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Purpose. 1. To compare the disposition of tracer morphine ([°H]M)
following systemic and intraduodenal administration in the recirculat-
ing, rat small intestine preparation in absence or presence of verapamil
(V), aninhibitor of P-glycoprotein. 2. To devel op aphysiological model
to explain the observations.

Methods. A bolus dose of [3H]M was added to the reservoir or injected
into the duodenum of the rat small intestine preparation. V (200 uM
in reservoir) was either absent (control studies) or present. Intestinal
microsomal, incubation studies were performed to evaluate the effect
of V on morphine glucuronidation.

Results. After systemic administration, [3H]M was not metabolized
but was exsorbed into lumen. By contrast, both [*H]M and the 33-
glucuronide metabolite, [*(H]M3G, appeared in reservoir and lumen
after intraduodenal administration. A physiologically-based model that
encompassed absorption, metabolism and secretion was ableto describe
the route-dependent glucuronidation of M. The presence of V resulted
in diminished levels of M3G in perfusate and lumen and mirrored the
observation of decreased glucuronidation in microsomal incubations.
Verapamil appeared to be an inhibitor of glucuronidation and not
secretion of M.

Conclusions. M was secreted and absorbed by the rat small intestine.
Route-dependent glucuronidation of M was explained by physiological
modeling when M was poorly partitioned in intestinal tissue, with a
low influx clearance from blood and a even poorer efflux clearance
from tissue. The poor efflux rendered a much greater metabolism of
M that was initially absorbed from the lumen. V increased the extent
of M absorption through inhibition of M glucuronidation.

KEY WORDS: morphine; intestine; metabolism; secretion; absorp-
tion; route-dependent metabolism.

INTRODUCTION

The intestine is the first substantial barrier that retards
drug entry into the body following oral ingestion and regulates
the flow of substrate to other first-pass organs—the liver and
the lung. The tissue is noted for its absorptive function and for
the various transporters for drugs and metabolites—organic
anions and cations—(1), and for its metabolic action due to
the presence of conjugating enzymes and cytochrome P450 3A
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for oxidative metabolism (2—9). In addition, drug exsorption
occurs with the 170 kDa P-glycoprotein (Pgp) that mediates the
efflux of drugs back to the lumen (10-12), thereby effectively
reducing accumulation of absorbed drug. These enzymatic and
secretory activities associated with theintestinal tissue or lumen
have been the foci of recent investigations since they render
poor ora bioavailability and mask the favorable absorbability
of drugs. However, there have been only a few reports that
comprehensively summarize the simultaneous influence of
these factors on the overall absorption of drugs (13—-16).

“Route-dependent” intestinal metabolism has been
observed. We and others have detected a greater intestinal
extraction ratio and extent of metabolism with lumina dosing
vs. “systemic” dosing in the perfused, rat small intestine prepa-
ration. Metabolism was noted for enalapril (17), acetaminophen
(18) and morphine (19) when given luminally, whereas metabo-
lites were absent when the drug dose was added to the reservoir
for systemic delivery. A greater conversion of the prodrug
(—)aminocarbovir to (—)carbovir existed with lumina drug
delivery vs. systemic delivery (20). These results from the
vascular intestinal perfusion model mimicked those observed
for midazolam hydroxylation in man, in whom extensive first-
pass metabolism was noted with oral dosing (extraction ratio of
0.43), with much of the formed primary metabolite, 1-hydroxy
midazolam, reaching the hepatic portal blood. However, alow
intestinal extraction ratio (0.09) was estimated in anhepatic
patients undergoing liver transplantation (6,15). The intestinal
CYP3A4 levelsin man correlated well with rates of midazolam
1’ and 4-hydroxylation but failed to show a relation with the
erythromycin breath test (21) that is routinely given intrave-
nously to define liver CYP3A4 levels (22). The exclusivity of
the intravenous erythromycin test for hepatic but not intestinal
CY P 3A function translates to the inaccessibility of the systemi-
cally administered substrate to theintestinal mucosal (CY P3A4)
enzymes. That enzymesfor preabsorptive intestinal metabolism
are present on enterocytes facing the lumen and inaccessible
to drugs in the circulation has been used to explain the overall
findings. A general hypothesis has been put forth to explain
route-dependent intestinal metabolism—intestinal drug metab-
olism behaves as if it were a preabsorptive event occurring
predominantly during absorption, but little or no intestinal
removal occurs from drug in the systemic circulation due to
the inaccessibility of enzymes (13).

The proper characterization of drug behavior in the intes-
tine will undoubtedly result in improved oral drug therapy. In
the present communication, we chose morphine (M), asubstrate
that is glucuronidated by the rat intestine (23,24) and effluxed
by Pgp in both intestinal cell culture (25) and in knockout mice
(26) as the model substrate to examine the roles of intestina
metabolism and exsorption on the net absorption of drugs. The
vascularly perfused rat small intestine preparation was utilized
to examine the possibility of route-dependent metabolism. In
this preparation, the effect of enterohepatic circulation is elimi-
nated and the native architecture of the small intestine is pre-
served, thereby allowing for the simultaneous examination of
intestinal metabolic, absorptive and secretory processes. In the
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red cell partitioning [\ or (RBC concentration/unbound concen-
tration in plasma) = 1.2 = 0.75] was noted with the medium
(19). Moreover, inclusion of a Pgp inhibitor such as verapamil
orV (27) into the perfusate was easily conducted for exploration
of the potentially important inhibition of Pgp. In the present
studies, we hypothesized that V increased the apparent absorp-
tion of orally administered M by decreasing the exsorption of
M into the intestinal lumen. The events were viewed by the
newly developed physiological model.

