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Purpose. The purpose of this study was to investigate whether mid-
azolam exhibits characteristics of a highly permeable P-glycoprotein
(P-gp) substrate and to evaluate the potential influence of P-gp inhi-
bition on 1-OH midazolam formation during midazolam transport.
Methods. P-gp interaction was investigated by P-gp ATPase assay,
efflux inhibition studies, and transport studies of midazolam across
MDR1-MDCK and 1-a,25-dihydroxy vitamin Dj-induced Caco-2
monolayers with and without the P-gp inhibitor GF120918.

Results. Midazolam was highly permeable and transport appeared
essentially unpolarized. In MDR1-MDCK, the basolateral-to-apical
(B-to-A) permeability was slightly higher (16%) than apical-to-
basolateral (A-to-B) permeability (p = 0.04); GF120918 increased
A-to-B permeability by 27% (p = 0.01), and increased cellular mid-
azolam accumulation during A-to-B transport by 45% (p = 0.01).
Midazolam (200 uM) decreased rhodaminel23 and vinblastine B/A
ratios 3-fold (p < 0.006), while increasing their cellular accumulation
(p < 0.003). P-gp ATPase activation by midazolam was dose-
dependent and saturable [K,,=11.5(z4.0) uM; V.. = 41.1(z£7.4)
nmol/mg/min]. P-gp inhibition increased 1-OH midazolam formation
in A-to-B studies 1.3-fold when midazolam donor =10 pM
(p < 0.03). In B-to-A studies, P-gp inhibition did not significantly
increase metabolite formation (p = 0.06). Midazolam’s extraction
ratio was not influenced by P-gp (p = 0.2).

Conclusions. The results indicate that midazolam exhibited charac-
teristics of a highly permeable P-gp substrate. 1-OH midazolam for-
mation during A-to-B midazolam transport increased slightly when
P-gp was inhibited.

KEY WORDS: midazolam; P-glycoprotein; high permeability; me-
tabolism; 1-hydroxy midazolam.

INTRODUCTION

Drug efflux by P-glycoprotein (P-gp) and intestinal drug
metabolism by cytochrome P450 (CYP) 3A can each reduce
oral bioavailability and cause drug-drug interactions (1-5).
Additionally, many compounds are dual substrates for P-gp
and CYP3A (6,7). Recent evidence suggests a synergistic ef-
fect of these proteins in reducing the intestinal absorption of
dual P-gp/CYP3A substrates. P-gp is proposed to increase
drug metabolism by increasing the exposure of drugs to
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CYP3A, caused by repeated efflux and reabsorption into ep-
ithelial cells during the passage along the intestinal tract (5,7—
10).

In the assessment of potential P-gp substrates, the issue
of passive drug permeability merits consideration because
high passive permeability may mask measurable P-gp efflux.
Polarized transport is preferentially exhibited by P-gp sub-
strates with moderate passive membrane permeability (11—
13). For such compounds, P-gp efflux from the cell competes
against passive drug influx, resulting in appreciable polarized
transport. In contrast, high permeability substrates exhibit
rapid trans-membrane movement (9,12,14), which allows per-
meation into the cell to be significantly faster than P-gp efflux.
As a result, transport of these substrates is practically not
polarized despite drug efflux. Additionally, low permeability
substrates may not achieve an intracellular or bilayer concen-
tration that would result in notable P-gp efflux, yielding un-
polarized transport. Thus, it may be difficult to identify P-gp
substrates that exhibit permeability outside the moderate
range.

The general aim of this study was to probe the interplay
of P-gp and CYP3A, under the limiting condition of a drug
possessing high passive membrane permeability. Midazolam
was selected because it exhibits high passive permeability in
vivo, with a site of action within the central nervous system
(15,16), and because it is a CYP3A substrate. Midazolam oral
bioavailability is low (36%) because of first pass metabolism,
of which 43% occurs in intestinal cells during absorption (1).
Consistent with its anticipated high passive permeability, mid-
azolam has not generally been identified as a P-gp substrate,
although it has been characterized as a nontransported sub-
strate (13).

Given midazolam’s susceptibility for intestinal CYP3A
metabolism and a propensity for CYP3A substrates to be
P-gp substrates, we hypothesized that midazolam is a P-gp
substrate. Further, given a possible interplay between P-gp
and CYP3A to reduce drug absorption, we proposed that
midazolam’s metabolism to 1-OH MDZ would be modulated
by P-gp.

