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Abstract
Glyburide (GLB) is a widely used oral sulfonylurea for the treatment of gestational diabetes.
Therapeutic use of GLB is often complicated by a substantial inter-individual variability in the
pharmacokinetics and pharmacodynamics of the drug in human populations, which might be
caused by inter-individual variations in factors such as GLB metabolism. Therefore, there has
been a continued interest in identifying human cytochrome P450 (CYP) isoforms that play a major
role in the metabolism of GLB. However, contrasting data are available in the present literature in
this regard. In the present study, we systematically investigated the contributions of various human
CYP isoforms (CYP3A4, CYP3A5, CYP2C8, CYP2C9, and CYP2C19) to in vitro metabolism of
GLB. GLB depletion and metabolite formation in human liver microsomes were most
significantly inhibited by the CYP3A inhibitor ketoconazole compared with the inhibitors of other
CYP isoforms. Furthermore, multiple correlation analysis between GLB depletion and individual
CYP activities was performed, demonstrating a significant correlation between GLB depletion and
the CYP3A probe activity in 16 individual human liver microsomal preparations, but not between
GLB depletion and the CYP2C19, CYP2C8, or CYP2C9 probe activity. By using recombinant
supersomes overexpressing individual human CYP isoforms, we found that GLB could be
depleted by all the enzymes tested; however, the intrinsic clearance (Vmax/Km) of CYP3A4 for
GLB depletion was 4 – 17 times greater than that of other CYP isoforms. These results confirm
that human CYP3A4 is the major enzyme invovled in the in vitro metabolism of GLB.
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Introduction
Glyburide (GLB) is a second generation oral sulfonylurea used for the treatment of Type 2
diabetes mellitus with a potent and prolonged hypoglycemic effect (1). GLB is also
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commonly used to treat gestational diabetes mellitus (2–4). Two major metabolites of GLB,
4-trans-hydroxyglyburide (M1) and 3-cis-hydroxyglyburide (M2b) (Supplement 1), which
account for approximately half of all the metabolites formed in vitro by human liver
microsomes (5), are also pharmacologically active (6). In addition, GLB has been shown to
accumulate in pancreatic beta cells after long-term use (7). These factors may contribute to
the prolonged action of the drug and hypoglycemia in some cases. Glucose control and
optimal GLB dosage are often hindered by a substantial inter-individual variability in the
pharmacokinetics and pharmacodynamics of the drug in human populations. The inter-
individual variability might be caused by the inter-individual variations in factors such as
metabolism and elimination of the drug (8–12). Given the fact that GLB is extensively
metabolized in the liver, the identification of major hepatic CYP enzymes involved in GLB
metabolism will have significant clinical implications for rational design of optimal dosing
regimen and for understanding potential drug-drug interactions.

Therefore, there has been a continued interest in identifying human CYP enzymes that play
a major role in the metabolism of GLB. However, contrasting data are available in the
present literature in this regard. CYP2C9 is a highly polymorphic metabolic enzyme. The
CYP2C9 variants, CYP2C9*3/*3 homozygote or CYP2C9*1/*3 heterozygote, have been
shown to exhibit lower catalytic activities than the wild-type CYP2C9*1/*1 (13).
Kirchheriner et al. showed that the total oral clearance of GLB in the CYP2C9*3/*3 subjects
(n = 3) was approximately 40% of that in the CYP2C9*1/*1 subjects (n = 4) (14). Niemi et
al. reported that the area under the plasma concentration-time curve (plasma AUC) of GLB
in individuals heterozygous for the CYP2C9*3 allele (n = 2) was 280% of the respective
value in the CYP2C9*1/*1 subjects (n = 5) (15). Yin et al. also demonstrated that the oral
plasma AUC of GLB in the CYP2C9*1/*3 subjects (n = 6) of the Chinese population was
increased by approximately 100% as compared with that in the CYP2C9*1/*1 subjects (n =
12) (16). These clinical studies appear to suggest that CYP2C9 contributes significantly to
GLB metabolism in vivo. However, one in vitro metabolism study with human liver
microsomes revealed that CYP3A played a major role in the metabolism of GLB with no
contribution from CYP2C9 (17). Our recent clinical study showed that the apparent oral
clearance of GLB in pregnant women with gestational diabetes (n = 6 for CYP2C9*1/*2 and
CYP2C9*1/*3 combined) was independent of the CYP2C9 genotype (4).

To verify the previous observations about in vitro metabolism of GLB by human CYP
enzymes, in the present study, we systematically investigated the contributions of various
human CYP isoforms (CYP3A4, CYP3A5, CYP2C8, CYP2C9, and CYP2C19) to in vitro
metabolism of GLB. Several complementary experimental approaches were employed,
including inhibition of GLB metabolism in human liver microsomes by selective CYP
isoform inhibitors, the correlation between GLB depletion and the probe activities of
individual CYP enzymes assessed using probe substrates in 16 individual human liver
microsomal preparations, and the determination of kinetic parameters (Km and Vmax) of
individually expressed human recombinant CYP isoforms for GLB depletion. Results of
these studies suggest that human CYP3A4 is the major enzyme in the metabolism of GLB.
When this study was nearly completed, another in vitro metabolism study for GLB came out
and showed that CYP3A4 played a predominant role in GLB metabolism with a more than
50% contribution to the formation of total metabolites, wherease CYP2C9 had
approximately 30% contribution (18).