MATERIALS AND METHODS

Chemicals and Reagents

Unlabeled (—)M, M 3G, and ethylmorphine were obtained
from the National Institute on Drug Abuse (NIDA, Rockville,
MD). [N-Methyl-3H](—)morphine (or [®H]M, specific activity
2.5 mCi/mmol) was purchased from New England Nuclear
Co., Boston, MA. The radiochemical purity exceeded 96% as
confirmed by high performance liquid chromatography
(HPLC). Verapamil HCI (V), uridine 5'-diphosphoglucuronic
acid (UDPGA, trisodium salt), and bovine serum albumin (BSA,
fraction V) were obtained from Sigma Chemical Co. (St Louis,
MO, USA). All of the solvents used were of HPLC grade
(Cdledon Labs, ON, Canada), and al other chemicals were of
the highest quality grade available.

Vascularly Perfused Rat Small Intestine

Male Sprague-Dawley rats (Charles River, St. Constant,
QC, Canada; 300—350 g), which were fed ad libitum, allowed
free access to water, and housed under artificia light on a 12-
hour light-dark cycle in accordance to approved protocols of
the University Animal Committee, served as intestine donors.
Eighteen hours before surgery, the animals were fasted, having
access to only a 2% aqueous glucose solution. Before surgery,
they were anesthetized with an intraperitoneal dose (50 mg/kg)
of sodium phenobarbital.

The surgical procedure and the perfusion apparatus were
identical to those described previously (17,18). The perfusate
consisted of 20% washed, fresh bovine RBC (a kind gift from
Ryding Regency Meat Packers Ltd, Toronto, ON, Canada), 4%
BSA, 5 mmol/l glucose and a complement of 20 amino acids
in Krebs-Henseleit bicarbonate (KHB) solution buffered to pH
7.4, and was oxygenated with carbogen (95% oxygen-5% car-
bon dioxide, Matheson, Mississauga, ON, Canada). Perfusate
(reservoir volume of 200 ml) entered the intestine through the
superior mesenteric artery (SMA) at a flow rate of 8 ml/min
and exited through the portal vein in a recirculating fashion.
An outflow catheter was placed near the ileocecal end to divert
luminal contents (or exudate) out of the lumen into a 12 ml
polypropylene tube for the duration of the experiment (120
min) to monitor the exsorption for mass balance considerations.
Following surgery, each preparation was stabilized for 20 min
with blank blood before switching to a reservoir of known
volume (200 ml) for the experiment. Throughout the experi-
ment, perfusate pH and pressure at the SMA were monitored;
the pH was adjusted by altering the inflow of oxygen or carbo-
gen. Blood perfusate (1.5 ml) were removed from the reservoir
a0, 2,5, 10, 15, 20, 30, 45, 60, 75, 90, 105, and 120 min and
stored at —20°C prior to the quantitation of [*H]M and [*H]M3G
by HPLC. At the conclusion of each experiment, the reservoir
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volume was recorded. The intestinal lumen was washed thrice
with 2 ml of ice-cold saline introduced at the duodenal end,
and the total washingswere added to the contents exuded during
the 120 min of perfusion. Theintestinal tissuewas further rinsed
gently and homogenized for analysis of radioactivity.

Study Design

For systemic administration, labeled M (25,600 + 6500
dpm/ml) was perfused through the superior mesenteric artery
for aduration of 2 h (n = 4). For intraduodenal administration,
abolusdose of [*H]M (26 =+ 5.2 X 10°dpmin 0.5 ml physiolog-
ical saline solution) was injected into the proximal duodenum.
In the control study, V was absent in the blood perfusate (n =
4). In the verapamil study, V was added to the reservoir and
allowed to equilibrate for 20 min prior to bolus intraduodenal
administration of [*H]M (n = 5). The concentration of V (200
M) which was chosen for the inhibition study was similar to
that used to block Pgp exsorption in intestinal segments (10).
Theradioactive contents of theintestinal fluid and homogenized
intestinal tissue were determined by liquid scintillation
counting.

Sham experiments (without intestine) were conducted to
ascertain the extent of adherence of [*H]M to tubing. For the
morphine sham, 5 X 10° dpm [®*H]M was added to recirculating
reservoir perfusate with sampling (100 wl) of the reservoir at
regular intervals during the 120 min of perfusion.

Intestinal Microsomes

Theeffect of V on M glucuronidation wasalso investigated
in vitro. Intestinal microsomes were prepared to examine the
effect of V (0, 50, 100, 200 wM) on the glucuronidation of
tracer [*H]morphine. The preparation of intestinal microsomes
from the male Sprague-Dawley rat (previously fasted for 18 h)
entailed the initial washing of the intestinal lumen with ice-
cold physiological saline solution, opening of theintestine along
its length, and removal of the mucosal layer by scraping with
a glass-microscope slide. The mucosal scrapings were then
homogenized with four volumes of ice-cold buffer (0.05 M
Tris-HCI pH 7.4 containing 0.25 M sucrose and 1 mM EDTA).
The homogenate was subjected to differential centrifugation at
9000 X g for 20 min and at 105,000% g for 60 min at 4°C in
arefrigerated ultracentrifuge to obtain the microsomal fraction.

