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Purpose. To investigate the relative contributions of the gut and liver
to the first-pass loss of verapamil (VL) using an in vivo intestinal-
vascular access port (IVAP) dog model.
Methods. Basic pharmacokinetics of VL were determined after in-
travenous (IV: 0.5 mg/kg), portal venous (PV: 2 mg/kg), and duode-
nal (ID: 2 mg/kg) administration in IVAP dogs. Serial blood samples
were collected for 8 h after dosing, and plasma was analyzed for
unchanged drug by a high-performance liquid chromatography-
fluorescence method. Extraction ratios in the liver and intestinal tract
were determined from the area under the concentration-time curves
for ID, PV, and IV administration. The functional role of CYP450 or
secretory transporters such as P-gp on the gut and liver first-pass loss
of VL was further studied using ritonavir, a known substrate or in-
hibitor of these processes.
Results. The liver had a high intrinsic capacity for clearing VL be-
cause the absolute bioavailability (BA) of VL was 21.7% after PV
administration. The BA of VL after ID administration was 23.5%;
therefore, intestinal absorption was complete and intestinal extrac-
tion was negligible (ERGI ∼ 0). The BA of VL increased from 23.5%
to 66.2% in the presence of ritonavir primarily due to a reduction in
hepatic extraction.
Conclusions. Although the liver had a high intrinsic capacity for ex-
tracting VL, the contribution of gut to the first-pass loss of VL was
negligible. Because of the additive effects of intestinal CYP3A-
mediated metabolism and secretory transport, a significant gut first-
pass effect was expected, but not observed in dogs. These studies
demonstrate the utility of the in vivo IVAP dog model for evaluating
the relative contribution of the gut and liver to the first-pass loss of
drugs and for characterizing the functional role that CYP450 metabo-
lism and/or secretory transporters play in drug–drug interactions and
reduced oral bioavailability.

KEY WORDS: pharmacokinetics; oral absorption; first-pass effect;
CYP3A; P-glycoprotein; IVAP dogs.

INTRODUCTION

Numerous factors, such as gastrointestinal (GI) motility
(i.e., residence time and gastric emptying), regional differ-
ences in pH and membrane permeability, digestive proteolyt-
ic and colonic microflora enzymatic activity, GI metabolism,
and hepatobiliary secretion significantly influence the oral

bioavailability (BA) of many drugs. Although our under-
standing of these factors has increased dramatically in recent
years, identifying the specific in vivo roles of the gut and liver
has been difficult to assess using conventional experimental
models.

Cytochrome P450 3A4 (CYP3A4) is an enzyme that
plays an important role in the first-pass metabolism of drugs
such as cyclosporine and VL after oral administration (1,2).
CYP3A4 is highly expressed in the duodenum and jejunum of
the small intestine, and its expression level in the small intes-
tine is second only to the liver in humans (3). Recent oral
pharmacokinetic studies have suggested that the contribution
of gut wall metabolism to the total first-pass loss of cyclospor-
ine, midazolam, and verapamil (VL) was significant (4–7). It
has also been suggested that P-glycoprotein (P-gp) and other
secretory transporters present in gut epithelial cells may play
a role in the intestinal secretion of drugs (6,8). Recent studies
have revealed that many substrates of CYP3A4 are also sub-
strates or inhibitors of P-gp, suggesting overlapping substrate
specificity between CYP3A4 and P-gp (9). Other researchers
have proposed that the synergistic effects of CYP3A4-
mediated metabolism and P-gp-mediated secretion in the gut
epithelium may result in an unexpectedly high first-pass effect
after oral administration (9,10). Thus, the gut may play a
significant role in drug–drug interactions as a result of the
inhibition or induction of P450s and/or secretory transporters.

