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ABSTRACT
Plasma concentrations of protease inhibitors are lower in preg-
nant women than in nonpregnant women or men. Using nelfi-
navir as a model protease inhibitor, we have shown that this
phenomenon can be reproduced in a representative non-hu-
man primate model, Macaca nemestrina (J Pharmacol Exp Ther
329:1016–1022, 2009). Nelfinavir is cleared from the body pre-
dominantly by CYP3A metabolism and P-glycoprotein (P-gp)
efflux. Therefore, using midazolam (MDZ) as a CYP3A probe
and digoxin (DIG) as a P-gp probe, we determined the ante-
partum (73–118 days) and postpartum (61–130 days) in vivo
intestinal and hepatic CYP3A or P-gp activity in the macaque.
Although the systemic clearance of MDZ was significantly in-
creased (�70%) during pregnancy after intra-arterial (IA) ad-

ministration of the drug (15N-labeled MDZ; 40 �g/kg), preg-
nancy did not affect the oral clearance of the drug administered
simultaneously (1 mg/kg p.o.) with the IA dose. In vitro studies
in hepatic and intestinal S-9 fractions indicated no effect of
pregnancy on CYP3A activity or protein expression in the small
intestine or liver. In contrast, neither the oral (100 �g/kg) nor the
IA (10 �g/kg) clearance of DIG was significantly altered by
pregnancy, indicating no effect of pregnancy on P-gp activity.
Assuming that MDZ and DIG are selective substrates of the
macaque CYP3A enzymes and P-gp, respectively, these re-
sults suggest that factors other than increased CYP3A or P-gp
activity contribute to the increased clearance of protease inhib-
itors during M. nemestrina pregnancy.

Anti-HIV protease inhibitors (PIs) are administered rou-
tinely to HIV-1-infected pregnant women (Hammer et al.,
2006). However, the correct dose of the PIs that should be
prescribed for this population is not clear, because the oral
clearance of PIs is significantly increased during pregnancy,
including the oral clearance of indinavir (Unadkat et al.,
2007), saquinavir (Acosta et al., 2001), and nelfinavir (Angel
et al., 2001; Nellen et al., 2004; van Heeswijk et al., 2004). As
a result, on administration of standard doses of the PIs, the

plasma concentrations of the PIs are lower than those
achieved in nonpregnant women or men. These decreased
concentrations are of significant clinical concern, because
they have been strongly associated with virological treat-
ment failure and the progression of disease (Back et al.,
2002). In addition, they may result in resistant virus and the
greater potential of maternal-fetal transmission of resistant
virus.

Because the PIs are primarily cleared from the body by
CYP3A metabolism and P-glycoprotein transport (Kim et al.,
1998; Unadkat and Wang, 2000; Zhang et al., 2001), we have
hypothesized that the increased oral clearance of the PIs
during pregnancy is caused by increased activity of one or
both of these proteins. Indeed, we have shown that oral
clearance of midazolam, a CYP3A model drug, is greater in
pregnant women compared with postpartum women (Hebert
et al., 2008). However, these human studies did not reveal
whether the CYP3A activity in the intestine, liver, or both
was increased during pregnancy, and these studies could not
reveal the molecular mechanisms of this observation. There-
fore, we have embarked on a series of animal studies to
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identify the tissue in which CYP3A activity is increased
during pregnancy and to elucidate the mechanistic basis of
this phenomenon (Mathias et al., 2006; Zhang et al., 2008,
2009).

We replicated the phenomenon of increased clearance of
PIs in the pregnant mouse (Mathias et al., 2006). We found
that pregnancy significantly increased the hepatic expres-
sion and activity of Cyp3a enzymes in pregnant mice but did
not affect hepatic and intestinal P-pg expression or intestinal
Cyp3a activity (Mathias et al., 2006; Zhang et al., 2008).
However, because of the multiplicity of Cyp3a and P-gp iso-
forms and the lack of specific reagents (isoform-specific an-
tibody or purified proteins), determining the mechanistic ba-
sis for this increase in clearance of PIs during pregnancy is
difficult in this mouse model. For this reason, we began
studies in a more representative animal model that is genet-
ically and physiologically closer to humans, the pregnant
non-human primate, Macaca nemestrina (pig-tailed ma-
caque). We confirmed that oral and systemic clearance of a
model PI, nelfinavir, was increased in the pregnant M. nem-
estrina (Zhang et al., 2009). In addition, in vitro studies with
hepatic and intestinal S-9 fractions obtained from pregnant
and postpartum animals suggested that the increased oral
clearance of NFV was caused by increased hepatic but not
intestinal CYP3A activity. Here, we report on a study that
tests this hypothesis in vivo and also determines whether in
vivo intestinal and/or hepatic P-gp activity is increased dur-
ing pregnancy.

Materials and Methods
Chemicals. Midazolam (5 mg/ml) was purchased from Roxane

Laboratories (Ridgefield, CT). Stably labeled (15N) midazolam was
purchased from F. Hoffman-La Roche (Basel, Switzerland) and
1�-OH midazolam from SAFC Corp. (St. Louis, MO). Deuterium-
labeled midazolam (D4-MDZ, 100 �g/ml) and deuterium-labeled hy-
droxyl midazolam (D4-OH MDZ, 100 �g/ml), internal standards for
MDZ and 1�-OH MDZ analysis, were purchased from Cerilliant Cor-
poration (Round Rock, TX). �-Glucuronidase was purchased from
Sigma-Aldrich (St. Louis, MO). Digoxin (250 �g/ml) was purchased
from Baxter (McGaw Park, IL), and digitoxin (internal standard for
the digoxin assay) was purchased from IMP Biomedicals (Solon,
OH). 3H-Labeled digoxin was purchased from American Radiola-
beled Chemicals (St. Louis, MO). High-performance liquid chroma-
tography-grade methanol, acetonitrile, water, and methyl-t-butyl-
ether were purchased from Thermo Fisher Scientific (Waltham, MA).
A BCA protein assay kit was purchased from Pierce Chemical (Rock-
ford, IL). Primary antibodies anti-human CYP3A4, anti-P-gp C219,
and anti-�-actin were purchased from Daiichi Pure Chemicals (To-
kyo, Japan), Alexis Biomedicals (San Diego, CA), and Sigma-Aldrich,
respectively. Secondary anti-mouse, anti-rabbit antibodies conju-
gated with different IRDyes were purchased from LI-COR Bioscience
(Lincoln, NE). Polyvinylidene fluoride membrane was purchased
from GE Healthcare (Little Chalfont, Buckinghamshire, UK). RNA
extraction kit and RNase-free DNase were purchased from QIAGEN
(Valencia, CA). Reverse-transcription kit and 2� master PCR mix-
ture for real-time PCR were purchased from Applied Biosystems
(Foster City, CA). All other reagents and materials were purchased
from standard vendors and were of the highest available purity.