The objectives of this study were to assess whether mid-
azolam exhibits characteristics of a highly permeable P-gp
substrate and to evaluate the influence of P-gp inhibition on
1-OH MDZ formation during midazolam transport. As the
results show, midazolam appears to be a high permeability
P-gp substrate. P-gp inhibition resulted in a slight increase in
1-OH MDZ formation. Interestingly, based upon an in vivo
model for the interplay of P-gp and CYP3A functioning
(7,10), our initial expectation was that P-gp inhibition of mid-
azolam would result in less 1-OH MDZ formation. However,
in vitro results across cell monolayers showed the opposite
effect.

MATERIALS AND METHODS

Materials

MDRI1-MDCK cells were donated by Dr. Michael Got-
tesman (NIH; Bethesda, MD, USA). Midazolam was supplied
from Ultrafine (Manchester, UK); the P-gp inhibitor
GF120918 from GlaxoSmithKline (Research Triangle Park,
NC, USA); Caco-2 cells from ATCC (Manassas, VA, USA);
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Dulbecco’s modified Eagle’s medium (DMEM), Hank’s bal-
anced salt solution, phosphate-buffered saline, rhodamine
123, sodium selenite, zinc sulfate, DL-alpha-tocopherol,
1-a,25-dihydroxy vitamin D5, and laminin were from Sigma
Chemical Co. (St. Louis, MO, USA); HEPES buffer (1 M,
pH7.0) and NEAA were from Biofluids (Rockville, MD,
USA); fetal bovine serum (FBS) and antibiotic-antimycotic
solution were from Life Technologies, Inc. (Rockville, MD,
USA); Transwells® with polycarbonate filters (0.45 um) was
from Corning Costar Corporation (Cambridge, MA, USA);
Biocoat PET inserts (3.0 pm) were from Beckton Dickinson
(Bedford, MA, USA); radiolabeled '*C-mannitol (51.5 mCi/
mmol) was from Moravek Pharmaceuticals (Brea, CA, USA);
3H-vinblastine sulphate (12.5 Ci/mmol) was from Amersham
Pharmacia Biotech (Little Chalfont, UK); Econosafe was
from RPI (Mount Prospect, IL, USA); and human P-gp
ATPase assay membranes from Gentest (Woburn, MA,
USA). All other ATPase assay components were obtained
from Sigma Chemical Co. Water was purified. Organic sol-
vents were high-performance liquid chromatography grade.

Cell Culture

All cells were grown at 37°C, 90% relative humidity, and
5% CO, atmosphere, and fed every 2-3 days. MDR1-MDCK
cells were grown in DMEM with 10% FBS and 80 ng/mL
colchicine up to 90% confluence before plating at 600,000
cells/cm? onto Transwells® (0.45 wm, 4.71 cm?) for 6 days.
Caco-2 cells at passage 41-43 were grown in Dulbecco’s modi-
fied Eagle’s medium (supplemented with 10% FBS, 1%
NEAA, 50 U/mL penicillin, 50 pg/mL streptomycin, and
0.125 pg/ml amphotericin B) to 90% confluency before seed-
ing onto laminin-handcoated (5 wg/cm?) Biocoat® PET In-
serts (3 wm, 4.2 cm?) at 63,000 cells/cm?. After day 7, the cells
were grown in the above medium containing only 5% FBS
until day 21. Induced cells were additionally supplemented
with 0.1 uM sodium selenite, 3 wM zinc-sulfate, 45 nM DL-
a-tocopherol, and 0.25 uM 1-a,25-dihydroxy vitamin D5 (17).

Transport Studies

Transport studies were conducted at 37°C, pH 6.8, and 50
rpm, after three Hank’s balanced salt solution washes of each
monolayer. Midazolam (5 pM) flux across MDR1-MDCK
monolayers was performed in apical-to-basolateral (A-to-B)
and basolateral-to-apical (B-to-A) directions with and with-
out 500 nM GF120918. Rhodamine 123 (10 wM) and vinblas-
tine (20 nM) flux was measured in the absence and presence
of 500 nM GF120918, 200 pM midazolam, or 40 uM 1-OH
MDZ.

Across uninduced Caco-2 monolayers, A-to-B flux was
measured at 5,25, and 100 uM midazolam and B-to-A flux at
5 uM. In induced Caco-2 cells, midazolam flux was measured
at donor concentrations 5, 10, 25, and 100 pM A-to-B and 5
and 10 uM B-to-A. Additionally, the effect of the P-gp in-
hibitor GF120918 (500 nM) was investigated. GF120918 has a
negligible effect on CYP3A4 (18). 1-OH MDZ and 4-OH
MDZ transport was measured at 10 pM in both directions.
Receivers were sampled after 40, 80 and 120 min, and donors
after 120 min. Samples were assayed for midazolam, 1-OH
MDZ, and 4-OH MDZ. The major human metabolite 1-OH
MDZ appeared in all midazolam samples, and its formation
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was linear with time (data not shown). 4-OH MDZ was below
the limit of quantification (i.e. 0.5 nM).