Materials and Methods
Materials

Glyburide (GLB), glipizide (GLP), 8-methoxypsoralen (MOP),
triethylenethiophosphoramide (TTEPA), omeprazole (OMP), sulfaphenazole (SUL),
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quinidine (QUI), ketoconazole (KTZ), testosterone, 6β–hydroxytestosterone, tolbutamide, 4-
methylhydroxytobultamide, amodiaquine, desethylamodiaquine, and midazolam were
purchased from Sigma (St. Louis, MO). Montelukast (MTL) was purchased from Sequoia
Research Products (Pangbourne, UK). 5-hydroxyomeprazole was a gift from Astra/Zeneca.
All the commercially available reagents and solvents were of either analytical or HPLC
grade. Supersomes™ prepared from baculovirus-infected insect cells expressing human
CYP3A4, CYP3A5, CYP2C8, CYP2C19, CYP2C9*1/*1, CYP2C9*2/*2, or CYP2C9*3/*3
isoform were purchased from GENTEST (Woburn, MA). M1 and M2b were synthesized
(19).

Preparation of human liver microsomes
Sixteen individual human liver tissue samples from Caucasian donors (HL-102, 103, 108,
130, 132, 143, 144, 145, 146, 149, 155, 157, 160, 166, 167, 169) obtained from the
University of Washington School of Pharmacy Human Liver Tissue Bank (Seattle, WA)
were used for the correlation studies (see below). Of those human liver tissues, 3 individual
human liver tissue samples (HL-143, 155, 166) were used for chemical inhibition studies
(see below). The collection and use of human liver tissues for research were approved by the
University of Washington Investigational Review Board. Except for HL-132 (CYP2C9*1/
*2), HL-144 (CYP2C9*1/*3), HL-157 (CYP2C9*1/*3), HL-160 (CYP2C9*1/*2), and
HL-169 (CYP2C9*2/*2), all other subjects carried wild-type CYP2C9*1/*1 (unpublished
data). Human liver microsomes were prepared as previously described (20). Briefly, human
liver tissue was thawed in 10 mM potassium phosphate buffer (pH 7.4) containing 0.9%
NaCl. Microsomes were prepared by homogenizing the thawed tissue in 5 volumes of 10
mM potassium phosphate buffer (pH 7.4) containing 0.25 M sucrose in a Waring blender,
followed by five strokes with a glass Teflon homogenizer. All the thawing and
homogenization were done on ice. The homogenate was centrifuged at 12,000 × g for 25
min and the supernatant were further centrifuged at 110,000 × g for 70 min. Microsomal
protein was carefully separated from the glycogen pellet, resuspended in 10 mM potassium
phosphate buffer (pH 7.4) containing 1 mM EDTA and 1.15% KCl, and again centrifuged at
110,000 × g for 70 min. The washed pellet was resuspended in either 50 mM potassium
phosphate buffer (pH 7.4) or 100 mM Tris/HCl (pH 7.4) and stored at −80°C until use.
Microsomal protein concentrations were determined by the Pierce BCA protein assay kit
(Rockford, IL) using bovine serum albumin as standard.

Chemical inhibition of GLB depletion and metabolite formation in human liver microsomes
To identify CYP isoforms in human liver microsomes that can metabolize GLB, the well-
established and selective inhibitors of these CYP enzymes were incubated, one at a time,
with GLB in reaction mixtures. GLB metabolism was determined by measuring depletion of
the drug. The following compounds 8-methoxypsoralen (MOP),
triethylenethiophosphoramide (TTEPA), sulfaphenazole (SUL), quinidine (QUI),
omeprazole (OMP), ketoconazole (KTZ), and montelukast (MTL) have been shown to
selectively inhibit CYP2A6, CYP2B6, CYP2C9, CYP2D6, CYP2C19, CYP3A, and
CYP2C8, respectively, and were used in the GLB depletion study (21–25). KTZ is a potent
and well-studied inhibitor of CYP3A with a Ki value of 0.05 μM (24) and therefore is often
used in vitro and in vivo as a CYP3A inhibitor. However, KTZ is only a selective CYP3A
inhibitor that could also inhibit other CYP enzymes such as CYP2C9, but to a significantly
lesser extent (26). SUL is perhaps the most potent and selective inhibitor of CYP2C9 with a
Ki value of 0.12 μM (23, 27). OMP has been shown to be a more selective inhibitor for
CYP2C19 (Ki = 3 μM) over CYP3A4 (Ki = 44 μM) (21). The concentrations of MOP,
TTEPA, SUL, QUI, OMP, KTZ, and MTL used were 5 μM, 20 μM, 2.2 μM, 0.45 μM, 27
μM, 1 μM, and 4 μM, respectively. The concentrations were selected so that inhibition of
each target CYP isoform was estimated to be greater than or equal to 90% as previously
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described (21–25). These inhibitors and GLB were dissolved in methanol, and the final
concentration of methanol in reaction mixtures was <1% (v/v). No effects of the solvent on
GLB depletion were observed at this concentration. All the experiments were performed at
GLB concentrations lower than the apparent Km values of these enzymes (see below).

