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Purpose. This study was conducted to develop and validate a dog colon model that predicts colon
permeability in humans.

Methods. The following compounds were studied: Class 1 highly soluble (HS)/highly permeable (HP):
aminophylline, propranolol, CP-409092; Class 2 LS/HP: nifedipine; trovafloxacin, sertraline; Class 3 HS/
LP: azithromycin, atenolol, CP-331684, CP-424391; Class 4 LS/LP: CJ-13610. Administration to dogs was
made 30 cm cranial to the anal sphincter with a lubricated Schott Model VFS-5 flexible endoscope. The
bioavailability of the compound following the colon administration in dogs, relative to the same
formulation administered orally (relative bioavailability), was determined.

Results. Except for atenolol, a small hydrophillic molecule, the relative bioavailability from
administration to the colon of the dog correlated well with the following compound properties: high
solubility and high, passive permeability > high solubility, low permeability > low solubility, high, passive
permeability ~ low solubility, low permeability.

Conclusion. The dog colon model is proposed as a surrogate for human intubation studies when the
controlled release candidate falls in BCS Classes 2 (LS/HP), 3 (HS/LP), and 4 (LS/LP). However, no
human intubation or dog colon studies are required for Class 1 (HS/HP), as these compounds are likely
to be well absorbed from the colon.

KEY WORDS: aminophylline; atenolol; azithromycin; biopharmaceutics classification scheme; CJ-

13610; CP-331684; CP-409092; CP-424391; nifedipine; propranolol; sertraline; trovafloxacin.

INTRODUCTION

Controlled release (CR) formulations are rapidly be-
coming a standard part of a development candidate’s
portfolio. A well-formulated CR formulation can overcome
a compound’s pharmacokinetic and/or pharmacodynamic
inutility by extending exposure and decreasing adverse side
effects. For long-duration CR formulations, a significant
portion of the payload is released while the formulation
resides in the colon or large bowel. If solubility and/or
permeability in the colon are not optimal, then success will be
defined by the dose and the residence time in that organ.
That is, the dosage form and/or the delivered drug particles
must reside in the large intestine long enough for their
complete dissolution and absorption.

However, one simply cannot assume that a compound
formulated in an immediate release (IR) dosage form,
administered orally, and resulting in good absorption will be
well absorbed when formulated in a long-duration CR dosage
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form. When compared with the small intestine, the colon has a
shorter length, smaller surface area, more bacterial activity,
less active transport, more restrictive tight junctions (less
paracellular transport), less water, less bile acid and lecithin,
higher alkalinity, higher viscosity, and less mixing (1,2).
Therefore, it is not surprising to find it difficult to predict
human colonic absorption from the usual preclinical and
clinical studies.

Bioavailability of the compound administered to the
large bowel, relative to the bioavailability after oral admin-
istration, is defined as RBA. Complete bioavailability—for
bioequivalence strategies, RBA~80%—cannot be assumed.
A quick survey of the literature revealed that out of 16
compounds examined for their potential as CR candidates,
half had an RBA of less than 30% (2,3). Some measurement
of the CR candidate’s permeability in the human colon seems
prudent. However, due to the increased number of candi-
dates for CR development, a resource- and time-sparing
predictive model for human colon permeability would be
useful.

Several in vitro and in vivo models have been explored
for this purpose. Flux across Caco-2 cell monolayers was
shown to correctly rank the absorption of several highly
water-soluble compounds in the human colon (4). But for the
preclinical evaluation of clinical dosage forms, in vivo data
are mandatory and the dog and minipig are the most
commonly studied species. Despite any perceived advantage
of the minipig, the dog remains the species of choice for
extended release for development (5-7).
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Colonic absorption of full-sized (“clinical”) CR dosage
forms have been studied in the dog instrumented with a
Thiry-Vella fistula (8). Solutions of CR candidates were
similarly studied in dogs instrumented with a modified
“vascular access port” (6,9) and by oral administration of a
remotely triggered device that would release its payload
when in the region of interest (10). The first two methods,
although direct and useful, require surgery and regular
maintenance. The last is noninvasive, but has the following
drawbacks: (1) it is expensive; (2) it requires specialized
equipment and licensing; (3) specific information about
colonic absorption is difficult to glean from such a study
without some independent confirmation of location in the
GIT (such as scintigraphy).

Sutton and coworkers (11) reported colonoscopy as a
simple, resource- and time-sparing alternative to these
methods. In that preliminary report, aminophylline and
enalapril HCI solutions were administered into the colon of
Beagle dogs. This report extends that early work, validating
the model by comparing numerous additional dog colon
studies with clinical data.

METHODS
Materials

Compounds spanning the Biopharmaceutics Classifica-
tion Scheme (BCS) (12) were selected. Three compounds
(aminophylline, propranolol, CP-409092) were classified as
Class 1, i.e., “highly soluble/highly permeable” (HS/HP);
three compounds were Class 2 (LS/HP): trovafloxacin,
sertraline and nifedipine; four compounds were Class 3
(HS/LP): atenolol, azithromycin, CP-331684, CP-424391,
and one compound was Class 4 (LS/LP): CJ-013610. Ami-
nophylline (the “salt” or complex of theophylline and ethyl-
enediamine), atenolol HCI, and propranolol HCl were
purchased from Sigma (St. Louis, MO). Azithromycin,
micronized nifedipine, sertraline, trovafloxacin mesylate,
CP-331684' (a B3 agonist for the treatment of obesity), CP-
409092% (a GABA, partial agonist developed for the
treatment of anxiety), CP-424391 tartrate® (a growth hor-
mone secretagogue in clinical trials for the treatment of
frailty (13,14)), CJ-013670 mesylate* (a 5-lipoxygenase inhib-
itor with oral activity in animal models of inflammation and
airway obstruction (15)) were obtained from Pfizer, Inc.
Selected biopharmaceutical properties of the 11 compounds
studied are listed in Table I.

