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Quantification of conjugated metabolites
of drugs in biological matrices after the
hydrolysis with b-glucuronidase and sufatase:
a review of bio-analytical methods
Yue Dinga†, Ming Penga,b†, Tong Zhanga*, Jian-Sheng Taoc, Zhen-Zhen Caia

and Yong Zhanga
ABSTRACT: Glucuronidation and sulfation represent two major pathways in phase II drug metabolism in humans and
other mammalian species. The great majority of drugs, for example, polyphenols, flavonoids and anthraquinones, could
be transformed into sulfated and glucuronidated conjugates simultaneously and extensively in vivo. The pharmacological
activities of drug conjugations are normally decreased compared with those of their free forms. However, some drug conju-
gates may either bear biological activities themselves or serve as excellent sources of biologically active compounds. As the
bioactivities of drugs are thought to be relevant to the kinetics of their conjugates, it is essential to study the pharmacoki-
netic behaviors of the conjugates in more detail. Unfortunately, the free forms of drugs cannot be detected directly in most
cases if their glucuronides and sulfates are the predominant forms in biological samples. Nevertheless, an initial enzymatic
hydrolysis step using b-glucuronidase and/or sulfatase is usually performed to convert the glucuronidated and/or sulfated
conjugates to their free forms prior to the extraction, purification and other subsequent analysis steps in the literature. This
review provides fundamental information on drug metabolism pathways, the bio-analytical strategies for the quantification
of various drug conjugates, and the applications of the analytical methods to pharmacokinetic studies. Copyright © 2013
John Wiley & Sons, Ltd.
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Introduction
Compounds like drugs and other xenobiotics have various
pharmacological and toxic effects, which can be influenced by
the processes of absorption, metabolism and elimination after
being administered into humans or other mammals. Drugs
moving into, through, and out of the body can be illustrated
by pharmacokinetic processes, that is, absorption, distribution,
metabolism and excretion, which determine the concentrations
of drugs in vivo. This has been a hot research area in the last
two decades, with a large number of innovative and excellent
researches published.

Drug metabolism mainly consists of phase I and phase II
reactions. Phase I reactions comprise oxidation, reduction,
hydrolysis, cyclization and decyclization with the incorporation
of oxygen or the removal of hydrogen. In this process, a func-
tional group (e.g. -OH, -SH, -NH2, -NH, -COOH) is often intro-
duced to the molecules of the parent drugs. Nevertheless,
phase II reactions are usually known as conjugation reactions,
and the drugs are basically conjugated with glucuronic
acids, sulfonates, glutathione and amino acids. The reactions
of the two phases are interrelated. The role of phase I reactions
is to modify a foreign substance to make it susceptible to
conjugation with a highly polar species via phase II reactions.
However, if a drug can undergo phase II metabolism directly,
phase I metabolism may make a minor contribution to the
drug clearance.
Biomed. Chromatogr. 2013; 27: 1280–1295 Copyright © 2013 John
The determination of drug concentrations in plasma, urine
or bile is the most important step ahead of any subsequent work
in pharmacokinetic researches. The quantification in complex
biological matrices is challenged by two influence factors: (1) a
lack of analytical methods sensitive enough for the determina-
tion of low drug concentrations in biological samples; and
Wiley & Sons, Ltd.
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(2) the nonexistence of the free forms of some drugs that
are transformed into other metabolites by different metabolic
pathways in vivo.

To solve the former problem, some state-of-the-art analytical
apparatus has been extensively utilized in bio-analytical
studies. The quantification can be accomplished using high-
performance liquid chromatography (HPLC) coupled with
different detectors such as ultraviolet absorption (UV) or a
diode array detector (DAD). Developments in detection tech-
niques and column chemistry have dramatically improved
the detection sensitivity and selectivity, and shortened the
analysis cycles. The two best examples are the utilization of
HPLC coupled with tandem mass spectrometry (HPLC-MS/MS)
and ultraperformance liquid chromatography coupled with
tandem mass spectrometry (UPLC-MS/MS). The latter coupling
technique provides even shorter chromatographic cycle and
higher sensitivity than conventional analytical methodologies,
and is suitable for the analysis of a wide variety of samples in
pharmacokinetic studies.