Studies in conscious in vivo animal models provide a
realistic evaluation of the functional role of gut absorption
and metabolism compared to in vitro and/or in situ models. In
our group (11,12), beagle dogs were implanted long term with
intestinal and vascular access ports (IVAPs) to investigate
drug absorption and to assess the potential roles of the intes-
tine and liver. In these studies, a portal vein (PV) port was
used to administer VL to assess the role of the liver or take
PV blood samples to assess absorption across the intestinal
membrane. The roles of the liver and intestine were deter-
mined using these tools. VL was chosen as a model drug for
these studies because it is completely absorbed into the gut
tissue (i.e., absorption fraction, FABS � 1) (13), but a high gut
first-pass effect was anticipated because it is a substrate of
CYP3A4 and P-gp (6,14).

MATERIALS AND METHODS

Materials
3H-Verapamil HCl was obtained from ARC (St. Louis,

MO). Verapamil HCl and propranolol HCl were obtained
from Sigma Chemical Co. (St. Louis, MO). Ritonavir (Norvir,
80 mg/mL) and 20G IV catheter, Abbocath� were obtained
from Abbott Labs (North Chicago, IL). Intestinal and vascu-
lar access ports and 22-G Huber needles were obtained from
Access Technologies (Skokie, IL). Heparinized syringe,
Monovette� was obtained from Sarstedt (Newton, NC). Dog
slings were obtained from Alice King Chatham Medical Arts
(Hawthorne, CA). All other materials were obtained from
Fisher Scientific (Fair Lawn, NJ) or Sigma Chemical Co. and
were used as received.

Preparation of IVAP Dogs

All animal studies were performed under approved pro-
tocols (IRB–UCA, Rutgers University and IACUC, Univer-
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sity of Medicine and Dentistry of New Jersey). Male beagle
dogs (11–16 kg) were surgically fitted with portal vein (PV)
and duodenum (ID) access ports. A detailed description of
the surgical procedure is given elsewhere (15). The animals
were allowed to recover at least 2 weeks before the initiation
of the studies. Six dogs were used and fasted overnight prior
to the study. Water was allowed ad libitum. During the study,
the animals were restrained in a dog sling, and the ports for
IVAP infusions were accessed transcutaneously with a 22-G
Huber needle. The IVAP dogs were reused once every 1 or 2
weeks.

IV, PV, and ID Bolus Administration

Doses of 0.5, 2, and 2 mg/kg were administered IV, PV,
and ID, respectively. The dosing amounts were calculated
based on its therapeutic concentration (16) and linear phar-
macokinetics (13). The IV dose was administered into the
other brachial vein of the dog. The PV or ID doses were
injected into the PV or ID port over 1 min with a final flush
of 3 mL of saline. The dosing solution was prepared using
saline, and the dosing volume was 0.2 mL/kg for IV, PV, and
ID, respectively. To insure sterility, all dosing solutions were
filtered through Millipore filter (Millex-GV13) before admin-
istration. The mean recovery of VL after a single pass through
the filter was complete in all cases. Systemic blood samples
were drawn at 0, 1, 5, 10, 20, 40, 70, 120, 180, 270, 360, and 480
min through a 20-G IV catheter with a heparin lock, which
inserted in the brachial vein, and the catheter was flushed
with heparinized saline (50 IU/mL). Two to three milliliters of
samples were drawn directly into 4.5-mL Monovette heparin-
ized syringes and placed on ice. For IV and ID administration,
PV blood samples were also drawn at the same times from PV
ports. Drug interaction studies were also performed using
ritonavir, the substrate and inhibitor of P-gp and CYP3A
(17–19). Ritonavir (5 mg/kg) was administered orally using
hard gelatin capsules (#00) at 30 min before VL dosing.
Plasma was prepared within 30 min of sampling by centrifug-
ing the blood sample for 10 min at 3000 × g at 4°C. Analytical
quality control samples, 100, 500, and 2500 ng/mL, were pre-
pared by serial dilution of the IV dosing solution, 2.5 mg/mL
in saline, by blank dog plasma. The study and quality control
samples were stored at −80°C pending analysis by high-
performance liquid chromatography (HPLC).

