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Abstract
One of the factors affecting the pharmacokinetics (PK) of a drug during pregnancy is the activity
of hepatic and placental metabolizing enzymes. Recently, we reported on the biotransformation of
glyburide by human hepatic and placental microsomes to six metabolites that are structurally
identical between the two tissues. Two of the metabolites, 4-trans- (M1) and 3-cis-
hydroxycyclohexyl glyburide (M2b), were previously identified in plasma and urine of patients
treated with glyburide and are pharmacologically active. The aim of this investigation was to
identify the major human hepatic and placental CYP450 isozymes responsible for the formation of
each metabolite of glyburide. This was achieved by the use of chemical inhibitors selective for
individual CYP isozymes and antibodies raised against them. The identification was confirmed by
the kinetic constants for the biotransformation of glyburide by cDNA-expressed enzymes. The
data revealed that the major hepatic isozymes responsible for the formation of each metabolite are
as follows: CYP3A4 (ethylene-hydroxylated glyburide (M5), 3-trans-(M3) and 2-trans-(M4)
cyclohexyl glyburide); CYP2C9 (M1, M2a( 4-cis-) and M2b); CYP2C8 (M1 and M2b); and
CYP2C19 (M2a). Human placental microsomal CYP19/aromatase was the major isozyme
responsible for the biotransformation of glyburide to predominantly M5. The formation of
significant amounts of M5 by CYP19 in the placenta could render this metabolite more accessible
to the fetal circulation. The multiplicity of enzymes biotransforming glyburide and the metabolites
formed underscores the potential for its drug interactions in vivo.

1. INTRODUCTION
Glyburide (glibenclamide) is a second generation sulfonylurea drug used for treatment of
type 2 diabetes. Clinical trials and retrospective chart reviews demonstrated the efficacy of
glyburide in treatment of pregnant patients inflicted with gestational diabetes as well as the
absence of adverse effects on maternal and neonatal outcome [1,2]. On the other hand, the
maternal physiological changes associated with the onset of pregnancy, fetal organogenesis
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and development, as well as placental disposition of drugs, contributes to changes in the
pharmacokinetics (PK) of administered medications. Therefore, a multi-center clinical trial
conducted by the Obstetrics-Pharmacology Research Units network of NICHD to
investigate the PK of glyburide administered for treatment of gestational diabetics was
initiated four years ago and was recently completed [3]. During this clinical trial, our center
also investigated human placental transfer of glyburide utilizing the ex vivo model system of
dual perfusion of placental lobule [4, 5] as well as the biotransformation of glyburide by
human hepatic and placental microsomes [6,7].

Hepatic enzymes extensively metabolized glyburide to 4-trans- (M1) and 3-cis- (M2b)
hydroxycyclohexyl derivatives that were identified in plasma, urine, and feces of patients
and volunteers following administration of the hypoglycemic agent [8–11]. These two
metabolites were as potent as glyburide in lowering the concentration of glucose [12, 13].

Recent investigations of the biotransformation of glyburide by human placental and hepatic
microsomes revealed the formation of six major metabolites [6, 7, 14]. Five metabolites are
formed by the hydroxylation of the cyclohexyl ring of glyburide and include previously
described 4-trans- (M1) and 3-cis- (M2b) [8,9] and recently identified 4-cis- (M2a),3- trans-
(M3), and 2-trans- (M4) hydroxycyclohexyl glyburide [6,7]. The sixth metabolite of
glyburide (M5) was formed by hydroxylation of the ethylene bridge linking the
benzenesulfonyl-N′-cyclohexyl urea group to the remainder of the molecule [6, 7, 14]. The
metabolites formed by the two organs were structurally identical but their rates of formation
and the ratios of each to the total amount formed were substantially different. For example,
the major metabolites formed by human hepatic microsomes were M1 and M5, whereas in
the placenta M5 was the predominant metabolite [6, 7]. The apparent Km values for the
biotransformation of glyburide by hepatic and placental microsomes as well as the Vmax
values for each metabolite formed suggested that several hepatic and placental microsomal
cytochrome P450 (CYP) isozyme were responsible for the reaction [7].