Although highly sensitive analytical techniques are available,
detection will still be impeded when the drug under study
is metabolized to other forms immediately and extensively.
In such cases, direct analysis cannot be performed even if a
highly sensitive detection method is employed, since there
is no original drug molecule existing in biological samples.
Previous studies reported that drugs such as flavones, polyphe-
nols and anthraquinones were transformed into sulfated and
glucuronidated conjugates extensively after the administra-
tion, and the free drug forms could not be found in the
body (Hou et al., 2011; Shia et al., 2011a, b). Interestingly, it is
worth noting that some sulfated and glucuronidated
conjugates may also have pharmacological activities (Fang
et al., 2003). The quantification of the sulfated and
glucuronidated conjugates of drugs could be done alterna-
tively to reflect the rate of absorption, metabolism and
elimination of their free drug forms. Unfortunately, direct
determination of the conjugated metabolites is usually not
able to be carried out owing to the absence of reference
standards. Nevertheless, b-glucuronidase (GLU) and sulfatase
(SULF) have been wildly utilized to hydrolyze the sulfated and
Figure 1. The glucuronidation of a substrate with a hydroxyl group utiliz-
ing uridine-50-diphospho-a-D-glucuronic acid (UDPGA) as a cofactor.

Figure 2. The glucuronidation of retigab

Biomed. Chromatogr. 2013; 27: 1280–1295 Copyright © 2013 John
glucuronidated conjugates into the original drug forms for
final quantification. This methodology exhibits high feasibility
and practicability, and has been extensively applied to pharma-
cokinetic studies.
Scope
This review aims to give a comprehensive overview of bio-
analytical methods for the quantification of various drug conju-
gates by the hydrolysis using GLU and/or SULF. The content
of this review article includes three major aspects as follows:
(1) an introduction to drug metabolism pathways, especially
glucuronidation and sulfation; (2) a summary of bio-analytical
methods for the quantification of various drug conjugates
by hydrolysis with GLU and SULF (e.g. hydrolysis conditions
for sulfated and glucuronidated conjugates, such as the source
and the concentration of the enzyme, pH, temperature, incuba-
tion time, chromatographic condition and detection system),
and application to pharmacokinetic studies; and (3) discussion
of relevant bio-analytical strategies and considerations for
method development.
Two major drug metabolism pathways:
glucuronidation and sulfation

Glucuronidation

Glucuronidation mainly occurs with two important cofactors:
(1) glucuronosyl transferases and (2) uridine-50-diphospho-a-
D-glucuronic acid (UDPGA). The mechanism involves a nucleo-
philic attack of the oxygen nucleophiles (R-OH) or other atoms,
such as nitrogen, sulfur and even carbon in the substrate
molecule on the cofactor (Fig. 1), leading to O-, N-, S- and C-
glucuronides, respectively (Uetrecht and Trager, 2007). The
most common drug substrates are those containing hydroxyl
groups in their structures, such as alcohols, phenols and
carboxylic acids, which are easily attacked by glucuronic acid
to form glucuronidated conjugates. The pharmacokinetic
behaviors of polyphenols including flavonoids (e.g. baicalein and
wogonin), anthraquinones (e.g. aloe-emodin, emodin and
chrysophanol) and phenols (e.g. acetaminophen) are subjected
to extensive conjugating metabolism to form O-glucuronides
(Shia et al., 2010; Neirinckx et al., 2010; Shia et al., 2011a, b). In
addition, researches on some uncommon glucuronides including
N-glucuronide, N-carbamoyl glucuronide and C-glucuronide
have also been reported. Hiller et al. (1999) observed the formation
of retigabine N-glucuronide (Fig. 2) in humans and dogs.
Another report investigated that a N-carbamoyl glucuronide
conjugate was found in rat bile and urine after the administration
of 1-[4-aminomethyl-4-(3-chlorophenyl)-cyclohexyl]-tetrahydro-
pyrimidin-2-one (M1) (Gunduz et al., 2010). The conjugation at
ine to form retigabine N-glucuronide.
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the carbamic acid group resulted in the formation of N-carbamoyl
glucuronide, which is illustrated in Fig. 3, and carbamic acid was
formed when carbon dioxide reacted with the primary or
secondary amine of M1. C-Glucuronidation, another uncommon
metabolic pathway, is observed in themetabolism of sulfinpyrazone
in humans. The conjugates (i.e. sulfinpyrazone b-D-glucuronide)
are formed by the direct attachment of pyrazolidine ring
to glucuronic acid via a C–C bond (Kerdpin et al., 2006;
Aarbakke, 1978).
Figure 4. The sulfation of a substrate with a hydroxyl group utilizing
PAPS(30-phosphoadenosine-50-phosphosulfate) as a cofactor.
Sulfation

The sulfotransferases belong to an emerging superfamily of en-
zymes that catalyze the transfer of SO3