The reaction mixtures (a final volume of 0.2 ml) contained 100 mM sodium phosphate
buffer (pH 7.4), human liver microsomes (0.5 mg of protein per ml), 5 mM MgCl2, and
GLB at a final concentration of 1.25 nM, 0.125 μM or 1.25 μM. The reactions were carried
out by incubation of the reaction mixtures at 37° C in a shaking water bath. After pre-
warming for 5 min, reactions were initiated by adding a NADPH-regenerating system (1
mM NADP+, 10 mM glucose-6-phosphate, and 1 unit/ml glucose-6-phosphate
dehydrogenase). In the negative controls, only the NADPH regenerating system or 1% (v/v)
methanol, but without human liver microsome, was added. Reactions were stopped at 0 or
60 min by adding 2 ml of the mixed organic solvent (n-hexane/methylene chloride at a 1:1
ratio, v/v). Each sample was then acidified by the addition of 20 μl of 2 M HCl and 20 μl of
a stock solution containing 2 μM GLP (internal standard). The samples were briefly
vortexed at room temperature. The upper organic phase was transferred to a disposable clean
glass tube for each sample and dried under N2. The dried residue from each sample was
reconstituted in 100 μl of the solvent (methanol/H2O at a 30:70 ratio with 0.5 mM
ammonium formate). After gentle vortexing, 15 μl of each reconstituted sample was injected
for HPLC/MS analysis. In this chemical study, we found that GLB depletion was linear over
time up to 60 min. Three different human liver microsome preparations were used in this
study to enable statistical analysis. The three HLMs used were wild-type for CYP2C9 to
eliminate possible effects of CYP2C9 mutations on GLB metabolism. The effects of
inhibitors on metabolite formation were determined based on the peak area ratios of the
metabolites (M1, M2b, M4, and M5) to the internal standard. Except for M1 and M2b, the
standards of M4 and M5 were not available to us. The standards of M1 and M2b were used
to identify the respective metabolites formed. With knowing the elution orders and the
pattern of formation of the metabolites under the HPLC assay conditions we used (see
below), the peaks for M4 and M5 can be identified as previously described (28). The peak
area ratios of the metabolites with no inhibitors added were set as 100%. The formation of
the metabolites (M1, M2b, M4, and M5) in the presence of inhibitors was then calculated as
percentage of those with no inhibitors added. In the control experiments with only the
inhibitors added, no peaks of the metabolites were detected.

Correlation between GLB depletion and the probe activity of individual CYP isoforms in
human liver microsomes

To further confirm the results obtained from the above chemical inhibition study, we
determined whether GLB depletion by human liver microsomes is correlated with the probe
activity of individual CYP isoforms assessed using a probe substrate. First, GLB depletion
was determined in a panel of liver microsomes prepared from 16 human subjects at a GLB
concentration of 0.3 μM as described above. In separate experiments, to determine the probe
activities of individual CYP isoforms, a simplified cocktail assay was conducted to measure
the metabolite formation of probe substrates as follows (29). Two cocktails were used.
Briefly, cocktail A containing 100 μM tolbutamide for CYP2C9 and 75 μM testosterone for
CYP3A or cocktail B containing 4 μM amodiaquine for CYP2C8 and 20 μM omeprazole for
CYP 2C19 was incubated with human liver microsomes, one at a time, at 37°C for 60 min in
a final volume of 0.2 ml. All the compounds were dissolved in methanol and the final
concentration of the solvent was less than 1% (v/v). The reactions were carried out by
incubation of the reaction mixtures at 37° C in a shaking water bath. After pre-warming for
5 min, reactions were initiated by adding a NADPH-regenerating system (1 mM NADP+, 10
mM glucose-6-phosphate, and 1 unit/ml glucose-6-phosphate dehydrogenase). In the
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negative controls, only the NADPH regenerating system or 1% (v/v) methanol, but without
human liver microsome, was added. Reactions were stopped at 60 min by adding 0.2 ml of
ice-cold acetonitrile. The metabolite formation, namely testosterone 6β-hydroxylation by
CYP3A, tolbutamide 4-methylhydroxylation by CYP2C9, omeprazole 5-hydroxylation by
CYP2C19, or amodiaquine desethylation by CYP2C8, was determined by HPLC/MS as
described below. GLB depletion was then plotted against the formation of CYP-specific
metabolites. Correlation coefficients (r2) between GLB depletion and the formation of
metabolites (as a measure of probe activities of individual CYP enzymes) were determined
by a linear regression using the GraphPad software (GraphPad Software, Inc., San Diego,
CA). Multiple correlation analysis was performed using the STATA software (StataCorp
LP, College Station, TX).

Determination of kinetic parameters of recombinant human CYP isoforms for GLB
depletion

To further compare the contribution of individual human CYP isoforms to GLB metabolism,
we also determined kinetic parameters of individually expressed human CYP isoforms for
GLB depletion. Briefly, the reaction mixtures (a final volume of 0.2 ml) contained 100 mM
sodium phosphate buffer (pH 7.4), supersomes containing individually expressed human
recombinant CYP isoform (CYP3A4 at 5 pmol/ml, CYP3A5 at 30 pmol/ml, CYP2C8 at 40
pmol/ml, CYP2C19 at 30 pmol/ml, CYP2C9*1/*1 at 40 pmol/ml, CYP2C9*2/*2 at 40
pmol/ml, or CYP2C9*3/*3 at 40 pmol/ml), 5 mM MgCl2, and GLB at various
concentrations (0.05 – 15 μM). GLB was dissolved in methanol and the final concentration
of methanol was 1% (v/v). Reactions were performed by incubation at 37° C in a shaking
water bath. After pre-warming for 5 min, reactions were initiated by adding a NADPH-
regenerating system (1 mM NADP+, 10 mM glucose-6-phosphate, and 1 unit/ml glucose-6-
phosphate dehydrogenase). In the negative controls, only the NADPH regenerating system
or 1% methanol, but without supersomes, was added. Reactions were stopped at 0, 10, 20,
30, or 60 min by the addition of 2 ml of the solvent (n-hexane:methylene chloride at a 1:1
ratio, v/v). Each sample was then acidified by adding 20 μl of 2 M HCl and 20 μl of a 2 μM
glipibzide stock in acetonitrile (internal standard). The samples were briefly vortexed at
room temperature. The upper organic phase was transferred to a disposable clean glass tube
for each sample and dried under N2. The dried residue for each sample was reconstituted in
100 μl of the solvent (methanol: H2O at a 30:70 ratio with 0.5 mM ammonium formate).
After gentle vortexing, 15 μl of each reconstituted sample was injected for HPLC/MS
analysis.