Animals. Four pregnant (antepartum, AP 73–118 day; term is
�167 days) and four nonpregnant (postpartum, PP 61–130 day)
macaques (M. nemestrina, 7.0–12 years, 6.5–10 kg) were studied.
The nelfinavir pharmacokinetic studies that we reported previously
were also conducted in these animals during the same pregnancies
(Zhang et al., 2009).

Drug Administration and Blood Sampling. After at least 10
days of recovery from surgery, the animals were sequentially admin-
istered oral digoxin (DIG,100 �g/kg), oral midazolam (MDZ, 1 mg/
kg), intra-arterial (IA) 15N-labeled MDZ (40 �g/kg), simultaneously,
and IA DIG (10 �g/kg) each separated by at least 5 days. For safety
reasons, the arterial catheter was used to administer the drug
(rather than to draw samples), and blood samples were collected
from the venous catheter. For MDZ studies, blood samples were
collected from the femoral vein predose and at 3, 5, 15, and 30 min
and at 1, 2, 4, 6, 8, 10, and 12 h after dose. For DIG oral study, blood
samples were collected from the femoral vein before dose and at 30
min and at 1, 2, 4, 6, 8, 10, 12, 24, 36, 48, and 72 h after dose; for the
DIG IA study, blood samples were collected before dose and at 5, 15,
and 30 min and at 1, 2, 4, 6, 8, 10, 12, 24, 36, 48, and 72 h after dose.
Urine was collected before dose and 24 h after dose for MDZ and 72 h
after dose for DIG. Blood samples were immediately centrifuged, and
plasma and urine samples were stored at �20°C until analysis. All
dosing solutions were analyzed by LC-MS to confirm the concentra-
tions of solutions administered.

MDZ and DIG Plasma Protein Binding. Plasma protein bind-
ing of MDZ and DIG was determined by ultrafiltration (Centrifree
YM-30; Millipore Corporation, Billerica, MA). In brief, a total plasma
concentration of 5 ng/ml MDZ (average plasma concentration) was
used to determine the plasma protein binding in the predose sam-
ples. MDZ was dried in a cell culture tube, and then 900 �l of
MDZ-free plasma collected from pregnant or nonpregnant macaques
(predose sample) was added to each tube. After mixing at room
temperature for 10 min, duplicate aliquots of 425 �l of the plasma
were transferred to the filtration devices and incubated for 30 min at
37°C. The cartridges were then centrifuged in a swinging bucket
centrifuge (preset to 37°C) at 1000g for 3 min (approximately 45 �l of
filtrate was collected). Forty microliters of the ultrafiltrate or plasma
was alkalinized with concentrated ammonium hydroxide (14 M) and
extracted with 5 ml of methyl-t-butyl ether. Deuterium-labeled MDZ
(5.0 ng/ml, D4-MDZ) was used as an internal standard. The extrac-
tion solvent was evaporated and reconstituted in 25 �l of 50:50
methanol/water. Fifteen microliters of each sample was injected to
quantify MDZ and the internal standard D4-MDZ, following the
UPLC-MS/MS method described below. Protein binding of MDZ was
shown to be linear between 5 and 50 ng/ml using blank macaque
plasma.

The same ultrafiltration technique as described above was used to
determine plasma protein binding of DIG, with the exception that
3H-labeled compound was used. Twenty microliters of plasma (before
filtration) and ultrafiltrate were analyzed for total radioactivity on a
Packard Tri-Carb 1600RP liquid scintillation counter [PerkinElmer
Life and Analytical Sciences (Boston, MA)]. The percentage unbound
(fu) was calculated as the percentage of radioactive counts in the
filtrate to percentage in the plasma sample. The percentage of DIG
bound was determined to be constant over the range of 0.02 to 20
ng/ml using blank macaque plasma. The plasma protein binding was
determined at an average plasma concentrations (IA, 0.2 ng/ml; oral,
1 ng/ml) observed in the studies. Nonspecific binding of [3H]DIG to
the filtration cartridge was determined to be �15% (Hebert et al.,
2008).

Tissue Collection and Isolation of S-9 Fractions. The proce-
dures for collecting hepatic and proximal small-intestinal tissues
and methods for S-9 fraction preparation were as described previ-
ously (Zhang et al., 2009).

1�-Hydroxylation of MDZ in S-9 Fractions. In brief, 0.2 mg/ml
hepatic S-9 fractions or 0.5 mg/ml proximal small intestine S-9
fractions were preincubated for 5 min at 37°C with 100 mM potas-
sium phosphate, pH 7.4, containing 0.1 mM EDTA and 10 �M MDZ
in a shaking water bath. Incubation reactions were initiated by
adding 1 mM NADPH (freshly prepared; final incubation volume,
100 �l) and terminated by the addition of 100 �l of ice-cold acetoni-
trile containing the internal standard D4-OH MDZ (5 ng/ml) at 10
min. Samples were vortexed and kept on ice for 30 min before
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centrifuging at 14,000g for 10 min at room temperature. Superna-
tant was then collected and injected directly onto LC-MS for analy-
sis, following the method described below. All incubations were con-
ducted in duplicate. For cDNA-expressed CYP3A64, 2 pmol of
enzymes were used, and incubations were conducted in triplicate.

