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The contribution of the intestine to the nonlinear absorption of ce-
liprolol in the rat was studied. After intravenous administration of
14C_celiprolol to bile duct-cannulated rats, approximately 9% of the
dose was found to be associated with intestinal tissue and its con-
tents. Microhistoautoradiography of frozen intestinal sections
showed a time-dependent secretion of celiprolol from the blood into
the lumen of the rat intestine. Propranolol, a lipophilic p-blocker,
was also found to be secreted into the intestine in vivo and trans-
ported in epithelial cells in both a temperature- and a pH-dependent
manner, although to a lesser extent than celiprolol. Consistent with
the observations in rats, transport of celiprolol from the basal-lateral
to the apical side was found to dominate apical-to-basal transport
using human Caco-2 cell monolayers. Additionally, using isolated rat
small intestinal epithelial cells, celiprolol was found also to have a
time- and temperature-dependent uptake, suggesting the involve-
ment of a carrier-mediated system in its uptake. The uptake was
inhibited by 2 mM celiprolol and propranolol and was also found to
be pH dependent. Saturation of the carrier-mediated secretion of
celiprolol in the intestine may result in enhanced absorption of ce-
liprolol at high doses and account for its observed nonlinear absorp-
tion.

KEY WORDS: celiprolol; intestinal secretion; B-blockers; nonlinear
absorption.

INTRODUCTION

Celiprolol (N'-[3-acetyl-4[3-[1,1-dimethylethyl)amino]-
2-hydroxypropoxylphenylj-N,N-diethylurea) belongs to a
new class of hydrophilic cardiac-selective B-blockers. In a
series of rat studies, celiprolol was found to exhibit dose-
dependent absorption, however, the decreased bioavailabil-
ity noted at low oral doses cannot be readily explained by
altered dissolution, first-pass metabolism, or changes in ex-
cretion. It was concluded from the experimental data that
the intestine itself was the limiting organ responsible for the
nonlinear increases in the bioavailability of celiprolol (1).
This paper further investigates the cellular mechanisms re-
sponsible for the nonlinear absorption of celiprolol.
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MATERIALS AND METHODS

Materials

pL-{**C]Celiprolol (31.8 wCi/mg) and unlabeled DL-
celiprolol were obtained from Rhéne-Poulenc Rorer Pharma-
ceuticals Inc. Previous studies (1) suggest that the bioavail-
abilities of the individual enantiomers were similar, therefore
all subsequent experiments utilized the racemic mixture due
to its availability. The radiochemical and chemical purity of
{}*C]celiprolol was 97 and 95%, respectively. The chemical
purity of unlabeled celiprolol was greater than 98%. D1-[4-
*H]Propranolol hydrochloride in ethanol (89 mCi/mg, carrier
free) was purchased from Amersham Corp. The chemical
purity of [*H]propranolol was greater than 99%. Unlabeled
propranolol obtained from Sigma Chemical Co. was used to
achieve the desired drug concentration and/or specific activ-
ity.

Male Sprague-Dawley rats weighing between 300 and
400 g were used for all in situ and in vivo studies. For the
preparation of intestinal cells, rats with body weights in the
range of 180 to 250 g were used to ensure consistent cell
recovery. Prior to experimentation all rats were fasted over-
night with free access to water. Studies requiring surgical
modification were conducted using general anesthesia, and
rats were euthanized at the termination of all experiments.
The rats used for the collection of intestinal cells were sac-
rificed by pentobarbital overdose prior to intestine sampling.

Intestinal Absorption in Situ

A segment of rat small intestine (about 10 cm) was li-
gated at both ends with surgical silk. Approximately 1 mL of
20 mg/mL [*C]celiprolol in physiological saline was admin-
istered into the lumen of the intestinal segment through a
polyethylene cannula. The mesenteric vein draining the
blood supply of this ligated segment was cannulated prior to
the dosing with medical-grade Silastic tubing (0.02-in. I.D.,
0.037-in. O.D.). Efferent blood from the cannula was contin-
uously collected into heparinized tubes for approximately 1
hr in 600-p.L fractions. Blood lost was replaced by a jugular
infusion of a mixture of saline and heparinized blood freshly
drawn from a donor rat. The ligated intestinal segment plus
its contents were collected at the end of the experiment.