Mass balance ranged between 85-105%. Mannitol was
used to assess monolayer integrity. For un-induced and in-
duced Caco-2 cells, rhodamine 123 (10 pM) A-to-B and B-
to-A permeability was used to assess P-gp expression. No
difference was detected in either P-gp expression or mannitol
permeability between un-induced and induced cells (p > 0.3).

The extraction ratio (ER) was calculated according to
Eq. (1), which was adopted from Fisher et al. (19):

metabome(donor,receiver)

ER (1)

midGZOZam(rsceiver) + metabOIite(donor,receiver)
where ER is the extraction ratio, metabolite gonor, reccivery 18
the sum of 1-OH MDZ quantities in the donor and receiver,
and midazolam;.ccivery 1 the quantity of midazolam in the
receiver.

Human P-gp ATPase Assay

In P-gp containing membranes, inorganic phosphate re-
leased by P-gp ATPase in the presence of drug was quanti-
fied; P-gp specific ATPase activity was indicated by the dif-
ference in phosphate produced with and without ortho-
vanadate (20). In a plate reader format, midazolam (2.5, 5, 10,
25, and 100 uM), 1-OH MDZ, and 4-OH MDZ (10 and 100
wM) were incubated for 20 min with P-gp membranes in at
least duplicate wells and quantified by a colorimetric assay.
The activation ratio refers to change in P-gp specific phos-
phate release by membranes incubated with and without
drug. Verapamil (20 uM) and rhodamine (10 uM) served as
positive control. A simple E,_,, model was used to model
effect of midazolam concentration on ATPase activity (Win-
Nonlin 1.0, Pharsight, Mountain View, CA, USA).

Analysis

Midazolam was quantified by HPLC-UV using a Waters
system equipped with 486 tunable absorbance detector at 220
nm, 510 pump, and 717 plus autosampler. The column was a
BDS-Hypersil 150 x 4.6 mm (Keystone Scientific, Bellefonte,
PA, USA). Flow rate was 1.0 mL/min and mobile phase con-
tained 47:43:10 of phosphate buffer (20 mM, pH 6.7):aceto-
nitrile:methanol.

Midazolam hydroxy metabolites were analyzed by means
of LC/MS/MS on a Hewlett Packard 1100, equipped with a
Gilson 215 autosampler and either a PESciex API2000 or
API3000 mass spectrometer. The column was a Phenomenex
Develosil C18 50 x 2 mm 3pm, heated to 40°C. Flow rate was
0.7 mL/min, and mobile phase contained a gradient of 1-40%
acetonitrile in ammonium formate (10 mM formic acid ad-
justed to pH 3.5 with ammonium hydroxide). Detection by
positive ion electrospray tandem mass spectrometry was
achieved using the precursor to product ion transitions that
afforded the greatest response for each metabolite. Mid-
azolam and its metabolites were resolved chromatographi-
cally. The total amount metabolite found in the donor was
corrected for small amounts of each compound present be-
fore initiation of the study.

'4C-Mannitol and *H-vinblastine were quantified using a
Beckman liquid scintillation counter model LS 5801, in Eco-
nosafe scintillation cocktail. Rhodamine 123 was quantified
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using a platereader (Wallac Victor?, Perkin—Elmer, Welles-
ley, MA, USA) set to excitation 495 nm and emission 514 nm.
Each sample was measured in at least duplicate wells.

Statistical Analysis

Results were analyzed by Student ¢ test or analysis of
variance with post hoc analysis using SPSS version 10 (SPSS
Inc; Chicago, IL). A p value <0.05 was considered significant.
SEM of ratios were calculated by the delta-method (21).

RESULTS

High Midazolam Permeability and Minimal Apparent
Polarized Transport

In Table I, midazolam permeability across un-induced
and induced Caco-2 monolayers was high, with permeability
above 30 x 107° cm/s, similar to previous findings (19). Mid-
azolam permeabilities exceeded metoprolol permeabilities,
which are typically 25 x 10~°cm/s, indicating high midazolam
permeability (22). High midazolam permeability was ex-
pected since midazolam is a rapidly absorbed (16,23) central
nervous system agent with high lipophilicity (logP > 3.5; Ref.
24).

In Table I, midazolam transport across induced Caco-2
monolayers generally did not appear to be polarized, with
B/A transport ratios close to unity at all midazolam donor
concentrations (5-100 uM), regardless of whether GF120918
was present or absent. The B-to-A permeability was signifi-
cantly higher than A-to-B permeability (p = 0.002) only
when midazolam donor was 5 wM. The monolayers expressed
P-gp, since rhodamine 123 yielded a B/A ratio of 6.01.

