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ABSTRACT. P-Glycoprotein (P-gp) and cytochrome P450 3A (CYP3A) share common substrates and
expression properties, but the relationship of mdr1 deficiency to CYP3A-mediated metabolism and protein
expression is not established. The in vitro kinetic parameters of CYP3A-mediated metabolism of midazolam
(MDZ), triazolam (TRZ), and dexamethasone (DEX) were studied in liver microsomes from three mdr1a(2/2)
mice, one mdr1a/b(2/2) mouse, and mdr1a/b(1/1) controls. The kinetic profiles of CYP3A-mediated MDZ
4-hydroxylation were not significantly different between mdr1-deficient animals and controls. Overall mean (6
SEM, N 5 8) values were: Vmax, 0.74 6 0.05 nmol/min/mg protein; Km, 28.2 6 2.7 mM; and estimated intrinsic
clearance, 0.026 6 0.003 mL/min/mg protein. Likewise, rates of formation of a-OH- and 4-OH-TRZ (from 500
mM TRZ), and of DEX metabolites sensitive to ketoconazole inhibition, M1 and M5 (from 20 mM DEX), did
not differ between mdr1-deficient and control animals. Immunoquantified microsomal CYP3A protein levels in
mdr1a(2/2), mdr1a/b(2/2), and mdr1a/b(1/1) mice were not different, with overall mean immunoreactive
protein levels of 2.68 6 0.09 pmol/mg protein. Although CYP3A and P-gp share aspects of activity and
expression, disruption of the mdr1 genes does not affect CYP3A-mediated metabolism or protein expression in
the mouse. BIOCHEM PHARMACOL 57;11:1227–1232, 1999. © 1999 Elsevier Science Inc.

KEY WORDS. mdr1 gene; P-glycoprotein; cytochrome P450 3A; midazolam; triazolam; dexamethasone

The ATP-dependent xenobiotic transporter P-gp† medi-
ates the export of cytotoxic drugs from cancer cells. The
mdr1 genes, and the corresponding P-gp transporter (as
opposed to the mdr2 gene for a phospholipid flippase), are
present and up-regulated in multidrug-resistant cancer cells
[1, 2]. P-gp recognizes a wide variety of substrates ranging
from chemotherapeutics to antiarrhythmics, with the only
shared chemical property being the hydrophobic amphi-
pathic nature of these molecules [3]. Most P-gp substrates
have some metabolic relationship with CYP3A, and many
drugs are substrates for both [4, 5]. CYP3A isoforms are the
major phase I metabolizing enzymes found in human liver,
kidney, and small intestine [6]. P-gp substrates that are not

direct CYP3A substrates are often products of CYP3A-
mediated metabolism [5, 6].

P-gp expression is not limited to cancer cells. It is present
in capillary endothelial cells of the brain, testis, adrenal
gland, and placental trophoblasts where it serves a barrier
function, reducing toxin accumulation [4, 7]. P-gp also plays a
role in drug clearance and metabolism, being expressed on the
luminal surface of epithelial cells in the kidney proximal
tubules, the small and large intestine, and the epithelial
surface of biliary hepatocytes [4]. P-gp and CYP3A are co-
localized in the enterocyte villus of the small intestine, and the
concurrent action of intestinal CYP3A and P-gp creates an
absorption barrier that may influence systemic bioavailability
of orally administered medications [6, 8].

Along with substrate specificity, co-localization, and
drug clearance synergy, MDR1 and CYP3A genes are also
located on the same chromosome, with proximal gene loci
in humans [9]. Aberrations of the chromosome could affect
genetic promoters or repressors and, in turn, expression of
P-gp or CYP3A. Both P-gp and CYP3A are expressed and
up-regulated in cancer cells [5], and certain known CYP3A
inducers also induce P-gp. Although the absolute degree of
induction varies, parallel induction by reserpine and rifam-
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picin has been demonstrated in human cancer cell lines
[10]. Studies evaluating the effects of known CYP3A
inducers on P-gp in vivo have yielded conflicting results
[11–13]. In vitro and clinical studies show a significant
overlap in drugs that cause inhibition of CYP3A and P-gp
[6, 14], relating to the similarity in substrate specificity.