� to hydroxyl or phenolic
groups on susceptible substrates, or the nitrogen atom of N-
substituted aryl or alicyclic compounds, or pyridine N-oxides,
through the sulfating cofactor, that is, 30-phosphoadenosine-50-
phosphosulfate (Fig. 4). In most cases, substrates with hydroxyl
groups like polyphenols (e.g. epicatechin, 6-, 8- and 10-
gingerols; Vaidyanathan and Walle, 2002; Yu et al., 2011),
flavonoids (e.g. resveratrol, baicalein, wogonin, quercetin and
catechins) and isoflavones (e.g. genistein, daidzein, glycitin,
puerarin and biochanin A) could be transformed to sulfated
and glucuronidated conjugates easily, simultaneously and
extensively in vivo (Walle, 2011; Shia et al., 2011a, b; Baranowska
and Magiera, 2011; Zhang et al., 2003). A rare observation of
the sulfonation of N-hydroxy-2-acetylaminofluorine, which
has a N-substituted aryl moiety, has been reported
(Lewis et al., 2000). In addition, some other drugs have also
been reported to be metabolized to glucuronide/sulfate
conjugates that contain both glucuronide and sulfated moie-
ties. For instance, the metabolites of bisphenol A consist of
monoglucuronide (major metabolite), sulfated conjugates and
glucuronided/sulfated conjugates (minor metabolites; Pritchett
et al., 2002).

Glucuronidation and sulfation of drugs
Since glucuronidation and sulfation occur rapidly and exten-
sively after the administration, the sulfated and glucuronidated
conjugates of drugs are basically the major drug metabolites in
biological samples. In vivo and in vitro studies demonstrated that
diosmetin undergoes a rapid glucuronidation to form different
glucuronides in rats. Four glucuronides were identified in rat
blood after an oral administration of 100mg/kg of diosmetin
suspension (Campanero et al., 2010). Only trace-level diosmetin
Figure 3. Formation of N-cabamoyl glucuronide by incubation wi

Copyright © 2013 Johnwileyonlinelibrary.com/journal/bmc
(<5 ng/mL) was detected in human plasma without the
treatment of GLU/SULF. The metabolism study of isoflavones
from soy milk revealed that glucuronides were the main isofla-
vone metabolites in women (Zhang et al., 2003). The amounts
of daidzein and genistein glucuronides were 73� 4 and
71� 5% of the total amounts of daidzein and genistein excreted
in urine, and 62� 4 and 53� 6% of those present in plasma,
respectively. However, the drug amounts in free forms were
4� 1 and 5� 1% of the total amounts of daidzein and genistein
in urine, and 18� 2 and 26� 7% of those present in plasma,
respectively. The study showed that only about one-fifth of the
circulating isoflavones was in the free drug form. Further
research showed that, after an oral dose of 2.0 g of ginger
extracts, all 6-gingerol, 8-gingerol and a majority of 10-gingerol
and 6-shogaol were present as either the glucuronidated
conjugates or sulfated conjugates, and only a small amount of
10-gingerol and 6-shogaol existed in the free forms in human
plasma (Yu et al., 2011).

The process of conjugation, which usually decreases pharma-
cological activities, normally adds a charge to the drug, thus
making the drug more polar and facilitating its renal excretion.
However, some reports have revealed that the conjugates
themselves have biological activities, or serve as excellent sources
of biologically active compounds, or are prone to act on target
cells. For example, the conjugated metabolites of polyphenols,
including emodin, baicalein, wogonin, aloe-emodin, rhein,
chrysophanol, quercetin and morin, exhibited various bioactivities
such as anti-inflammatory and antioxidant activities (Fang et al.,
2003; Shia et al., 2009, 2010, 2011a, b; Shirai et al., 2006;
th liver microsomes and UDPGA under a CO2-rich atmosphere.
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Yang et al., 2006; Yoshino et al., 2011). The effects of intrave-
nous and oral metabolites of emodin against AAPH-induced
hemolysis were higher than those of emodin (Shia et al.,
2010). The conjugated metabolite of morin was 1000-fold
more potent than its free form in anti-inflammatory activities
(Fang et al., 2003). Daidzein-7,40-di-O-sulfate competitively
inhibited sterol SULF in hamster liver microsomes, whereas
daidzein did not (Wong and Keung, 1997). Similarly, sulfated
conjugates of endogenous steroids are thought to possess
biological activity and to be an important source of free
cellular steroids after hydrolysis by SULF (Shelnutt et al.,
2002). It is possible, therefore, that sulfated drugs are active
in vivo or are the primary sources of drugs in the original
forms after enzymatic hydrolysis in target tissues. Genistein
glucuronides may also be active in vivo because they have
been shown to have weak estrogenic activity and can acti-
vate human natural killer cells in vitro (Zhang et al., 1999).
Thus, the biological importance of the drug conjugates may
be multifaceted, ranging from the inactivation form of drugs
for easy excretion from the body to the regulation of specific
biological processes either by direct action or by serving as
an immediate source of drugs in free form within target
tissues. As the bioactivities of drugs are thought to be
connected to the kinetics of the conjugates, it is essential
to study the pharmacokinetic behavior of the conjugates in
more detail.