HPLC/MS analysis
GLB concentrations and formation of GLB metabolites were determined using a validated
HPLC/MS assay as previously described (30, 31). Briefly, HPLC/MS was performed on a
Waters 2690 HPLC equipped with an auto-sampler and interfaced with a Micromass
Platform LCZ 4000 single Quadrupole Mass Spectrometer (Waters, Milford, MA).
Separation of GLB, its metabolites, and GLP was achieved using an Agilent Zorbax XDB-
C8 analytical column (2.1 × 50 mm, 5 μm) equipped with a Phenomenex Security Guard
C18 guard column (2.0 × 4 mm) with gradient elution. The mobile phase was composed of
methanol and water at pH 6, both containing 0.5 mM ammonium formate. The flow rate was
set at 0.25 ml/min. At time 0, the mobile phase was 30% (v/v) methanol and 70% (v/v)
water. The concentration of methanol was increased linearly to 45% (v/v) over 1 min, held
for 3 min, then increased linearly to 75% (v/v) over 1.5 min, held for 1 min, then further
increased linearly to 90% (v/v) over 10 s, held for 3 min, and finally returned to the initial
composition of 30% (v/v) methanol and 70% (v/v) water. The column was pre-equilibrated
for 5.2 min, and the total run time was 15 min. The following parameters were set for
optimum detection sensitivity: cone voltage 15 V, capillary voltage 3,500 V, desolvation
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temperature 350° C, and desolvation gas flow rate 10.6 L/min. Mass spectrometric data were
collected between 2 and 15 min. At all other times, column elute was diverted to waste.
Selected reaction monitoring was used to simultaneously monitor for analyte and internal
standard. The following selected channels were used for the detection of analytes: 493.9 m/z
for GLB, 532.0 m/z for GLP, and 446 m/z for internal standard.

The concentrations of metabolites formed from selective CYP probes (6β-hydroxy-
testosterone, 4-methylhydroxy-tolbutamide, 5-hydroxyl-omeprazole, and desethyl-
amodiaquine) were determined using a validated HPLC/MS assay as previously described
(29) with minor modifications. Briefly, HPLC/MS was performed on a Waters 2690 HPLC
equipped with an auto-sampler and interfaced with a Micromass Platform LCZ 4000 single
Quadrupole Mass Spectrometer (Waters, Milford, MA). Separation of cocktail A (6β-
hydroxy-testosterone, 4-methylhydroxy-tolbutamide, and midazolam as an internal standard)
or cocktail B (5-hydroxy-omeprazole, desethyl-amodiaquine, and midazolam as an internal
standard), was achieved using an Agilent Zorbax XDB-C8 analytical column (2.1 × 50 mm,
5 μm) equipped with a Phenomenex Security Guard C18 guard column (2.0 × 4 mm) with
gradient elution. The mobile phase was composed of methanol and water containing 0.1%
formic acid. The flow rate was set at 0.25 ml/min. At time 0, the mobile phase was 10% (v/
v) methanol and 90% (v/v) water. The concentration of methanol was increased linearly to
30% (v/v) over 4 min, held for 2 min, then increased linearly to 75% (v/v) over 3 min, held
for 4 min, and finally returned to the initial composition of 10% (v/v) methanol and 90% (v/
v) water in 10 s. The column was pre-equilibrated for 4 min before each injection. The
following parameters were set for optimum detection sensitivity: fragmentation voltage 25
V, capillary voltage 3,500 V, desolvation temperature 350°C, and desolvation gas flow rate
9.9 L/min. Mass spectrometric data were collected between 1 and 13 min. At all other times,
column elute was diverted to waste. Selected reaction monitoring was used to
simultaneously monitor analytes and internal standard. The following selected channels
were used for the detection of analytes: cocktail A: 287.0 m/z for 4-methylhydroxy-
tolbutamide, 305.0 m/z for 6β-hydroxy-testosterone, and 326.0 m/z for internal standard;
cocktail B: 328.0 m/z for desethyl-amodiaquine, 362.0 m/z for 5-hydroxyl-omeprazole, and
326.0 m/z for internal standard.

Estimation of kinetic parameters for GLB depletion by recombinant CYP enzymes
In the GLB depletion experiments with recombinant human CYP isoforms, the ratios of
GLB to GLP (internal standard) peak height were determined and normalized to the values
obtained at time 0. Such ratios represent the amounts of GLB that remained undepleted. The
profile of the log percentage of GLB remaining over time at each GLB concentration was
used to determine the substrate depletion rate constant (kdep) according to the first-order
decay function. We found that for all the recombinant human CYP isoforms examined, the
log percentage of GLB remaining was linear over time up to 30 min. The Km values for
GLB depletion were estimated by plotting the kdep values versus the GLB concentrations
based on the following equation:

where [S] is the GLB concentration, kdep([S] ≈ 0) is the theoretical maximum depletion rate
constant as substrate concentration approaches zero, and Km is the Michaelis-Menten
constant (32). Finally, Clint was calculated based on the equation below:
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where CYPconc is the concentration of the CYP enzyme added in the final volume of the
reaction mixture. Vmax was calculated by multiplying Clint by the respective Km value.

Measurement of unbound fractions of GLB in supersome incubations
To evaluate the effect of protein binding of GLB on kinetic parameters, protein binding of
GLB in supersome incubations was determined by ultracentrifugation as previously
described with modifications (33). Experiments were performed using a Thermo Fisher
Scientific SORVALL Discovery M150SE ultracentrifuge with a S100-AT3 rotor. Unbound
fractions of GLB in supersome incubations were determined in triplicates. The GLB
concentration range tested was 0.1 – 15 μM. Except for the NADPH-regenerating system, all
other components in supersome incubations as described above were mixed. Two hundred
μl of the mixtures were transferred to centrifuge tubes. After 5 min pre-incubation at 37° C,
the mixtures were centrifuged at 400,000 × g for 140 min at 37° C. Twenty μl was then
collected from each ultracentrifugation supernatant. To each collected ultracentrifugation
supernatant, 2 ml of a mixed solvent (n-hexane/methylene chloride at a 1:1 ratio, v/v), 32 ng
of GLP (internal standard in acetonitrile), and 20 μl of acetonitrile were added and mixed.
The upper organic phase was transferred to a disposable clean glass tube and dried under N2.
The dried residue from each sample was reconstituted in 100 μl of the solvent (methanol/
H2O at a 30:70 ratio with 0.5 mM ammonium formate). After gentle vortexing, 15 μl of each
reconstituted sample was injected for HPLC/MS analysis as described. The unbound
fractions of GLB were calculated as the ratios of the free concentrations in
ultracentrifugation supernatants to the total concentrations of GLB added which were also
determined by HPLC/MS.