Similar results were observed across un-induced Caco-2
monolayers (data not shown). Midazolam permeability was
not polarized across un-induced Caco-2 monolayers, even at 5
pM midazolam (p = 0.4). The A-to-B and B-to-A perme-
abilities were not dependent upon concentration (analysis of
variance, p = 0.13). Functional P-gp expression in uninduced
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monolayers was demonstrated by a rhodamine 123 B/A ratio
of 6.29 (+0.92).

Hence, in Caco-2 monolayers, midazolam B-to-A trans-
port ratio did not practically differ from unity, and GF120918
did not affect midazolam permeability.

Midazolam transport across MDR1-MDCK monolayers
was similar to transport across Caco-2 monolayers, although
reflected greater midazolam efflux across MDR1-MDCK
monolayers than Caco-2 monolayers. Midazolam permeabil-
ity for 5 pM donor midazolam across MDR1-MDCK cells
was high and appeared to be practically unpolarized. In Fig. 1,
the B-to-A ratio of midazolam alone was 1.16 (+0.05). The
B-to-A permeability of 56.9 (+2.2) x 107° cm/s was slightly
higher than the A-to-B permeability of 49.1 (x0.7) x 107° cm/s
(p = 0.04). Although midazolam B-to-A permeability at 61.1
(£5.4) was unchanged by GF120918 (p = 0.26), A-to-B per-
meability was increased by GF120918 to 62.4 (+2.2) x 10°¢
cm/s (p = 0.014), which may perhaps suggest some manifes-
tation of P-gp transport of midazolam. More notable was the
enhancement of intracellular midazolam retention when
GF120918 was present. In Fig. 2, from A-to-B studies, mid-
azolam amount in cell lysate increased 1.45-fold from 116
(+11) nmol/monolayer to 169 (+2) nmol/monolayer when
GF120918 was present (p = 0.007). Rhodamine 123 and vin-
blastine yielded a B/A ratio of 7.17 (+0.79) and 7.63 (+0.57),
respectively, indicating P-gp expression.

Transport studies of 1-OH MDZ and 4-OH MDZ across
uninduced Caco-2 cells were conducted. Like midazolam,
they exhibited high permeability, which did not appear to be
polarized, i.e., B-to-A ratio was close to unity (Table I). How-
ever, 4-OH MDZ had a slightly higher B-to-A permeability
than A-to-B permeability (p = 0.01). There was no difference
in the directional permeabilities for 1-OH MDZ (p > 0.29).

Midazolam Inhibition of Rhodamine 123 and
Vinblastine Efflux

The above midazolam permeability data indicates that
P-gp did not markedly affect midazolam transport. Neverthe-

Table 1. Permeability of Midazolam and Hydroxy-Metabolites across Caco-2 Cells

A-to-B B-to-A
Concentration permeability permeability
Compound (LM) (x 10° cm/s) (x 10° cm/s) Ratio
Midazolam®” 5 37.9 (+0.8) 42.7 (£0.1) 1.13 (+0.02)
10 39.4 (£1.5) 42.1 (£1.8) 1.07 (+0.06)
25 34.8 (20.1) NA NA
100 343 (£1.5) NA NA
Midazolam plus
GF120918*¢ 5 36.2 (+1.0) 36.9 (£6.5) 1.02 (+0.18)
10 37.1 (+£1.0) 36.5 (x1.2) 0.98 (+0.03)
25 38.7 (+3.1) NA NA
100 39.2 (£1.9) NA NA
1-OH-MDZ 10 40.5 (+0.8) 39.4 (£1.7) 0.97 (+0.05)
4-OH-MDZ“ 10 27.4 (+0.6) 32.1 (x0.7) 1.17 (x0.04)
Rhodamine 123¢ 10 0.649 (£0.025) 3.90 (+0.03) 6.01 (+0.25)

Note: Values in brackets are SEMs of at least triplicate determinations. NA denotes not performed.
“ Caco-2 monolayers were CYP3A-induced by 1-a,25-dihydroxy vitamin D5 containing medium.
b Permeability values across un-induced and induced Caco-2 monolayers were not different (p > 0.3).