Preliminary studies had indicated that no difference existed
for morphine glucuronidation with adetergent activated (Triton
X-100 and MgCl,/Brij 56) and native (no detergent) microsomal
system. Hence, the latter (native microsome) preparation was
employed. The composition of the incubation mixture (total
volume 1 ml) was based on that used by del Villar et al. (23)
where microsomal protein (2.5 mg/ml) and UDPGA (5 mM)
were mixed with [*H]M (400,000 dpm) and V (0O, 50, 100,
200 wM) in Tris-HCI buffer (50 mM). Samples (200 pl) were
removed at 0, 5, 10, 15 min for deproteinization of the micro-
somal protein with 5 M perchloric acid (50 wl); the supernatant
was analyzed immediately by HPLC. The protein content of
the reaction mixture was determined according to the method
of Lowry et al. (28) with use of varying concentrations of
BSA as standards. Microsomal incubations were conducted in
duplicate for each V concentration. A control incubation (no
UDPGA) was aso included.
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Sample Analysis

M and M3G

A specific HPLC assay was used for the quantification of
[®H]M and [*H]M3G by radioelution, with ethylmorphine, the
internal standard, being detected by UV a 280 nm. Whole
blood perfusate samples (500 pl) were spiked with 50 wl of
ethylmorphine (100 wg/ml); the sample was deproteinized with
50 wl of perchloric acid (5 M), vortexed and centrifuged. Two
hundred ! of the supernatant was subjected to reverse phase
chromatographic separation using a C;g column (Beckman
Ultrasphere ODS 5 um, 4.6 mm X 25 cm) with a mobile phase
described by Svensson and co-workers (29), buffered to a pH
of 3.1. The HPL C system consisted of a Shimadzu pump LC6A,
UV spectrophotometric detector SPD-6A, autoinjector SIL-6A
and system controller SCL6A. A gradient system (from 10%
to 40% acetonitrile) was delivered at a flow rate of 1 ml/min.
Typical retention times for M3G, M and ethylmorphine were
5.5, 15 and 19 min, respectively. A calibration curve consisting
of varying known amounts of [*H]M or [*H]M3G as standards
was constructed in similar fashion.

The quantitation of [*H]M or [*H]M3G in microsomal
samples was conducted by HPLC radioelution on the day of
the experiment. The supernatant (50 pl) obtained from the
microsomal incubation mixture after perchloric acid treatment
was analyzed immediately for both [3H]M and [*H]M3G. Lumi-
nal samples were centrifuged, and 100 pl was counted for
radioactivity while another 100 wl wasinjected directly onto the
HPL C; the el uted fractions associated with [3H]M and [H]M 3G
were collected. For these samples, no internal standard was
included.

Modeling with Physiological Model

A physiologically-based model was utilized to describe
the disposition of M and its metabolite M3G in the rat intestine
(Fig. 1). In this model, the intestine is composed of three com-
partments: intestinal blood, tissue, and lumen. Drug isdelivered
under constant blood flow (Q)) into the intestinal blood viathe
SMA and exits the intestine into the portal vein. Influx of M
into the intestinal tissue from the blood is characterized by
the transport clearance parameter, CL1. Once M traverses the
basolateral membrane from systemic blood, it undergoes bio-
transformation to M3G (denoted by the intestinal metabolic
clearance, CL11) or is effluxed across the basolateral (denoted
by transport clearance CL 2) and the luminal (denoted by exsorp-
tionintrinsic clearance CL 3) membranes. The absorption intrin-
sic clearance of M from the intestinal lumen is denoted by
CL4, and itstransit out of the lumen, CL12. M3G, once formed
in the intestinal tissue, can either efflux out to the perfusate
blood (CL10) or be excreted into the lumen (CL7), where there
exist deconjugation of the glucuronide metabolite (with CL5)
and reglucuronidation of M (with CL6). The influx and efflux
clearances for M3G across the basolateral membrane are
denoted by CL9 and CL 10, respectively. Mass balance relation-
ships were developed to describe events occurring during the
traverse of M and M3G across the intestine (see Appendix).

Fitting

Since incomplete recovery was observed with oral admin-
istration (Table 1), the sum of the amounts of [*H]M and
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Fig. 1. Schematic representation of the recirculating, vascularly per-
fused intestine preparation as viewed by thetraditional, physiologically-
based model to describe absorption, metabolism, and secretion. The
model consists of thereservoir (R), intestine tissue (int), intestine tissue
blood (int,blood), luminal (lumen) compartments and an “exuduate”
compartment for collection of contents leaving the intestine at the
ileocecal cannula. See text for details.

[*H]M3G in perfusate, luminal fluid, tissue and the amounts
sampled, all expressed as % dose, was raised to 100% so as
to facilitate the simultaneous fitting of data from intravenous
and intraduodenal administration. Each component was raised
proportionately. Sincebinding of tracer M isconstant and should
not contribute to kinetic changes, the effects of binding of M
to albumin and red cellswere neglected in thefitting procedure.
Volumes and flows were assigned; the volume terms were
nonessential in the fitting procedure, since mass balance was
presented in terms of amounts (Table 2). Due to published
accounts on the lack of deglucuronidation of M3G to M (31)
and absence of M glucuronidation to M3G in lumen in our
systemic studies, CL5 and CL6 were set to zero.

Fitting was performed with differential eguations shown
in the appendix (Egs. A1 to A10) with the program, Scientist®
(Micromath, Salt Lake City, Utah). Initial estimates were
obtained with the Simplex method, then, least square optimiza-
tion was performed on the sets of data of M (systemic and
duodenal administration) obtained in absence of verapamil. The
optimized parameters for transport and absorption were kept
constant for subsequent data fitting of the oral data in the
presenceof V; only the parametersfor secretion and metabolism
were alowed to vary.