Solubility Determination

According to the BCS Guidelines, a compound is
considered “highly soluble” when the largest dose is soluble

! (4-(2-(2-(6-Aminopyridin-3-yl)-2(R)-hydroxyethylamino)-ethoxy)-
phenyl)-acetic acid.

2 CP-409092: 4-Ox0-4,5,6,7-tetrahydro-1H-indole-3-carboxylic acid
(4-methylaminomethyl-phenyl)-amide.

3 2- Amino-N-[2-(3'R-benzyl-2-methyl-3-0x0-2,3,3a,4,6,7-hexahydro-
pyrazolo[4,3-c]pyridin-5-yl)-1R-benzyloxymethyl-2-oxo-ethyl]-iso-
butyramide L-tartrate.

# 4-[3-{4-(2-Methylimidazol-1-yl)phenylthio}]phenyl-3,4,5,6-tetrahy-
dro-2H-pyran-4-carboxamide methanesulfonate.
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in a volume of 250 mL water through the pH range of 1-7.5
(12). As shown in Table I, the solubility of aminophylline is
200 mg/mL, and both propranolol HCI and atenolol HCI are
“soluble” in water (16). The solubility of nifedipine is about
0.011 mg/mL. The remaining compounds examined in this
report are weak bases/zwitterions, and their pH solubility
profiles were determined by using classical methods (17).
Based on these solubilities and a “best-guess” of the clinical
dose, a solubility classification was made (Table I). A table
of high-performance liquid chromatography (HPLC) con-
ditions for the solubility determinations is shown in the
Appendix.

Permeability Determination

Depending on the availability of data, the permeability
classification of a compound according to BCS may be
supported by clinical studies [e.g., absolute bioavailability
studies (i.e., IV and oral), or mass balance studies]. When
clinical data are not available, a preliminary estimate of a
compound permeability classification can be determined
from such in vitro models as cell monolayer and rat intestinal
models. In our laboratory, the rat single pass intestinal
perfusion (SPIP) was used to preliminarily classify com-
pounds (18,19) (Table I).

Formulations

Except for nifedipine, compounds were administered
orally and to the colon as aqueous solutions, or (oral only) as
rapidly dissolving immediate release formulations. In some
cases, the weak base was made soluble by adjusting the pH.
For example, the CP-409092 solution was prepared by adding
the compound to a beaker and bringing to a 30.0 mL volume
of 0.5% methylcellulose, followed by a pH adjustment to 6.9
with 0.25 M NaOH. The drug remained in solution during the
transition in pH. The 1 mg/mL nifedipine suspension was
prepared in a 0.5% methylcellulose. The solution formulation
consisted of 2 mg/mL nifedipine in (1:2:3:4) Tween 80/
cremaphor EL/propylene glycol/water (20).

Animal Studies

The in vivo studies described here were reviewed and
approved by the Pfizer Groton Institutional Animal Care and
Use Committee, and the research adhered to the Principles of
Laboratory Animal Care (NIH publication #85-23, revised in
1985). Studies were completed in purpose-bred, Class A adult
(1- to 6-year-old) male and female Beagle dogs (Marshall
Farms, North Rose, NY, USA; weight range 9-13 kg).
Orally administered capsule and tablet formulations were
followed by a 50-mL tap water gavage. Liquid formulations
were orally administered with a syringe, through the same
length and type of tubing used in the colonoscopy study,
inserted within a stomach gavage tube. Tubing was flushed
to ensure complete delivery. Separate validation studies
were conducted to ascertain >95% of the intended dose was
delivered using these methods (data not shown). Blood was
collected from the jugular vein before dosing and at
specified intervals afterwards (e.g., 0.5, 1, 2, 4, 6, 8, and 24 h).
Blood was then centrifuged, and plasma or sera was separated.
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Table 1. Biopharmaceutical Properties of the Compounds Studied in this Report

Solubility

Compound BCS MW (Da) (mg/mL) log P® pK, Rat k, (min~")
Aminophylline HS/HP 420 200 —-0.1° NA 0.034 + 0.003
Atenolol HS/LP 266 >1 -2.1 9.6 0.006 + 0.003
Azithromycin HS/LP 749 4.5 ~2 ~9 <0.003
Nifedipine LS/HP 346 0.011 2.07 NA HP!
Propranolol HS/HP 259 >1 2.5 9.4 0.035 £ 0.005
Sertraline LS/HP 343 ~0.37 4.88 9.1 0.07 £ 0.02°
Trovafloxacin LS/HP 513 0.050 1.9 5.6,9.5 ND
CJ-013610 LS/LP 490 <0.1 2.9 7.3 0.003
CP-331684 HS/LP 331 33 -22 3.9,55,81 0.006 + 0.017
CP-409092 HS/HP 334 25 1.8 9.1 0.014 + 0.003
CP-424391 HS/HP 656 11 2.0 7.7 0.011 £ 0.018

“ Aqueous thermodynamic, at pH 6.5, RT.

b Octanol/pH 7 water.