Two mdr1 genes responsible for drug transport have been
cloned in mice, mdr1a and mdr1b. mdr1a is predominately
expressed in the intestine, liver, blood capillaries of the
brain, and testis, whereas mdr1b is found in the adrenal
glands, placenta, and (pregnant) uterus [7]. Both mdr1a and
mdr1b are found at similar levels in the kidney [7].
mdr1a(2/2) mice have delayed elimination of drugs, such
as vinblastine, and accumulate higher systemic concentra-
tions of ivermectin, cyclosporin A, vinblastine, and DEX
compared to mdr1a/b(1/1) controls [15]. These changes
could be due to altered drug disposition caused by the mdr1a
deficiency, or to a linked alteration in CYP3A expression or
activity. This study evaluated the in vitro kinetics of
CYP3A-mediated drug metabolism and protein expression
in liver microsomal preparations from animals having
deficient mdr1 gene expression (P-gp). To evaluate
CYP3A-mediated metabolism, the benzodiazepine non-
P-gp substrates MDZ and TRZ [5, 10, 16] and the validated
P-gp substrate DEX [5, 15] were tested. Because the liver is
the organ of interest, mdr1a(2/2) mice were tested along-
side same species and strain mdr1a/b(1/1) controls. As an
added control and verification, one mdr1a/b(2/2) mouse
was tested with a paired mdr1a/b(1/1) control animal.

MATERIALS AND METHODS
Chemicals and Antibodies

MDZ, a-OH-MDZ, 4-OH-MDZ, TRZ, a-OH-TRZ, 4-OH-
TRZ, and DEX were obtained from commercial sources or
were provided by their pharmaceutical manufacturers. Co-
factors NADP1, DL-isocitric acid, MgCl2, isocitric dehydro-
genase, and potassium phosphate buffer solutions were pur-
chased from Sigma. In quantitative western blot assays, the
primary antibody was rabbit anti-rat CYP3A1 (Xenotech),
and the secondary antibody was polyclonal donkey anti-rabbit
Ig linked to horseradish peroxidase (Amersham).

Microsomal Preparation

Mouse livers were taken from three mdr1a (2/2) mice, one
mdr1a/b(2/2) mouse, and four matched mdr1a/b(1/1)
controls (Taconic Farms). All liver microsomes were pre-
pared by ultracentrifugation as previously described [17].
Total protein concentration was determined by a bicincho-
ninic acid protein assay (BCA; Pierce Chemical Co.), with
BSA as a standard.

Incubation Procedures

Incubation mixtures contained 50 mmol/L of phosphate
buffer, 5 mmol/L of Mg21, 0.5 mmol/L of NADP1, and an

isocitrate/isocitric dehydrogenase regenerating system.
MDZ in methanol solution was aliquoted into incubation
tubes to yield final incubate concentrations ranging from 0
to 250 mM. Due to limited quantities of microsomes, TRZ
and DEX in methanol solution was aliquoted to yield a
single final incubate concentration of 500 mM TRZ and 20
mM DEX. The solvent was evaporated to dryness at 40°
under conditions of mild vacuum. Incubations were initi-
ated by the addition of microsomal protein (0.5 mg/mL),
and samples were incubated with agitation for 5 (MDZ), 20
(TRZ), and 30 (DEX) min at 37°. Reactions were stopped
by cooling on ice and the addition of acetonitrile. All
samples were assayed in duplicate. Phenacetin (250 ng) was
added as an internal standard to MDZ and TRZ samples
and tacrine (25 ng) to DEX samples, the incubation
mixture was centrifuged, and the supernatant was trans-
ferred to an autosampling vial for HPLC analysis. Forma-
tion of metabolites for MDZ, TRZ, and DEX was linear
with respect to incubation time and microsomal protein
concentration. Throughout all experiments, control incu-
bations with 5 mM ketoconazole and without cofactor,
protein, and/or drug substrate were performed to validate
CYP3A-mediated metabolism.

Metabolite Detection, HPLC

For detection of MDZ/TRZ and their metabolites, the
HPLC mobile phase consisted of 200 mL of acetonitrile,
350 mL of methanol, and 450 mL of 10 mmol/L of
phosphate buffer; the flow rate was 1.4 mL/min. The
analytical column was stainless steel, 30 cm 3 3.9 mm,
containing reverse-phase C-18 mBondapak (Waters Asso-
ciates). Column effluent was monitored by ultraviolet
absorbance at 220 nm. For detection of DEX and its
metabolites, the HPLC mobile phase consisted of 250 mL of
acetonitrile, 750 mL of 10 mmol/L of phosphate buffer; pH
was adjusted to 3 with HCl; the flow rate was 1.4 mL/min.
The analytical column was stainless steel, 30 cm 3 3.9 mm,
containing reverse-phase C-18 mBondapak (Waters Asso-
ciates). Column effluent was monitored by ultraviolet
absorbance at 240 nm. The identities of the MDZ/TRZ
metabolites were verified by comparing retention time with
authentic standards.