Current reports on the role of hepatic CYP isozymes in the biotransformation of glyburide
are not consistent. The metabolism of glyburide in vivo was affected by polymorphism in the
CYP2C9 gene [15–17]. However, the in vitro activity of CYP2C9, either recombinant or in
human hepatic microsomes, was meager [18] or not detectable [19]. Moreover, CYP3A4
was the predominant metabolizing enzyme in vitro [18–20]. The in vitro activity of
recombinant CYP2C19 was demonstrated [18, 19] but polymorphism(s) in its gene did not
affect the PK of glyburide [17]. The discrepancy between the in vivo and in vitro results
suggests that multiple CYP isozymes could be involved in hepatic biotransformation of
glyburide. However, the role of each isozyme in the metabolism of the drug and the
formation of each individual metabolite remains unclear. Moreover, to the best of our
knowledge, there are no reports, other than from our laboratory, on the biotransformation of
glyburide by human placenta.

Therefore, the aim of this investigation is to identify the CYP isozyme(s) responsible for the
formation of each metabolite formed by human hepatic and placental microsomes.

2. MATERIAL AND METHODS
2.1. Chemicals and other supplies

Acetonitrile, dichloromethane, hexane, acetic and trichloroacetic acid were purchased from
Fisher Scientific (Fair Lawn, NJ). Glyburide (glibenclamide), or N-4-[β-(5-chloro-2-
methoxybenzamido-ethyl) benzenesulfonyl]-N′-cyclohexyl urea), chemicals, and reagents
were purchased from Sigma Chemical Co. (St. Louis, MO) unless otherwise mentioned.
Metabolites of glyburide—4-trans-, 3-trans-, 2-trans-, 3-cis-, and 4-cis-hydroxycyclohexyl
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glyburide—were synthesized as previously reported [21]. Polyclonal (CYP1A1) and
monoclonal antibodies raised against CYP 1A2, 2A6, 2B6, 2C8, 2C9, and 2E1 were
purchased from XenoTech, LLC (Lenexa, KS). Polyclonal antibodies against CYP 3A4,
2C19, and 2D6 were purchased from MorphoSys UK Ltd, (Oxford, UK). Rabbit antiserum
to human placental aromatase was purchased from Hauptman-Woodward Institute (Buffalo,
NY); human cDNA-expressed CYP450 (Supersomes): 1A1, 1A2, 2A6, 2B6, 2C8, 2C9*1
(Arg144), 2C19, 2D6*1 (Val374), 2E1, 3A4, and 19 from Gentest BD Biosciences
(Woburn, MA).

2.2. Human placental and hepatic microsomes
Human term placentas were obtained from healthy pregnancies immediately after delivery
according to a protocol approved by the Institutional Review Board of the University of
Texas Medical Branch at Galveston. Homogenates of placental trophoblast tissue were used
to prepare crude microsomal fractions by differential centrifugation as previously described
[22]. The microsomes were stored in 0.1 M potassium phosphate buffer (pH 7.4) at −70°C
until used. Protein content of the microsomes was determined by a commercially available
kit (Bio-Rad Laboratories, Hercules, CA) using bovine serum albumin as a standard. A pool
of microsomal preparations from 18 placentas and a pool of 15 human liver microsomes
purchased from CellzDirect (Austin, TX) were used in all experiments.

2.3. Identification of human placental and hepatic CYP isozymes responsible for the
biotransformation of glyburide

The effects of selective chemical inhibitors of CYP isoforms and antibodies raised against
them on the formation of each metaboliteby the pools of placental or hepatic microsomes
were investigated. The total amount of metabolites formed in the control reactions (absence
of inhibitors) was set as 100%. Stock solutions of glyburide, its metabolites, and the HPLC
internal standard (estrone) were prepared as previously described [7].