Intestinal Secretion After i.v. Dose

Bile duct-cannulated rats were used for this study. The
entire intestine was ligated with surgical silk to form multiple
(N = 12) 7-cm segments starting from the pylorus and con-
tinuing to the rectum. An intravenous dose (10 mg/kg) of
either [**Clceliprolol or [*Hlpropranolol was administered
through a precannulated jugular vein. Bile samples were col-
lected continuously for the entire length of the experiment.
Systemic blood samples, obtained by cardiac puncture, were
taken prior to euthanasia. Urine collected in the bladder, as
well as the intestine segments (including their contents and
saline washes), was also collected at the completion of the
experiment.

Total radioactivity in plasma, urine, bile, and intestinal
contents was measured by liquid scintillation counting. In-
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testinal tissues were solubilized with Soluene-350 (Packard
Instrument) according to the manufacturer’s instructions be-
fore being subjected to analysis. Selected efferent plasma
samples from the in situ absorption studies were deprotein-
ized by adding 2 vol of acetonitrile to 1 vol of sample. The
resulting supernatant was then subjected to HPLC fraction-
ation of ["*C]celiprolol and its *C-metabolites (1) using a
Zorbax-CN column (15 cm X 4.6 mm) with a mobile phase of
10% methanol, 10% acetonitrile, and 10 mM dibutylamine
phosphate at pH 5.6.

Microhistoautoradiography

Bile duct-cannulated rats were dosed intravenously with
[**C]celiprolol at 10 mg/kg (20 wCi per animal). At various
time intervals after dosing, rats were sacrificed and a portion
of duodenum, ileum, or colon was collected. The tissues
were then thoroughly rinsed with physiologic saline. Ap-
proximately 10 mm of tissue, in duplicate, was placed in
small molds containing Cryo-m-bed embedding compound
(Bright Instrument Company Ltd., Huntingdon, Cambs, En-
gland). The embedded samples were kept at —70°C before
transfer to a Bright’s Rotary Rocker Microtome, which was
kept at —16°C. Transverse sections (12 wm thick) were cut
and loaded onto microscope slides which were precoated
with Nuclear Emulsion (Type GS, Ilford Ltd., Mobberley,
Cheshire, England). The slides were then exposed for vari-
ous lengths of time before being photographically processed
and stained with hematoxylin/eosin for visualization.

Preparation of Intestinal Cells and Characterization

The intestinal epithelial cells were prepared by a modi-
fication of the low-calcium method (2). All buffers used for
the experiments contained, in addition to salts, 5 mM glu-
cose, 2.5 mM glutamine, and antibiotics at 50 U of penicillin
and 50 pg of streptomycin/mL.

A 30-cm segment of the small intestine was clamped at
both ends by small hemostats and filled with pH 7.5 citrate
buffer containing (mM) 75 NaCl, 4.7 KCl, 25 Na citrate, 1
KH,PO,, 25 NaHCO;, and 0.5 dithiothreitol (DTT). The seg-
ment was then incubated in Leibovitz’s L-15 medium for 20
min at 37°C. The contents of the segment were discarded and
incubated with pH 7.5 EDTA buffer containing (mM) 110
NaCl, 4.7 KCl, 1 KH,PO,, 20 HEPES, 25 NaHCO,, 1.2
CaCl,, and 1.2 MgSO, for 30 min at 37°C. The resulting
mixture was the pelleted down at 70g for 3 min. The resultant
pellets were suspended in the working buffer in a plastic
flask to a concentration of approximately 2 mg protein/mL.
The viability of resuspended cells was determined by exam-
ining their ability to extrude trypan blue. On average, over
95% of freshly prepared cells extruded trypan blue. The
preparations demonstrated maltase activity, a marker en-
zyme for the villus cells (3), between 1.14 to 2.40 U/min/mg
protein.