Data Analysis

The uncorrected, observed data were reported and pre-
sented as mean = S.D. in Table 1. Statistical comparison of



294

Doherty and Pang

Table 1. Experimental Parameters for Systemic and Intraduodenal Administration of Labeled Morphine, in the Absence and Presence of
Recirculating Verapamil HCI (200 wM) in the Vascularly Perfused Rat Small Intestine

Systemic Intraduodenal Intraduodenal

morphine morphine morphine

(n=4 (n=4) (n=5)

Study Parameters no verapamil no verapamil with verapamil

Rat weight () 286 = 35 292 = 24 283 + 28
Intestine weight (g) 54+ 05 39+ 06 40+ 08
Flow rate (ml/min/g) 15+ 04 21+ 03 20+ 04
Hematocrit 0.15 = 0.01 0.15 = 0.01 0.15 = 0.01
Volume recovery (%) 86+ 9 88 = 4 88+ 5
Recovery (% dose)

Perfusate 922 + 139 29.2 = 36 28.3 + 13.6
Morphine 922 = 139 16.2 = 3.6 26.3 = 16.0
M3G NDP 13.0 = 35 24+ 2.8

Luminal Fluid 6.0 = 0.5 415 + 2.7 46.4 + 134
Morphine 6.0 = 0.5 35.0 = 35 452 = 131
M3G NDP 54 + 0.84 12+ 04

Intestinal Tissue NM¢ 58 = 3.6 48 £ 2.1
Total Recovery 98.2 76.5 79.4

Note: Data are presented as mean = S.D.

a Significantly different (p < 0.05) with and without verapamil for intraduodenal morphine dosing.

b Not detected.
¢ Not measured.

data was carried out with the Student’s t-test; a p value of 0.05
was viewed as significant.

RESULTS

Intestinal Viability

The viability of the vascularly perfused rat small intestine
preparation was similar to that previously characterized in our
laboratory (32). For the present studies, surgery was completed
by 20 min with minimal handling of the intestine. The volume
of the reservoir remaining at the end of each study (expressed
asapercent of total volume) was constant across all experimen-
tal arms (Table 1). Perfusion pressure measured at the SMA
remained relatively constant during the perfusion study with
average values at 120 min that were generally within 10% of
the pressure at the start of the experiment. Sudden, large devia-
tions in pressure, often the result of occlusion of the inlet
catheter by intestinal tissue, were easily rectified by gently
repositioning the intestine. Data from preparations with steady
rise in pressure that resulted in “leaky” preparations and low
volume recovery were excluded from analysis.

Intestinal Absorption, Metabolism, and Secretion of
Tracer Morphine

Sham experiments conducted with the recircul ation of per-
fusate through the apparatus in absence of the intestine con-
firmed the lack of adsorption of [*H]M to the tubing of the
perfusion system. Route-dependent M glucuronidation was
observed. Following systemic administration, an initial
decrease, possibly associated with distribution and a slow
removal, was observed (Fig. 2A). The loss of [°H]M from the
perfusate blood was accounted for by the appearance of [3H]M
in the intestinal lumen (6.0 + 0.5% dose). However, [*HM3G

was absent in perfusate blood or lumen (Table 1). By contrast,
both [3H]M (16.2 + 3.6% dose) and [*H]M3G (13.0 = 3.5%
dose) were detected in perfusate when [*H]M was administered
intraduodenally (Fig. 2B). At the conclusion of the 2-h perfusion
study, 35 = 3.5% and 5.4 *+ 0.8% of the dose were recovered
from the intestinal lumen as M and M3G, respectively, and
58+ 3.6% of the dose was detected in intestinal tissue
(Table 1).

Effect of Verapamil on Morphine Absorption,
M etabolism, and Secretion

When [*H]M was administered intraduodenally against
circulating levels of V in the intestine preparation, [*H]M
absorption was greater (26.3 = 16% dose into perfusate) but
the extent was highly variable such that the increase in absorp-
tion failed to reach significance (p > 0.05, compared to that in
absence of V). However, glucuronidation of M was significantly
reduced by V (8.4% dose to 3.6% dose within two hours,
summed amounts of lumen and perfusate; p < 0.05). The
[BH]M3G appearing in perfusate (13% vs. 2.4% dose, without
and with V) was significantly lower with V (p < 0.05; Table
1; Fig. 3). Again, due to the variability among preparations,
the amounts of [®*H]M3G recovered in luminal fluid, though
lower in the presence of V (1.2% dose vs. 5.4% dose), were
not statistically different from those in absence of V (Table 1).

Intestinal Microsomal Incubations

Intestinal microsomal incubations of [*H]morphine were
conducted for 15 min since preliminary studiesindicated linear
formation of [*H]M3G over the time period. [*H]M3G was
formed only when UDPGA was present, and M3G was not
observed in control incubations where UDPGA was absent
(Fig. 4). V reduced the formation of [*H]M3G in the intestinal
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Table 2. Assigned and Fitted Parametersfor the Physiologically-Based

Model (Fig. 1) for Systemic (n = 4) and Intraduodenal Administration

of Morphine, in Absence and Presence of Verapamil in the Recirculat-
ing, Vascularly Perfused Rat Small Intestine?

Assigned flows (ml/min)

Intestinal blood flow rate (Q))° 8
Assigned volumes (ml)
Reservoir volume (Vg)® 200
Total blood volume of intestine (Vintbiood)© 16
Intestinal tissue volume (V)¢ 3.0
Intestinal luminal volume (Vymen)® 2
Fitted parameters
(ml/min) Without V With V
CL1 0.513 + 0.077f 0.513
CL2 0.0232 + 0.010 0.0232
CL3 0.0714 * 0.087 0.0692 = 0.0033
CL4 0.191 = 0.271 0.191
CL5 09 09
CL6 09 09
CL7 0.253 + 3.08 0.313 + 0.207
CL8 0.0323 + 0.74 0.0323
CL9 ~0 ~0
CL10 0.688 + 3.97 0.688
CL11 0.0210 + 0.010 0.0039 + 0.0008
CL12 0.0651 *+ 0.085 0.0651
Weighting 1 1/observation
r2 0.997 0.999
Msch 4.59 6.27

a Data for intravenous (n = 4) and intraduodenal (n = 4) injections
of M without V were fitted simultaneously with equations shown
in Appendix for the model. Fitting of data in the presence of V
(intraduodena morphine) was performed by varying the metabolic
and secretory intrinsic clearances (underlined parameters); all other
parameters obtained previously were kept constant.

b Experimental value in intestina perfusion experiments.