Bio-analytical methods
A great many quantification methods for glucuronidated and
sulfated conjugates in biological matrices (e.g. plasma, urine,
bile) and tissue homogenates have been reported. A straight
way to quantify drug concentrations in biological samples is
the utilization of its authentic reference standard. However,
since authentic reference standards of the conjugated metabo-
lites are normally not available, direct quantification is usually
not feasible.

There are only a few reports on the preparation of
conjugated metabolites and their application to quantifications
in biological samples. Menozzi-Smarrito et al. (2011) reported
the synthesis of two potential metabolites of 5-O-feruloylquinic
acid, that is, 40-sulfate and 40-O-glucuronide conjugates.
The synthetic reference standards were used for the
identification of the metabolites of 5-O-feruloylqinic acid
in in vitro incubations using human recombinant uridine
50-diphosphoglucuronosyltransferases and sulfotransferases.
However, this study did not mention the pharmacokinetics of
the conjugates. Gao et al. (2011) developed a sensitive and
reproducible UPLC-MS/MS method which simultaneously
quantified maackiain and its phase II metabolites, maackiain-
sulfate (M-7-S) and maackiain-glucuronide (M-7-G), in plasma.
The reference standards of the conjugates were prepared by
M-7-G and M-7-S, which were biosynthesized by the incubation
of liver S9 fraction.

Treatment with GLU and/or SULF has been widely used to
obtain the free drug forms by the hydrolysis of glucuronidated
and/or sulfated conjugates for the purpose of quantifying
drug concentrations in biological matrices. Since a variety of
drug conjugates, that is, glucuronides, sulfates, diglucuronides,
disulfates and mixed sulfa-glucuronides, can be formed in
biological matrices, the advantage of the indirect determina-
tion method lies in the fact that it is not necessary to attempt
Biomed. Chromatogr. 2013; 27: 1280–1295 Copyright © 2013 John
the analysis of all of the possible drug conjugates above when
all of the reference standards are not available.
Hydrolysis of glucuronidated and sulfated
conjugates
The hydrolysis of the glucuronidated and sulfated conjugates
can be carried out by enzymatic or nonspecific chemical incuba-
tion. Chemical hydrolysis usually refers to acid hydrolysis and
base hydrolysis. For acid hydrolysis, samples are generally
treated with hydrochloric acid by heating at 70 �C for 1 h in a
thermostatic water bath. Under such drastic conditions,
however, unstable target analytes cannot always be quantified
accurately and completely (Alvarez-Sánchez et al., 2009). Owing
to the fact that base hydrolysis cannot always be achieved, and
acid hydrolysis usually results in extensive degradation,
enzymatic hydrolysis, a relatively mild hydrolytic procedure, is
feasible to keep samples stable under physiological conditions
(Elsohly et al., 2005).
GLU and SULF are the major deconjugating enzymes used in

the cleavage of glucuronidates and sulfates. GLU, the enzyme
that is innately found in many tissues, such as the intestines
and body fluids in humans and other mammalian species, is
responsible for the hydrolysis of glucuronidated conjugates of
drugs such as flavonoids and anthraquinones by the cleavage
of the C–O bond. It was used to hydrolyze sulfinpyrazone C-
glucuronidation (Kerdpin et al., 2006). SULF, the enzyme that is
able to cleave sulfate esters in biological systems, plays a key
role in regulating the sulfation states of molecules that
determine various physiological functions. The reactions be-
tween sulfate monoesters and the nucleophiles, such as acid,
base and enzyme, in aqueous solutions are basically through
either S–O bond cleavage or C–O bond cleavage, with the
former being the commonest bond cleavage in SULF catalyzed
hydrolysis (Edwards et al., 2012).
The utilization of a mixture of GLU/SULF to hydrolyze

glucuronidated and sulfated conjugates has been successfully
applied for the quantification of drugs in plasma. The hydroly-
sis procedure often begins with the addition of GLU/SULF
solution to biological samples with 100 mL of 1mol/L of
sodium acetate buffer (pH 5) and 0.1mol/L of ascorbic acid
solution subsequently. The mixture is then incubated at
37 �C for a certain period of time (Shia et al., 2010; Ding
et al., 2012). The optimization of the parameters of enzymatic
hydrolysis includes the choice of the amount and different
sources of enzymes, various incubation periods and pH values
of incubations.
Several enzymes are commercially available from various