Experiments to test the effect of pH gradient on drug
uptake were carried out in buffers with 45 mAM HEPES and
no added NaCHO;.

Uptake Studies of Isolated Intestinal Cells
The timed uptake of 50 wM [*“*Clceliprolol or [*H]pro-
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pranolol by freshly isolated intestinal cells was measured by
a modification of the established rapid filtration method (4).
In general, the working buffer containing the appropriate
radioactive tracer was incubated in a polystyrene plastic
tube in either a 37°C water bath or an ice bath (0°C). Cell
suspensions were preincubated at the appropriate tempera-
ture and added to the reaction mixtures to initiate the reac-
tion. To stop the reaction, ice-cold phosphate-buffered saline
(154 mM NaCl, 3.4 mM KCl, 1.8 mM KH,PO,, 10 mM
NaH,PO, at pH 7.5) containing unlabeled propranolol at 0.5
mg/mL (or celiprolol at 2 mg/mL in the case of the inhibition
experiment) was added to the tube. The inclusion of nonra-
diolabeled celiprolol in the stop solution was required to
reduce nonspecific binding to the Millipore filter itself. The
entire contents were then filtered through a 0.65-pm Milli-
pore filter (DAWP), followed by three 3-mL washes of the
same stop solution. The radioactivity associated with the
filters was measured by liquid scintillation counting. Control
experiments were conducted by eliminating the cells from
the incubation mixture. The radioactivity associated with
control experiments was subtracted from the total count to
calculate activity per milligram of protein. The protein con-
centration of cell suspensions was measured by a modified
Lowry method in the presence of sodium dodecyl sulfate (5).

Transepithelial Movement of *C-Celiprolol in Caco-2 Cells
and Uptake Studies

The Caco-2 cell line was obtained from American Type
Culture Collection, Rockville, MD. The cells were cultivated
on polycarbonate filters (Costar Transwell cell culture in-
serts; mean pore diameter, 0.45 wm) as described previously
6,7).

All transport experiments were performed using 20 to
35-day-old monolayers in Hanks’ balanced salt solution con-
taining benzylpenicillin (100 U/mL), streptomycin (10 pg/
mL), and 25 mM HEPES buffer. During the transport exper-
iments, the monolayers were agitated on a microscope slide
mixer. ['*C]Celiprolol was added to either the apical or the
basolateral side of the monolayers, which were then incu-
bated at 37°C and 95% relative humidity. Samples were with-
drawn from the contralateral side of the monolayer at regular
time intervals and subjected to liquid scintillation counting.

RESULTS

Limited Intestinal Absorption of Celiprolol in Situ

Isolated intestinal loop preparations were used to mon-
itor celiprolol movement from the intestinal lumen to the
mesenteric circulation. Although this procedure does not
mimic the physiologic condition entirely, it does isolate the
intestine from other organ systems while maintaining an in-
tact blood circulation. The transcellular movement of celip-
rolol proceeded slowly, with the rate plateauing at approxi-
mately 30 min after dosing (Fig. 1). In a separate experiment,
at an oral dose equivalent to 50 mg/kg, 75% of the adminis-
tration radioactivity was recovered in the luminal washings
and presumably represented unabsorbed drug. Another 23%
of the radioactivity was found to be associated with the in-
testinal tissue itself and was not removed even after repeated
luminal washings. Several mesenteric efferent plasma sam-
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Fig. 1. The rate of [“C]celiprolol appearance in the mesenteric ef-
ferent plasma after an intraluminal dose in the rat using an isolated
intestinal loop.

ples obtained at different time points during the experiment
were subjected to HPLC analysis of '*C radioactivity.
[C]Celiprolol was found to be the major (>95%) radioac-
tive species present. These studies further illustrate the lim-
ited absorption of celiprolol and confirm that intestinal me-
tabolism is not a major excretory pathway for celiprolol.