¢ Calculated by using Moriguchi et al.’s method (43).
4 Hoyo-Vadillo et al. (44).

¢ Permeability of sertraline is complicated by its apparent active transport. Sertraline HCI was shown to be a substrate for active transport in

Caco-2 (J. Bennett, personal communication).
MW: Molecular weight; NA: not applicable; ND: not determined.

The plasma/sera was immediately frozen at —20°C until the
compound of interest was assayed (usually within a week).
Access to food was permitted after the 8-h sample collection.
Animals had free access to water during the experiment.

The colonoscopy model was used as previously de-
scribed (11,21). Beagle dogs were prepared for the colonos-
copy procedure with at least two “training” (sham) studies,
during which they learned to accept the endoscope. Early
experience revealed that residual material in the DC inter-
fered with the unobstructed placement of the colonoscope.
Therefore, for 3 days before the study day, the normal chow
diet was removed from dogs and they were provided a liquid
diet (#5033RL-375/2, Clinicare® Canine Liquid Diet, North
Chicago, IL, USA). All the dogs were fasted for 24 h immedi-
ately before the study. Animals were manually restrained on
their left side and calmed by frequent petting and soothing
speech. A lubricated Schott Model VFS-5 flexible endoscope
with an external diameter of 9.9 mm was carefully inserted
through the anal sphincter and advanced a distance of 30 cm. If
significant resistance was met, the scope was withdrawn,
typically followed by almost immediate defecation. The scope
could then be easily advanced without resistance. The dose
was administered as a 5-mL bolus via a syringe attached to PE-
200 tubing filled with the formulation, inserted via the biopsy
channel. After complete delivery of the compound, the tubing
was flushed to ensure complete delivery, and the endoscope
was slowly retracted. Separate validation studies were con-
ducted to ascertain >95% of the intended dose was delivered
by using these methods (data not shown). Because feeding
sometimes can trigger a generalized propulsive movement
along the entire GIT, food was withheld until after the
absorption phase could be reasonably expected to be over
(by the 8-h sampling point). The rest of each study was
completed as described for the oral studies.

Assays

For all compounds except CP-409092, individual samples
were assayed for kinetic analysis; however, samples with CP-

409092 were collected until preliminary studies suggested
concentrations would be <LLOQ, and then “pooled” accord-
ing to the method of Hop er al. (22) and assayed. HPLC
analysis of trovafloxacin (23) aminophylline (24), nifedipine
(25), azithromycin (26), CP-331684 (19), CP-409092 (27), CP-
424391 (28), and CJ-013670 (15) in dog plasma or serum was
completed by using published assays. Details are presented in
Table II.

Pharmacokinetics

Area under the concentration time profile from “time 0”
to the last detectable concentration (AUC._, ) was calculated
by using the mix log-linear trapezoid method. Extrapolated
AUC was calculated by C,/L,, where Cp, is the last
detectable concentration and L, is the terminal elimination
rate constant. AUC(_,, is the sum of the two areas. Relative
bioavailability (RBA) was calculated by the ratio of the dose-
corrected AUC of the colon [or ileal-cecal junction (ICJ)]
studies and the oral (gavaged or duodenal) studies. The k,
values were either calculated from simultaneous fitting of
IV (data not shown) and extravascular data, or from the
initial linear portion of the log absorption vs. time plots,
which in turn were calculated from either deconvolution or
Wagner—Nelson methods (Kinetica version 4.01-4.3; Inna-
phase, Philadelphia, PA, USA). The concentrations of the
CP-409092 “pooled” samples were determined, and the colon
sample values were expressed as a percentage of the oral
sample values. According to Hop et al. (22), this would
approximate the bioavailability for the colon administered
dose relative to the orally administered dose (RBA).

Statistics

Arithmetic mean (AM) and standard deviation (SD)
were calculated for T),.x, and geometric mean (GM) and
percent coefficient of variation (CV) were calculated for
Ciax and AUCy_,. Differences in pharmacokinetic param-
eters obtained from the two routes of administration were
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Table II. Assay Conditions for Plasma/sera Matrices Containing the Compounds Studied
Flow Detection Injection Compound Mobile
Compound Internal standard Column” (mL/min) (nm) (uL) Tr (min) Phase
Aminophylline Theobromine 150 mm Waters 1 280 25 33 AP
C18 Novapak
Atenolol Metoprolol 300 mm Waters 1 240/300¢ 10 23 c!
C18 Bondapak
Azithromycin CP-067094¢ 150 mm 3 M Z-RP 1 EC 15 9.6 D’
Nifedipine 11-Ketoprogesterone C18, 5 um 1.5 238 200 7.0 E#
Propranolol Phenytoin 150 mm Zorbax C18 1.5 215 25 B"
Trovafloxacin CP-102372 150 mm Waters C18 0.7 275 100 5.8 ¥y
Novapak
CP-409092 CP-409095* Zorbax Eclipse XDB-CS, 1 246 20 11 H'
4.6 x 150 mm, 5 pm
CJ-13610 CJ-13454™ 150 mm Waters 0.5 MSs” 20 2.6 L°
C18 Symmetry®
CP-331684 CP-345529” C18 column 2 290/370¢ 25 4 G?
(3 pm; 4.6 x 33 um)
CP-424391 CP-395477 Keystone Inertial NA MS” 40 5.7 r

ODS-2 2.1 x 50 mm
S um C18

“ All were run at ambient temperature.

b A: 5:95 acetonitrile/0.1 M sodium acetate, pH 4.0, using glacial acetic acid.