Blood-to-Plasma Concentration Ratio

Three concentrations (10, 50, and 250 �g/mL) of vera-
pamil working solution were prepared in saline containing
3H-verapamil (20 �Ci/mL). Two 1-mL aliquots of heparinized
dog blood (heparin, 50 IU/mL) and 10-�L aliquots of working
solutions were added to make final concentrations of 100, 500,
and 2500 ng/mL containing 3H-verapamil (0.2 �Ci/mL) (n �
3 for each concentration). After incubation for 30 min at
37°C, a 100-�L aliquot was taken from each blood sample to
measure the blood concentration, and the remaining sample
was centrifuged for 10 min at 3000 × g. After centrifugation,
a 100-�L aliquot of plasma was taken to measure the plasma
concentration. This 100-�L aliquot of plasma (or blood) was
diluted to 100 �L of blood (or plasma for blood sample) and
4 mL of liquid scintillation cocktail, and samples were
counted using a liquid scintillation counter. The data were

expressed as the ratio of radioactivity, determined by LSC, in
equal volumes of blood and plasma, referred to as the blood-
to-plasma ratio.

HPLC Analysis

VL in the plasma was extracted using liquid–liquid ex-
traction, and analyzed by HPLC using a C18 column (3.9 × 150
mm, particle size 5 �m). The mobile phase was a mixture of
acetonitrile and 0.1% trifluoroacetic acid (35:65). VL and its
related metabolites were monitored fluorometrically at Exci-
tation 208 nm and Emission 321 nm. Five-hundred microliter
of plasma sample was mixed with a 50 �L of internal standard
solution (IS: propranolol, 1 �g/mL in water), 100 �L of 1 M
Na2CO3, and 5 mL of diethyl ether in a 15 mL screw-capped
conical polypropylene tube, vortexed for 5 min, and centri-
fuged at 1500 × g for 10 min. The supernatant was transferred
to a 15-mL screw-capped conical polypropylene tube contain-
ing 200 �L of 0.1 N HCl, vortexed for 5 min, and centrifuged
at 1500 × g for 10 min. The supernatant was discarded while
100 �L of the aqueous phase containing drug, its related me-
tabolites, and IS was injected into the HPLC. The extraction
recovery was greater than 95% for VL and IS. The calibration
was linear through 5–5000 ng/mL in the plasma, and the de-
tection limit of drug was less than 3 ng/mL based on the signal
to noise ratio of 5. Under these conditions, the intra- and
inter-run variations were less than 7 and 11%, respectively.

Pharmacokinetic Analysis

Plasma concentration-time data were analyzed by non-
compartmental pharmacokinetic methods (20). The highest
observed concentration and the corresponding sampling time
were defined as Cmax and tmax, respectively. The elimination
half-life (t1/2) was estimated from t1/2 � ln2/� where � is the
slope of the regression line that best fit the terminal portion of
the log-linear concentration time curve. The area under the
concentration time curve (AUC) was calculated by a combi-
nation of the trapezoidal and log-trapezoidal methods (21)
and then extrapolated to infinity. The total plasma clearance
(CL) and the volume of distribution at steady state (Vdss)
after IV dose were estimated by standard methods, CL �
Dose/AUC, Vdss � CL � MRT where MRT is the mean resi-
dence time (AUMC/AUC). BA, hepatic extraction ratio
(ERH), and gut extraction ratio (ERGI) were calculated by
Equations 1–3 on the basis of the AUC and dose (D) values
at multiple administration routes.

BA = �AUCID�AUCIV� � �DIV�DID�
= FABS � �1 − ERGI� � �1 − ERH� (1)

1 − ERH = �AUCPV�AUCIV� � �DIV�DPV� (2)

1 − ERGI = �1�FABS� � �AUCID�AUCPV� � �DPV�DID� (3)

where AUCID, AUCPV, and AUCIV are the ID, PV, and IV
AUC values, where DID, DPV, and DIV are the ID, PV, and
IV dose values. FABS is defined as the fraction of the dose
absorbed into the intestinal tissue. In the past FABS was syn-
onymous with BA; however, as the role of the liver was in-
creasingly recognized FABS was redefined as the fraction ab-
sorbed into the PV (22). However, to account for intestinal
cell metabolism and secretory transport FABS is now defined
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as the fraction absorbed into intestinal tissue and FGI (�1 −
ERGI) is the fraction entering the PV.