¢ GF120918 concentration was 500 nM.
4 Cell monolayers were not CYP3A induced.
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Fig. 1. B-to-A permeability ratio of vinblastine, rhodamine 123 and
midazolam in MDR1-MDCK cells. Midazolam concentration was 5
wM in midazolam transport studies and 200 wM in inhibition studies
of vinblastine and rhodamine 123. Concentrations of vinblastine, rho-
damine 123, and GF120918 were 20 nM, 10 uM, and 500 nM, respec-
tively. Values are given with SEMs of at least triplicate determina-
tions. Drug alone (filled bars), with midazolam (unfilled bars), with
GF120918 (hatched bars).

less, the high permeability of midazolam allows for the pos-
sibility that midazolam is a P-gp substrate, whose transport
cannot be practically modulated by P-gp (11). Because of this
possibility, the interaction of midazolam with P-gp was inves-
tigated via midazolam inhibition of rhodamine 123 and vin-
blastine, and by activation of P-gp ATPase by midazolam.

Figure 1 illustrates midazolam’s inhibition of P-gp efflux
of rhodamine 123 and vinblastine across MDR1-MDCK cells.
The B/A transport ratio of rhodamine 123 alone was 7.17
(£0.79), whereas the presence of midazolam reduced the ratio
to 2.22 (x0.42) (p = 0.006). GF120918 reduced the ratio to
about 1.0. The A-to-B permeabilities of rhodamine 123 alone,
with midazolam, and with GF120918 were 0.374 (+0.037),
0.435 (+0.081), and 0.562 (+0.151) x 107° cm/s, respectively.
The corresponding B-to-A permeabilities were 2.68 (x0.14),
0.964 (+0.040) and 0.649 (£0.034) x 10~° cm/s.

Similarly, in Fig. 1, the B-to-A transport ratio for vin-
blastine alone was 7.63 (+0.57), which was reduced to 2.30
(+0.20) by midazolam (p = 0.006). GF120918 reduced the
ratio to about 1.5. A-to-B permeabilities of vinblastine alone,
with midazolam, and with GF120918 were 0.758 (+£0.029), 1.00
(+0.03), and 1.24 (+0.28) x 107® cm/s, respectively. The cor-
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Fig. 2. Cellular uptake of vinblastine, rhodamine 123 and midazolam
in MDR1-MDCK cells after transport. Midazolam concentration was
5 wM in midazolam transport studies and 200 wM in inhibition studies
of vinblastine and rhodamine 123. Quantities of intracellular mid-
azolam, rhodamine 123, and vinblastine were obtained after 90 min of
transport. Values are given with SEMs of at least triplicate determi-
nations. Legend: drug alone (filled bars), with midazolam (unfilled
bars), with GF120918 (hatched bars).

responding B-to-A permeabilities were 5.78 (+£0.37), 2.29
(£0.19) and 1.97 (£0.07) x 107° cm/s.

In Fig. 2, midazolam increased the amount of rhodamine
123 and vinblastine in cell lysates during these inhibition stud-
ies. After A-to-B transport, intracellular rhodamine 123 in-
creased from 77.4 (+5.8) pmol/monolayer to 220 (+3) pmol/
monolayer (p = 0.001); after B-to-A transport rhodamine 123
increased from 419 (+14) pmol/monolayer to 726 (+7) pmol/
monolayer (p = 0.003). Likewise, midazolam increased cell-
associated vinblastine after A-to-B transport nearly 10-fold,
from 0.123 (+0.018) pmol/monolayer to 1.06 (+0.06) pmol/
monolayer, and more than 8-fold after B-to-A transport, from
0.492 (£0.032) pmol/monolayer to 3.93 (£0.15) pmol/
monolayer (p < 0.0008 for each). These observations are con-
sistent with midazolam’s enhancement of calcein-AM into
MDRI1-MDCK cells (13). Midazolam’s inhibition of the P-gp
efflux of vinblastine and rhodamine 123 suggests midazolam
to interact with P-gp, at least as an inhibitor.

Midazolam Activation of P-gp ATPase

Human P-gp ATPase containing membranes were used
to further investigate whether midazolam activates human
P-gp ATPase. Figure 3 shows midazolam to activate P-gp
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Fig. 3. Concentration-dependent activation of P-gp ATPase by mid-
azolam. ATPase activation by midazolam was concentration-
dependent and saturable. From a simple E, ., model, K, was 11.5
(+4.0) pM, and V,,, 41.1 (£7.4) nmol/mg/min. Values in brackets are
SEMs from three determinations.