“Fluorescence detector: excitation wavelength/emission wavelength.

4 C: Acetonitrile/methanol/0.02 M sodium phosphate buffer (0.1% SDS): 35:15:50 (v/v/v) (45). C: 50:50 0.01 M KH,PO,/methanol; pH 4.0.

¢ CP-067094: 11-(4-dimethylamino-3-hydroxy-6-methyl-tetrahydro-pyran-2-yloxy)-2-ethyl-3,4,10-trihydroxy-13-(5-hydroxy-4-methoxy-4,6-

_dimethyl-tetrahydro-pyran-2-yloxy)- 3,5,8,10,12,14-hexamethyl-6-prop-2-ynyl-1-oxa-6-aza-cyclopentadecan-15-one.

’D: Acetonitrile/sodium phosphate buffer (26). 75:25 0.05 M KH,PO,/acetonitrile with 0.1% TFA; pH 4.0.

8 E: Acetonitrile/methanol/tetrahydrofuran/ “buffer”: 200:200:15:585. E: 90:10 water with 0.1% TFA/acetonitrile.

’_’ B: Gradient: initial—75:25 water with 0.1% TFA/acetonitrile, 06 min; 6-9 min ramp to 40:60 water with 0.1% TFA/acetonitrile.

*CP-102372-01: 7-(6-amino-2-methyl-3-aza-bicyclo[3.1.0]hex-3-yl)-1-(2,4-difluoro-phenyl)-6-fluoro-4-oxo-1,4-dihydro-[1,8]naphthyridine-3-
_carboxylic acid.

/J: The mobile phase was prepared by mixing 5.3 mL of 40% (w/w) tetrabutyl ammonium hydroxide and 1 vial of Waters PIC reagent D-4
(dibutylamine phosphate in water) to 830 mL of 0.04 M H3PO,. The volume was brought to 1 L with acetonitrile. The resulting pH 2.4
solution was adjusted to pH 3.0 with 5.0 N NaOH.

kCP-102372: 7-(6-amino-2-methyl-3-aza-bicyclo[3.1.0Jhex-3-y1)-1-(2,4-difluoro-phenyl)-6-fluoro-4-oxo-1,4-dihydro-[1,8]naphthyridine-3-
carboxylic acid.

"H: buffering reagent (1 M sodium carbonate, pH 11); mobile phase “H1” [1% isopropanol in 2 mM ammonium acetate (pH 3.5) with 0.1%
TEA], mobile phase “H2” (1% isopropanol in acetonitrile).

" CJ-013454: 4-{3-fluoro-5-[4-(2-methyl-imidazol-1-yl)-benzyloxy]-phenyl}-tetrahydro-pyran-4-carboxylic acid amide.

" Positive ions were monitored for the quantification of CJ-13,610 (m/z 394.1) and CJ-13,454 (m/z 410.3).

?L: Mobile phase solvents were: solvent L1 = 5 mM ammonium acetate, with 1% isopropyl alcohol per liter of mobile phase; solvent L2 =
acetonitrile, with 1% isopropyl alcohol per liter of mobile phase. The gradient was 0-3.0 min, 100% L1 to 0% L1, at 3.1 min switch back to
100% L1.

? CP-345529: 3-(4-{2-[2-(6-amino-pyridin-3-yl)-2-hydroxy-ethylamino]-ethoxy}-phenyl)-propionic acid.

9G: 16% acetonitrile, 84% of 50 mM monobasic sodium phosphate with 5 mM octane sulfonic acid, pH 3, with phosphoric acid.

"Mass spec ions monitored at m/z 526.

*I: Compounds of interest were eluted from the column using a gradient elution program (Table S1, Appendix, Electronic Supplementary
material is available for this article at 10.1007/s11095-006-0252-3 and is accessible for authorized users). The mobile phases consisted of I1 =
10:90:0.01 (v/v/v) acetonitrile/water/formic acid and 12 = 90:10:0.01 (v/v/v) acetonitrile/water/formic acid.

considered significant when two-tailed Student’s ¢ test results
were p < 0.05.

RESULTS

For easy future reference, results for compounds are
listed in Table III in alphanumeric order.

Class 1: HS/HP
Aminophylline (HS/HP)
Colonic absorption of 10 mg/kg aminophylline was

incomplete in dogs that defecated during the first 0.5 h of
the study. As shown in Table III, the apparently truncated

residence time had a profound effect on Cp,.x and AUC(_ .
For example, AUCy_, in dogs with defecation was about
half of the AUCy_, in dogs without defecation. For all
compounds in this report, only studies where no defecation
occurred during the compounds’ absorptive phase were
therefore considered for further data analysis. The pharma-
cokinetics of theophylline in the dog, following the colonic
and oral administration of 10 mg/kg aminophylline, is
summarized in Table III. The aminophylline k, after colon
administration was about 12% of the k, after oral gavage.
The AUC of theophylline after colonic administration of
aminophylline (104 pg h/mL) was 87% of the AUC after oral
dose in the same dogs (128 pug h/mL). One could conclude
from the Ti,.x and k, data that aminophylline was slowly, but
completely absorbed from the colon.
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Table III. Results of Oral and Colon Administration of the Model Compounds in Dogs
Dose Cmax AUC)_