2.3.1. The effect of the chemical inhibitors on the formation of metabolites—
Known selective inhibitors of CYP 450 isozymes were used at concentrations between 5 and
10 fold their reported Ki or IC50 values [23–28]. These concentrations were sufficiently
higher to ensure an inhibition of ≥ 80% which is critical when multiple CYP isozymes are
involved in the biotransformation of one drug [25]. The following are the inhibitors selective
for each CYP isozyme and their concentrations used: CYP1A, α-naphthoflavone (0.05 μM);
CYP2C, sulfaphenazole (10 and 40 μM); CYP2C19, lansoprazole (10 and 20 μM);
CYP2D6, quinidine (5 μM); CYP2E1, 4-methylpyrazole (25 μM); CYP3A4, ketoconazole
(0.5 uM) and troleandomycin (10, 50, 200 μM); CYP19, 4-hydroxyandrostenedione (10
μM). The total volume of the reaction solution was 1 ml of 0.1 M potassium phosphate
buffer (pH 7.4) containing either 0.125 mg protein of hepatic or 1 mg protein of placental
microsomes. The final concentration of glyburide in the reaction solution was approximately
its reported apparent Km value [7]. Glyburide and each inhibitor were added simultaneously
to the reaction solution and pre-incubated with the microsomes for 5 min at 37°C. The
reaction was initiated by the addition of NADPH-regenerating system (0.4 mM NADP, 4
mM glucose-6-phosphate, 1 U/ml glucose-6-phosphate dehydrogenase, and 2 mM MgCl2),
incubated for 30 min, then terminated by adding 15μl of 10% (w/v) trichloroacetic acid and
placing on ice. Estrone, 100 ng/ml, was added as an internal standard. The reaction
components were centrifuged at 9500 × g for 12 min and 15 μL of acetic acid was then
added to the supernatant. The metabolites formed were extracted from the supernatant in 3
ml of dichloromethane-hexane (1:1 v/v). The organic layer was evaporated to dryness, and
the residue was reconstituted in 150 μl of the HPLC mobile phase. An aliquot of 100 μl was
injected into the column. The amounts of each metabolite formed were calculated (see
Section 2.4) and the data reported as the mean of tree experiments.
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2.3.2. The Effect of antibodies against CYP isozymes on the formation of
metabolites—Monoclonal antibodies raised against human liver CYP isoforms 1A2, 2A6,
2B6, 2C8, 2C9, and 2E1; and rabbit antiserum to human placental aromatase (CYP19) were
added in the amount that causes 80%–90% inhibition of their activity as stated by the
manufacturer. Polyclonal antibodies against CYP 1A1, 2C19, 2D6, and 3A4 were used at
three concentrations in the range recommended. Each antibody was pre-incubated with the
microsomes for 15 min at room temperature followed by the addition of glyburide. The
remainder of the procedure was as described for the chemical inhibitors (section 2.3.1),
except for the reaction volume being 250 μl and the incubation time which was 45 min for
hepatic and 60 min for placental microsomes. The relationship between metabolite
formation and incubation time was linear up to 80 min.

2.4. Biotransformation of glyburide by cDNA-expressed CYP isozymes (Supersomes)
The biotransformation of glyburide by the following commercially available human cDNA-
expressed CYP isozymes (supersomes) was investigated: 1A1, 1A2, 2A6, 2B6, 2C8, 2C9*1
(Arg144), 2C19, 2D6*1 (Val374), 2E1 (+ b5), 3A4, and 19.

2.4.1. Kinetics of glyburide biotransformation by cDNA-expressed CYP
isozymes—The biotransformation of glyburide at concentrations between 0 and 80 μM by
each supersome was determined in a reaction volume of 250μl. The incubation time was 45
min at 37°C and other reaction conditions were identical to those described above (section
2.3.1). The data obtained for the saturation curves for each cDNA expressed enzyme were
used to calculate the kinetic parameters of the reaction (apparent Km and Vmax). The rates of
metabolites formation are expressed as pmole of metabolite / pmole of CYP isozyme.

2.4.2. The effect of antibodies against CYP isozymes on the activity of cDNA-
expressed CYP isozymes—The potency and cross activity of antibodies raised against
individual CYP isozymes was investigated as follows: the effect of CYP3A4 antibodies on
the activity of expressed CYP19; the effect of CYP 1A1 and 2C19 antibodies on the activity
of CYP 1A1, 2C8, 2C9, 2C19, 3A4, and 19. Two concentrations for each antibody were
investigated: the first, which causes 80–90% inhibition of activity, and the second, one half
of it, i.e. 45–50%. Each concentration was added to the reaction catalyzed by the
investigated supersome preparation as mentioned above. All other experimental conditions
were as described in 2.3.2.

The cross reactivity of an antibody was determined by its inhibition of the cDNA-expressed
CYPs and presented as % of its effect on the isozyme it was raised against.

