuronidase inhibitor SL blocks the ex vivo deglucuronidation
resulting in an accurate quantification of tissue aglycones and glucuronide conjugates. In
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view of the extent of ex vivo deconjugation, routine inclusion of SL may be necessary.
Additional data from other types of glucuronide substrates in different animal models and in
humans are warranted but our study described here can be extended to these studies.
Clarifying the mechanism of action in vivo exerted by specific flavonoids or their
structurally modified conjugates will advance our understanding of diet- and plant-derived
flavonoids in relation to chemoprevention and other disease prevention.
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Highlights

• Many organs of animals exhibit β-glucuronidase against flavonoid glucuronides.

• Quercetin in mouse liver was overestimated by 7 fold due to tissue β-
glucuronidase.

• Saccharo-1,4-lactone inhibits the ex vivo deconjugation dose-dependently.

• Saccharo-1,4-lactone used is in the range of 15 to 24 μmol/g liver tissue.

Lu et al. Page 9

J Pharm Biomed Anal. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Chemical structure of quercetin (A), isorhamnetin (B), quercetin 3-O-β-D-glucuronide (C),
baicalein (D), oroxylin A (E), baicalein-7-O- β-D-glucuronide (F) and D-saccharic acid 1,4-
lactone (G).
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Figure 2.
SL dose-Q3G (A) and BG (B) deconjugation curve in liver homogenates at pH 7.4. SL at
indicated amount was added to the homogenates of mouse liver followed by the addition of
a known concentration of Q3G or BG (46 nmol/g tissue). The mixture was incubated at
37°C for 30 min. SL dose-Q3G (C) deconjugation curve in liver homogenates at pH 5.0 with
30 min. incubation. The reactions were stopped by the addition of acetone or methanol,
followed by the addition of IS and extraction as described in the section on Materials and
Methods.
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Figure 3.
Comparison of quercetin and methylated quercetin levels in liver (A–C) and tumors (D–F)
from mice administered with a diet containing quercetin in absence or presence of SL.
Samples were homogenized, extracted and analyzed by HPLC as described in the section on
Material and Methods. Values are means SD of three measurements for liver tissues (*, p <
0.05; **, p < 0.01). Q: quercetin; Me-Q: methylated quercetin; SL (μmol/g tissue): D-
saccharic acid 1,4-lactone.
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Figure 4.
Comparison of baicalein and methylated baicalein levels in liver (A) and tumors (B) from
mice administered with a diet containing BG in absence or presence of SL. Samples were
homogenized, extracted and analyzed by HPLC as described in section on Material and
Methods. Values are means SD of three measurements for liver tissues (*, p < 0.05; **, p <
0.01). B: baicalein; Me-B: methylated baicalein; SL (μmol/g tissue): D-saccharic acid 1,4-
lactone.
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Table 1

Summary of precision and accuracy from quality control sample of mouse liver extract of quercetin (n=4 days,
4 replicates)

Spiked (nmol/g tissue) Measured (nmol/g tissue) Accuracy (%)

Precision (%)

Inter-run Intra-run

2.00 1.95 97.5 4.1 1.9

10.0 10.22 102.2 2.6 1.0

25.0 26.87 107.5 1.9 2.2
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