To determine whether 1�-OH MDZ formation was mediated by
CYP3A, selective human CYP3A inhibitors, erythromycin (ERY, 0.5
mM), ketoconazole (KTZ, 0.5 �M), or troleandomycin (TAO, 0.01–1
mM), were included in the assay following the method described
previously (Zhang et al., 2009). With the exception of TAO, all inhib-
itors were coincubated with substrate and S-9 fractions for 5 min
before adding NADPH. TAO was coincubated with S-9 fractions and
NADPH for 30 min before adding the substrate. Percentage of con-
trol activity was calculated as the activity in the incubation when the
inhibitor was present compared with that when the inhibitor was
absent.

MDZ Depletion in S-9 Fractions. In addition to 1�-OH MDZ
formation, depletion of MDZ was also studied. Incubation conditions
were the same as above, with the exception that MDZ concentrations
used in depletion assays were 0.2 �M. All inhibition assays were
carried out for 10 min for hepatic S-9 fractions and 20 min for
intestinal S-9 fractions before termination with ice-cold acetonitrile
containing internal standard D4-MDZ. The concentration of MDZ
was quantified by use of the LC-MS method described below. The
percentage of MDZ remaining in each incubation was calculated
with respect to that in corresponding 0-min control.

TST 6�-Hydroxylation in S-9 Fractions. This was conducted
essentially as described previously with only minor modifications
(Mathias et al., 2006; Zhang et al., 2008). In brief, 0.2 mg/ml hepatic
S-9 fractions or 0.5 mg/ml proximal small-intestine S-9 fractions
were preincubated at 37°C for 5 min in 100 �l of phosphate buffer
(100 mM potassium phosphate, pH 7.4, 0.1 mM EDTA) containing
150 �M testosterone (TST). Reaction was initiated by adding freshly
prepared NADPH (final concentration, 1 mM) and terminated at 20
min by adding 100 �l of ice-cold acetonitrile containing 10 �l of
internal standard 11�-OH progesterone (54 �g/ml). Samples were
mixed and incubated on ice for 30 min before centrifugation at
15,000g for 10 min. Twenty microliters of the supernatant was di-
rectly injected onto LC-UV. All inhibition assays were performed as
described in a previous section. 6�-OH TST was detected by use of
the LC-UV method described previously (Zhang et al., 2008).

SDS-Polyacrylamide Gel Electrophoresis and Western Blot
Analysis. Ten-microgram liver S-9 fractions or 20-�g small-intesti-
nal S-9 fractions were separated by 10% precast Criterion Tris-HCl
gel (Bio-Rad Laboratories, Hercules, CA) for CYP3A detection.
Eighty-microgram liver homogenates were separated by 4 to 15%
gradient precast Criterion Tris-HCl gel (Bio-Rad Laboratories) for
P-gp detection. Proteins were transferred to polyvinylidene fluoride
membrane (GE Healthcare). Western blot detection was performed
according to the manufacturer’s instructions (Odyssey, LI-COR Bio-
sciences, Lincoln, NE). In brief, blots were soaked in phosphate-
buffered saline for 10 min and then placed in blocking buffer (LI-
COR Biosciences) overnight at 4°C. Anti-human CYP3A4 (1:2000),
C219 (1:1000), and anti-�-actin antibody (1:5000) were added to the
blocking solution and incubated for 1 h at room temperature on a
rocking plate. The blots were then rinsed in washing buffer (0.05%
Tween 20 in phosphate-buffered saline) and washed four times, 5
min each. The blots were then incubated in blocking buffer with
secondary antibodies (1:10,000 anti-rabbit or anti-mouse IgG conju-
gated to IRDye; LI-COR Biosciences) for 45 min. Luminescent signal
was then recorded on an Infrared Imaging System (Odyssey; LI-COR
Biosciences). The relative intensity of each protein band was deter-
mined by the Odyssey program (LI-COR Biosciences) according to
manufacturer’s instructions.

Real-Time PCR Assay. Relative quantification of macaque
CYP3A and P-gp transcript expression was performed according to
the protocol described previously (Zhang et al., 2008), with the ex-
ception that Taqman primers and probes for macaque genes

CYP3A64 (Rh02872540�m1), CYP3A66 (Rh02788718�m1), MDR1
(Rh01070639�m1), and �-actin (Rh03043379�gH) from Applied Bio-
systems were used. All of the other experimental procedures and
methods for calculation of relative expression remained the same.