On the other hand, the amount absorbed into portal vein
can also be described by

= DID � FABS � �1 − ERGI�

= � Absorption fluxdt

= � Qpv � �CBpv − CBsys�dt

Therefore, the ERGI can be calculated by an indirect method
using only ID data.

1 − ERGI = �1�DID� � �1�FABS� � � Qpv � �CBpv − CBsys�dt (4)

where Qpv, CBpv, and CBsys are the portal blood flow rate, the
blood concentration in the PV, and the blood concentration
in the systemic circulation (brachial vein). CB can be calcu-
lated from the plasma concentration (CP) using measured
blood-to-plasma concentration ratio (CB/CP). Portal vein
blood flow rate (Qpv) of 30 mL/min/kg was used (23).

Statistical Analysis

All statistical tests were performed using Jandel Sigma
Stat (Version 2.0, San Raphael, CA). One-way ANOVA was
performed, and a minimum P value of 0.05 was used as the
significance. All data are reported as the mean ± standard
deviation (SD) unless otherwise noted.

RESULTS

Analytical quality control samples were included in each
run to assess the accuracy and precision of the assay proce-
dure. The intra- and inter-run recoveries (mean ± SD, n � 6)
were 106.5 ± 7.3% and 94.9 ± 11.2% for 100 ng/mL, 99.4 ±
2.0% and 97.4 ± 3.8% for 500 ng/mL, and 100.9 ± 1.6% and
105.0 ± 4.7% for 2500 ng/mL, respectively. The plot of VL-
to-IS peak area ratios versus nominal concentration was lin-
ear (0.002856 ± 0.000165, mean ± SD, r2 > 0.9999, n � 6).
These results indicated that the analytical procedure is accu-
rate, precise, and reproducible.

The mean plasma concentration time profiles of VL after
IV, PV, and ID administration are shown in Figure 1; and the
estimated pharmacokinetic parameters are listed in Table I.

The mean systemic concentrations of VL declined in a two-
exponential behavior. The t1/2 was not different after IV and
PV administration. The mean systemic concentrations of VL
reached its peak at 10–20 min (PV) or 10–30 min (ID). The
calculated BA, 23.5%, compared favorably to that previously
reported in dogs and humans (13,16,24). VL absorption was
complete (FABS ∼ 1) and intestinal extraction was negligible
(ERGI ∼ 0), because the AUC after PV and ID administration
were not different. The normalized AUCs of VL at 1 mg/kg
dose after IV, PV, and ID administration were 37907, 8232,
and 8894 ng.min/mL, respectively (Fig. 2).

The mean plasma concentration time profiles of VL after
IV, PV, and ID administration in the presence of ritonavir are
shown in Figure 3; and the estimated pharmacokinetic param-
eters are listed in Table I. After IV administration of VL, the
mean CL decreased 57%, but the AUC and t1/2 increased 149
and 158%, respectively. After PV administration of VL, the
mean AUC increased 873%, and the t1/2 increased 165%.
After ID administration of VL, the mean AUC increased
602%. The BA of VL increased from 23.5% to 66.2% in the
presence of ritonavir.

After ID administration of VL, the mean portal venous
concentrations reached its peak at 1 to 5 min (i.e., the first and
second sampling times) indicating that VL absorption is rapid
(Fig. 4). The mean portal venous AUC value of VL after ID
administration, 56562 ± 36153 ng.min/mL, was significantly
greater than its systemic AUC value (17788 ± 5832 ng.min/
mL) indicating a significant hepatic first-pass effect. In con-
trast, the mean portal venous AUC after IV administration
was not significantly different from its systemic plasma AUC,
indicating negligible intestinal extraction during systemic cir-
culation (data not shown). The portal venous AUC values of
VL (56562 ± 36153 and 153143 ± 92577 ng.min/mL) were
significantly different in the absence and presence of ritona-
vir, respectively.