ATPase in a concentration-dependent, saturable fashion. The
K, and V_ . were estimated to be 11.5 (4.0) nM and 41.1
(+7.4) nmol/mg/min, respectively. Midazolam at 10, 25, and
100 wM concentrations activated ATPase 2, 3, and 3.6-fold
over drug-free membranes, respectively, indicating P-gp acti-
vation at higher midazolam concentrations. Midazolam acti-
vation ratio was significantly different from drug-free control
at 25 and 100 wM midazolam (p < 0.025). At low midazolam
concentrations of 2.5 and 5 pM, no P-gp ATPase activation
occurred (activation 0.9 and 1.3-fold, respectively). These re-
sults may indicate that midazolam requires a threshold con-
centration for measurable ATPase activation. The known
P-gp substrates verapamil (20 puM) and rhodamine 123 (10
pM) activated P-gp ATPase 5.6 and 3.4-fold, respectively,
which suggests that midazolam has a lower affinity for P-gp.

1-OH MDZ and 4-OH MDZ were also evaluated for
P-gp ATPase activation. Although 10 uM 1-OH MDZ did not
cause activation (p = 0.05), 100 pM 1-OH MDZ activated
P-gp ATPase 1.7-fold (p = 0.009). Meanwhile, 10 and 100 puM
4-OH MDZ activated P-gp ATPase 2.2 and 4.3-fold (p =
0.004 and 0.0002), respectively, which are similar to mid-
azolam values.

Increased 1-OH MDZ Formation with P-gp Inhibition

The above results indicate midazolam to exhibit high
membrane permeability, which was concentration-inde-
pendent and apparently not polarized. However, results also
show midazolam to stimulate P-gp ATPase and function as an
inhibitor of P-gp transport. Because midazolam is metabo-
lized during transport across induced Caco-2 monolayers, the
effect of P-gp inhibition on midazolam metabolism was inves-
tigated to further evaluate the possibility of midazolam being
a high permeability P-gp substrate.

In Fig. 4, the midazolam extraction ratio (ER) across
induced Caco-2 monolayers (i.e. across 1-a,25-dihydroxy vi-
tamin D, treated monolayers) was generally two to three
times larger than across un-induced Caco-2 monolayers (p <
0.01, except at 100 uM, p = 0.09). Cell treatment with 1-a,25-
dihydroxy vitamin D5 was previously shown to induce mid-
azolam CYP3A metabolism (19). The cumulative amount of
1-OH MDZ found after 120 min was approximately 5-fold
less than amounts reported by Fisher et al. (19). The Caco-2
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Fig. 4. Extraction ratio of midazolam across Caco-2 cells in the A-
to-B direction. Monolayers were either un-induced or induced.
GF120918 was either present or absent. Values in brackets are SEMs
from three determinations.

cells used in the present study were not selected for high
CYP3A expression, which may partly account for this differ-
ence (17,19).

In Fig. 5, the cumulative amount of extracellular 1-OH
MDZ metabolite after 120 min generally increased with in-
creasing midazolam donor concentration. While the studied
midazolam concentration did not exceed 100 uM and no satu-
ration was observed, the metabolism profiles in Fig. 5 are
qualitatively consistent with previous observations that mid-
azolam K, for CYP3A4 was 9.1 pM in Caco-2 cells (19).
Un-induced cells resulted in less 1-OH MDZ to be formed. In
A-to-B midazolam flux studies across induced cells, the cu-
mulative amounts of formed 1-OH MDZ from 5, 10, 25 and
100 uM midazolam donor concentrations were 47.6 (x1.4),
59.0 (+4.0), 108 (+8), and 154 (+3) pmol/monolayer without
GF120918, and 42.4 (+4.7), 74.3 (+4.1), 151 (x4), and 190 (6)
pmol/monolayer with GF120918, respectively. Hence, the ra-
tios of cumulative 1-OH MDZ produced with GF120918 vs.
without GF120918 were 0.891 (x0.100), 1.26 (+0.11), 1.40
(£0.11), and 1.23 (£0.05) at 5, 10, 25, and 100 pM midazolam
donor, respectively. Interestingly, the amount of 1-OH MDZ
found in the extracellular compartments in A-B samples in-
creased when GF120918 was present (p < 0.03), except at 5
pM midazolam (p = 0.2). These data indicated an approxi-
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Fig. 5. Generation of 1-OH MDZ into apical and basolateral com-
partments during midazolam transport across induced Caco-2 mono-
layers. A-to-B with GF120918 (closed circles), A-to-B without
GF120918 (open circles), A-to-B without GF120918 in uninduced
cells (open triangles). Values in brackets are SEMs from three de-
terminations.
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mate 25% increase in midazolam metabolism at higher mid-
azolam concentration because of the presence of GF120918.