2.4.3. Contribution of hepatic CYP isozymes to the formation of glyburide
metabolites—The relative contribution of hepatic CYP isozymes in the biotransformation
of glyburide was determined according to Rodrigeus et al. [25]by utilizing the kinetics
parameters obtained for cDNA-expressed enzymes. The concentrations of glyburide used in
calculations corresponded to its minimal effective [29] and mean peak serum concentration,
Cmax, following the administration of a therapeutic dose of the drug [9, 10, 12, 13, 18]. For
each CYP isozyme the Vmax for metabolite formation was related to its reported content
(pmol CYP/mg) in native human liver microsomes [25]. The rate (v) for the formation of the
metabolite/s at the given concentration of glyburide [S] was calculated for each CYP using
the equation: , and expressed per mg of liver

protein (pmol/min·mg). The total rate (vtot) was calculated as follows: ; and
the contribution of each CYP was expressed as a percent, i.e. % contribution = v/vtot · 100.
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2.5. Identification and quantitative determination of glyburide metabolites
The metabolites formed in each reaction solution were identified by their retention time and
mass spectra using LC-MS. The HPLC column was a reverse phase C18 (Symmetry @ 3.5
μM, 4.6 × 75 mm, Waters, Milford, MA). The mobile phase was made of acetonitrile: water
(33:67 v/v) at pH 3.5. The volume of the sample injected was 100 μl. The effluent flow rate
was 1.3 ml/min, and the UV absorbance was monitored at wavelength of 203 nm. One third
of the effluent was directed to the mass spectrometer (Waters EMD 1000 single-quadrupole;
Milford, MA).

Quantities of the metabolites formed were determined by selected ion monitoring at m/z 510
[M+H]+ and for the internal standard (IS) at m/z 272. The ratios of the peak areas of the
metabolites to that of the internal standard (M/IS) were used to calculate the amount of each
metabolite, using standard curves obtained with synthesized standards as previously reported
[7].

2.6. Data analysis
All data are represented as mean ± SE. The effect of the antibodies on the formation of
glyburide metabolites was evaluated by analysis of variance (ANOVA) with multiple
comparisons.

The apparent Km and Vmax values for each cDNA-expressed CYP enzyme were calculated
from the saturation curves for glyburide metabolites using the Michaelis-Menten equation
and nonlinear regression analysis (SPSS 13.0 for Windows, SPSS Inc., Chicago, IL).

3. RESULTS
3.1. Biotransformation of glyburide by human hepatic microsomes

The biotransformation of glyburide by a pool of 15 human hepatic microsmes was
determined. The metabolites formed in the reaction solution were separated by HPLC and
identified by their retention times versus those of synthetic standards and confirmed by LC-
MS, ion monitoring and fragmentation patterns, as previously described [6,7].

The major metabolites formed were M1 and M5 (Fig. 1A) which represented 31 and 34% of
the total, respectively. The metabolites M2a and M2b accounted for 11% and 12%,
respectively, while M3 contributed 6% and M4 4% to the total. The amount of metabolite
M, an unidentified cyclohexyl hydroxylated derivative of glyburide [7], was <1%, and
hence, its inhibition was not considered in analysis of the data.

3.1.1. Effect of selective chemical inhibitors of CYP isozymes on the
biotransformation of glyburide by human hepatic microsomes—The most
pronounced decrease in the aggregate amount of metabolites formed was caused by the
inhibitors selective for CYP3A4 (Fig. 2), namely, ketoconazole (0.5 μM, 53%) and
troleandomycin (50 μM, 45%). Both compounds inhibited the formation of the following
metabolites: M2a by approximately 40%; M3 and M4 by ≥ 50%, and M5 — ketoconazole
by 93% and troleandomycin by 71%; the formation of M1 and M2b was decreased by ≤
20%.

The inhibitor of CYP2C, sulfaphenazole (40 μM), caused a 28% decrease in the total
amount of metabolites formed. The formation of each of the three metabolites M1, M2a, and
M2b was decreased by approximately 40%, whereas the formation of M3, M4, and M5 by ≤
20%.
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Lansoprazole (selective for CYP2C19) at its concentration of 10 μM caused only a slight
decrease in M2a formation (≈ 20%).α-Naphthaflavone (0.05 μM), selective for CYP1A, did
not have any significant effect on the amounts of metabolites formed.

3.1.2. Effect of antibodies on the biotransformation of glyburide by human
hepatic microsomes—The identification of CYP isozymes responsible for the formation
of individual metabolites of glyburide was confirmed by the effect of the mono- and
polyclonal antibodies raised against the isozymes.