The range of the in vitro dog blood-to-plasma concentra-
tion ratio (CB/CP) of VL was similar (0.65 ± 0.04, 0.61 to 0.69)
at three different concentrations (100, 500, and 2500 ng/mL).
The intestinal extraction ratio (ERGI) of VL was 0.62, when it
is calculated by an indirect method using eq 4 and FABS � 1
(13). Therefore, there was a clear inconsistency when the
ERGI was estimated using the direct (Eq. 3) and indirect
methods (Eq. 4).

DISCUSSION

Recent studies have indicated that the small intestine
contributes substantially to the overall first-pass extraction of
cyclosporine, nifedipine, midazolam, verapamil, and other
drugs (4,5,7,25,26). Some of these studies have even suggested
that the role of the intestine is quantitatively greater than that
of the liver. Many authors have suggested that gut-wall
CYP3A4 and P-gp act in a concerted manner to control the
absorption of drugs (10,25,27,28). This is based on the large
overlap of substrates between the two and the proximity of
their expression within the gut wall. These findings raise a
question as to whether intestinal extraction by either CYP3A
or P-gp or other enzymes and transporters truly play a role in
the first-pass effect. Therefore, we used a well-established
ported dog model, and two drugs, verapamil and ritonavir,
which are known substrates of CYP3A-mediated metabolism,
and P-gp-mediated secretory transport to dissect the role of
the intestine and liver in the extraction of verapamil. Al-

Fig. 1. Plasma concentration (mean ± standard deviation) of vera-
pamil versus time curves after bolus IV, PV, and ID administration in
IVAP dogs (n � 4).
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though the oral BA of VL is reported to be 10–30% in dogs
and humans, it has been reported to be absorbed completely
from the gastrointestinal tract (13,16,24). Recent studies have
found that VL is a substrate of P-gp in various cell culture
models and intact intestines (6,14), and that it inhibits the
efflux of various P-gp substrates (19,29,30). VL has also been
shown to be a CYP3A substrate in the intestine (7,31). In this
study, the drugs were administered directly into the duode-
num through an ID port to avoid any potentially confounding
effects caused by the stomach.

The absolute BA of VL was 21.7% after PV administra-
tion; therefore, the liver had a high intrinsic capacity for clear-
ing VL. The absolute bioavailability of verapamil (23.5%)
after ID administration observed in this study was in good
agreement with the values reported previously in dogs and
humans (13,16,24). Intestinal absorption was considered com-
plete (FABS ∼ 1), and the intestinal extraction was considered
negligible (ERGI ∼ 0%) because the AUC was not different
after PV and ID administration. Because the PV input rate
and the ID absorption rate of VL were similar, the observa-
tion is not likely due to the differential saturation of hepatic
enzymes. Actually, the mean portal venous concentrations of
VL reached its peak at 1 to 5 min after ID administration. On
the one hand, a considerable first-pass effect was expected in