Statistical analysis
All data are presented as means ± S.D. from at least three determinations. Differences
between two groups of data were compared using the two-sample Student’s t-test.
Differences with p values < 0.05 were considered statistically significant.

Results
Chemical inhibition of GLB metabolism by human liver microsomes

Inhibition of GLB metabolism in human liver microsomes at three different GLB
concentrations (1.25 nM, 0.125 μM, and 1.25 μM) was carried out in the presence and
absence of selective inhibitors of respective human CYP isoforms. Figure 1 shows the
effects of various human CYP inhibitors on GLB depletion. The amount of GLB in samples
in the absence of the NADPH regenerating system was set as 100%. When no inhibitor was
added, approximately 40 – 50% of GLB remained undepleted. The addition of 1 μM
ketoconazole, a relatively selective inhibitor for CYP3A, significantly increased the amount
of remaining GLB to 75 – 85%, indicating that inhibition of CYP3A-mediated GLB
depletion occurred. The addition of 27 μM omperazole, a selective inhibitor of CYP2C19,
and 4 μM montelukast, a selective inhibitor of CYP2C8, also significantly increased the
amount of remaining GLB to approximately 60 – 70% and 50 – 60%, respectively. The
addition of 5 μM 8-methoxypsoralen, a selective inhibitor of CYP2A6, slightly but
significantly increased the amount of remaining GLB only when GLB at 1.25 μM was
incubated. The addition of other inhibitors had no significant effects on GLB depletion.
Overall, these data suggest that CYP3A4 contributed approximately 50% to the total GLB
depletion, wherease CYP2C19 and CYP2C8 together contributed 50%. Hence, CYP3A,
CYP2C19, and CYP2C8 all appear to contribute to in vitro GLB metabolism in human liver
microsomes, with CYP3A being the most effective enzyme.
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In the same experiments, the effects of these CYP inhibitors on the formation of GLB
metabolites were also evaluated (Figure 2). The relative formation of the metabolites in
reaction mixtures with no inhibitor added was set as 100%. The addition of ketoconazole
significantly decreased the formation of the M1, M4, and M5 metabolites to approximately
60%, 5%, and 4% of the controls, respectively, with a particularly strong inhibition of the
formation of M4 and M5. The addition of montelukast also significantly inhibited the
formation of M1 and M4 to approximately 50% and 65% of the controls, respectively. The
addition of omeprazole and 8-methoxypsoralen showed approximately 15 – 25% of
significant inhibition for the formation of M1. Sulfaphenazole, quinidine, and thioTEPA had
no significant effects on the formation of any of the four metabolites. Overall, these results
are consistent with the data of chemical inhibition shown in Figure 1.

Correlation between GLB depletion and individual CYP activities assessed using probe
substrates

Results of the chemical inhibition study suggest that CYP3A appears to be a major player in
the in vitro metabolism of GLB. If this is correct, we would expect to see a positive
correlation between GLB depletion and the specific activity of CYP3A assessed using its
probe substrate. Therefore, we performed the correlation study using human liver
microsomes isolated from 16 Caucasian subjects. Single time-point determinations of
testosterone-6β-hydroxylation, omeprazole-5-hydroxylation, amodiaquine-desethylation,
and tolbutamide-4-hydroxlation were used as the marker activities of CYP3A, CYP2C19,
CYP2C8, and CYP2C9, respectively, and we assumed that these activities were all within a
linear range. As shown in Figure 3, there was a significant correlation between GLB
depletion and testosterone 6β-hydroxylation for CYP3A (r2 = 0.65, p < 0.0001). GLB
depletion also significantly correlated with omeprazole-5-hydroxylation for CYP2C19, but
with a lower correlation coefficient (r2 = 0.46, p < 0.005). GLB depletion did not correlate
with tolbutamide 4-methylhydroxylation nor amodiaquine-desethylation. Furthermore,
multiple correlation regression analysis between GLB depletion and individual CYP isoform
activities indicated that only CYP3A, but not CYP2C19, CYP2C8, and CYP2C9,
significantly contributed to the overall correlation. We noted that there were 5 CYP2C9
variants among the 16 human liver tissue samples used. Although we did not find a
significant difference in the selective CYP2C9 probe activity assessed using tolbutamide 4-
methylhydroxylation between the wild-type and variant CYP2C9 groups, the trend was as
expected with the variant CYP2C9 group (5 CYP2C9 variants combined) showing lower
probe activities than the wild-type group (data not shown). GLB depletion did not correlate
with tolbutamide 4-methylhydroxylation. The liver microsomal preparations from the two
CYP2C9*1/*3 subjects that exhibited particularly poor CYP2C9 probe activities showed
high GLB depletion and were found to have high CYP3A probe activities (data not shown).
Overall, this correlation study again suggests that CYP3A is the major enzyme in in vitro
metabolism of GLB in human liver microsomes.