Antibodies against CYP3A4 inhibited the formation of M5by 95%; M4 by 70%; M3by 64%;
and M2a by 22%. Antibodies against CYP2C9 inhibited the formation of M1 by 41%, M2a
by 54%, and M2b by 39%. Antibodies against CYP2C8 decreased M1 and M2b formation
by 35% 40% and M4 by 33% (Fig. 3).

The inhibition of metabolites formation by antibodies raised against CYP 1A1 and 2C19 (by
≤ 50%) was due to their cross reactivity with other isozymes which was determined as
described in section 2.4.2. Namely, antibodies against CYP1A1 cross reacted with 2C8 (as it
was reported by the manufacturer); antibodies against CYP2C19 cross reacted with 2C8, and
both antibodies cross reacted to a lesser extent with CYP3A4 (Table 1).

Antibodies raised against CYP 1A2, 2A6, 2B6, 2D6, and 2E1 had no effect on the
biotransformation of glyburide.

3.2. Biotransformation of glyburide by human placental CYP microsomes
A pool of 18 term placental microsomal preparations was used for identification of the CYP
isozymes catalyzing the biotransformation of glyburide. The major metabolite formed by the
pool of placental microsomes is M5 which amounted to 92% of the total (Fig. 1B). The
amounts of the other, minor, metabolites were as follows: M1 4%; M2b, M3, and M4 1%
each; and the contribution of M and M2a was negligible.

3.2.1. Effects of selective chemical inhibitors of CYP isozymes on the
biotransformation of glyburide by human placental CYP microsomes—The
effects of the selective inhibitors for CYP 19, 1A, 2C, 2C19, 2D6, 2E1, and 3A4 were
investigated. The effect of each inhibitor on the aggregate amount of metabolites formed by
placental microsomes was in proportion to that on M5 formation (Fig. 4). This data confirms
that M5 is the major metabolite formed by placental microsomes.

The two most potent inhibitors of glyburide metabolism were 4-hydroxyandrostenedione (10
μM) selective for CYP19/aromatase and α-naphthaflavone (0.05 μM) selective for CYP1A
that decreased M5 formation by 87% and 74%, respectively.

The inhibitors selective for CYP2C family, sulfaphenazole (10 μM for CYP2C) and
lansoprazole (10 μM for CYP2C19), as well as troleandomycin (50 and 200 μM) selective
for CYP3A4), quinidine (5 μM) selective for 2D6, and 4-methylpyrazole (25 μM) selective
for 2E1, had no effect on M5 formation. Consequently, their effects on the aggregate amount
of metabolites were negligible (Fig. 4).

3.2.2. Effects of antibodies against individual CYP isozymes on the
biotransformation of glyburide by human placental microsomes—Rabbit
antiserum to human placental aromatase (CYP19) inhibited the formation of M5 by 94%
and, to a lesser extent, M4by 80%; M3 by 70%; M1 by 65%; and M2b by 60%. Antibodies
against CYP 1A1 and 3A4 caused approximately 40% reduction in the amounts of M5 and
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consequently the aggregate metabolites. However, the same antibodies showed cross
reactivity (≈ 40%) with cDNA-expressed CYP19 (Table 1).

The antibodies against CYP 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, and 2D6 caused negligible
inhibition (≤ 20%) or no effect on the biotransformation of glyburide.

3.3. Biotransformation of glyburide by cDNA-expressed CYP isozymes (Supersomes)
Human cDNA-expressed CYP 1A2, 2A6, 2B6 and 2E1 did not biotransform glyburide. The
biotransformation of glyburide by cDNA-expressed CYP 1A1, 2C8, 2C9*1, 2C19, 2D6*1,
3A4, and 19 exhibited typical saturation kinetics (Fig. 5) and apparent Km and Vmax values
sited in Table 2. The affinity of glyburide was the highest to CYP2C9. The highest rate of
metabolite formation (Vmax) was that achieved by CYP2C19 supersomes followed by the
other isozymes in the following descending order: 1A1 > 3A4 > 2C8 > 2D6 > 19 > 2C9. The
highest metabolic activity (Clint) was achieved by CYP 2C19, 3A4, and 2C9, and the lowest
by CYP 2D6 and 19 (Table 2).