Fig. 3. Plasma concentration (mean ± standard) deviation of vera-
pamil versus time curves after bolus IV, PV, and ID administration in
IVAP dogs with the pre-PO administration of 5 mg/kg ritonavir
(n � 3).T
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Fig. 2. Dose-normalized AUC (mean ± standard deviation) of vera-
pamil after bolus IV, PV, and ID administration with/or without 5
mg/kg ritonavir (n � 3–4). 1Indicates the significant difference from
drug only by P < 0.05 at one-way ANOVA and 2indicates the signifi-
cant difference from IV drug only by P < 0.05 at one-way ANOVA.
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the gut because VL is a substrate of CYP3A and P-gp (6,14),
gut-wall metabolism was reported in humans (7,31) and was
inducible when given with rifampin (7). In fact, Fromm et al.
reported that the gut wall metabolism of VL increased to
about 90% in induced subjects (7). Although VL has been
reported to have a rather high affinity to P-gp, VL, and the
R/S-enantiomers are classified as high permeability drugs ac-
cording to the recently proposed biopharmaceutical drug clas-
sification. Supporting this was a regional single-pass perfusion
study of the proximal jejunum in humans that reported the
VL Peff was high enough (>2 × 10−4 cm/s) to expect complete
intestinal absorption after oral dosing (32). The fast rate of
permeation of VL across the gut and the short residence time
in the enterocyte would suggest that there is less opportunity
for intestinal metabolism. Therefore, the high rate of VL per-
meation across the gut wall probably saturated apical recy-
cling mechanisms and CYP3A metabolism in enterocytes.
Consequently, even though VL is a substrate for P-gp located
in the apical enterocyte membrane, it does not appear to
affect its transport. In the present study, the intestinal extrac-
tion of VL appears to be negligible. Chiou et al. (33) also
demonstrated an apparent lack of P-glycoprotein efflux effect
on the gastrointestinal absorption of tacrolimus in normal
mice using intravenous and oral data obtained from the lit-
erature. In contrast, more direct evidence for a role of intes-
tinal P-gp in limiting drug absorption was derived from in vivo
studies with mdr1a (−/−) mice. The plasma AUC of paclitaxel
was 6-fold higher in with mdr1a (−/−) mice than in mdr1a
(+/+) mice after oral administration, whereas there were no
significant differences in biliary excretion between mdr1a
(−/−) mice and mdr1a (+/+) mice after IV dosing (34). When
intestinal excretion was measured after the interruption of
bile flow, the intestinal excretion of digoxin was approxi-
mately 2% of the dose in the mdr1a (−/−) mice, but 16% of
the dose in the mdr1a (+/+) mice over 90 min after IV dosing
(35). These in vivo results indicated that P-gp limited the oral
absorption of some drugs by excreting the drug from the ep-
ithelial cells into the intestinal lumen. In addition, more direct
evidence for a role of intestinal CYP3A in limiting drug ab-
sorption has been demonstrated in vivo in clinical studies.
The oral BA of midazolam in humans was approximately
36% due to extensive first-pass metabolism (36). It was shown
that the intestinal extraction ratio of midazolam was 0.43
when midazolam was instilled into the duodenum of anhe-

patic patients, suggesting an effect of intestinal CYP3A4 on
systemic drug clearance in addition to oral absorption (5).

The intestinal extraction ratio was evaluated using nu-
merous approaches, including an indirect measurement. As
shown in Equation 1, oral bioavailability (BA) is the product
of the fraction of the drug absorbed into the gastrointestinal
membranes (FABS), the fraction of the absorbed dose that
passes through the gut into the hepatic portal blood unme-
tabolized (FGI � 1 − ERGI) and the hepatic first-pass avail-
ability (FH � 1 − ERH). The parameters, ERH and ERGI, can
be assessed only by comparing AUCs after drug administra-
tion and blood sampling at a number of sites relative to the
intestine and liver using specialized surgical procedures (Eqs.
2 and 3). Various conscious animal models using multiple
routes of administration (or sampling) have been used to
evaluate the extent of extraction by different organs
(15,23,37,38). This technique, however, has not been at-
tempted in humans. In contrast, some clinical studies have
used pharmacokinetic results after IV and PO administration
to calculate the intestinal and hepatic first-pass clearance of
drugs (4,7,26). The intestinal and hepatic first-pass effects
were calculated based on comparisons of AUCs or other
pharmacokinetic parameters after IV and PO administration,
i.e., ERH � CL/QH and ERGI � 1 − BA/[FABS (1 − ERH)],
in the absence and presence of a CYP3A modulator. In fact,
estimates of intestinal extraction calculated by this indirect
method often contradicted those determined from direct
measurements. For example, nifedipine, a well-absorbed
drug, is subject to substantial first-pass metabolism, which
results in an oral BA of 30–50%. Using an indirect method,
Holtbecker et al. concluded that the contribution of intestinal
metabolism was quantitatively as important as that of hepatic
metabolism to the overall first-pass effect of nifedipine in
humans (26). However, Kleinboesem et al. demonstrated that
the intestinal metabolism of nifedipine in patients with a por-
talcaval shunt was absent because the BA of nifedipine in
these patients was complete (100%) (39). Similarly, inconsis-
tencies were noted between the direct and indirect estimation
of intestinal metabolism for verapamil in humans (7,40), al-
though the direct estimation of intestinal extraction was based
on the bioavailability data from a single hepatic patient (40).
The validity of human ERGI calculated by the indirect
method using IV and PO AUC data was reviewed by Lin et al.
(41). Their research clearly showed that the overestimation of
ERGI was due to the several assumptions, such as the sys-
temic clearance after the IV dose reflects only hepatic elimi-
nation; metabolism of the systemically available drug by in-
testinal enzymes is negligible; use of hepatic blood flow rate
(Qh); and FABS � 1. ERGI can also be calculated by directly
measuring the drug concentrations of the portal vein and the
systemic circulation after ID administration. As shown in this
study, the intestinal extraction ratio (ERGI) of VL was 0.62
when it was calculated by the indirect method (Eq. 4) using
the measured CB/CP ratio (0.65) and literature information,
QPV � 30 mL/min/kg (23) and FABS � 1 (13). Therefore,
there were clear inconsistencies between ERGI estimations
using the direct (ERGI ∼ 0, eq 3) and indirect methods (ERGI