GLB depletion by recombinant human CYP isoforms
Since there are two adult CYP3A isoforms, CYP3A4 and CYP3A5, which share a very
similar substrate specificity, to further establish which human CYP enzymes play a major
role in GLB metabolism, we performed the GLB depletion study with individually
expressed recombinant human CYP enzymes. In this study, we tested CYP3A4, CYP3A5,
CYP2C8, CYP2C9, and CYP2C19 because only these human CYP isoforms were
implicated in metabolizing GLB in the chemical inhibition study. We also examined the
activities of two common CYP2C9 variants, CYP2C9*2/*2 and CYP2C9*3/*3. As shown in
Figure 4, CYP3A4, CYP3A5, CYP2C19, CYP2C8, CYP2C9*1/*1, CYP2C9*2/*2, and
CYP2C9*3/*3 were all capable of metabolizing GLB. Approximately 90% of GLB was
depleted by CYP3A4 under the experimental conditions used, which was the most extensive
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among all the CYP enzymes tested. Other CYP enzymes significantly depleted
approximately 20 – 40% of GLB. With respect to the extent of GLB depletion, the rank
order was CYP3A4 > CYP2C19 > CYP2C8 and CYP3A5 > CYP2C9*1/*1, CYP2C9*2/*2,
and CYP2C9*3/*3.

Kinetic parameters of recombinant CYP enzymes for GLB depletion
We next determined the kinetic parameters (Km and Vmax) and Clint of individual
recombinant human CYP isoforms for GLB depletion by measuring the depletion rate
constant (kdep) at various GLB concentrations. Such kinetic measurements are illustrated in
Figure 5. The kinetic parameters obtained are shown in Table 1. Except for CYP2C19, the
Km values of other CYP enzymes were comparable and at a low μM range. However, the
Clint value of CYP3A4 was 4 17 times greater than that of other CYP isoforms. The rank
order of the Clint values was CYP3A4 ≫ CYP2C19 and CYP3A5 > CYP2C8 > CYP2C9*1/
*1, CYP2C9*2/*2, and CYP2C9*3/*3. Since CYP3A4 is the most abundant CYP isoform in
the human liver, these kinetic data suggest that CYP3A4 is likely the major metabolic
enzyme for GLB in vivo. Also, it appeared that there was no effect of CYP2C9 genotype on
GLB depletion in vitro.

Discussion
In the present study, we systematically investigated the contributions of various human CYP
isoforms to in vitro metabolism of GLB. There is a single nucleotide polymorphism linkage
between CYP2C8*3 and CYP2C9*2, in which 96% of the Swedish subjects carrying
CYP2C8*3 also possessed the CYP2C9*2 allele and 85% of the subjects with CYP2C9*2
also carried the CYP2C8*3 allele (34). We therefore included CYP2C8 in this study. Three
GLB concentrations were used in the chemical inhibition study for two reasons. First, 1.25
nM and 0.125 μM are within the range of the free and total therapeutic plasma
concentrations of GLB, respectively (35), and a peak plasma concentration of approximately
1.25 μM could be achieved after a single oral does of 20 mg GLB (36). Thus, the results
obtained would have direct clinical implications. Second, the use of different GLB
concentrations may provide us with information regarding whether the relative contributions
of CYP isoforms to GLB metabolism are dependent on substrate concentration. The
chemical inhibition study revealed that CYP3A, CYP2C19, and CYP2C8 were able to
catalyze GLB metabolism with the rank order in catalytic activity of CYP3A > CYP2C19 >
CYP2C8 (Figures 1 and 2). The activities of these enzymes were independent of GLB
concentrations used, suggesting that these enzymes were not saturated at 1.25 μM, which is
consistent with the Km values determined using recombinant human CYP isoforms (Table
1). We noted that the contribution of CYP3A to total GLB metabolism in human liver
microsomes was approximately 50% as estimated from the chemical inhibition study. Next,
multiple correlation regression anaysis revealed that CYP3A was the only CYP enzyme that
showed significant correlation between GLB depletion and its marker activity in 16
individual human liver microsomal preparations. Hence, both the chemical inhibition and
correlation studies support the notion that CYP3A plays a major role in the in vitro
metabolism of GLB, although other CYP isoforms particularly CYP2C19 and CYP2C8 also
contribute to GLB metabolism. Similar conclusions were obtained in the previous study
using commercially available human liver microsomes (17). The contribution of CYP2C19
to GLB metabolism in vivo is expected to be low as this enzyme accounts for only a small
fraction (~ 4%) of the total CYP content in human liver. A recent studyshowed by chemical
and antibody inhibition analysis that, although CYP2C8 and CYP2C9 also substantially
contributed to GLB metabolism in human liver microsomes, CYP3A contributed more than
50% (18). Hence, like what we have shown in this study, their data also indicate that
CYP3A plays a greater role (>50%) in GLB metabolism than any other CYP isoforms. A
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major difference between this study and the work by Zharikova et al (18) is that we could
not show the contribution of CYP2C9 to GLB metabolism to any significant extent by
chemical inhibition of GLB metabolism in human liver microsomes. Nevertheless, our data
are comparable to those reported by Naritomi et al (17). The reason for the above difference
is not clear. We noted that the GLB concentrations used in chemical inhibition by Zharikova
et al (18) were approximately the reported apparent Km values for GLB metabolism (5 – 11
μM) (5), which were much higher than the GLB concentrations used in this study. The
concentration of the CYP2C9 inhibitor SUL used by Zharikova et al. was also much greater
than that of this study (40 μM versus 2.2 μM). These differences in experimental conditions
might affect the results. It also might be possible that the human liver tissues used by
Zharikova et al. express higher levels of CYP2C9 than the human liver tissues used in this
study and hence exhibited higher CYP2C9 metabolic activities for GLB. In addition to
chemical inhibition, Zharikova et al (18) also used antibodies against individual CYP
isoforms and showed that the antibodies against CYP2C9 inhibited the formation of GLB
metabolites, supporting the contribution of CYP2C9 to the in vitro metabolism of GLB in
human liver microsomes.