Compound Formulation Route (mg/kg) n Tmax (h) (ug/mL) (hpgmL)  RBA® (%) k(™"
Aminophylline Solution Oral 10 3 0.8 (0.3) 13.8 (10.1) 128 (10.4) - 2.99
Aminophylline Solution Colon 10 3 2 (1) 7.5 (38) 104 (42) 87 (0.4) 0.35
Aminophylline  Solution Colon 10 4 1.4 (1.2) 3.9 (86) 64 (50)° 50
Atenolol Solution Oral 10 3 0.8 (0.3) 5.18 (8.8) 21.8 (4.1) 0.62
Atenolol Solution Colon 10 3 3738  12(28) 13.5 (17) 60 (9.8) 0.022
Azithromycin Solution Oral 2.5 6 0.9 (0.6) 0.177 (49) 2.18 (34) - 1.5 (1.4)
Azithromycin Solution Colon 25 3 4.3 (6.6) 0.16 (37) 2.33 (96) 8.7 1.4
Enalapril’ Solution Oral 1 4 5.0 (2.6) 0.225 (29) 2.37 (5.4) - 0.60
Enalapril Solution Colon 1 4 6.7 (1.2) 0.039 (56) 0.735 (52)* 31 0.17
Nifedipine Suspension Oral 1 4 0.6 (0.1) 0.033 (59) 0.103 (59) - ND
Nifedipine Suspension Colon 2 4 1.0 (0.00) 0.008 (33) 0.036 (76) 35 ND
Nifedipine Solution Oral 2 4 0.9 (0.8) 0.12 (66) 0.170 (62) - 22
Nifedipine Solution Colon 2 4 0.9 (0.1) 0.024 (57) 0.158 (48) 93 0.35
Propranolol Solution Oral 4 3 1.5 (0.5) 1.12 (24) 4.58 (4.3) - 0.47
Propranolol Solution Colon 4 3 1.7 (0.3) 0.61 (10) 4.51 (15) 100 (18) 1.03
Sertraline Solution Oral 5 3¢ 2.8 (0.5) 0.079 (18) 0.374 (5.9) - ND
Sertraline Supersaturated® Colon 2 3 33(15) 0.028 (47) 0.035 (47)* 9.3 (44) ND
Trovafloxacin Solution Oral 5 4 0.7 (0.4) 0.78 (65) 3.69 (61) - ND
Trovafloxacin Supersaturated®  Colon 5 4 2.7 (2.1) 0.18 (50) 1.03 (56) 25 (1.5) ND
CJ-13610 Solution Oral 4.5 4 1.4 (0.7) 1.13 (63) 5.89 (38) - 43
CJ-13610 Supersaturated® Colon 5 4 1.8 (0.5) 0.38 (42) 2.79 (43) 47 0.95
CP-331684 Solution Oral 5 2 2,2 1.7,2.3 9.3, 14.6 - 0.22
CP-331684 Solution Colon 5 4 0.8 (0.3) 1.04 (48) 3.21 (19)* 27 NC
CP-409092 Solution Oral 10 6 NC NC 87.0 (37.3) NC
CP-409092 Solution Colon 10 6 NC NC 54.8 (45.9) 69 (33) NC
CP-424391 Solution Oral 1 5 06(03)  0.09 (51) 0.239 (40) - 20
CP-424391 Solution Colon 1 5 1.6 (1.3) 0.050 (48) 0.223 (31) 93 19

For Tpax, arithmetic mean (standard deviation), for Cpax and AUC)_.,, geometric mean (coefficient of variation) are shown.
*Significantly different from oral route, p < 0.05.

“Bioavailability of the compound via the colon route, relative to that of the oral route (dose-adjusted).

b k,: Absorption rate constant, calculated by deconvolution or Wagner-Nelson methods.

¢ Early defecation resulted in incomplete absorption.

4 Sutton et al. (11).

¢ One dog had emesis before the 0.5 sample collection, was excluded from means analysis.

fOne dog defecated 10 min after dosing was excluded from means analysis.

8 «“Supersaturated” reflects the almost certain likelihood that the solution precipitated after administration (see text for details).
" Pharmacokinetic results normalized to a 2 mg/kg dose.

ND: Not determined since the formulation either was a suspension, or precipitation from a solution was likely. NC: not calculated (see text for
details)

Propranolol (HS/HP)

The average pharmacokinetic results for propranolol
after oral and colon administration of 4 mg/kg propranolol
HCI to three fasted Beagle dogs, in a crossover fashion, are
summarized in Table III. The average plasma propranolol
profiles in dogs were similar following the administration by
either route. The AUC of propranolol HCL administered to
the colon (4.51 pg h/mL) was ~100% of the AUC following
the same dose administered orally (4.58 pg h/mL). The k,
for propranolol after administration to the colon (1.03 h™ 1)
was faster than after oral administration (0.47 h™'). This was
in agreement with previous reports in the dog (29) and
human (30), and may be attributed to regional differences in
intestinal metabolism.

CP-409092 (HS/HP)

A 10 mg/kg dose of CP-409092 was administered to six
dogs orally and to the colon in a crossover study. Because the

samples collected from dogs following the administration of
CP-409092 were pooled, concentration—time profiles were not
possible. As shown in Table III, the pooled concentrations of
CP-409092 administered via the colon route (54.8 pg/mL) was
69% of the pooled concentration following oral administra-
tion (87.0 pg/mL). This 69% approximates the bioavailability
for the colon administered dose relative to the orally
administered dose (RBA) (22).