Analysis of MDZ and 1�-OH MDZ. MDZ and 1�-OH MDZ con-
centrations in the S-9 incubations were analyzed by a validated
LC-MS method described previously (Kirby et al., 2006). To achieve
greater sensitivity than that afforded by LC-MS, detection of MDZ
and 1�-OH MDZ in the plasma and urine samples and plasma protein
binding samples (described above) was conducted by UPLC-MS/MS.
In brief, 50 �l of an internal standard mixture containing D4-MDZ
and D4-OH MDZ (15 ng of each) was added to plasma samples
followed by 100 �l of concentrated ammonium hydroxide and 5 ml of
methyl-t-butyl-ether. Samples were mixed and agitated for 30 min
and then centrifuged for 10 min at 2000g. The organic layer then was
transferred to a culture tube and evaporated to dryness under vac-
uum. The residue was reconstituted in 100 �l of a 50:50 water/
methanol solution containing 0.1% acetic acid. Fifteen microliters of
the reconstituted solution was injected onto the UPLC-MS/MS for
analysis. Quantification of 15N-MDZ and 15N-OH MDZ was based on
the assumption that the detection efficiency of labeled and unlabeled
compounds was the same. A calibration curve and controls were
prepared in blank human plasma obtained from the Puget Sound
Blood Bank. Urine samples were diluted either 1:10 or 1:50 with
water and then pretreated with 1000 units of �-glucuronidase in a
100 mM acetic acid solution overnight (�16 h) before extraction with
the above-described method. A set of calibrators and controls were
similarly subjected to the �-glucuronidase treatment for quantifica-
tion of the urine samples. Precision and accuracy of the assay was
�20% CV for precision and �20% error for accuracy. The level of
quantification for MDZ was 0.1 ng/ml for a 0.5-ml sample. Detection
of MDZ (m/z 326.0 	 291.2), 1�-OH MDZ (m/z 342.0 	 324.0), and the
D4-labeled internal standards (m/z 330.0 	 296.2 and 346.0 	 329.0,
respectively) was performed by use of MS-MS capabilities on a Wa-
ters Aquity UPLC with a binary solvent manager (Waters, Milford,
Mass) coupled to a Micromass Quatro Premier XE tandem mass
spectrometer (Waters) using positive electrospray ionization. The
UPLC column was a Waters 2.1 � 50-mm 1.7-�m BEH C18 column
with a Phenomenex 2.1 � 4-mm C18 guard column. Mobile phase
flow was 0.3 ml/min with initial conditions of 95% aqueous (0.1%
acetic acid in water) and 5% organic (0.1% acetic acid in methanol).
The initial mobile phase conditions were held for 1 min and then
increased linearly to 100% organic at 2.5 min and held until 3.2 min
when the mobile phase was reverted to the original mobile conditions
over 0.05 min. The column was equilibrated for 1.25 min before the
next injection. Mass spectrometer conditions were as follows: desol-
vation temperature, 400°C; desolvation nitrogen gas flow, 1100 li-
ters/h; source temperature, 120°C; capillary voltage, 3.0 kV; extrac-
tor, 6.0; collision cell argon gas flow, 0.1 ml/min; and multiplier
voltage, 650 V. Cone voltages and collision energies were optimized
for each transition. Multiple reaction-monitoring chromatograms
were integrated with use of Masslynx version 4.0 (Waters). Sample
concentrations were determined by linear regression of the ratio of
analyte peak area to the internal standard peak area by use of
Microsoft Excel.

Analysis of DIG. Plasma and urine samples were assayed for
DIG concentrations by use of a validated LC-MS method published
previously (Kirby et al., 2008). In brief, 1 ml of plasma and urine
samples with 1 ng of digitoxin (internal standard) was alkalinized
with 100 �l of ammonium hydroxide and extracted with 5 ml of
methyl-t-butyl ether. Detection of sodium adducts of digoxin (m/z
802.4) and digitoxin (m/z 786.4) was performed on an Agilent 1100
series MSD with positive electrospray ionization. A gradient elution
was used on an XDB-C8 analytical column (2.1 � 50 mm, 5 �m)
coupled with a XDB-C18 guard column (2.1 � 12.5 mm, 5 �m)
(Agilent Technologies, Santa Clara, CA) at a flow rate of 0.25 ml/min.
A calibration curve and controls ranging from 0.05 to 1.0 ng/ml were
analyzed in triplicate with all plasma and urine samples. The intra-
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and interday precision of the assay had a CV of �15%. The level of
quantification for DIG was 0.1 ng/ml for a 0.5-ml sample.

Pharmacokinetic Data Analysis. Plasma concentration versus
time profiles for MDZ and DIG were obtained for each individual
animal, and noncompartmental analysis was performed with use of
WinNonlin 5.0.1 (Pharsight Corp., Mountain View, CA) to recover
area-under-the-curve (AUC0-
) and other parameters. Bioavailabil-
ity in each animal was estimated as the ratio of the systemic clear-
ance and the corresponding oral clearance. Because pharmacokinetic
parameters are typically log-normally distributed, statistical analy-
sis was conducted on log-transformed pharmacokinetic parameters.
The geometric mean ratio of pharmacokinetic parameters and their
95% confidence intervals were computed. If the 95% confidence in-
terval encompassed the value of unity, the pharmacokinetic param-
eter of the drug was not considered significantly different antepar-
tum versus postpartum. For clarity, data for each pharmacokinetic
parameter are reported as arithmetic mean � S.D.

Results
Pharmacokinetics of MDZ after Intra-Arterial and

Oral Administration. After intra-arterial (IA) administra-
tion, 15N-MDZ plasma concentrations declined rapidly (Fig.
1A), with a terminal half-life of 1.2 to 1.3 h (Table 1). The
antepartum dose-normalized AUC0-
 (n � 4) was only 56% of
that observed postpartum (n � 4) (Table 1; Fig. 1A). As a
result, the MDZ total plasma clearance in pregnant ma-
caques was significantly greater (by �70%) than that ob-
served postpartum, regardless of whether it was normalized
to body weight or not. The antepartum formation clearance to
1�-OH MDZ was 2.5-fold higher than that observed postpar-
tum. The percentage of MDZ unbound in the plasma was
similar antepartum and postpartum (Table 1). MDZ steady-

state volume of distribution was not significantly different
antepartum versus postpartum. Urinary recovery of MDZ as
1�-OH MDZ (after deconjugation of the glucuronide) was low
(8.9–13.9%) and unaffected by pregnancy (Table 1).

After oral administration, MDZ pharmacokinetics were
highly variable. MDZ was absorbed significantly faster dur-
ing pregnancy (Tmax, 0.25 h) compared with postpartum
(Tmax, 1.62 h), and the maximal plasma concentration (Cmax)
achieved antepartum was significantly higher than that
achieved postpartum (Fig. 1B; Table 1). However, the ante-
partum dose-normalized AUC0-
 (n � 4) was not significantly
different from that observed postpartum (n � 4) (Fig. 1B;
Table 1). As a result, the total oral plasma clearance of MDZ
in pregnant macaques was not significantly different from
that observed postpartum. Likewise, formation clearance to
1�-OH MDZ was not statistically different antepartum versus
postpartum. Bioavailability of MDZ was low in macaques
both antepartum and postpartum and highly variable, espe-
cially in the pregnant macaques (Table 1). Terminal plasma
half-life of MDZ was not significantly different antepartum
versus postpartum.