¢ Estimated based on 20% tissue volume.

d Estimated value based on Harrison and Gibaldi (30) wherein 10 ml
was used for a 360 g rat (including cecum and stomach).

¢ From perfusion studies.

f Standard deviation of parameter estimates.

9 Assigned.

h Model selection criterion—the greater the number, the better the fit.

microsomal incubation mixture in a concentration-dependent
fashion (p < 0.05). There was, however, no significant differ-
encein [®*H]M3G formation rates among the various concentra-
tions of 50, 100 and 200 wM of V (Fig. 4). In the absence of
V, the rate of formation of M3G was 0.104% =+ 0.06% of the
initial concentration per min per mg protein (mean * S.D.,
n = 4), and decreased to 0.005% = 0.003% initial concentra-
tion/min/mg protein in the presence of 200 wM of verapamil.

Fitting

Fits to Data (without Verapamil). The optimized
parameters obtained from the simultaneous fitting of the
systemic and oral data (without V) to the physiological model
are summarized in Table 2. Least-square fitting was best with
a weighting scheme of unity, and the resultant fits generaly
yielded good correlation with the M data. An adequate fit to
[®H]M was observed for intraduodenal administration (Fig. 2B),
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Fig. 2. The fits (——) of the intravenous (A) and oral (B) data on
morphine (M) and morphine 3B-glucuronide (M3G) to the physiologi-
cally-based model in Fig. 1. Notethat M 3G was not detected in reservoir
or lumen after systemic dosing (A) despite that the model predicted
low levels of M3G formed (--A--).

but a dight systematic trend was observed for the fit to the
intravenous [3H]M data (Fig. 2A). The metabolic data on
[®*H]M3G in perfusate and lumen were generally well described
following both intravenous and intraduodenal dosing. The
parameters for morphine were well estimated (standard
deviations were less than estimates). The influx and efflux
transport clearances for M (CL1 and CL2) differed greatly
(0.51 and 0.0232 ml/min, respectively), suggesting ahigh tissue
partitioning ratio for morphine (CL1/CL2 = 22). The secretory
intrinsic clearance (CL3 or 0.0714 ml/min) was three times of
the metabolic intrinsic clearance (CL11 or 0.021 ml/min). An
appreciable absorptive intrinsic clearance of M (0.191 ml/min)
and thelow clearancefor gastrointestinal transit (CL12 of 0.065
mi/min) were obtained, suggesting a high fraction of dose
absorbed [Fys = CL4/(CL4 + CL12) = 0.75]. There was,
however, more uncertainty associated with metabolite
parameters, shown by the large standard deviations of the
parameter estimates (Table 2, Fig. 2), and this is due to
overparametization. The parametersfor transport for M3G (CL9
and CL10) were amost zero and 0.69 ml/min, respectively,
suggesting a poor partitioning of M3G into the intestine (CL9/
CL10 =~ 0). The secretory intrinsic and absorption intrinsic
clearances of M3G were 0.25 and 0.032 ml/min, respectively,
suggesting poor absorption/exchange of M3G across the
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Fig. 3. Thedisposition of morphine (M) and morphine 3B3-glucuronide
(M3G) after an intraduodenal, tracer dose of morphine given at 20

min after the recirculation of 200 wM verapamil (present in the reser-
voir) and the fit to the data (—).

intestinal tissue. A high secretory clearance of M3G (CL7 or
0.253 ml/min) was obtained. These parameters derived from
fitting for M3G were less reliable since the metabolite was
not given.

Fit to Morphine Data (with Verapamil). The fit to the
intraduodenal data in the presence of V adequately described
the observed data (Fig. 4). The secretory clearances of M and
M3G were not altered for both models (Table 2); however, the
metabolic clearance of M (CL11) was greatly attenuated by
V. The reduced metabalic intrinsic clearance was due to the
noticeable decrease in M3G formation, and the finding
correlated well with results from the in vitro microsomal
incubation studies.

DISCUSSION

The present studies were designed to illustrate the dynam-
ics of metabolism and secretion in the overall absorption of
drugs. Morphine proved to be agood candidate for examination
of theinterplay of thesefactorsin the perfused rat small intestine
preparation since it was absorbed, secreted, and metabolized.
From the present studies with morphine, we found that gluc-
uronidation occurred following intraduodena administration,
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Fig. 4. Effect of verapamil on rates of glucuronidation of morphine
at tracer concentration in intestinal microsomes.
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an observation that is in agreement with other in vitro and
in vivo findings that the rat intestine tissue was capable of
glucuronidating M (23,24,33,34). However, route-dependent
metabolism of morphinewas observed and M 3G was noticeably
absent during the systemic delivery of M to the small intes-
tine preparation.

To address the observation, a physiologically-based model
was developed to describe the morphine and metabolite data
after intravenous and intraduodenal administration. The present
example encompassed secretion of morphine and transit of drug
into the collecting tube (or exudate compartment). Solutions to
the equations for the area under the curve of drug, and extents
of metabolism and secretion were obtained in a recent report
(35). In absence of secretion or loss to the lumen, the ultimate
extent of metabolism of morphine is expected to be identical
for both intravenous and intraduodenal administration in the
perfused intestine preparation, regardiess of the partitioning
characteristics of drug (CL1 and CL2). This view could be
readily supported by a simple simulation based on the mass
transfer equations presented in the Appendix (data not shown).