organisms. For example, GLU could be obtained from bovine
liver, Helix pomatia (H. pomatia), Escherichia coli (E. coli) and
Patella vulgate (P. vulgate) (Elsohly et al., 2005), whereas SULF
can be extracted from H. pomatia, Abalone entrails and
Aerobacter aerogenes (Nakamura et al., 2011). Previous studies
indicated that there are remarkable differences in the hydrolysis
activities of these enzymes from different sources. Elsohly et al.
(2005) reported the optimum enzymatic condition for the hydro-
lysis of buprenorphine-3-b-D-glucuronide (B3G). Urine fortified
with synthetic B3G was hydrolyzed with GLU from different
sources, including H. pomatia, E.coli and P. vulgata. It was evident
that the hydrolysis effects on B3G by various enzymes were
different, and GLU extracted from H. pomatia provided the
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/bmc
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Quantification of conjugated metabolites of drugs
fastest hydrolysis rate for B3G, with the hydrolysis extents being
96% at 60 �C and 79% at 37 �C after a 4 h incubation. In
contrast, the hydrolysis reaction was completed at 37 �C after a
16 h incubation using the GLU extracted from E. coli and
H. pomatia. The GLU obtained from P. vulgata could only hydro-
lyze 26% of the total amount of B3G after a 16 h incubation
at 37 �C and 35% of that of B3G after a 4 h incubation at 60 �C.
This research also proved that the enzyme activity was
influenced by incubation temperature. The duration required
to complete the hydrolysis of B3G by the enzyme extracted from
H. pomatia at 60 �C was only 4 h. However, the duration required
at 37 �C was as long as 16 h.

The rate of hydrolysis could also be influenced by different
types of biological matrices. Taylor et al. (2005) reported that
all of the phytoestrogen conjugates investigated in their
research were speculated to be hydrolyzed completely within
2 h in urine, whereas a 16 h hydrolysis cycle was required in
plasma. Such discrepancies between the hydrolysis rates in
urine and in plasma implied that the enzymatic hydrolysis is
predominately regulated by the types of conjugates and the
presence of potential interfering substances in the complex
biological matrices.

To sum up, the enzyme activity for hydrolysis is influenced
by different types of enzymes from various sources, tempera-
tures, pH values, incubation durations, concentrations of the
enzyme and features of different biological matrices. Table 1
summarizes various hydrolysis conditions for drug conjugates
in plasma and in urine from the literature.

Sample extraction and purification
Owing to the existence of endogenous substances and the
low level of analytes, biological matrices need to be cleaned
up and concentrated prior to any further analysis. Proteins,
lipids, salts and glucose in biological samples may interfere
with chromatographic separation, block the chromatographic
column with high back-pressure and shorten the column life.
The most widely used techniques for sample extraction, purifica-
tion and enrichment include liquid–liquid extraction (LLE), solid-
phase extraction (SPE) and protein precipitation (PPT).
128
Liquid–liquid extraction

LLE is a flexible extracting method for the separation of
compounds according to their solubilities in two immiscible
solvents, which usually consist of one aqueous phase and one
organic phase. LLE can offer parallel preparations of a large num-
ber of samples, and is less expensive than SPE. However, LLE also
has some inevitable problems: (1) frequent occurrence of emul-
sification; (2) consumption of large amounts of organic solvents;
(3) time-consuming sample-concentrating steps; and (4) risks
of sample loss and cross-contamination owing to the selection
of inappropriate solvents. The optimization of a LLE method
includes the selection of appropriate organic solvents, the
volume of extraction solvents and the number of times of extrac-
tion. For example, in the quantification of diosmin and diosmetin
in human plasma, the use of diethyl ether, cyclohexane or tert-
butyl methyl ether was evaluated. As a result, tert-butyl methyl
ether in acidic medium proved to be the best extraction solution
based on the highest extraction recoveries, negligible matrix
effects and the absence of endogenous interference in HPLC
chromatograms (Campanero et al., 2010). Taxifolin was also
Biomed. Chromatogr. 2013; 27: 1280–1295 Copyright © 2013 John
extracted from plasma by LLE after the hydrolysis with GLU and
SULF, using biochanin A as an internal standard (IS). Ethyl acetate,
diethyl ether, chloroform, acetonitrile, methanol, acetone and
water–ethanol (1:1) were screened to select the best solvent for
extracting taxifolin from rabbit plasma. The results showed that
ethyl acetate gave the highest extraction recoveries without
any significant interference from endogenous substances in this
study (Pozharitskaya et al., 2009).
Protein precipitation