Similarly, in B-to-A midazolam flux studies, the cumula-
tive amounts of formed 1-OH MDZ at 5 and 10 uM donor
midazolam were 59.3 (+5.6) and 73.5 (+9.9) pmol/monolayer
without GF120918, and 74.4 (£5.3) and 98.1 (£5.5) pmol/
monolayer with GF120918, respectively. Hence, the ratios of
cumulative 1-OH MDZ formed with GF120918 vs. without
GF120918 were 1.26 (+0.15) and 1.33 (+0.19) for 5 and 10 pM
donor midazolam, respectively. Although in qualitative
agreement with the above A-to-B results that show a 25%
increase in midazolam metabolism due to the presence of
GF120918, results here for B-to-A did not show a statistical
enhancement in 1-OH MDZ formation because of GF120918
(p = 0.06 and 0.06 for 5 and 10 pM).

Although P-gp inhibition resulted in a 25% increase in
midazolam metabolism in the A-to-B transport studies, the
ER was unchanged, as shown in Fig. 4. At each of the four
studied midazolam concentrations, GF120918 did not affect
the ER (p > 0.23), in agreement with previous findings using
apical dosing of 3 uM midazolam with and without GF120918
(10). However, inspection of equation 1 allows for a modest
increase in 1-OH MDZ formation with P-gp inhibition with
no perceptible change in ER, because ER variability is de-
pendent upon the variability in midazolam flux, in addition to
the variability in 1-OH MDZ formation.

Table II lists the ratio of 1-OH MDZ concentrations in
the apical and basolateral compartments from each mid-
azolam transport study. Previously, such concentration ratios
were found to be about two across a concentration range up
to 100 uM (19). This preferential distribution of 1-OH MDZ
into the apical compartment was attributed to the proximity
of cellular CYP3A to the apical membrane. In Table II, the
B-to-A studies yielded similar concentration ratios. For ex-
ample, from un-induced and induced B-to-A monolayer stud-
ies using 5 wM donor midazolam, the concentration ratios
were 3.83 and 4.02, respectively. Meanwhile, the A-to-B stud-
ies did not indicate any preferential distribution of 1-OH
MDZ, but resulted in concentration ratios of about 1.0. An
explanation for these observations is not evident. Neverthe-
less, GF120918 had no effect on the concentration ratio,
regardless of midazolam concentration or direction of trans-
port.
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DISCUSSION

The above results indicate that P-gp did not markedly
affect midazolam’s transport, although midazolam stimulates
P-gp ATPase and midazolam inhibits P-gp transport of P-gp
substrates. Results also indicate P-gp inhibition caused a
modest increase in midazolam metabolism at higher mid-
azolam concentrations. One possible explanation is that mid-
azolam is not translocated by P-gp, and inhibits P-gp translo-
cation of other substrates, although it stimulates P-gp
ATPase. However, another possible explanation is that mid-
azolam is a P-gp substrate, and can serve to inhibit P-gp efflux
of substrates, but that midazolam’s high permeability attenu-
ates P-gp’s effect on overall midazolam transport kinetics
(11). The high permeability of midazolam allows for the pos-
sibility that midazolam is a P-gp substrate, whose transport
cannot be practically modulated by P-gp due to high mid-
azolam passive membrane permeability. It would generally
appear to be difficult to differentiate between these two pos-
sibilities.

Results here suggest that midazolam is in fact a P-gp
substrate. Midazolam transport was generally not polarized
across Caco-2 monolayers or even MDR1-MDCK monolay-
ers. However, across MDR1-MDCK monolayers, GF120918
increased midazolam A-to-B permeability (p = 0.014), and
intracellular midazolam retention (p = 0.007), which perhaps
suggest some manifestation of P-gp efflux with midazolam.
Further evidence is suggested in the literature. For example,
in equilibrium studies across Caco-2 monolayers, midazolam
preferentially distributed into the apical compartment by a
factor of 1.4 (17,19).

Observations here for midazolam are similar to verapam-
il, which is highly permeable and interacts with P-gp in a
concentration-dependent manner (25). Eytan et al. (14,26)
suggested that verapamil is a “fast diffuser,” i.e., the influx of
verapamil across the membrane of P-gp expressing cells
would dominate the efflux of verapamil. Perhaps many highly
permeable compounds exhibit these properties, including
P-gp ATPase activation due to continuous P-gp efflux. For
example, in one study, ten of sixty-six compounds, including
verapamil and midazolam, activated P-gp ATPase and inhib-
ited calcein AM uptake without manifesting B/A ratio con-
siderably higher than unity (13). A distinguishing feature of
this group was their very high permeability.