To investigate the existence of an intestine secretory
process for celiprolol in the rat as a possible explanation of
its low absorption, the intestine segment studies using bile
duct-cannulated rats were conducted (Table I). At 4 hr after
intravenous dosing, the radioactivity found in the systemic
blood was less than 1 pg/mL, yet the total intestinal accu-
mulation of radioactivity (luminal contents plus tissue) was
equal to over 33 pg/g of tissue after celiprolol administration.
This high tissue/blood ratio excludes the possibility of con-
tamination due to the presence of blood and suggests an
affinity of the rat intestine for celiprolol. Because the exper-
iment utilized bile-duct cannulated animals as well as ligation
of the intestine, the presence of radioactivity in the intestinal
lumen after intravenous administration can be attributed
only to some form of secretion of celiprolol across the intes-
tinal tissue.

Propanolol was also tested to determine if the secretion
of celiprolol was unique or was applicable to other $-block-
ers. Propranolol was selected since it represents a class of
highly lipophilic B-blockers and its intestinal absorption is
considered to be completely via diffusion (8). Although sig-
nificantly less propranolol was associated with the intestine

Table I. Distribution of Radioactivity in Bile Duct-Cannulated Rats
4 hr After an i.v. Dose of ['*C]Celiprolol or [*H]Propranolol

% of total dose®

Intestinal
Dose contents Bile Urine
Celiprolol
(10 mg/kg) 88+ 1.7 26 + 6 25+ 12
Propranolol
(7.2 mg/kg) 1.2 £ 0.2 44 = 20 15«4

9 Mean *= SD, with n = 4.
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and its contents compared to celiprolol, the total radioactiv-
ity accounted for about 5.6 pg/g of tissue, while the plasma
radioactivity of propranolol was 4 pg/mL.

Multiple intestinal ligations were used in the previous
study to determine whether any site-specific secretion of
celiprolol (or propranol) was occurring. Celiprolol secretion
was found to occur throughout the entire intestine from py-
lorus to rectum, with no evidence of site specificity. Greater
than 30% of the radioactivity present in each segment (N =
12) was found to be associated with the intestinal tissue itself
and not removed even after repeated luminal washings with
saline. Only trace amounts of radioactivity (possibly due to
blood contamination) were found in the stomach, suggesting
that transport was not present in the upper gastrointestinal
tract. Similar distribution patterns along the GI tract were
also noted for propranolol, with no evidence seen of prefer-
ential secretion.

Based on the results of the intravenous intestinal secre-
tion studies, microhistoautoradiography studies using frozen
sections were also conducted in an attempt to locate the
actual site of secretion within the intestinal mucosa and pos-
sibly determine the distribution of radioactivity at the cellu-
lar level. As shown in Fig. 2, sections from various sites in
the intestine were collected at 20 min and 1, 2, and 4 hr after
the i.v. dose. Although results from duodenum and ileum are
reported here, similar results were observed in colonic sec-
tions collected from the same animals. At 20 min after ani.v.
dose of 10 mg/kg ['*Clceliprolol, low levels of radioactivity
began to appear in all intestinal tissues or tissue structures.
At 1 and 2 hr postdose, radioactivity was associated mainly
with the luminal mucus and the villus and goblet cells. At 4
hr postdose, radioactivity appeared predominantly in the in-
testinal lumen. These microhistoautoradiography studies re-
vealed a time-dependent movement of radioactivity across
the intestinal mucosa after intravenous dosing (mainly via
villus and goblet cells) into the lumen. This is consistent with
celiprolol undergoing some form of intestinal secretion; how-
ever, the exact intracellular localization of celiprolol could
not be discerned from this study.

To understand the mechanisms that control intestinal
transport, the time-dependent uptake of celiprolol in freshly
prepared rat intestinal villi cells was also investigated. For
the purpose of comparison, propranolol, a lipophilic
B-blocker, was also studied. The results in Fig. 3 indicate
that there is temperature-dependent uptake of celiprolol by
the intestinal cells, which suggests the presence of nondiffu-
sional transport. The 0°C uptake was much higher for pro-
pranolol, reflecting its higher lipophilicity, which possibly
accounts for its high passive diffusion. Although the total
uptake was higher in propranolol (500 pmol/mg protein), ce-
liprolol exhibited a greater temperature-dependent uptake.
Temperature-dependent uptake of celiprolol at 15 sec was
reduced to 69 + 11% (mean = SD; n = 3) by the presence of
2 mM celiprolol in the incubation and to 66 * 21% by the
presence of 2 mM propranolol, suggesting that propranolol
may also have an affinity for the same transport system.