Data Analysis

Formation rates of a-OH-MDZ and 4-OH-MDZ in reaction
mixtures were determined based on calibration curves
constructed from a series of standards containing various
amounts of a-OH-MDZ and 4-OH-MDZ together with
internal standard using PHR quantification. Reaction ve-
locities were calculated in units of nanomoles of product
formed per minute per milligram of microsomal protein.
Formation rate and reaction velocities of a-OH-TRZ and
4-OH-TRZ were calculated similarly, using a-OH-TRZ and
4-OH-TRZ standards. The kinetics of MDZ 4-hydroxyla-
tion were determined using nonlinear regression based on a
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substrate activation (Hill) model, as evident from graphic
analysis of reaction velocity versus substrate concentration
and reciprocal (Eadie–Hofstee) plots [18, 19]. For a-OH-
MDZ, plots of V versus S and reciprocal plots demonstrated
diminished reaction velocities at high substrate concentra-
tions. This pattern was described previously for a-OH-
MDZ [18, 20] and is consistent with Michaelis–Menten
kinetics and uncompetitive substrate inhibition [21]. Ac-
cordingly, the kinetics of MDZ a-hydroxylation were de-
termined using nonlinear regression based on a Michaelis–
Menten model with uncompetitive substrate inhibition [18,
21]. Because reference standards of DEX metabolites were
not available, DEX metabolite formation rates were ex-
pressed in relative units of PHR, specifically the metabolite
peak height divided by the peak height of the internal
standard, tacrine.

Quantitative Western Blot

Microsomal protein was separated by SDS–PAGE as de-
scribed by Laemmli [22] in 7.5% polyacrylamide gels. In
brief, sample wells were loaded with 1.0 mg of microsomal
protein. Human cDNA expressed CYP3A4 (Gentest) was
used to generate calibration standards at concentrations of
0.5, 1.2, and 3.75 pmol/well. Samples were run at 80 V for
2 hr in 25 mM Tris buffer/0.1% SDS buffer. Then samples
were transferred to Immobilon-P (PVDF membrane) (Mil-
lipore) for 1 hr at 100 V in 25 mM Tris buffer/20%
methanol. Blots were blocked with 3% dry milk for 1 hr,
incubated with a polyclonal rabbit anti-rat CYP3A1 (1:
3000) (Xenotech) for 1 hr, and then reblocked for 30 min.
Next the blots were probed with the secondary antibody,
donkey anti-rabbit Ig-horseradish peroxidase (1:6000)
(Amersham) for 1 hr. The Super Signal Cl-HRP Substrate
System (Pierce) was used to activate the HRP signal, and
then blots were exposed to film (see Fig 2A). Quantitation
of protein was completed via computer image analysis
(Image Pro Plus, Media Cybernetics). A standard curve of
pixel area z density versus picomoles of CYP3A4 was
created and fit to the equation y 5 mxA using nonlinear
least squares regression (see Fig. 2B).

RESULTS

Both a-OH- and 4-OH-MDZ were formed by mdr1a(2/2),
mdr1a/b(2/2) and mdr1a/b(1/1) mouse liver microsomes
(Fig. 1). Ketoconazole (5 mM) inhibited a-hydroxylation of
MDZ less than 50%, indicating that the a-hydroxylation is
not completely dependent on CYP3A isoform activity in
mice (unpublished data); furthermore, a-OH-MDZ forma-
tion has demonstrated lower susceptibility to classic
CYP3A inhibitors, troleandomycin and ketoconazole, in
rats [23]. In any case, the a-OH-MDZ kinetic parameters
for mdr1a(2/2) and mdr1a/b(1/1) mice were similar
(Table 1), but Vmax was actually increased in mdr1a(2/2)
mice. The 4-hydroxylation of MDZ was virtually elimi-