The maximum rates (Vmax) for the formation of each metabolite by the supersomes are
shown in Fig. 6. The major metabolites formed by each CYP isoform were as follows: M1
by 2C9 and 2C8; M2a by 2C19, 2D6, and 2C9; M2b by 2C8 and 2C9, and M5 by 3A4 and
19. It is apparent that only CYP3A4 catalyzed the formation of all previously identified
metabolites of glyburide [7]. On the other hand, CYP1A1 formed 2 additional metabolites,
M5a and M5b, but not M5. These two metabolites exhibited mass spectra identical to that of
M5, ethylene-hydroxylated metabolite [6], but had shorter retention times.

3.4. Contribution of hepatic CYP isozymes to the formation of glyburide metabolites
The relative contribution of six hepatic microsomal CYP isozymes (1A1, 2C8, 2C9, 2C19,
2D6, and 3A4) in the biotransformation of glyburide was determined using two
concentrations as described in section 2.4.3. The contribution of CYP 1A1 and 2D6 to the
formation of each metabolite and the total formed was negligible (< 1%). The involvement
of other four CYP isozymes in the formation of the aggregate was as follows: 3A4 > 2C9 >
2C19 ≥ 2C8 (Table 3). Their contribution to the formation of each metabolite was as
follows: M1, 2C9 > 2C8; M2a, 2C9 > 2C19 > 3A4; M2b, 2C9 > 3A4 > 2C8; M3, 3A4 >
2C9; M4, 3A4 > 2C8; and M5, 3A4 only.

4. DISCUSSION
The aim of this investigation was to identify the major human hepatic and placental
microsomal CYP isozymes responsible for the formation of each of the six metabolites of
glyburide.

Investigations of glyburide PK provided partial information on the enzymes involved in its
biotransformation and suggested that it is markedly influenced by polymorphism(s) in the
gene coding for CYP2C9 [15–17]. Investigations of the effects of rifampin [30] and
bosentan [18] administration revealed that they lowered plasma levels of glyburide
suggesting the involvement of CYP2C9 [30] or 3A4 [18], respectively. However, each of
these two drugs has a potential to induce both CYPs [31, 32]. Therefore, the involvement of
CYP3A4 in the in vivo biotransformation of glyburide was not conclusive. On the other
hand, previous reports on the biotransformation of glyburide by human hepatic microsomes
and recombinant enzymes suggested a major role for CYP3A4 [18–20] a meager
involvement of CYP2C9 [19] or its lack of contribution [20].

In this investigation, human hepatic and placental CYP isozyme(s) responsible for the
formation of each metabolite of glyburide were identified. The data revealed that CYP3A4
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is responsible for the formation of three metabolites, namely, M3 (3-trans-), M4 (2-trans-
cyclohexyl glyburide), and M5 (ethylene-hydroxylated glyburide), while its contribution to
the formation of the previously known metabolites M1 (4-trans-) and M2b (3-cis-) [8–11],
as well as M2a (4-cis-), was relatively small. Therefore, human hepatic CYP3A4 introduces
a hydroxyl group into all positions of the cyclohexyl ring [6,7,20] as well as in one of the
two positions [6, 14] in the ethylene bridge of glyburide (M5). The amount of M5 represents
approximately 45% of the aggregate metabolites formed by hepatic microsomes and is
followed by M1 at 40% (Fig. 1A). On the other hand, M5 has not been previously
determined in plasma or urine of patients under treatment with glyburide. Three possible
explanations are offered: M5 is not formed in vivo; it is formed in vivo but rapidly
metabolized; or it is formed but was not detected. Our preliminary data (not shown) indicate
that M5 is excreted in small amounts in urine of pregnant patients treated with glyburide.
However, at this time, there are no data to support the in vivo formation of M5 either in
smaller amounts or in larger amounts that are further metabolized rapidly. Moreover, our
data on the major role of CYP3A4 in the biotransformation of glyburide by hepatic
microsomes are consistent with previous reports [18, 19]. However, data sited here indicate
that the contribution of CYP3A4 to the metabolism of glyburide accounted for
approximately 55% which is lower than previously reported (96.4%) [19]. This discrepancy
is most likely due to the detection limits of the analytical methods used. In our case, the
detection of the metabolites formed was achieved by LC-MS. In the previous report, the
decrease in the concentration of glyburide was determined by an HPLC detector i.e.
spectrophotometrically [19].

The data cited here indicate that CYP 2C9 and 2C8 are the major contributors to the
biotransformation of glyburide and are responsible for the formation of 4-trans- (M1) and 3-
cis- (M2b) cyclohexyl glyburides (Table 3), the two pharmacologically active metabolites
[12,13] that accounted for 43% of the aggregate amount of metabolites formed by hepatic
microsomes.