Using intestinal membrane vesicles, uptake of other or-
ganic cations, N -methylnicotinamide and tetraethylammo-
nium, was found to be pH dependent and to undergo proton—
cation exchange in the kidney and liver (9—11). As shown in
Fig. 4, the temperature-dependent uptake of celiprolol and
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Fig. 2. Microhistoautoradiography of intestinal sections from the bile duct-cannulated rat (a) duodenum at 20 min, (b) duodenum at 1 hr,
(c) duodenum at 2 hr, and (d) midileum at 4 hr after an i.v. dose of 10 mg/kg [*Clceliprolol. cr, crypts; go, goblet cells; lu, lumen; mu,
muscularis mucosa; sg, silver grains representing radioactivity; vi, villi. (a—c) X400 and (d) x63; reduced to 65% for reproduction.

propranolol was also pH dependent. Lowering the pH of the
medium resulted in diminished uptake, while a higher pH
increased the uptake of both agents. These observations are
consistent with the possible presence of a 3-blocker—proton
exchanger or 3-blocker—hydroxyl cotransport system. The
effect of pH on propranolol uptake became insignificant at 5
min, probably because passive diffusion predominates at
longer incubation times (Fig. 4).

Secretion of Celiprolol Across Human CaCO, Monolayers

Human Caco-2 cell monolayers were used to test
whether the intestinal secretory system identified for celip-
rolol in rats may also be present in human tissue. Fluxes for
celiprolol were found to occur in both directions: apical-to-
basolateral as well as basolateral-to-apical sides (Fig. 5). Ba-
solateral-to-apical transport was found to be approximately
fivefold greater than the reverse flux at the 2-hr time point.
This observation further confirms the ability of celiprolol to
undergo intestinal secretion but also showed that the mech-
anism may be present in the human intestine as well.

DISCUSSION

The various in vivo studies conducted confirm that in-
testinal secretion is an important excretory pathway for ce-
liprolol in rats while also suggesting that some carrier-
mediated absorption may also be occurring. The overall net
secretion of celiprolol in the intestinal mucosa could serve to
limit its absorption and may account for its low oral bioavail-
ability, especially at low doses. Saturation of this secretory
pathway at higher doses may account for the nonlinear ab-
sorption of celiprolol.

From the microhistoautoradiography and cellular stud-
ies, it appears that celiprolol undergoes intestinal secretion
via a carrier-mediated process. The autoradiographs confirm
the net movement of celiprolol across the intestinal mucosa
after intravenous administration. Based on the autoradio-
graphs and the large amount of radioactivity associated with
the lumen, drug accumulation in the lumen apparently oc-
curred against a concentration gradient. This suggests the
presence of carrier-mediated transport system in the apical
membrane, although the presence of transport systems on
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Fig. 3. The time- and temperature-dependent uptake of celiproiol
and propranolol by freshly isolated rat small intestinal cells at pH
7.5/7.5 (cel/medium). Each point represents the mean + SD of ex-
periments on three intestinal preparations conducted in triplicate.
Uptake were normalized for protein concentration.

both apical and basolateral membranes cannot be definitive-
ly ruled out.

Our results indicate that the secretory system involved
may have an affinity for other g-blockers. Although propran-
olol also possesses a cationic charged group (pK,, 9.5), its
high lipophilicity (octanol/water partition coefficient = 39,
compared to 0.2 for celiprolol) indicates that the hydropho-
bic portion of propranolol effectively neutralizes the charge.
Our studies found that despite propranolol’s ability to cross
biological membranes by passive diffusion, there was still
some detectable net intestinal secretion after intravenous
dosing. Intestinal secretion of other -blockers (acebutolol
and pafenolol octanol/water, partition coefficients = 6.5 and
0.3, respectively) has also been reported (12,13). Combined
with the results from this study, it seems likely that a trans-
port system capable of secreting various f-blockers in the
intestine likely exists.