Class 2: LS/HP
Sertraline (LS/HP)

A 5 mg/kg dose of sertraline HCl was administered
orally to four dogs in a crossover fashion, whereas a 2 mg/kg
dose was administered to the colon. The results following
sertraline HCl administration are summarized in Table III.
Compared to oral administration, sertraline absorption from
the colon was slower (Tyayx: 3.3 vs. 2.8 h, Cax: 28 vs. 79 ng/
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mL) and less complete (AUCy_: 35 vs. 374 ng h/mL). This
represented RBA of 9.3%.

Nifedipine (LS/HP)

Nifedipine was administered orally to four dogs as a
1 mg/kg suspension dose and a 2 mg/kg solution dose. It was
also administered to the colon in 2 mg/kg doses as the
suspension and solution. Results of nifedipine administration
were normalized to the 2 mg/kg dose and are summarized in
Table III and in Fig. 1. The nifedipine AUC was ranked in
the following order: oral solution (0.170 pg h/mL) > colon
solution (0.158 pg h/mL) > oral suspension 0.103 pg h/mL) >
colon suspension (0.036 pg h/mL). The RBA of colon-
administered nifedipine solution formulation was 93% (rel-
ative to the orally administered solution formulation).
Therefore, the formulation probably did not precipitate and
the bioavailability of nifedipine was not permeability-limited.
By comparison, the suspension formulations resulted in
considerably less exposure. The orally administered suspen-
sion was only 60% as available as the solution formulation.
This may be attributable to dissolution- or solubility-limited
processes. Compared to colon administration, one explana-
tion for the slightly better exposure to nifedipine following
orally administered suspension could be the difference in
water-rich environments of the proximal small intestine
(more fluids and surfactants—e.g., bile) compared to the
colon. Although in the case of dissolution-limiting kinetics
the suspension formulation may be optimized by reducing
particle size (31), optimization of the suspension formulation
was not attempted for this study.

Trovafloxacin (LS/HP)

The results following administration of 5 mg/kg trova-
floxacin mesylate to four dogs in a crossover study are
summarized in Table III. Compared to oral administration,
trovafloxacin absorption from the colon was slower (T payx: 2.7
vs. 0.7 h, Cpax: 0.18 vs. 0.78 pg/mL) and less complete
(AUCy-w : 1.03 vs. 3.69 pg h/mL, RBA: 25%). As shown in
Fig. 2, the solubility of trovafloxacin in the native pH of the
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Fig. 1. Plasma nifedipine concentrations following peroral gavage
and colonic administration of nifedipine to dogs (mean + SD, n = 4;
SD for oral solution omitted for clarity, are similar in magnitude to
other datasets).
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Fig. 2. Trovafloxacin pH solubility profile, showing the approximate
range of gastrointestinal pH and concentration of the intubation
solution.

colon (~6.5) was a couple of orders of magnitude less than
the dosing solution concentration. Precipitation was there-
fore likely following delivery to the colon. In hindsight, a
formulation—perhaps with cosolvents or complexing
agents—that would not precipitate at pH 6.5 would be
preferred. However, this formulation was intentionally se-
lected to replicate human intubation studies.’ As there is no
evidence that trovafloxacin permeability has a significant
active component, the HP classification for this compound
suggests that a formulation that does not precipitate should
be well absorbed in the colon.

Class 3: HS/LP
Atenolol (HS/LP)

The results following the administration of 10 mg/kg
atenolol HCl to three dogs in a crossover fashion are
summarized in Table III. Compared to oral administration,
atenolol absorption from the colon was slower (Tpax: 3.7 vs.
0.8 h, Cpax: 1.2 vs. 5.2 pg/mL) and less complete (AUCy_, :
13.5 vs. 21.8 pg h/mL). This represented an RBA of 60%. The
high RBA for this “low-permeability” small, hydrophilic
compound is consistent with reports on similar molecules (32).

Azithromycin (HS/LP)

The 2.5 mg/kg dose (largest dose that could reliably be
administered without emesis) of azithromycin was orally ad-
ministered to fasted dogs (n = 6) and a 25 mg/kg dose was
administered to the colon of a separate group of fasted dogs
(n = 3). The colon dose was delivered as a 5-mL bolus of a
50 mg/mL solution (Zithromax®, azithromycin for injection).
Following oral azithromycin administration, serum azithro-
mycin concentrations rapidly increased to a Cp,ax of 0.177 pg/
mL at 0.9 h. Compared to oral administration, colonoscopy
administration resulted in slower (Cpax of 0.16 pg/mL at
4.3 h) and markedly less complete absorption (dose-adjusted
RBA 8.7%, Table III). The k, seemed to be similar after oral
and colon administrations. One possible explanation for this
low RBA but similar k, is that the colon dose rapidly moved

5 The clinical studies are the subject of a manuscript in preparation.
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Fig. 3. Relationship between relative bioavailability in dogs and humans following oral
and colon administration.

beyond a region of high permeability. This hypothesis is
supported by clinical data, where administration of azithro-
mycin to the ICJ resulted in an RBA of 81% (Sutton et al.,
2006, manuscript in preparation), but only 20% when rectally
administered (33).