Pharmacokinetics of DIG after Intra-Arterial and
Oral Administration. After intra-arterial administration,
the antepartum DIG AUC0-
 (n � 3) was not different from
that observed postpartum (n � 4) (Table 2; Fig. 2A). As a
result, the DIG total plasma clearance was not affected by
pregnancy. Likewise, renal clearance was not different be-
tween the two groups. DIG was mostly present in the plasma
as the free drug (Table 2). The volume of distribution of DIG
at steady state was large (	21 liters/kg) and not significantly
different antepartum versus postpartum. Plasma terminal
half-life (	20 h) was not significantly different between the
two groups. The 72-h urinary recovery of DIG was approxi-
mately 35% of the dose and was unaffected by pregnancy.

After oral administration, the pharmacokinetics of DIG,
including the renal clearance, were not affected by pregnancy
(Table 2; Fig. 2B). The bioavailability of DIG (�65%) was also
not significantly altered by pregnancy.

MDZ Metabolism in Hepatic and Intestinal S-9 Frac-
tions. The rate of depletion of MDZ in hepatic or intestinal
S-9 fractions of tissues obtained from both antepartum and
postpartum animals was similar (Fig. 3). KTZ (0.5 �M) com-
pletely inhibited this depletion (Fig. 3, A and B). Likewise,
MDZ 1�-hydroxylase activity in hepatic S-9 fraction was sim-
ilar antepartum versus postpartum (Fig. 4A). KTZ (0.5 �M)
almost completely inhibited this activity in hepatic S-9 frac-
tions and in expressed CYP3A64 enzymes, whereas ERY (0.5
mM) and TAO (100 �M) inhibited this activity to a lesser
extent (Fig. 4B).

6�-OH Testosterone Formation in Hepatic and Intes-
tinal S-9 Fractions. TST 6�-hydroxylation in hepatic and
intestinal S-9 fractions obtained postpartum and antepartum
was not significantly different (Fig. 5). KTZ (0.5 �M) abol-
ished 6�-OH TST formation in these fractions (Fig. 5).

CYP3A and P-gp Expression in Macaque Liver and
Small Intestine. With the use of human CYP3A4 antibody,
two bands were detected in the Western blots of the macaque
hepatic and intestinal tissue (data not shown). Because the
lower band showed a molecular mass of approximately 42
kDa, quantification of only the top band (molecular mass �50
kDa) was conducted to represent the expression level of
CYP3A. Hepatic or small-intestinal CYP3A protein expres-
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Fig. 1. The mean (� S.D.) MDZ dose-normalized plasma concentration-
time profile in M. nemestrina is significantly lower antepartum (AP, n �
4, E) than that obtained postpartum (PP, n � 4, F) after intra-arterial (40
�g/kg) (A) but not oral (1 mg/kg) (B) administration of the drug.
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sion was unaffected by pregnancy (Fig. 6, A and B). Likewise,
pregnancy did not change hepatic P-gp protein expression
(Fig. 6G).

The sequence(s) of M. nemestrina CYP3A isoform(s) are
currently unknown. Therefore, to determine the expression
of CYP3A transcripts, we used the commercially available

rhesus macaque CYP3A64 and CYP3A66 primers and
probes. Pregnancy had an isoform- and tissue-specific effect
on M. nemestrina CYP3A transcript expression. The hepatic
expression of the CYP3A64-probed gene during pregnancy
was lower (by �50%) than that observed postpartum (Fig.
6C), whereas its expression in the small intestine was unaf-

TABLE 1
AP and PP pharmacokinetic parameters (arithmetic mean � S.D., n � 4) of MDZ in M. nemestrina after simultaneous intra-arterial (40 �g/kg,
15N-labeled) and oral (1 mg/kg) administration of the drug

Parameters Unit
Intra-Arterial Oral

AP PP Geometric Mean Ratioa AP PP Geometric Mean Ratio

C0/dose ng/ml/�g 0.36 � 0.33 0.37 � 0.16 0.81 (0.33–1.99) N.A. N.A. N.A.
Cmax/dose ng/ml/mg N.A. N.A. N.A. 3.52 � 3.89 0.65 � 0.20 3.47 (1.06–11.31)b

Tmax h N.A. N.A. N.A. 0.25 � 0.06 1.62 � 0.47 0.16 (0.10–0.23)b

AUC0-
/dose h*ng/ml/mg 0.05 � 0.02 0.09 � 0.02 0.56 (0.39–0.81)b 3.19 � 2.20 2.04 � 0.96 1.40 (0.61–3.22)
CL l/h 21.1 � 6.42 11.6 � 2.25 1.77 (1.23–2.54)b N.A. N.A. N.A.
CL l/h/kg 2.67 � 0.76 1.62 � 0.30 1.62 (1.15–2.27)b N.A. N.A. N.A.
CL/F l/h N.A. N.A. N.A. 452 � 284 569 � 232 0.71 (0.31–1.64)
CL/F l/h/kg N.A. N.A. N.A. 58.6 � 39.4 80.1 � 33.4 0.65 (0.28–1.54)
Clf 1�OH MDZ

c l/h 3.13 � 2.26 1.10 � 0.60 2.53 (1.01–6.39)b 68.3 � 21.2 65.7 � 15.0 1.02 (0.69–1.52)
Clf 1�OH MDZ l/h/kg 0.39 � 0.29 0.15 � 0.08 2.31 (0.98–5.44) 8.66 � 2.37 9.18 � 2.11 0.93 (0.64–1.36)
fu % 3.65 � 1.58 3.78 � 0.72 0.90 (0.54–1.50) 3.65 � 1.58 3.78 � 0.72 0.90 (0.54–1.50)
CLu l/h 611 � 124 321 � 107 1.96 (1.34–2.86)b N.A. N.A. N.A.
CLu l/h/kg 78.0 � 15.3 44.6 � 13.5 1.79 (1.25–2.56)b N.A. N.A. N.A.
CLu/F l/h N.A. N.A. N.A. 14,243 � 8937 14,737 � 4627 0.79 (0.31–2.02)
CLu/F l/h/kg N.A. N.A. N.A. 1860 � 1302 2068 � 683 0.72 (0.27–1.90)
Clf 1�OH MDZ unbound l/h 84.6 � 40.7 32.2 � 24.6 2.80 (1.13–6.92)b 2248 � 1219 1773 � 450 1.13 (0.56–2.27)
Clf 1�OH MDZ unbound l/h/kg 10.6 � 5.01 4.41 � 3.14 2.56 (1.10–5.94)b 286 � 153 247 � 57.8 1.03 (0.52–2.05)
Vss liter 17.6 � 5.21 11.8 � 4.52 1.55 (0.88–2.73) N.A. N.A. N.A.
Vss l/kg 2.23 � 0.61 1.63 � 0.57 1.41 (0.85–2.35) N.A. N.A. N.A.
F % N.A. N.A. N.A. 7.15 � 6.62 2.38 � 1.31 2.48 (0.95–6.45)
t1/2 h 1.31 � 0.36 1.17 � 0.30 1.12 (0.78–1.56) 1.74 � 0.44 1.56 � 0.44 1.14 (0.76–1.70)
Urinary recoveryd % 13.9 � 6.88 8.93 � 4.20 1.48 (0.74–2.99) 18.6 � 8.00 11.9 � 4.55 1.51 (0.84–2.71)