� 0.62, Eq. 4). These findings suggest that intestinal and
hepatic first-pass clearance of drugs should be carefully ex-
amined using appropriate experimental and pharmacokinet-
ics models.

The identification of compounds as being substrates or

Fig. 4. Portal venous plasma concentration (mean ± standard devia-
tion) of verapamil versus time curves after bolus ID administration of
2 mg/kg in IVAP dogs with/or without 5 mg/kg ritonavir (n � 3–4).
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inhibitors of intestinal P-gp and/or CYP3A has involved in
vitro experiments. This suggests that, for some compounds at
least, in vitro experiments may overemphasize the functional
role of P-gp and CYP3A on in vivo intestinal extraction. VL
has been reported to have a rather high affinity to P-gp (42)
with the ratios of efflux to influx permeability equal to 2.5,
3.6, 3.1, 2.8, and 1.4 in the rat jejunum, ileum, and colon,
human ileum, and Caco-2, respectively (14). We also ob-
served that the VL (100 �M) efflux ratios in rabbit duode-
num, jejunum, ileum, and colon, and Caco-2 were 10.2, 5.5,
6.9, 6.3, and 23.8, respectively when tested in Ussing side-by-
side diffusion chambers (pH 6.5 apical and pH 7.4 basolateral,
unpublished data). These results suggest the possibility of
high secretory flux in vivo. However, the effect of P-gp on the
intestinal metabolism and absorption of drugs may be quan-
titatively less important than for in vitro studies. For example,
after a 2 mg/kg ID dose of verapamil into IVAP dogs (10 kg),
the estimated initial intestinal VL concentrations were 4080,
815, and 163 �M at 10, 50, and 250 mL dilutions, respectively.
However, Km values of verapamil efflux in vitro in jejunum,
ileum, and colon were 30.8, 28.5, and 4.5 �M, respectively, in
rat intestine (14). Furthermore, in in vivo studies, the mucosal
side typically has higher drug concentrations than the baso-
lateral side because of the presence of serum protein and
continuous removal of the drug by systemic blood flow. As a
result, for drugs with a high absorptive permeability such as
VL, active secretory transport may have little overall effect on
net absorption into the portal vein.