PPT is used to concentrate and fractionate the target product
from biological matrices. A common operation procedure is
mixing the biological samples with three or four volumes of acid
or methanol prior to centrifugation. The supernatant so
obtained is then evaporated under nitrogen flow to dryness
before being reconstituted with a certain amount of a solvent
such as methanol, acetonitrile and mobile phase. Wang and
Morris (2005) reported a method of precipitating plasma pro-
teins for the quantification of quercetin and conjugated querce-
tin metabolites in human plasma using two volumes of acetone.
Lin et al. (2012) investigated the pharmacokinetic behavior and
tissue distribution of resveratrol, emodin and their correspond-
ing metabolites after the intake of Polygonum cuspidatum (PC)
in rats, using methanol as the extraction solution for PPT.
Furthermore, the method validation results revealed that the
use of perchloric acid for PPT would neither affect recovery nor
cause any detectable matrix effects (Liu et al., 2012; César
et al., 2011). The operation of PPT seems to be much easier than
that of LLE and SPE. However, researchers still need to evaluate
the implications of matrix effect for the proposed PPT method.
Solid-phase extraction

SPE has become an increasingly powerful sample preparation
technique in bio-analytical studies, and the possibility of emulsi-
fication, incomplete phase separation and sample loss associ-
ated with LLE can be eliminated. SPE is more efficient in
removing endogenous substances such as proteins, lipids and
glucose than LLE and PPT. Kanaze et al. (2004) reported a
clean-up method employing Sep-Pak C18 cartridges that effec-
tively eliminated the interfering peaks and resulted in high
recoveries for the quantification of hesperetin and naringenin
in urine samples. Lévèques et al. (2012) published the applica-
tion of SPE cartridges, and the recoveries using different
sorbents and elution protocols were tested. As a result, the utili-
zation of Waters OasisW MAX 96-Well Plate 30mm (30mg) SPE
cartridges yielded the highest recoveries and the best precision.
Magiera et al. (2011) reported an extraction method using
Waters OasisW HLB cartridges with a mixture of tert-butyl methyl
ether–methanol–formic acid (4.5:4.5:1) as the mobile phase to
extract b-blockers, flavonoids, isoflavones and their metabolites
in human urine.
The biological samples may sometimes have to be cleaned-

up and purified with the combination of the two or three
above methods. Plomley et al. (2011) reported that the recovery
of S-equol in the SPE method alone was only 30%. However,
the recovery increased dramatically to 85% when the methods of
PPT and SPE were combined. Owing to the propensity for S-equol
to undergo protein binding, it was essential to perform a protein
precipitation prior to the subsequent processing by SPE.
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/bmc
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Detecting methods
Analytical techniques for the quantification of glucuronidates
and sulfates in biological samples indirectly after the hydrolysis
with GLU and SULF have been developed extensively. The
analysis is commonly performed on HPLC coupled with various
types of detectors, such as a UV detector (Lai et al., 2003;
Teekachunhatean et al., 2011), a fluorescence detector (FLD;
Chetiyanukornkul et al., 2006; Shia et al., 2011a, b), an electro-
chemical detector (ECD; Azuma et al., 2003; Jin et al., 2004),
a mass detector (MS; Shelnutt et al., 2000) or a tandem mass
detector (MS/MS; Wang and Morris, 2005; Campanero et al.,
2010). Gas chromatography coupled with mass spectrometry
(GC-MS) is also a popular technique, which sometimes involves
derivatization steps for the purpose of enhancing detection
sensitivity (Magiera et al., 2011; Feng et al., 2001).
All of the above analytical methods have their own

characteristics. HPLC-UV is the most frequently used analytical
technique in quantification analysis, whereas the sensitivity is
not high enough for the analysis of low-level analytes in
plasma. HPLC-FLD is able to provide high sensitivity for quanti-
fication of analytes with fluorescence characteristics. However,
this method is frequently interfered with by sample matrices.
HPLC-ECD, although providing high detection sensitivity,
normally requires strict maintenance to keep the system running.
Taking low-level analytes in biological samples into account,

normally in the concentration ranges of tens of nangrams to
micrograms per milliliter, highly sensitive methods with easy
maintenance are required. HPLC-MS is considered to be a
powerful tool for the quantitative determination of analytes in
biological samples owing to its high selectivity, sensitivity,
robustness and sample through-put. Moreover, HPLC-MSn allows
the sequential fragmentations of a given molecular ion,
which provides substantial information for the identification of
the selected molecule based on the fragmentation patterns.
This information is very useful to differentiate compounds with
similar chromatographic and UV spectral features. Recently, in
order to meet the increasing demand for simpler and high-
throughput methods for sample analysis, commercially available
UPLC has proved to be one of the most promising developments
in rapid chromatographic separation with the aim of reducing
analysis durations and maintaining good efficiency at the
mean time (Baranowska andMagiera, 2011). To develop a practical
quantification method, a complete validation should be
performed according to the US Food and Drug Administration
guidelines (US Department of Health and Human Services, Food
and Drug Administration Centre for Drug Evaluation and Research
and Centre for Veterinary Medicine, 2001), including selectivity,
sensitivity, interference check, linearity, precision and accuracy,
recovery, matrix effect, cross-specificity, stability and dilution
integrity (Campanero et al., 2010). In order to make it more bene-
ficial to the readership, we have provided a concise compilation
of the validation details and the applications of various analytical
methods (detection systems/chromatographic conditions) in
Table 2.
129
Applications to pharmacokinetic studies
The enzymetic hydrolysis converting the conjugated drugs to
the free forms has been extensively applied to pharmacokinetic
research. Plomley et al. (2011) reported an HPLC-MS/MS method
for the determination of total S-equol (i.e. the summation of
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/bmc