CP-331684 (HS/LP)

The average AUC following the administration of 5
mg/kg CP-331684 to the colon of four dogs (3.21 pg h/mL)
was 27% of the AUC following oral administration in a
separate group (9.3, 14.6 pg h/mL, n = 2), Table III. Because
of the large difference in AUC between the oral and colon
groups (delta), this small n still provided a power of 80%
certainty to detect a real delta, which was significant at the p <
0.05 level (34). The k, calculated for CP-331684 following
oral administration was only 0.22 h™', and log P is —2.2; pas-
sive absorption of polar, “low-permeability” compounds are
largely attributed to paracellular transport. The paracellular
permeability of compounds decreases as they move from the
small into the large intestine, due to a greater “tightness” of
the tight junctions between the epithelial cells lining the gut
(35). The low RBA observed for CP-331684 was consistent
with this common observation.

CP-424391 (HS/LP)

Results following the administration of 1 mg/kg CP-
424391 tartrate orally and to the colon of the same five dogs
are summarized in Table III. Although absorption was
slightly slower following the administration to the colon
(Tmax: 1.6 vs. 0.6 h, Cpax: 50 vs. 90 ng/mL), CP-424391
absorption was complete: AUCy_, : 223 vs. 239 ng h/mL
(RBA: 93%). These results perhaps would not be expected
for “low-permeability” compounds (e.g., CP-331684 and
azithromycin), which are solely absorbed by passive transport
processes. However, CP-424391 seemed to be effluxed in a
cell monolayer assay (Chad Stoner, personal communica-
tion), and at least some substrates for efflux transport seemed
to be less effluxed in the colon than the small intestine (36).

Therefore, any decrease in the passive permeability of CP-
424391 in the colon was likely countered by a decrease in
efflux, resulting in a net absorption similar to that after oral
administration.

Class 4: LS/LP
CJ-13610 (LS/LP)

A dose of 4.5 mg/kg CJ-13610 mesylate was orally
administered to four dogs. In a separate group of four dogs,
5 mg/kg CJ-13610 mesylate was also administered to the
colon. As summarized in Table III, the average CJ-13610
absorption following colon administration was slower (7ax:
1.8 vs. 1.4 h, Cpax: 0.38 vs. 1.13 pg/mL) and less complete
(AUCy_w : 2.79 vs. 5.89 ug h/mL). This represented a 47%
RBA. As discussed for trovafloxacin, the moderately low
RBA for CJ-13610 may reflect the precipitation of the
administered formulation. As was the case for trovafloxacin,
the CJ-13610 formulation was made at an acidic pH (reflect-
ing the formulation administered in the clinical intubation
studies),6 where it would be in solution. However, following
administration to the colon, the solution would likely be
buffered—by the colon and contents—to ~6.5-7.5, resulting
in a supersaturated solution that would likely result in the
precipitation of CJ-13610.

DISCUSSION

This study determined the relative bioavailabilities in
dogs of 11 compounds administered individually orally and to
the colon. By comparing the bioavailabilities for each
compound, general trends can be assessed.

Systemic bioavailabilities for six of the compounds were
not limited by permeability (i.e., designated HP by BCS). Of
those six, three were also not limited by solubility. Aminoph-
ylline, propranolol, and CP-409092 were all well absorbed in

® The clinical studies are the subject of a manuscript in preparation.
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the colon, with RBA in the 70-90% range. As noted earlier,
a truncated transit or residence time due to defecation had a
profound effect on Cp,.x and AUC_, of aminophylline fol-
lowing colonic administration of aminophylline (Table III).
Evidently, the truncated residence time resulted in early
removal of the compound from the absorption site and a
decrease in AUC.

Of the three compounds classified as BCS Class 2 (LS/
HP), nifedipine solution was well absorbed from the colon,
but trovafloxacin and sertraline were not. Sertraline is
probably actively absorbed from the small intestine, but not
from the colon. A 5-HT transporter has been identified in the
intestinal epithelia (37). Because sertraline is a serotonin
reuptake inhibitor, it is likely that it is also a substrate for the
5-HT transporter. Unpublished results using a Caco-2 cell
monolayer model support this hypothesis (JoAnne Bennett,
personal communication).

Sutton and coworkers (11) had previously reported the
results of colon administration for enalapril HCI. Those data,
although collected in a different laboratory (INTERx/Merck,
Lawrence, KS, USA), is reviewed in this report because one
of us (S.C.S.) helped develop the model at both sites, and
enalapril serves as another example for an actively trans-
ported compound. Enalapril, a prodrug of the angiotensin
converting enzyme inhibitor enalaprilat, is water-soluble
(25 mg/mL) with a log P of 0.22 and pK,s of ~4.5, 5.5
(base) (38). The BCS classification of enalapril is controver-
sial. Enalapril is well absorbed from the proximal small
intestine by a combination of passive and active transport
processes, and Kasim designated it as Class I (HS/HP).
However, evidence has accumulated suggesting that the
active process is via a dipeptide carrier system—a system
that is probably not present in the colon (39). From a strictly
passive transport definition, enalapril should be considered a
Class III compound: HS/LP. After oral and colonoscopy
administration of 1 mg/kg enalapril to dogs, the Ty,,x values
were similar (5.0 and 6.7 h). Compared to the oral route
(225 ng/mL), the Cp.x values were significantly less (39.3 ng/
mL), and AUC,_, were significantly less (2,370 vs. 735 ng h/
mL, p < 0.05); resulting in reductions in k, by about a third of
the values after oral gavage (Table IIT). The RBA was about
30%. Because of the known involvement of the active
transporter in the oral absorption of enalapril, it was not
surprising that enalapril absorption rate was reduced after
colon administration. Because most active absorptive trans-
porters in the small intestine are not prevalent in the colon,
one cannot assume that all HP compounds would also be
well absorbed in the colon. The more predictive statement
is: all passively absorbed (not secreted) compounds exhibit-
ing an HP character should also be well absorbed from the
colon.