The pharmacokinetics of VL were differentially modu-
lated by ritonavir, a substrate of P-gp and a strong metabolic
inhibitor of CYP3A (17–19), depending upon the route of
administration. Interestingly, the effect of ritonavir on VL
concentration was dramatically different between PV and IV
dosings. In the presence of ritonavir, the AUC after PV dos-
ing increased 873% whereas it increased only 149% after IV
dosing. The lower IV effect occurred because the hepatic
clearance (CLH) of VL is high and approaches liver blood
flow (i.e., CLH ∼ QH) (13,24); therefore, its elimination after
IV administration seems to be not influenced by the change of
intrinsic hepatic metabolism. In contrast, after PV adminis-
tration, the effect is greater because the portal venous clear-
ance (CLPV) of VL approaches hepatic intrinsic clearance
(CLI) (i.e., CLPV ∼ CLI) (43), so its elimination after PV
administration seems to be influenced by the change of he-
patic intrinsic metabolism in the presence of ritonavir. Be-
cause VL is a CYP3A substrate, ritonavir is considered to
inhibit the oxidative metabolism of verapamil. CYP3A is in-
volved in the formation of two major metabolites, norvera-
pamil by N-demethylation (by CYP3A4) and D-617 by N-
dealkylation (by CYP3A4 and 1A2) in humans (44). There
were two major metabolites in this study. After PV adminis-
tration, two metabolites were comparable to that of VL,
whereas they were negligible after IV administration, assum-
ing their extraction recovery and fluorescence extinction are
identical to that of VL. Ritonavir reduced the formation of
VL metabolites significantly when VL was dosed PV, thereby
increasing the Cmax and AUC of VL in the plasma. Using
ritonavir, the observed increase of AUC by 873% after PV
dosing was primarily due to a reduction in the hepatic extrac-
tion ratio caused by the inhibition of CYP3A metabolism.
There is also a report that coadministration of some drugs,
saquinavir, indinavir, nelfinavir, and VX-478 (amprenavir),

with ritonavir in rats and dogs produced elevated plasma drug
levels by 8- to 46-fold by inhibition of CYP3A mediated me-
tabolism (17). A >50-fold enhancement of the concentration
of saquinavir in plasma was observed in humans after a single
co-dose of ritonavir (600 mg) and saquinavir (200 mg). Be-
cause VL is a P-gp substrate, and ritonavir is a strong P-gp
modulator (45), ritonavir may possibly inhibit the biliary ex-
cretion of VL, thereby increasing the Cmax and AUC of VL in
the plasma, but the modulation is unclear because there are
no reports on the biliary excretion of VL.

After ID administration of VL, FABS � (1-ERGI) ∼ 1 (i.e.,
FABS ∼ 1 and ERGI ∼ 0), ERH � 0.78, and BA � 23.5%. In
the presence of ritonavir, FABS � (1 − ERGI) < 1 (i.e., FABS <
1 and ERGI ∼ 0), ERH � 0.17, and BA � 66.2%. Because
ritonavir is a strong inhibitor of CYP3A or P-gp (17–19),
ERGI is considered ∼ 0 and, therefore, FABS is considered <1,
although it is unclear why FABS of VL is decreased in the
presence of ritonavir. In the presence of ritonavir, the BA of
VL increased 182% (from 23.5% to 66.2%), but FABS de-
creased. Because VL is a substrate of P-gp and CYP3A, and
ritonavir is a strong P-gp and CYP3A modulator, we expected
strong modulation effect after ID administration caused by
inhibition of intestinal and hepatic extraction mediated by
either CYP3A or P-gp, or both in the presence of ritonavir.
However, these data indicated that it is unlikely that ritonavir
coadministration will substantially affect the contribution of
intestinal extraction. The effect of ritonavir on VL concen-
tration was less when administered ID than PV because the
contribution of the gut to the first-pass loss of VL was negli-
gible.

In conclusion, it is now recognized that the intestinal
extraction of drugs by intestinal P-gp, CYP3A, and possibly
other transporters and enzymes may contribute significantly
to the poor oral bioavailability and high variability observed
for many drugs in vivo. This appears to be the case for cyclo-
sporine and midazolam and may be the case for other P-gp
and/or CYP3A substrates that exhibit poor and variable oral
bioavailability. However, as shown in this study, the intestinal
extraction of VL is negligible in the dog. Another study (33)
has suggested the same for tacrolimus in the mouse even
though in vitro studies have implicated secretory transport
and P450 metabolism mechanisms in its clearance. Therefore,
the functional role of intestinal metabolism and secretion on
in vivo oral absorption should be carefully interpreted using
appropriate in vivo as well as in vitro models. Species differ-
ences must also be accounted for, however, little work to
quantitate these differences has been published. These stud-
ies demonstrate the utility of in vivo IVAP dog models for
evaluating the relative contribution of the gut and the liver to
the first-pass clearance of drugs and for characterizing func-
tional role of CYP450 or secretory transporters such as P-gp
on oral drug absorption.
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