The presence of a carrier-mediated secretory system for
celiprolol in the intestine can be the basis for the reduction in
bioavailability of celiprolol at low doses (14). The intestinal
secretion of quaternary ammonium compounds has been
studied in guinea pigs, and the role of saturable secretion on
their nonlinear absorption outlined (15). A similar mecha-
nism may also be present for celiprolol in the rat. At low

Kuo, Whitby, Artursson, and Ziemniak

220

Celiprolol .
/.
w 180-
~
w
~
« 140 /
° 7.5/7.0 /
% 100 15sec 5min 7
o .
E) 15 sec 5 min
® /] 7.5/8.0
60+ f 1
20
2207 propranolol T
7
180
w
~ /
v
o 140 7.5/7.0
° 15sec 5min
o 100
:“e 7 / 15 sec 5 min
o
S 0 / 7 7.5/8.0
& 1
20

Fig. 4. The pH dependence of temperature uptake of celiprolol and
propranolol by freshly isolated rat small intestinal cells. Each point
represents the mean += SD of experiments on three intestinal prep-
arations conducted in triplicate. Temperature-dependent celiprolol
uptake (defined as the uptake at 37°C minus the uptake at 0°C) at pH
7.5/1.5 (cell/medium) was 52 = 6 and 142 + 19 pmol/mg protein for
15 sec and 5 min, respectively. Temperature-dependent uptake of
propranolol at pH 7.5/7.5 was 95 = 20 and 82 = 61 pmol/mg protein
for 15 sec and S min, respectively.

doses, secretion of celiprolol into the intestinal tract serves
to limit the absorption of celiprolol. As the secretion system
begins to saturate overall absorption increases, resulting in
nonlinear increases in bioavailability. Once secretion is to-
tally saturated, passive diffusion dominates and a new equi-
librium is reached with linear absorption now evident. This
explanation is consistent with the rat bioavailability data for
celiprolol previously reported (1).

Our studies utilizing epithelial intestinal cells suggest
that celiprolol may also undergo some bidirectional trans-
port. The cellular uptake of celiprolol using isolated intesti-
nal cells was found to be both temperature and pH depen-
dent, lending support for the presence of carrier-mediated
transporter. The pH-dependent uptake of celiprolol cannot
be explained simply by alterations in the ionization state of
the drug as a function of pH. The 0°C uptake, which includes
passive diffusion, did not change as the medium pH changed
from 7.0 to 8.0. These results are consistent with the pK, of
celiprolol being 9.5. The strongest evidence acquired to date
for carrier-mediated absorption of celiprolol is the ability of
both celiprolol and propranolol to inhibit the cellular uptake
of ['“C]celiprolol. The exact localization of the transport sys-
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tem in the epithelial cell membrane is presently unknown. It
is also unknown whether one system or multiple systems are
involved in the intestinal absorption/secretion of celiprolol.

Human studies have demonstrated increased absorption
of celiprolol at elevated doses similar to that seen in rats (14).
The use of the Caco-2 cell further confirms that celiprolol
undergoes intestinal secretion and suggests that the same or
a similar transport system identified in rats may also be
present in humans. Further studies are required to confirm
this hypothesis, but based on the results in Fig. 5, the Caco-2
cell line appears to be appropriate for further study of the
intestinal transport of p-blockers.

The physiological role of this secretory pathway for ce-
liprolol (and possibly other B-blockers) is presently un-
known. Recently, it was proposed that the multidrug resis-
tance gene product in the intestine acts as a defense system
to prevent undesirable chemicals from entering the systemic
circulation (16). This secretory system for 3-blockers could
be part of a natural defense system in the intestine designed
to limit absorption.
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