Table II. Apical vs. Basolateral 1-OH-MDZ Concentration Ratio after Midazolam Transport across
Caco-2 Monolayers

Initial MDZ

Ratio apical/basolateral

Ratio apical/basolateral

Transport donor concentration concentration 1-OH-MDZ concentration 1-OH-MDZ
Cells direction (»M) without GF120918“ with GF120918¢

Uninduced  A-to-B 5 0.92 (+0.18) NA®
25 0.92 (+0.30) NA®
100 0.99 (£0.35) NA®
B-to-A 5 3.83 (+1.03) NA®

Induced A-to-B 5 1.35 (+0.17) 1.37 (+0.58)

10 1.45 (+0.46) 1.21 (+0.25)

25 0.98 (+0.21) 0.90 (+0.34)

100 0.96 (x0.17) 1.16 (£0.20)

B-to-A 5 4.02 (£1.22) 2.10 (+0.62)

10 3.68 (£1.50) 3.23 (£1.53)

“ Values in brackets are SEMs of at least triplicate determinations at 40 min.

5 NA denotes not performed.



High Permeability and P-gp-Modified Metabolism

The observation here that P-gp inhibition caused a mod-
est increase in 1-OH MDZ formation may also support the
hypothesis that midazolam is a P-gp substrate. It has been
suggested that P-gp acts in concert with CYP3A4 to limit in
vivo oral absorption of xenobiotics, such that P-gp action en-
hances metabolism. Hence, P-gp inhibition of a dual P-gp/
CYP3A substrate may be expected to modulate metabolism
(e.g. reduce metabolism). Interestingly, in our in vitro studies,
P-gp inhibition enhanced rather than reduced 1-OH MDZ
formation after apical midazolam dosing. This qualitative dif-
ference may suggest a fundamental difference in the coupling
of P-gp and CYP3A activities in vitro and in vivo, such as the
in vitro study being a geometrically simplified approximation
of the in vivo situation.

In previous in vitro transport studies, P-gp inhibition has
resulted in increased metabolite production. For example,
GF120918 increased the metabolite formation of the dual
P-gp /CYP substrate K77; after A-to-B K77 transport, both
intracellular and extracellular K77 metabolites increased in
the presence of GF120918 (18). Despite increased K77 me-
tabolite formation, the ER for K77 decreased in the presence
of GF120918. This reduced ER resulted from significant in-
hibition of K77 efflux, and hence greater K77 present in the
receiver with GF120918 (18).

In part, results here for midazolam parallel results for
K77. For midazolam, P-gp inhibition resulted in a modest
increase in 1-OH MDZ formation. Unlike K77, midazolam
did not exhibit marked polarized transport, which was not
markedly changed by GF120918; K77 exhibited polarized
transport, which was abolished by GF120918. Underlying this
difference in apparent P-gp and CYP3A kinetics is mid-
azolam’s 10-fold higher passive membrane permeability. Mid-
azolam’s Caco-2 permeability was about 35 x 107 cm/s,
whereas it appears that K77’s passive permeability was ap-
proximately 3 x 107° cm/s. In addition to passive permeability
contributing to apparent P-gp kinetics, passive permeability
may contribute to the role of P-gp in modulating metabolism.
For midazolam, its high membrane permeability results in the
aqueous boundary layer limiting midazolam transport, such
that the abolishment of midazolam efflux by GF120918 had
essentially no effect on midazolam permeability. However,
GF120918 modestly increased midazolam level in the cells,
resulting in greater midazolam metabolism. Further investi-
gations would be required to better characterize the role of
passive drug permeability in P-gp/metabolism systems. Mid-
azolam may represent a limiting case, where midazolam’s
high permeability minimizes changes in metabolism due to
P-gp inhibition.

Although the present results suggest that midazolam is a
P-gp substrate, P-gp exhibits partial substrate overlap with
other efflux transporters, such as breast cancer resistance pro-
tein (BCRP) and multiresistance associated protein 2
(MRP2). Hence, the present results cannot broadly exclude
midazolam to be a substrate for other efflux transporters, or
exclude other efflux transporters to contribute to results here,
such as GF120918’s effect on 1-OH MDZ formation. How-
ever, MRP2 is not inhibited by GF120918 (27,28). The poten-
tial contribution of BCRP to the results here is less clear.
GF120918 is known to inhibit BCRP (29). However, BCRP’s
low expression in Caco-2 monolayers suggests that BCRP did
not contribute toward GF120918s modest enhancement of
1-OH MDZ formation (30).
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In summary, the objectives of this study were to assess
whether midazolam exhibits characteristics of a highly per-
meable P-gp substrate and to evaluate the influence of P-gp
inhibition on 1-OH MDZ formation during midazolam trans-
port. Results suggest midazolam to be a high permeability
P-gp substrate. P-gp inhibition resulted in a slight increase in
1-OH MDZ formation.
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