To further differentiate the contribution of CYP3A isoforms (CYP3A4 and CYP3A5) to
GLB metabolism which has not been established in previous studies (17, 18), we performed
GLB depletion with supersomes expressing individual human CYP isoforms. Since
CYP2C9 polymorphism was shown to markedly affect the pharmacokinetics of GLB in
humans (14–16), we included CYP2C9*1/*1, CYP2C9*2/*2, and CYP2C9*3/*3 to confirm
their roles in GLB metabolism in vitro. We noted that the CYP enzymes tested were all able
to catalyze GLB depletion; however, GLB depletion by CYP3A4 was the greatest (Figure
4). Except for CYP2C19, the Km values of other CYP enzymes were all within a low μM
range (3 – 7 μM) (Table 1). The intrinsic Clint of CYP3A4 was much greater than that of any
other CYP enzyme including CYP3A5. Thus, for the first time, we have shown that it is
CYP3A4, but not CYP3A5, that plays a major role in in vitro metabolism of GLB, a
conclusion that cannot be obtained in studies using human liver microsomes. The Km values
obtained in this study are generally in agreement with those reported previously for
CYP3A4, CYP2C8, and CYP2C19 except that others have reported an approximately 5-time
lower Km value for CYP2C9*1/*1 (18). This difference could be caused by the different
methods used in kinetic measurements (GLB depletion of this study versus metabolite
formation of the study by Zharikova et al. (18)). Zharikova et al estimated the relative
contributions of individual CYP enzymes to GLB metabolism using the kinetic parameters
they obtained and the contribution of CYP2C9 was approximately 30% (18). If the kinetic
parameters obtained in this study were used for the estimation, the contribution of CYP2C9
would be much less. Thus, our results of the kinetic measurements support the notion that
GLB could be metabolized by CYP2C9, but to a much lesser extent than by CYP3A4. The
Km or Clint values obtained in this study were not corrected for GLB protein binding. This
was because we found that the unbound fractions of GLB were not significantly different in
supersome incubations of different CYP isoforms and were independent of GLB
concentrations in the range of 0.1 – 15 μM (data not shown). Hence, the comparison of the
Km or Clint values between different CYP enzymes would not be affected no matter whether
unbound or total concentrations of GLB were used for the calculations.

Taken together, we have further confirmed previous observations that human CYP3A4 is the
major enzyme responsible for GLB metabolism in vitro (17, 18). Since CYP3A4 is the most
abundant CYP isoform in human liver which accounts for approximately 50% of the total
CYP content, it is reasonable to assume that CYP3A4 is likely the major metabolizer of
GLB in vivo. In supersome incubations, we found that the metabolite M5 was predominantly
formed by CYP3A4 and CYP3A5 (data not shown). If CYP3A4 is the major contributor to
the metabolism of GLB in vivo, M5 should also be the major metabolite formed in vivo.
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Indeed, in the human liver microsome incubations, we noted that M5 was the major
metabolite formed because the peak areas of M1, M2b, M3 and M4 were approximately 56,
43, 16, and 8% of that of M5, respectively (data not shown). Whether M5 is
pharmacologically active is currently not known. It should be noted that the expression
levels of CYP enzymes in human liver vary substantially, depending on the race, gender, or
age. Moreover, many CYP enzymes are inducible by dietary constituents, drug intake, or
other factors. Therefore, the contributions of CYP isoforms to GLB metabolism in vivo are
expected to be highly variable. However, such an inter-individual variation does not
override the general conclusion that CYP3A4 is a major player in GLB metabolism. Several
clinical studies have shown that CYP2C9 polymorphism markedly affects the
pharmacokinetics of GLB in vivo in humans (14–16). However, the data of the present study
and those reported by others (17, 18) all support the notion that CYP3A, but not CYP2C9,
plays a predominant role in GLB metabolism. Moreover, the activities of three CYP2C9
variants in GLB depletion are indistinguishable (Figure 4 and Table 1). At the present, we
have no explanation for this discrepancy between in vitro and in vivo studies. Based on the
Km values determined, none of the CYP isoforms is likely saturated at therapeutically
relevant GLB concentrations in vivo. Hence, the effect of CYP2C9 polymorphism on the
pharmacokinetics of GLB is unlikely attributable to a possible difference in GLB
concentration. In contrast to previous clinical studies, we recently showed that the apparent
oral clearance of GLB in pregnant women with gestational diabetes was independent of
CYP2C9 genotype (4). Since CYP2C8 can also metabolize GLB in vitro (Figure 1 and
Table 1) and CYP2C8 has been shown to have a single nucleotide polymorphism linkage
with CYP2C9, this may partially explain the previous clinical observations with respect to
the role of CYP2C9 in in vivo metabolism of GLB. More studies are needed to resolve this
issue in future work. It would be important to know if there is a correlation between the
clearance of GLB and in vivo marker activities of CYP3A4 in human subjects. Contributions
of drug transporters such as P-glycoprotein, the breast cancer resistance protein (BCRP/
ABCG2), and the organic anion transporter polypeptide 2B1(OATP2B1) and their linkage
with CYP2C9 variants should also be considered in future work.