fu, percentage unbound in plasma; CLu, unbound plasma clearance; CLu/F, unbound oral plasma clearance; F, bioavailability; t1/2, terminal plasma half-life; N.A., not
applicable.

a Geometric mean ratio was presented as the ratio of AP/PP with 95% confidence interval in parentheses.
b Significantly different antepartum versus postpartum.
c Clf 1�-OH MDZ was calculated as the ratio of the amount of MDZ excreted in the 24 h urine as 1�-OH MDZ over MDZ AUC0-
.
d 24-h urinary recovery of the dose as 1�-OH MDZ.

TABLE 2
AP and PP pharmacokinetic parameters (arithmetic mean � S.D., n � 4) of DIG in M. nemestrina after intra-arterial (10 �g/kg) or oral (100 �g/
kg) administration of the drug

Parameters Unit
Intra-Arterial Oral

APa PP Geometric Mean Ratiob AP PP Geometric Mean Ratio

C0/dose ng/ml/�g 0.14 � 0.12 0.12 � 0.04 1.04 (0.65–1.46) N.A. N.A. N.A.
Cmax/dose pg/ml/�g N.A. N.A. N.A. 4.20 � 1.43 3.70 � 1.63 1.07 (0.82–1.48)
Tmax h N.A. N.A. N.A. 1.75 � 0.30 2.15 � 2.59 0.89 (0.57–1.99)
AUC0-
/dose h*ng/ml/mg 0.14 � 0.05 0.17 � 0.04 0.91 (0.74–1.12) 0.14 � 0.05 0.17 � 0.04 1.09 (0.89–1.34)
CL l/h 7.53 � 2.47 6.02 � 1.46 1.09 (0.89–1.34) N.A. N.A. N.A.
CL l/h/kg 0.93 � 0.27 0.86 � 0.21 1.03 (0.85–1.24) N.A. N.A. N.A.
CL/F l/h N.A. N.A. N.A. 10.5 � 4.89 9.29 � 0.67 1.02 (0.84–1.33)
CL/F l/h/kg N.A. N.A. N.A. 1.28 � 0.52 1.24 � 0.08 0.99 (0.83–1.18)
Clr

c l/h 2.75 � 0.95 2.61 � 1.23 1.04 (0.82–1.32) 1.94 � 1.32 2.25 � 1.08 0.91 (0.64–1.70)
Clr l/h/kg 0.35 � 0.15 0.37 � 0.17 0.98 (0.75–1.28) 0.23 � 0.14 0.30 � 0.16 0.88 (0.63–1.23)
fu % 79.1 � 6.48 77.7 � 4.91 0.98 (0.92–1.06) 77.4 � 4.64 73.4 � 2.78 1.02 (0.99–1.05)
CLu l/h 9.38 � 2.42 7.76 � 1.92 1.00 (0.36–2.84) N.A. N.A. N.A.
CLu l/h/kg 1.16 � 0.27 1.11 � 0.27 0.96 (0.82–1.14) N.A. N.A. N.A.
CLu/F l/h N.A. N.A. N.A. 13.5 � 6.28 12.3 � 0.89 1.00 (0.82–1.34)
CLu/F l/h/kg N.A. N.A. N.A. 1.65 � 0.67 1.69 � 0.11 0.96 (0.81–1.15)
Clr unbound l/h 3.50 � 1.23 3.40 � 1.70 1.09 (0.76–1.58) 2.50 � 1.69 2.25 � 1.08 0.89 (0.63–1.70)
Clr unbound l/h/kg 0.45 � 0.19 0.49 � 0.23 1.05 (0.58–1.87) 0.32 � 0.18 0.41 � 0.20 0.85 (0.61–1.18)
Vss l 171 � 44.3 177 � 48.8 0.99 (0.84–1.16) N.A. N.A. N.A.
Vss l/kg 21.6 � 7.22 25.3 � 6.36 0.93 (0.77–1.13) N.A. N.A. N.A.
F % N.A. N.A. N.A. 67.9 � 29.1 65.8 � 19.9 1.00 (0.81–1.39)
t1/2 h 22.4 � 8.19 25.8 � 7.53 0.93 (0.73–1.19) 27.7 � 5.27 32.5 � 1.12 0.93 (0.84–1.17)
Urinary recoveryd % 37.3 � 13.6 34.8 � 8.97 1.02 (0.81–1.28) 15.8 � 13.2 20.9 � 9.79 0.89 (0.67–1.54)

N.A., not applicable; fu, percentage of unbound in plasma; CLu, unbound plasma clearance; CLu/F, unbound oral plasma clearance; F, bioavailability; t1/2, terminal plasma
half-life.

a Intra-arterial DIG PK study was performed in three instead of four pregnant macaques (n � 3).
b Geometric mean ratio was presented as the ratio of AP/PP with 95% confidence interval in parentheses.
c Clr, renal clearance was calculated as the ratio of the amount of DIG excreted in the urine in 72 h over AUC0–72 h.
d 72-h urinary recovery of the dose.
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fected by pregnancy (Fig. 6D). In contrast, the expression of
CYP3A66-probed gene was not altered during pregnancy in
the hepatic or the small-intestinal tissue (Fig. 6, E and F).
Likewise, MDR1 transcript expression in the liver or small
intestine was unaffected by pregnancy (Fig. 6, H and I).
Based on the absolute Ct values, the rank order of the abun-
dance of these genes in the liver was CYP3A64 	 CYP3A66 	
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MDR1. In addition, by comparing the absolute Ct values, the
CYP3A64 ortholog was expressed much more abundantly in
the liver than in the proximal small intestine, whereas
CYP3A66 and MDR1 orthologs were expressed at a similar
level in both tissues (data not shown).