1



Y. Ding et al.

1292
conjugated and unconjugated forms) in human plasma
and urine for a full description of its pharmacokinetic profiles.
Results indicated that S-equol is highly conjugated in vivo with
<1% of the unconjugated forms present. Unconjugated S-
equol (total urinary excretion) and F(0–24) (calculated fraction of
administered dose excreted) in urine were 11,736 ng and
0.0586%, respectively, while total S-equol and F(0–24) were
202,579 ng and 1.0123%, respectively. Campanero et al. (2010)
developed a sensitive HPLC-MS/MS method that has been
validated for a simultaneous determination of diosmin and
diosmetin in human plasma. This method was suitable for the
development of pharmacokinetic studies after food intake or
oral administration of pharmaceutical preparations containing
diosmin. The results showed that, whether the plasma samples
were treated with GLU/SULF or not, diosmin was not detected
in human plasma. Interestingly, diosmetin was measurable at
the first sampling point (0.33 h) in most of the volunteers after
the treatment with GLU. This phenomenon can be explained by
diosmin being hydrolyzed by enzymes in intestinal microflora
before diosmetin, that is, the free form of diosmin, is absorbed
in intestines. Diosmin is subsequently absorbed and transformed
to the sulfated and glucuronidated conjugates into the systemic
circulation.

Lin et al. (2012) investigated the dose-dependent pharmacoki-
netics and tissue distribution of resveratrol and emodin after
oral administration of PC in rats. To determine the concentra-
tions of resveratrol and emodinin in tissue homogenates,
samples were analyzed before and after the treatments with
GLU and SULF, respectively. After the oral administration of PC
extract, the highest concentration of sulfated/glucuronidated
conjugates of resveratrol and emodinin were detected at the
first sampling point (10min), suggesting that the absorbed
resveratrol and emodinin were rapidly and extensively converted
into their sulfated/glucuronidated conjugates. The tissue
distribution analysis revealed that the glucuronides/sulfates were
the only form of emodin and resveratrol present in rat plasma.
The glucuronides/sulfates of resveratrol were the major forms
in rat liver, kidney, lung and heart, and those of emodin were
also the major forms in rat kidney and lung. Nevertheless, a
considerable amount of emodin free form was found in rat liver.
Neither the free forms nor the conjugated metabolites of resver-
atrol and emodin were detected in rat brain (Fig. 5).

Neirinckx et al. (2010) reported that hepatic glucuronide
and sulfate conjugation were the major elimination pathways
for acetaminophen in ponies, dogs and pigs, as in humans. The
calculated results of absolute bioavailability were significantly
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elevated from 39.0, 44.5 and 75.5% to 72.4, 100.5 and 102.2% in
turkeys, dogs and pigs, respectively, after enzymatic hydrolysis
of plasma samples with GLU/SULF. Without the application of
enzymetic hydrolysis of the conjugate to drug, the pharmacoki-
netic determination of a drug that is rapidly and extensively
conjugated in vivo seems impossible. However, employing
GLU and SULF successfully conquers this difficulty and they
have been extensively utilized in pharmacokinetic studies of
glucuronided and sulfated conjugates, and could be used to
reflect the absorption ratio of the free drug froms and the conju-
gated forms and the bio-availabilities of the objective drugs.

Discussion
Given the popularity of glucuronidated and sulfated conjugates
formed in vivo, comprehensive attention has been paid to the
quantification methods in biological matrices and their applica-
tion to pharmacokinetic studies. Owing to the absence of
authentic reference standards of most glucuronidated and
sulfated conjugates, the widely used methods for quantitative
analysis of these conjugates usually involve the treatment of
biological samples with GLU and/or SULF in order to obtain free
drug forms by hydrolysis, which could be further quantified by
authentic reference standards. The enzymatic hydrolysis is
conventionally carried out by the addition of an amount of
GLU and SULF in the biological samples prior to a certain period
of incubation. Different sources of enzymes, amounts of
enzymes, pH values for incubation and incubation times are
the main parameters that need to be optimized. The optimized
conditions listed in Table 1 may give the readers some advice
on the selection of parameters in their future studies.