It should be also emphasized that the affinity of glyburide was highest to CYP2C9 as
determined for the cDNA-expressed CYPs (Table 2) and as reported for hepatic microsmal
CYP enzymes when glyburide was used as an inhibitor of their activities [33]. Similarly, the
biotransformation of glyburide by hepatic microsomes to the metabolites M1, M2a, and
M2b revealed the apparent Km values ranging between 3.2 – 3.8 μM whereas the apparent
Km values for the metabolites M3, M4, and M5 ranged between 7.4 – 8 μM. Accordingly,
the concentrations of glyburide in vivo are lower than those used in vitro and consequently
CYP2C9 will have an advantage over the other isozymes in its biotransformation. The
contribution of CYP2C9 to the in vivo metabolism of glyburide, at its concentration in
blood, was approximately 30% i.e. lower than for CYP3A4 but higher than other CYP2C
isozymes (Table 3). Therefore, the formation of the pharmacologically active metabolites
(M1 and M2b) should also contribute to glycemic control of patient as previously reported
[12–13].

To the best of our knowledge, the involvement of CYP2C8 in the in vivo and in vitro hepatic
biotransformation of glyburide has not been reported. The expression of CYP2C8 at the
mRNA and protein levels, 10%–12% [25, 34, 35], is close to that for CYP2C9 (18%) [34,
25,3–5]. However, the expression of CYP2C8 protein has high variability between
individuals (60 fold) that could reflect on its activity as opposed to the variability in
CYP2C9 expression which is much less (3-fold between individuals) [37].

Hepatic CYP2C19 more commonly serves as a secondary contributor in the metabolism of
drugs [37]. Previous reports indicated that recombinant CYP2C19 biotransformed glyburide
[18, 19] at a rate higher than that for CYP2C9 [18] and are in agreement with our data on the
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cDNA-expressed enzymes (Table 3). However, our data indicate that CYP2C19
biotransforms glyburide to one metabolite, namely, M2a (Fig. 6). The pharmacological
activity of this metabolite has not been yet determined. The enzyme contribution to hepatic
metabolism of the drug accounts to <10% (Table 3). This could be due to the low affinity of
glyburide to CYP2C19 and its low expression (4%) in hepatic tissue [25] as opposed to the
expression of CYP 3A4 (20–30%) or 2C9 (18%) [25, 36]. The above mentioned data could
explain the lack of effect of polymorphism(s) in the gene coding for CYP2C19 on the in
vivo metabolism of glyburide despite its demonstrated high in vitro metabolic activity (CLint
= 0.3).

Term human placental microsomes biotransform glyburide to M5 which contributes to 90 ±
3% of the aggregate amount of metabolites formed [6, 7]. In this investigation, neither the
inhibitors selective for the CYP isozymes: 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, and 2E1,
nor antibodies raised against them, caused a significant decrease in the formation of any of
the metabolites. Therefore, it can be concluded that these CYP isozymes are not involved in
the metabolism of glyburide by term placental microsomes.

The formation of the major placental metabolite M5, and other metabolites, was affected by
chemical inhibitors selective for CYP19 (4-hydroxyandrostedione) and CYP1A (α-
naphtoflavone) (Fig. 4) as well as by antibodies raised against CYP 19. Interestingly, the
biotransformation of glyburide by placental microsomes was also inhibited, but to a lesser
extent, by antibodies against CYP 1A1 and 3A4. However, this inhibition does not indicate
the involvement of these two enzymes for the following reasons: first, the major placental
metabolite (M5) was not among the products of the biotransformation of glyburide by
cDNA expressed CYP1A1 (Fig. 6); second, antibodies against CYP1A1 and CYP3A4 cross
reacted with CYP19 supersomes (Table 1); third, α-naphtoflavone is also an inhibitor of
CYP19 [27]. Moreover, CYP19 supersomes and human placental microsomes
biotransformed glyburide to the same metabolites with a similar ratio of each to the total
amount (Fig. 6 and 1B) and similar Km values (Table 2) [7]. Finally, CYP19/aromatase is a
key enzyme in the biosynthesis of estrogens in the placenta and is the most abundant CYP
isoform in this tissue [38]. Therefore, the high expression and activity of CYP19/aromatase
and in absence of CYP3A4 activity in human placenta [38–40] indicates that CYP19 is the
major enzyme responsible for glyburide biotransformation in the tissue. This conclusion is
in agreement with the role of CYP19 in the biotransformation of other drugs that are
metabolized by hepatic CYP3A4 [22, 41–43].