Discussion

Two major isoforms of CYP3A, CYP3A4 and CYP3A5, oc-
cur in human adults. However, the number of CYP3A iso-
forms present in the macaques is not clear. So far, three
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Fig. 6. Expression of CYP3A protein in hepatic
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macaque CYP3A isoforms, CYP3A64 and CYP3A66 (rhesus
macaque or M. mulatta) and CYP3A8 (cynomolgus macaque
or M. fascicularis), have been identified (Komori et al., 1992).
Of these, CYP3A64 is the best characterized. It exhibits 93%
amino acid sequence identity to human CYP3A4 and 100%
identity to CYP3A8 in the cynomolgus macaque (Carr et al.,
2006). In vitro and in vivo studies strongly support the notion
that, as in humans, MDZ is an excellent probe to determine
in vivo CYP3A activity in the rhesus macaque (Heizmann
and Ziegler, 1981; Kronbach et al., 1989; Kanazu et al., 2004;
Carr et al., 2006; Prueksaritanont et al., 2006; Ogasawara et
al., 2007). Because of the global genetic similarity between
the Old-World macaques (e.g., pig-tailed and rhesus ma-
caques) (Magness et al., 2005), and because the CYP enzymes
of M. nemestrina have not been cloned, we assumed that
MDZ is a selective in vivo substrate of the M. nemestrina
CYP3A enzymes.

After intra-arterial administration, both systemic clear-
ance of MDZ and formation clearance to 1�-OH MDZ were
significantly increased by pregnancy (Table 1). This increase
was not the results of changes in plasma protein binding of
the drug (Table 1). Because very little MDZ was excreted
unchanged in the urine (�1%, data not shown), we assumed
that MDZ was cleared from the body primarily by hepatic
metabolism. Based on the mean MDZ plasma clearance of
1.62 l/h/kg, the MDZ blood/plasma partition ratio of 0.6
(Prueksaritanont et al., 2006), and reported hepatic blood
flow of 3.1 l/h/kg for the Old-World macaques (Boxenbaum
1980), the Fh of MDZ postpartum was calculated to be 0.13.
This value is close to the value (0.16) reported in rhesus
macaques (Prueksaritanont et al., 2006), indicating similar
high hepatic CYP3A activities in the two macaque species.

In contrast to IA administration of MDZ, we found no effect
of pregnancy on the oral clearance of MDZ or the formation
clearance to 1�OH-MDZ (Table 1). Furthermore, the bioavail-
ability (F) of MDZ was not significantly affected by preg-
nancy (Table 1). This bioavailability was much lower in the
nonpregnant macaques (�2%; Table 1) than in humans
(�24–36%) (Smith et al., 1981; Thummel et al., 1996). This
was probably caused by high hepatic and intestinal extrac-
tion of the drug during the first pass in the macaques. Based
on these data and assuming that MDZ was completely ab-
sorbed from the intestine (Fa � 1), the intestinal availability
(Fg) in the nonpregnant macaques was estimated to be 0.15,
indicating substantial intestinal metabolism.

The high MDZ clearance and hepatic extraction in the
macaque suggests that the higher systemic clearance of MDZ
during macaque pregnancy may be because of an increase in
hepatic blood flow rather than an increase in intrinsic he-
patic metabolism. Hepatic blood flow has been reported to be
increased during human pregnancy (Nakai et al., 2002). This
conclusion is consistent with our observation that the oral
clearance of MDZ was not affected by pregnancy. If the in-
trinsic hepatic metabolism of MDZ were increased by preg-
nancy, this would have been apparent from the oral clearance
of the drug. Based on fundamental pharmacokinetic princi-
ples, the oral clearance of a drug, even when it is highly
extracted by the liver, is determined by the intrinsic meta-
bolic clearance of the drug. However, the oral clearance of the
drug was not increased during pregnancy suggesting that the
hepatic metabolism of the drug was unaffected by pregnancy.

To confirm this conclusion, we measured the metabolism of

MDZ in S-9 fractions of hepatic and small-intestinal tissues
obtained from the animals that participated in the in vivo
MDZ and DIG studies and from two additional animals. As
expected, neither the rate of MDZ depletion (Fig. 3) nor the
rate of 1�-OH MDZ formation (Fig. 4) in hepatic or small
intestinal S-9 fractions was altered by pregnancy. Further-
more, we measured the testosterone 6�-hydroxylase activity
(another measurement of CYP3A activity) in these S-9 frac-
tions and the ability of ketoconazole, a selective human
CYP3A inhibitor, to inhibit this metabolism and that of MDZ.
As expected, testosterone 6�-hydroxylase activity in hepatic
or intestinal S-9 fractions was not significantly altered by
pregnancy (Fig. 5). Moreover, the metabolism of both testos-
terone and MDZ in S-9 fractions was completely inhibited by
0.5 �M ketoconazole. These data suggest that MDZ and
testosterone metabolism reported macaque CYP3A activity
and that this hepatic or intestinal activity was unchanged by
pregnancy. Arguing against the former conclusion was the
lack of significant correlation between MDZ 1�-hydroxylation
and TST 6�-hydroxylation (PP, r2 � 0.16; AP, r2 � 0.43).
Thus, it is possible that MDZ and TST are metabolized by
different CYP enzymes or different CYP3A isoforms in the
macaques. Nevertheless, neither MDZ 1�-hydroxylase nor
TST 6�-hydroxylase activity was affected by pregnancy. The
conclusion that pregnancy does not have an effect on CYP3A
activity was supported by our measurement of CYP3A ex-
pression in these tissues by Western blot analysis and real-
time PCR. CYP3A protein expression in the hepatic or intes-
tinal tissues was unaffected by pregnancy (Fig. 6). The
hepatic transcript expression of CYP3A64 ortholog was
down-regulated by pregnancy (Fig. 6C), but this did not
translate into changes in the expression of the protein or its
activity.