TABLE 1. Summary of biotransformation of MDZ in mdr1a/b
(1/1), mdr1a(2/2), and mdr1a/b(2/2) mice

a-OH-MDZ
Formation

4-OH-MDZ
Formation

mdr1a/b(1/1) (N 5 4)
Vmax* 2.26 6 0.17 0.69 6 0.08
Km

† 9.3 6 1.9 25.4 6 0.6
Ks

† 191.0 6 14.6
A 1.98 6 0.16
Vmax/Km ratio‡ 0.28 6 0.042 0.030 6 0.003

mdr1a(2/2) (N 5 3)
Vmax* 3.22 6 0.36 0.78 6 0.12
Km

† 13.4 6 2.6 35.5 6 4.1
Ks

† 280 6 23.1
A 1.93 6 0.21
Vmax/Km ratio‡ 0.26 6 0.027 0.024 6 0.003

mdr1a/b(2/2) (N 5 1)
Vmax* 2.24 0.75
Km

† 8.3 18.9
Ks

† 2.55
A 1.86
Vmax/Km ratio‡ 0.27 0.040

Values are means 6 SEM. Vmax, maximum reaction velocity; Km, substrate
concentration corresponding to 50% of Vmax; Ks, substrate inhibition constant; A,
Hill equation exponent.

* Expressed in nmol/min/mg protein.
† Expressed in mM.
‡ Expressed in mL/min/mg protein.

FIG. 1. Rates of formation of a-OH-
and 4-OH-MDZ in relation to concen-
trations of the substrate MDZ by micro-
somal preparations of a representative
mdr1a/b(1/1) (left) and an mdr1a(2/
2)mouse (right) sample. Lines repre-
sent functions determined by nonlinear
least squares regression analysis.
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nated with 5 mM ketoconazole, suggesting high depen-
dence of the CYP3A isoform for 4-OH-MDZ production.
The 4-OH-MDZ kinetic parameters for mdr1a(2/2) and
mdr1a/b(1/1) mice were not significantly different (Fig. 1,
Table 1). a-OH- and 4-OH-MDZ kinetics were evaluated
for one mdr1a/b(2/2) mouse, along with an mdr1a/b(1/1)
control, and were found to have kinetics similar to those of
the mdr1a/b(1/1) liver microsomes (Table 1).

TRZ biotransformation yields two major metabolites,
a-OH-TRZ and 4-OH-TRZ. TRZ metabolite formation
was inhibited by ketoconazole with a profile similar to that
of MDZ metabolite formation. TRZ biotransformation was
investigated at 500 mM, a concentration that exceeds the
Km for both pathways [19, 24]. There was no difference in
reaction velocity between mdr1a(2/2) or mdr1a/b(2/2)
and mdr1a/b(1/1) controls (Table 2).

DEX metabolites were formed by mdr1a(2/2), mdr1a/
b(2/2), and mdr1a/b(1/1) mouse liver microsomes, pro-
ducing five major metabolites. Ketoconazole (5 mM) inhib-
ited all DEX metabolite formation to some degree; how-
ever, metabolites M1 and M5 were inhibited the most (94
and 70%, respectively), and their formation was considered
to be dependent on the CYP3A isoforms. The production
of five major DEX metabolites with sensitivity to ketocon-
azole inhibition agrees with previously published data [25].
The M1 and M5 PHR values for mdr1a(2/2) and mdr1a/
b(1/1) mice were not significantly different, while the
PHR values for M2, M3, and M4 in mdr1a(2/2) appeared
higher than in the mdr1a/b(1/1)controls (Table 3).

Western blotting detected two proteins, most likely
CYP3A11 and CYP3A13 (Fig. 2A). Both bands were
quantified by computer image analysis, and no significant
difference was seen in the amount of CYP3A immunore-
active protein in mdr1-deficient mice (band 1: 1.31 6 0.19;
band 2: 1.38 6 0.15 pmol/mg protein) compared to controls
(band 1: 1.30 6 0.18; band 2: 1.36 6 0.11 pmol/mg protein)
(Fig. 2C).