In conclusion, the data presented indicate that more than one CYP isozyme is involved in
the biotransformation of glyburide. In the liver, glyburide is biotransformed by CYP 3A4,
2C9, 2C8, and 2C19. The major enzymes contributing to the formation of the previously
reported and pharmacologically active [12, 13] metabolites, 4-trans- (M1) and 3-cis-
hydroxycyclohexyl (M2b) glyburides, are CYP 2C9 and 2C8 while CYP2C9 and CYP2C19
are responsible for the formation of 4-cis-hydroxycyclohexyl glyburide (M2a). CYP3A4 is
the major enzyme responsible for the formation of the ethylene-hydroxylated glyburide
(M5), 3-trans- (M3) and 2-trans-hydroxycyclohexyl (M4) metabolites.

In the placenta, glyburide is biotransformed by CYP19 to predominantly M5. The formation
of M5 by the placental enzyme, if true in vivo, suggests that this metabolite could be more
accessible to the fetal circulation. Accordingly, the pharmacological effects of this
metabolite, if any, could have a significant effect on fetal euglycemia.

The multiplicity of glyburide biotransforming enzymes, the number of metabolites formed,
and lack of information on their pharmacological activity underscores the need for further
investigations.
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Figure 1.
Histograms representing the rates of formation of glyburide metabolites by pools of (A)
human hepatic microsomes and (B) human placental microsomes. Each histogram represents
the mean of data obtained from 18 experiments ± standard error of the mean (S.E.M.).
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Figure 2.
Histograms representing the effect of inhibitors selective for specific CYP isozymes on the
metabolism of glyburide by the pool of human hepatic microsomes. Each inhibitor is
followed by the corresponding CYP isoform: ketoconazole, KT, and troleandomycin, TR
(CYP3A4); sulfaphenazole, SF (CYP2C9); lansoprazole, LP (CYP2C19). The amount of
each metabolite formed in a presence of the inhibitor is expressed as a percent of that in the
control (absence of inhibitor). Each histogram represents the mean ± S.E.M. of two
experiments.
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Figure 3.
The effect of antibodies against human CYP 3A4, 2C8, and 2C9 on the formation of each
metabolite and their total by the pool of human hepatic microsomes. The amounts of
metabolites are represented as described in Fig. 2. Each histogram is the mean of the data
from three experiments ± S.E.M. * Not statistically significant (P>0.05).
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Figure 4.
The effect of inhibitors selective for specific CYP isozymes on the metabolism of glyburide
by pooled term human placental microsomes. The inhibitors and their concentrations (in
parentheses) are as follows: 4-hydroxy-androstendione, 4-OHA (10 μM); α-naphthoflavone,
α-NP (0.05 μM); troleandomycin, TR (50 μM); sulfaphenazole, SF (10 μM); lansoprazole,
LP (10 μM); quinidine, QN (5 μM); and 4-methylpyrazole, 4-MP (25 μM). Data presented
are the mean of two experiments ± S.E.M.
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Figure 5.
Biotransformation of glyburide by cDNA-expressed CYP19. The rate of the M5 formation
exhibits monophasic saturation kinetics of a typical experiment.
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Figure 6.
Histograms illustrating the rates (Vmax ) for the formation of the glyburide metabolites by
cDNA-expressed CYP isozymes. Each histogram represents the mean of three experiments.
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Table 2

Kinetics parameters for metabolism of glyburide by DNA-expressed CYP isozymes.

CYP isozymes Clint Vmax/Km Km (μM) Vmax total (pmol /pmol CYP·min)

1A1 0.05 40.2 ± 10 2 ± 0.2

2C8 0.09 10.2 ± 4.7 0.9 ± 0.15

2C9 0.25 0.8 ± 0.3 0.2 ± 0.02

2C19 0.33 15.3 ± 6.4 4.6 ± 0.7

2D6 0.01 44.2 ± 7.6 0.5 ± 0.05

3A4 0.34 5.1 ± 2.5 1.5 ± 0.2

19 0.02 16.5 ± 3.3 0.4 ± 0.03

Data are mean ± standard error of the mean (S.E.M.) of 2 experiments.
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