In conclusion, in the present study, we have shown that CYP3A4 is a major contributor to in
vitro metabolism of GLB. This finding is consistent with the observation that the oral
clearance of GLB in pregnant women with gestational diabetes is significantly increased
compared with non-pregnant controls (4). This is because we have shown that CYP3A
activity is induced by pregnancy in vivo (37). The contribution of CYP3A to GLB
metabolism could be more pronounced in pregnancy than in non-pregnant women owing to
pregnancy-induced activity of CYP3A. Therefore, we hypothesize that the increased oral
clearance of GLB in pregnancy is caused by the induction of CYP3A4, but not CYP2C9.
Consistent with this hypothesis, we have shown that the CYP2C9 polymorphism does not
affect the pharmacokinetics of GLB in pregnant women (4). CYP2C19 also seems unlikely
to be involved because CYP2C19 activity appears to be decreased during pregnancy (38,
39). Identification of CYP3A4 as the major metabolizer of GLB may lead to valuable
prediction of potential interactions with GLB and other drugs that are CYP3A4 inhibitors or
inducers, and will help design more efficacious and safer pharmacotherapy for both pregnant
and non-pregnant patients with diabetes mellitus receiving GLB treatment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CYP cytochrome P450

GLB glyburide

GLP glipizide

AUC area under the concentration-time curve

MOP 8-methoxypsoralen

TTEPA triethylenethiophosphoramide

OMP omeprazole

SUL sulfaphenazole

QUI quinidine

KTZ ketoconazole

MTL montelukast

HPLC/MS High performance liquid chromatography mass spectrometry

M1 4-trans-hydroxycyclohexyl glyburide

M2a 4-cis-hydroxycyclohexyl glyburide (axial)

M2b 3-cis-hydroxycyclohexyl glyburide (axial)

M3 3-trans-hydroxycyclohexyl glyburide

M4 2-trans-hydroxycyclohexyl glyburide

M5 an ethyl hydroxycyclohexyl glyburide
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Figure 1. Effects of human CYP isoform inhibitors on glyburide depletion in human liver
microsomes
GLB depletion was measured in the absence or presence of selective inhibitors of human
CYP isoforms as described. SUL, KTZ, QUI, TTEPA, MOP, OMP, and MTL are relatively
selective inhibitors for CYP2C9, CYP3A, CYP2D6, CYP2B6, CYP2A6, CYP2C19, and
CYP2C8, respectively. The concentrations of SUL, KTZ, QUI, TTEPA, MOP, OMP, and
MTL used were 2.2 μM, 1.0 μM, 0.45 μM, 20 μM, 5.0 μM, 27 μM, and 4.0 μM,
respectively. Data shown are means ± S.D. of three independent experiments using three
individual human liver microsomal preparations. The amounts of GLB remained undepleted
in the negative controls with no NADPH regenerating system added were set as 100%.
*Indicates the statistically significant differences with p values < 0.05 as compared with the
100% controls by the Student’s t-test.
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Figure 2. Effects of human CYP isoform inhibitors on the formation of glyburide metabolites in
human liver microsomes
Four metabolites of GLB were detected in the absence or presence of the CYP inhibitors as
described. SUL, KTZ, QUI, TTEPA, MOP, OMP, and MTL are relatively selective
inhibitors for CYP2C9, CYP3A, CYP2D6, CYP2B6, CYP2A6, CYP2C19, and CYP2C8,
respectively. The concentrations of these inhibitors used were the same as described in
Figure 1. The GLB concentration used in the experiments was 1.25 μM. The amount of
metabolites formed in the reaction mixtures without any inhibitor added was set as 100%.
Shown are means ± S.D. of three independent experiments with three individual human liver
microsomal preparations. *Indicates the statistically significant differences with p values <
0.05 as compared with the 100% controls by the Student’s t-test.
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Figure 3. Correlation between glyburide depletion and the activity of CYP3A, CYP2C19,
CYP2C9, and CYP2C8 assessed by selective probe substrates
GLB depletion and the CYP activities were determined by incubation for 60 min as
described. Testosterone 6β-hydroxylation, omeprazole 5-hydroxylation, tolbutamide 4-
methylhydrolation, or amodiaquine desethylation was analyzed as the marker activity of
CYP3A, CYP2C19, CYP2C9, or CYP2C8, respectively. Shown are means of duplicated
experiments with 16 individual human liver microsomal preparations. The correlation
coefficients (r2) and p values of statistical analysis are indicated for each CYP isoform.
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Figure 4. Glyburide depletion by individually expressed recombinant human CYP isoforms
The amounts of CYP enzymes as shown in “Materials and Methods” were used to get
sufficient depletion of GLB. The amounts of GLB remained undepleted in the negative
controls (open bars) with no NADPH regenerating system added were set as 100%. Shown
are means ± S.D. of three independent experiments. *Indicates the statistically significant
differences with p values < 0.05 as compared with the 100% controls by the Students’ t-test.
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Figure 5. Determination of Km and kdep([s] ≈ 0) values of CYP enzymes for glyburide depletion
Shown are determinations of Km and kdep([s] ≈ 0) for human CYP enzyme-mediated GLB
depletion. GLB at six different concentrations (0.5, 1, 2.5, 5, 10, and 15 μM) was incubated
with supersomes expressing individual human CYP isoforms (CYP3A4, CYP3A5,
CYP2C8, CYP2C19, CYP2C9*1/*1, CYP2C9*2/*2, and CYP2C9*3/*3). Shown are means
of triplicated experiments. Experimental details were described in “Materials and Methods”.
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Table 1

Kinetic parameters of individually expressed recombinant human CYP isoforms for glyburide depletion.

CYP isoform Km (μM) Vmax (nmol/min/nmol CYP) Clint (ml/min/nmol CYP)

CYP3A4 5.2 ± 1.8 14.4 ± 5.1 2.78 ± 0.26

CYP3A5 4.2 ± 1.5 1.9 ± 0.73 0.46 ± 0.05

CYP2C19 15.1 ± 2.3 9.6 ± 1.5 0.63 ± 0.02

CYP2C8 7.7 ± 2.3 2.5 ± 0.8 0.32 ± 0.03

CYP2C9*1/*1 4.7 ± 2.2 1.0 ± 0.5 0.20 ± 0.03

CYP2C9*2/*2 3.2 ± 1.6 0.5 ± 0.3 0.16 ± 0.02

CYP2C9*3/*3 6.0 ± 1.9 1.0 ± 0.3 0.17 ± 0.02

Km, Vmax, and Clint were determined using recombinant supersomes expressing individual human CYP isoforms as described in “Materials and
Methods”. Such kinetic measurements are presented in Figure 5.
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