Loss of drug in lumen (CL12 > 0) will contribute to
reduced drug absorption by affecting the fraction absorbed
(Faps). The fraction of dose of M absorbed was estimated to be
very high (0.75 according to fitted results), and was consistent
with reports on the almost complete absorption of M from the
intact intestine (36,37). Our observation on thelow bioavail abil-
ity of M for the vascularly perfused rat small intestine prepara-
tion was likely due to the high secretion of M and loss by
gastrointestinal transit (Table 2). A role of Pgp for the secretion
of M hasbeenimplicated. Callaghan and Riordan (25) suggested
that M interfered with the transport function of Pgp in cultured
cellswhereas Schinkel and co-workers (26) demonstrated, using
both in vitro cellular transport studies and mdrla ‘knockout’
mice, that M was marginally transported by Pgp. A recent study
with brain capillary endothelia cells also suggest that M efflux
in brain was inhibited by the Pgp inhibitor, GF120918 (38).
The present studies indeed revealed that M absorption was
increased with V. The amount of M absorbed (% dose) was
apparently increased when verapamil was added to the system,
although the changes wereinsignificant dueto variability (Table
1). Upon modeling of the data, however, drug secretion seemed
to remain unaltered by V. The role of Pgp for the secretion of
M by the intestine was therefore deemed unimportant, as also
suggested in a recent study on rat in vivo morphine kinetics,
which remained unperturbed with the Pgp inhibitor, GF120918
(39). The underlying change waswith inhibition of M glucuron-
idation and not on secretion, as originally envisioned (Table 2,
Fig. 3), and improved absorption of M in the presence of V
was attributed to reduced metabolism. The reduced ability of
the perfused intestinal preparation to glucuronidate M in the
presence of V (from 18.4 to 3.6% dose; Table 1 and Fig. 3)
was confirmed by microsomal incubationsin vitro (Fig. 4). The
present study suggests that whereas verapamil is ineffective in
inhibiting M secretion, its potency as an inhibitor of glucuroni-
dation, as suggested in earlier studies on inhibition of AZT
glucuronidation (40), ismore substantial . The reduced intestinal
glucuronidation in the presence of V appears to be the major
factor that contributed to increased morphine absorption (16%
to 26 dose, Table 2).

Although there were notable levels of M3G accumulated
in the reservoir after the intraduodenal dose (Fig. 2B), M3G
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was not detected after intravenous administration despite that
low levels of M3G were predicted to exist in reservoir (Figs.
2A). There were at least two explanations for the observed
data. One explanation is the poor influx clearance of morphine
from blood to tissue (CL1 or 0.51 ml/min, Table 2) but the
even poorer efflux (CL2 or 0.0232 mi/min) clearance for M.
The value of CL1 is much lower in relation to blood flow (8
ml/min), rendering a sluggish entry and ablating the extent of
intestinal metabolism with systemic dosing; the entire systemis
not sensitive to the presence of enzymes (high or low metabolic
intrinsic clearance, simulations not shown). With ora drug
absorption, the drug needs to gain entry to the circulation; the
very slow efflux (CL2 = 0.0232 ml/min) leads to entrapment
of the absorbed morphine species, conducing to a greater extent
of M3G formation with oral dosing. Ancther reason is the low
metabolic intrinsic clearance in relation to the higher secretory
intrinsic clearance (ratio is 0.29), revealing that M is primarily
secreted, albeit not via Pgp.

In summary, the vascularly perfused rat small intestine
preparation proves to be a useful tool for examination of the
absorptive, secretory and metabolic activities of the intestine
on drug biocavailability. The data led to the development of
a physiologically-based model that viewed the processes of
absorption, metabolism and secretion, and organ flow and trans-
port simultaneously. The data showed route-dependent metabo-
lism of morphinein the perfused rat small intestine preparation,
an observation that was explained by the physiological model
based on poor partitioning of drug into tissue (low value of
CL1) and a even poorer efflux from tissue (very low value of
CL2). The route-dependent metabolism was addressed and the
inhibition of morphine metabolism and not secretion by vera-
pamil was revealed. There persisted various aspects on the
modeling that needed improvement-the systematic fit to the
morphine data (Fig. 2A). It isanticipated that the present model
could be refined to better the description of intestinal drug
metabolism and secretion (35).

APPENDI X

The mass transfer equations describing the changes in the
amounts of morphine (M) and morphine-33-glucuronide (M 3G)
in the lumen (subscripted lumen), intestinal tissue (subscripted
int) and intestinal blood (subscripted int,blood) per unit time
(t) according to the scheme depicted in Fig. 1, are shown below.
The conversion of M to M3G takes place in the intestinal tissue
with metabalic intrinsic clearance CL11, and in lumen with
intrinsic clearance CL6. The luminal contents flowed into the
collecting tube (exudate). For the IV case, CL11 = 0 since
glucuronidation was not observed. Other CL terms denotetrans-
port (CL1 and CL2 for M and CL9 and CL10 for M3G), the
intrinsic clearances for secretion (CL3 and CL7 for M and
M3G, respectively), or absorption (CL4 and CL8 for M and
M3G, respectively). Both M and M3G are exuded from the
small intestine with the clearance, CL12.