Some innovative strategies providing increased efficiency and
reduced time consumption of hydrolysis have also been
reported. Alvarez-Sánchez et al. (2009) implemented an enzy-
matic hydrolysis method (GLU with the activity of SULF) for con-
jugated female steroid cleavage which was kinetically enhanced
by ultrasonic energy in order to generate the free steroid forms.
This enabled a dramatic reduction of sample preparation dura-
tion required (30min) as compared with conventional protocols
(12–18 h). Toennes and Maurer (1999) developed a fast and
easy-to-handle procedure by immobilizing GLU and SULF into
columns. The results revealed that the enzyme activity in this
method was 45-fold higher than that in traditional enzymatic
hydrolysis. This method combined the specificity of enzymatic
hydrolysis with a speed comparable to acid hydrolysis, leading
to a fast and gentle cleavage of the conjugation bonds. This
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strategy particularly provides concepts for developing a new
method for the hydrolysis of glucuronides and sulfates.

When we reviewed the literature on the quantification
analysis of conjugates in blood/urine samples with the aim of
enzymatic hydrolysis, two main approaches to the enzymatic
treatment of biological samples could be differentiated. The first
approach involves the treatment of samples with GLU (type H-1,
from H. pomatia) containing some companion of SULF, which
in turn acts as a secondary enzyme for the hydrolysis of
glucuronidates. In this case, the free drug forms obtained by
GLU are the summation of the hydrolysis results from both
sulfates and glucuronides. Since SULF only hydrolyzes sulfates,
the differences in the determination results between the treat-
ment with GLU and those with SULF are used to calculate the
real concentration of glucuronidated conjugates. The second
approach is to treat biological samples with a combination of
GLU and SULF. In this case, if all the sulfated and glucuronidated
conjugates could be entirely converted to free drug forms, the
concentration of the original forms of the drugs or other xenobi-
otics in biological matrices could be accurately determined.

Nevertheless, there are also some conjugates that are
extremely resistant to GLU and SULF that could not be
hydrolyzed completely. Saha et al. (2012) reported that the
sulfated conjugates of epicatechin and methylepicatechin were
extremely resistant to the commercially available SULF enzyme
preparations. This finding is very important because the essence
of the widespread practice of using enzymetic hydrolysis is to
convert sulfated and glucuronidated forms of drugs and other
xenobiotics to their free forms. If a study assumes that all the
sulfated forms would be converted to the free forms without
any validation, it is entirely possible that the subsequent esti-
mates of total drugs appearance in biological samples would
be substantially underestimated. To gain a maximum enzymatic
hydrolysis rate is the goal of method optimization in such study.
That is why the selection of the appropriate source of enzyme,
and the concentration and pH value of the enzyme for hydroly-
sis, are the most important parameters that need to be opti-
mized in the analytical method.

After hydrolysis by enzymes, the biological matrices need to
be processed by a clean-up and concentration step prior to
any further analysis. PPT is thought to be the easiest and
cheapest option for purification, while the appropriate precipi-
tating medium should be selected to avoid any matrix effects.
LLE could provide opportunities for researchers to select
different types of solvents or solvent mixtures, but inconsistent
recoveries and the phenomenon of emulsification should be
paid attention to. Furthermore, LLE consumes large amounts of
organic solvents, and the concentration steps are time-
consuming and tedious. As compared with other extraction
techniques, SPE produces substantially purified extracts with
low occurrence of significant matrix effects. The automation of
SPE is feasible in spite of the high cost.

The quantification is commonly accomplished by HPLC
coupled with various detectors such as UV, FLD, ECD, MS and
MS/MS. Moreover, GC-MS is also a traditional method for bio-
analytical quantification. HPLC-MS/MS and UPLC-MS/MS are
powerful analytical techniques providing high sensitivity and
selectivity with reduced analysis cycles and high efficiency. The
selection of detection system depends on the characteristics of
analytes, and the requirements for sensitivity and selectivity.
The newly developed method should be fully validated based
on the USFDA guidelines.
Biomed. Chromatogr. 2013; 27: 1280–1295 Copyright © 2013 John
Conclusions
This review provides an in-depth coverage of the validated bio-
analytical methods for the quantification of various drug conju-
gates by GLU and/or SULF hydrolysis, which convert sulfated
and glucuronidated forms of drugs and other xenobiotics to
their free forms for subsequent quantification by different
analytical techniques. The indirect detection method, which
solves the problems of the lacking of authentic reference
standards of the conjugates, has been extensively applied to
the pharmacokinetic studies.
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