The above-mentioned in vivo data on oral clearance of MDZ
are in contrast to the data in pregnant women. In this pop-
ulation, we found that the oral clearance of MDZ is signifi-
cantly increased during pregnancy (Hebert et al., 2008), sug-
gesting that hepatic and/or intestinal CYP3A activity is
increased during pregnancy. This conclusion is supported by
other data in the literature that also suggest increased
CYP3A activity during human pregnancy (Rey et al., 1979;
Ohkita and Goto, 1990; Kosel et al., 2003; Tracy et al., 2005).
The discrepancy between humans and macaques may be due
to differences in the intrinsic rate of MDZ metabolism in the
two species. In humans, MDZ is a low- to moderate-extrac-
tion drug with a hepatic extraction ratio of 0.35 (Thummel et
al., 1996), but in macaques, this extraction ratio is much
higher (0.87). The difference in the hepatic extraction ratio of
MDZ between humans and macaques suggests that human
hepatic CYP3A activity is lower than that in the macaque,
although in humans, the lower CYP3A activity may be in-
ducible by pregnancy-related factors, as suggested by our
studies in CYP3A4-promoter-luciferase transgenic mice. If
the baseline CYP3A enzyme expression/activity in the ma-
caques is already very high, it may not be inducible by preg-
nancy-related factors (Zhang et al., 2008).

Compared with macaque CYP3A enzymes, even less is
known about the macaque P-gp. Macaque P-gp shows 96%
amino acid sequence identity to the human homolog and
similar binding affinity toward common substrates of human
P-gp such as DIG (Xia et al., 2006). Based on these data, we
assumed that DIG, a well accepted in vivo probe of human
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P-gp activity, will serve as an in vivo probe of macaque P-gp
activity. In contrast to MDZ, pregnancy did not affect the oral
or IA pharmacokinetics of DIG, including its renal clearance.
The systemic plasma clearance of DIG (Table 2) was compa-
rable with that in cynomolgus macaques (0.49 � 0.07 l/h/kg)
(Manwaring et al., 2003) but was approximately 7-fold higher
than that in humans (0.12 � 0.06 l/h/kg) (Manwaring et al.,
2003). The observed renal clearance of DIG (0.3 l/h/kg) after
oral and IA administration was higher than the creatinine
clearance (0.2 l/h/kg) in macaques (Boxenbaum, 1980), sug-
gesting that DIG is actively secreted by the kidneys. Al-
though the bioavailability (	65%) and plasma elimination
half-life (	27 h) of DIG in the macaques were similar to that
in humans, the percentage of IA dose excreted unchanged in
the urine was quite different, approximately 35% in ma-
caques versus 60% in humans (Manwaring et al., 2003). This
suggests that, in the macaques, a larger fraction of the DIG
dose is excreted in the feces or metabolized than that in
humans. These data suggest that P-gp activity in the ma-
caque (intestinal/hepatic or renal) was unaffected by preg-
nancy. In contrast, renal P-gp activity (as measured by net
renal secretion of DIG) was increased in pregnant women
(Hebert et al., 2008).

Based on these data, and assuming that MDZ and DIG are
selective in vivo probes of macaque CYP3A and P-gp activity,
respectively, we conclude that these activities are not af-
fected by macaque pregnancy. This conclusion needs to be
reconciled with our previous observation that systemic clear-
ance of nelfinavir was increased, but its bioavailability was
decreased by macaque pregnancy (Zhang et al., 2009). More-
over, NFV metabolism in hepatic (but not intestinal) S-9
fractions was enhanced by pregnancy, and was completely
inhibited by ketoconazole, a selective inhibitor of human
CYP3A enzymes. Based on these data, we hypothesized that
NFV clearance in pregnant macaques was accelerated by
increased hepatic CYP3A activity. However, the in vivo and
in vitro data presented here do not support this hypothesis. It
is important to note here that the in vivo MDZ and DIG
studies were conducted in the same animals, during the same
pregnancy, as the NFV in vivo studies. There are several
possible explanations for this discrepancy. First, it is possible
that nelfinavir is metabolized in the macaque by enzyme(s)
other than CYP3A and that the activity of this enzyme(s) is
enhanced by pregnancy and inhibited by ketoconazole. Alter-
natively, MDZ is not a selective substrate of macaque CYP3A
enzymes and therefore does not faithfully report hepatic or
intestinal CYP3A activity. Collectively, these data suggest
that considerably more research needs to be conducted on
macaque CYPs to determine their selective substrates and
inhibitors. Until such studies are conducted, phenotyping
studies in the macaques using selective substrates of human
CYPs will be inconclusive. In addition, without these studies,
it will be difficult to determine whether the activity of ma-
caque CYPs is affected by pregnancy and the mechanistic
basis of this phenomenon. In this regard, it should be noted
here that the mouse may be a better model of the changes in
human CYP3A activity than the macaques. As we have re-
ported previously, the activity of mouse Cyp3a enzyme(s) is
elevated by pregnancy, and this increase seems to be due to
transcriptional up-regulation of selective hepatic Cyp3a iso-
forms. The pregnancy-related factors in the mouse that cause
this transcriptional up-regulation, also transcriptionally up-

regulate the human CYP3A4 promoter in the transgenic
mouse expressing the human CYP3A4-promoter-luciferase
transgene (CYP3A4-tg) (Zhang et al., 2008). Interestingly,
this effect of pregnancy is observed only in the liver and not
in the intestine. Therefore, the CYP3A4-tg mouse should be
studied in more detail to determine the molecular mecha-
nisms by which pregnancy up-regulates CYP3A activity in
pregnant women.
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