For M and M3G in reservoir (R) compartment,
dMR _

Mintbiood Mg

Ne _ - AL

dt ' Vintplood ''Vr (A1)
dM3Gg M 3G piood M3Gg

= bood _ A2

dt Q Vintblood Q VR (A2
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For M and M3G in intestina blood (int,blood) compartment

dMlnt blood |nt blood
—_— = — CL1 —
dt QI th blood
Mint Mint blood
+ CL2 - Q — A3
Vint @ Vintblood (A3
dM3Ginipiood _ 9 M3Gr _ g M3Gint piood
dt Vg Vintblood
M3G; M3G;
+ CL10 — _ Q ——ntblood  (ag)
Vint Vintblood
For M and M3G in intestine (int) tissue compartment,
det |nt blood Mlnt
=CL1l— CL2 + CL3 + CL11) —
dt th blood ( ) Vint
M
+ CL4 _umen (A5)
lumen
dM 3G, Mine M3Ginpiood
= CL11 + CL9 ——
dt Vint Vintblood
M3G; M3G
— (CL7 + CL10) —2 | cLg ——umen (Ag)
int lumen

For M and M3G in gastrointestinal lumen (lumen) compartment,

am M;
Mumen _ oy g™ _ (14 + L6 + CL12) Shmen
dt Vint lumen
M3G
+ CL5 ———umen (A7)
Vlumen
dM 3G ymen M3Gin
- = L7 -
dt ¢ Vint
M3G
— (CL5 + CL8 + CL12) ———umen
lumen
M
+ CLG —umen (A8)
Vlumen
For M and M3G in exudate (exudate) compartment
dm M
exudate = CL12 —lumen lumen (A9)
dt lumen
dM3G M3G
'exudate = CL12 lumen (AlO)
dt VIumen

The amounts of M in exudate and lumen were summed to
provide the total amount collected in the sampling tube at 120
min. The same was done for M3G.

REFERENCES

1. A. Tsuji and |I. Tamai. Carrier-mediated intestinal transport of
drugs. Pharm. Res. 13:963-977 (1996).

2. K.F llett, L. B. Teg, P. T. Reeves, and R. F. Minchin. Metabolism
of drugsand other xenobioticsin the gut lumen and wall. Pharma-
col. Ther. 46:67—93 (1990).

3. R. K. Dubey and J. Singh. Localization and characterization of
drug-metabolizing enzymes along the villus-crypt surface of the



298

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

rat small intestine I. Monooxyenases Biochem. Pharmacol.
37:169-176 (1988).

R. K. Dubey and J. Singh. Localization and characterization of
drug-metabolizing enzymes along the villus-crypt surface of the
rat small intestine 1l. Conjugases Biochem. Pharmacol. 37:
177-184 (1988).

P. B. Watkins, S. A. Wrighton, E. G. Schuetz, D. T. Molowa, and
P. S. Guzelian. Identification of glucocorticoid-inducible cyto-
chrome P-450 in the intestinal mucosa of rats and man. J. Clin.
Invest. 80:1029—-1036 (1987).

M. F. Paing, D. D. Shen, K. L. Kunze, J. D. Perkins, C. L. Marsh,
J. P.McVicar, D. M. Barr, B. S. Gilles, and K. E. Thummel. First-
pass metabolism of midazolam by the human intestine. Clin.
Pharmacol. Ther. 60:14—24 (1996).

M. F. Paine, M. Khalighi, J. M. Fisher, D. D. Shen, K. L. Kunze,
C. L. Marsh, J. D. Perkins, and K. E. Thummel. Characterization
of interintestinal and intraintestinal variations in human CY P3A-
dependent metabolism. J. Pharmacol. Exp. Ther. 283:1552—
1562 (1997).

C.-Y.Wu, L. Z. Benet, M. F. Herbert, S. K. Gupta, M. Rowland,
D. Y. Gomez, and V. J. Wacher. Differentiation of absorption and
first-pass gut metabolism in humans: studies with cyclosporine.
Clin. Pharmacol. Ther. 58:492—497 (1995).

A. Lampen, Y. Zhang, |. Hackbarth, L. Z. Benet, K. -Fr. Sewing,
and U. Christians. Metabolism and transport of the macrolide
sirolimus in the small intestine. J. Pharmacol. Exp. Ther.
285:1104-1112 (1998).

H. Saitoh and B. J. Aungst. Possible involvement of multiple P-
glycoprotein mediated efflux systemsin the transport of verapamil
and other organic cations across rat intestine. Pharm. Res.
12:1304-1310 (1995).

K. S. Lown, R. R. Mayo, A. B. Leichtman, H.-L. Hsiao, K.
Turgeon, P. Schmiedin-Ren, M. B. Brown, W. Guo, S. J. Ross,
L. Z. Benet, and P. B. Watkins. Role of intestinal P-glycoprotein
(mdrl) in interpatient variation in the oral bioavailability of
cyclosporine. Clin. Pharmacol. Ther. 62:48—60 (1997).

J. W. Smit, A. H. Schinkel, M. Miller, B. Weert, and D. K.
F. Meijer. Contribution of the murine mdrla P-glycoprotein to
hepatobiliary and intestinal elimination of cationic drugs as mea-
sured in mice with an mdrla gene disruption. Hepatology
27:1056—1063 (1998).

M. Doherty and K. S. Pang. The role of the intestine in the
absorption and metabolism of drugs. Drug Chem. Toxicol.
20:329-344 (1997).

V. J. Wacher, J. A. Silverman, Y. Zhang, and L. Z. Benet. Role
of P-glycoprotein and cytochrome P450 3A in limiting oral
absorption of peptides and peptidomimetics. J. Pharm. <ci.
87:1322-1330 (1998).

S. D. Hall, K. E. Thummel, P. B. Watkins, K. S. Lown, L. Z.
Benet, M. F. Paine, R. R. Mayo, D. K. Turgeon, D. G. Bailey,
R. J. Fontana, and S. A. Wrighton. Symposium Article. Molecular
and physical mechanisms of first-pass extraction. Drug Metab.
Dispos. 27:161-166 (1999).

J. H. Lin, M. Chiba, and T. A. Balillie. Is the role of the small
intestine in first-pass metabolism overemphasized? Pharmacol.
Rev. 51:135-158 (1999).

K. S. Pang, W. F. Cherry, and E. H. Ulm. Disposition of enalapril
inthe perfused rat intestine-liver preparation: Absorption, metabo-
lism and first pass effect. J. Pharmacol. Exp. Ther. 233:788—
795 (1985).