DISCUSSION

P-gp is not directly involved in substrate biotransformation.
However, the export of xenobiotic by P-gp in the intestine,
kidney, and liver may influence drug absorption and clear-
ance [15, 26]. Presumably, by pumping substrates from the
cells into the lumina of clearance organs, P-gp causes more
parent drug or locally metabolized drug (at the level of the
intestine or kidney) to be excreted [6, 26, 27]. P-gp has
considerable substrate overlap with CYP3A [5], as well as
similarities in chemical inhibition and induction [5, 8, 10].
This, along with the proximal location of CYP3A and P-gp
on the same chromosome, has raised the possibility of
co-regulation of P-gp and CYP3A [5, 8, 10, 12, 13, 15, 26,
28]. However, in vitro kinetic data indicated that conver-
sion of MDZ to 4-OH-MDZ was not different between
control and P-gp-deficient animals. The Vmax of a-OH-
MDZ was increased in P-gp-deficient mice; however,
a-OH-MDZ formation studies with classic CYP3A inhibi-
tors suggest that a-OH-MDZ production is not mediated
entirely by CYP3A in rats and mice [23]. In general, the
production of the major metabolites of MDZ (a-OH- and
4-OH-MDZ) was similar to that found in previous in vitro
studies in humans and rats [18, 20, 23]. TRZ biotransfor-
mation, at a concentration exceeding the Km, further
validated that CYP3A metabolism is unaltered in P-gp-
deficient mice. Formation of the DEX metabolites M1 and
M5 showed no difference between control and P-gp-
deficient mice. Considering that MDZ and TRZ are non-
P-gp substrates, while DEX is, it appears that CYP3A-
mediated metabolism was unaffected by the mdr(2/2)
genotype, regardless of the P-gp substrate profile. Interest-
ingly, metabolite formation that could not be verified as
completely dependent on CYP3A (a-OH-MDZ/TRZ, M2,
M3, M4) all appeared elevated in mdr1a(2/2) mice (Ta-
bles 1–3). This may suggest that the P-gp deficiency is
associated with increased activity of another CYP isoform
in the mdr1a(2/2) mouse liver.

Along with metabolic activity data, quantitation of
immunoreactive CYP3A proteins in P-gp-deficient mice
and controls revealed no difference. Polyclonal anti-rat
CYP3A1 antibody was used to detect mouse CYP3A
isoforms, and two bands were visualized. The most probable
proteins detected were CYP3A11 and CYP3A13, which are
the major CYP3A isoforms in mice [29]. The rat CYP3A1
used to generate the detection antibody has 87 and 70%
amino acid sequence homology with mouse CYP3A11 and
CYP3A13, respectively [29, 30]. Due to the similarity in

TABLE 2. Velocity of TRZ metabolite formation in
mdr1a/b(1/1), mdr1a(2/2), and mdr1a/b(2/2) mice at
TRZ 5 500 mM

a-OH-TRZ
Formation

4-OH-TRZ
Formation

mdr1a/b(1/1) (N 5 4) 1.83 6 0.02 2.01 6 0.03
mdr1a(2/2) (N 5 3) 2.23 6 0.03 2.29 6 0.03
mdr1a/b(2/2) (N 5 1) 1.91 1.73

Values are means 6 SEM. Units are nmol/min/mg protein.

TABLE 3. DEX metabolite formation in mdr1a/b(1/1), mdr1a(2/2), and mdr1a/b(2/2) mice at DEX 5 20 mM

M1 M2 M3 M4 M5

mdr1a/b(1/1) (N 5 4) 0.473 6 0.049 0.164 6 0.029 0.041 6 0.008 0.120 6 0.027 0.055 6 0.002
mdr1a(2/2) (N 5 3) 0.477 6 0.043 0.260 6 0.018 0.077 6 0.007 0.206 6 0.009 0.046 6 0.006
mar1a/b(2/2) (N 5 1) 0.695 0.1997 0.033 0.136 0.044

Values are presented as the mean peak-height ratio 6 SEM.
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molecular weight (CYP3A11: Mr 5 57,853; CYP3A13: Mr

5 57,491) [29, 30], the protein bands migrated close
together (Fig. 2A). However, on the original film exposure,
two distinct bands were discernible. Similar results for
immunodetection of mouse CYP3A have been described
[13].

P-gp has substrate specificity similar to that of CYP3A,
and is modulated by some of the same chemical inducers
and inhibitors of CYP3A [5, 8, 10]. In vivo studies indicate
that disruption of the mdr1 gene, or chemical inhibition of
P-gp, may influence xenobiotic clearance indirectly [15,
26]. However, genetic disruption of the mdr1 genes to
create P-gp-deficient mice does not affect CYP3A-medi-
ated kinetics or protein expression.

This work was supported by Grants MH-34223, MH-01237, MH-
19924, and DA-05258 from the Department of Health and Human
Services.
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