K. S. Pang, S. Fayz, V. Yuen, J. te Koppele, and G. J. Mulder.
Absorption and metabolism of acetaminophen by the in situ per-
fused rat small intestine preparation. Drug Metab. Dispos.
14:102-113 (1986).

M. M. Doherty, K. Poon, and K. S. Pang. Morphine dispositionin
the vascularly perfused in situ rat intestine preparation. Abstract,
ASPET Meeting, San Diego, (1997).

Y. Wen, R. P. Remmel, and C. L. Zimmerman. First-pass disposi-
tion of (—)-6-aminocarbovir in rats. 1. Prodrug activation may
be limited by access to enzyme. Drug Metab. Dispos. 27:
113-121 (1999).

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

35.

36.

37.

38.

39.

40.

Doherty and Pang

K. S. Lown, J. C. Kolars, K. E. Thummel, J. L. Barnett, K. L.
Kunze, S. A. Wrighton, and P. B. Watkins. Interpatient heterogene-
ity in expression of CYP3A4 and CYP3A5 in small bowel. Lack
of prediction by the erythromycin breath test. Drug Metab. Dispos.
22:947-955 (1994).

P. B. Watkins, S. A. Murray, L. G. Winkelman D. M. Heuman,
S. A. Wrighton, and P. S. Guzelian. Erythromycin breath test as
an assay of glucuocorticoid-inducible liver cytochrome P-450. J.
Clin. Invest. 83:688—697 (1989).

E. del Villar, E. Sanchez, and T. R. Tephly. Morphine metabolism
I1. Studies on morphine glucuronyltransferase activity inintestinal
microsomes of rats. Drug. Metab. Dispos. 2:370-374 (1974).
A. S. Koster and J. Noordhoek. Glucuronidation in isolated per-
fused rat intestinal segments after mucosal and serosal administra-
tion of 1-naphthol. J. Pharmacol. Exp. Ther. 226:553—-538 (1983).
R. Callaghan and J. R. Riordan. Synthetic and natural opiates
interact with P-glycoprotein in multidrug resistant cells. J. Biol.
Chem. 268:16059—16064 (1993).

A. H. Schinkel, E. Wagenaar, L. Van Deemter, C. A. A. M. Mal,
and P. Borst. Absence of the mdrla P-glycoprotein in mice affects
tissue distribution and pharmacokinetics of dexamethasone,
digoxin, and cyclosporin A. J. Clin. Invest. 96:1968—1705 (1995).
T. Tsuruo, H. Tida, S. Sukagashi, and Y. Sakurai. Overcoming
the vincristine resistance in P833 leukemia in vivo and in vitro
through enhanced cytotoxicity of vincristine and vinblastine by
verapamil. Cancer Res. 41:1967-1972 (1991).

O. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J. Randall.
Protein measurementswith thefolin phenol reagent. J. Biol. Chem.
193:265-275 (1951).

O. Svensson, A. Rane, J. Sawe, and F. Soquist. Determination
of morphine, morphine-3-glucuronide and (tentatively) morphine-
6-glucuronide in plasma and urine using ion-pair high-perfor-
mance liquid chromatography. J. Chromatogr. 230:427-432
(1982).

L. . Harrison, and M. Gibaldi. Physiol ogically based pharmacoki-
netic model for digoxin distribution and elimination in the rat. J.
Pharm. Sci. 66:1138—1142 (1977).

E. M. Kenyon and E. J. Calabrese. Extent and implications of
interspecies differencesin the intestinal hydrolysis of certain glu-
curonide conjugates. Xenobiotica 23:373—-381 (1993).

H. Hirayama, X. Xu, and K. S. Pang. Viability of the vascularly
perfused, recalculating rat intestine and intestine-liver prepara-
tions. Am. J. Physiol. 89:G249—-G258 (1989).

M. Mistry and J. B. Houston. Glucuronidationin vitro and in vivo.
Comparison of intestinal and hepatic conjugation of morphine,
naloxone, and buprenorphine. Drug. Metab. Dispos. 15:710—
717 (1987).

A. S. Koster, A. C. Frankhuijzen-Sierevogel, and J. Noordhoek.
Glucuronidation of morphine and six B2-sympathominetics in
isolated rat intestinal epithelial cells. Drug. Metab. Dispos.
13:232-237 (1985).

D. Cong, M. Doherty, and K. S. Pang. A new, physiologically-
based segregated-flow model to explain route-dependent intestinal
metabolism. Drug Metab. Dispos. 28:224—-235 (2000).
C.T.WalshandR. E. Levine. Studies of the enterohepatic circula-
tion of morphine in the rat. J. Pharmacol. Exp. Ther. 195:303—
310 (1975).

S. F. Brunk and M. Delle. Morphine metabolism in man. Clin.
Pharmacol. Ther. 16:51-57 (1974).

S. P. Letrent, J. W. Palli, J. E. Humphreys, G. M. Pollack, K. R.
Brouwer, and K.L.R. Brouwer. P-glycoprotein-mediated transport
of morphine in brain capillary endothelial cells. Biochem. Phar-
macol. 58:951-957 (1999).

S. P. Letrent, G. M. Pollack, K. R. Brouwer, and K. L. R. Brouwer.
Effect of GF 120918, a potent P-glycoprotein inhibitor, on mor-
phine pharmacokinetics and pharmacodynamicsin therat. Pharm.
Res. 15:599-605 (1998).

J. F. Rajaonarison, B. Lacrelle, J. Catalin, M. Placidi, and R.
Rahmani. 3'-Azido-3'-deoxythymidine drug interactions. Drug.
Metab. Dispos. 20:578-584 (1992).