Trovafloxacin has no evidence for active transport, yet
the RBA following colon administration was low (25%).
Because of the pH solubility profile for this compound, it is
likely that the low RBA was attributable to precipitation of
trovafloxacin from the supersaturated solution. This finding
is consistent with the hypothesis that precipitated compound
was excreted before dissolution could be completed in the
relatively dry environment of the colon.

Five compounds with moderate to low permeability were
also studied in the dog colon model. Of the four compounds
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with good solubility (BCS Class 3, HS/LP), half were well
absorbed from the colon (RBA range: 70-90%). Except for
atenolol, the RBA for this class of compounds seemed to be
correlated with rat k,. The relatively high RBA for the LP
compound atenolol merits further discussion. Compared to
human or rat, the dog absorbs small, hydrophillic compounds
faster (40,41). The exceptionally good colon absorption of
atenolol in the dog is probably attributable to the “leakiness”
of the tight junction in that species (35). Although this is a
major disadvantage of the model, the impact should be slight,
as few pharmaceuticals fall into this category.

Class 4 compounds (LS/LP) are rarely successful drug
candidates. The pH solubility data for CJ-13610 partially
explain the low RBA; it is likely that the compound
precipitated from the solution that was supersaturated by 3
orders of magnitude. A formulation—perhaps with cosol-
vents or complexing agents—that would not precipitate at
pH 6.5 would be preferred. However, this formulation was
intentionally selected to replicate planned human intubation
studies. Furthermore, because the rat SPIP k, was less than
that of CP-331684, it is unlikely that even the kinetically
stable solution formulation of CJ-13610 would be well
absorbed from the colon.

Predictive Value for Colonic Absorption in Humans

A model is only as useful as it is predictive. During the
past decade, seven of the eight Pfizer compounds had been
examined in clinical intubation studies. The colon absorption
of nifedipine has been reported in the literature by Bode and
coworkers (20). These studies were carried out in groups of
six normal volunteers, following informed consent. The
compound was administered orally and via enteronasal tube
into the ICJ or colon in formulations similar to those
administered to dogs. Serial blood samples were collected
and the concentration of administered compound in plasma/
sera was determined by a validated assay. Complete details
of these studies are the subject of another report. The
bioavailability of each compound after ICJ or colon admin-
istration relative to their oral or duodenal administration
(RBA) was compared to the values obtained in the dog
(Fig. 3). Also included in Fig. 3 are the results for propranolol
(30), aminophylline (24), and atenolol (42) (atenolol was not
included in the correlation calculations). The RBA in dog
correlated well with that in the clinic (Sutton et al., 2006,
manuscript in preparation). The correlation coefficient (r =
0.92) suggests that the dog model predicts the colon
permeability of these compounds reasonably well.

CONCLUSION

Although the colonoscopy procedure seems straightfor-
ward, the physiological, pharmaceutical, and physical chem-
ical processes involved (transit time, solubility, dose,
formulation, absorption rate/mechanism) are complex. For
example, the method for increasing solubility of poorly
soluble agents could affect the outcome. We observed one
tightly bound complex between a compound and cyclodex-
trin, which resulted in an unexpected decrease in bioavail-
ability (data not shown). Supersaturation could also lead to
uncontrolled crystallization and aggregation, potentially
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resulting in larger particles than the starting material. The
larger particles could dissolve even more slowly than the
starting material, delaying absorption, which in turn may be
incomplete due to excretion.

While appreciating the complexity of the problem, this
work supported the dog colonoscopy model as a simple
method to rapidly predict relative colonic absorption of a CR
candidate in humans. As no surgery or additional mainte-
nance was needed, the method is readily applicable to every
facility that houses dogs. The anticipated wide applicability
of the model should greatly aid in the optimal allocation of
resources to those CR formulation candidates where success
(i.e., acceptable colonic absorption) is most likely. It is
therefore proposed that the dog colon model be used as a
surrogate for human intubation studies when the CR
candidate falls in the BCS Classes 2 (LS/HP), Class 3 (HS/
LP), and Class 4 (LS/LP). However, for compounds in Class
1 (HS/HP) the authors have always found that colon
absorption was high, and suggest that the CR development
of these compounds do not require the confirmation of either
dog colon or human intubation studies.
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GLOSSARY

AC: ascending colon

AM: arithmetic mean

AMT: Asymmetric membrane technology tablet

AUC_: area under the plasma concentration—time curve
from 0 h and extrapolated to infinity

BCS: Biopharmaceutical Classification Scheme

BLQ: below LLOQ

Chnax: first occurrence of the maximum plasma concentration
Chin: the minimum plasma concentration during a dosing
interval

CR: controlled release formulation

CV: coefficient of variation (percentage), given by: 100 *
(SD/AM)

FIH: first-in-human studies

GI: gastrointestinal

GIT: gastrointestinal tract

GM: geometric mean

HP: high permeability

HS: high solubility

Sutton et al.

ICJ: ileal-cecal junction

IR: immediate release formulation

IS: internal standard

k,: absorption rate constant

ke: elimination rate constant—used to extrapolate AUC
from the last time point (Cprp) to infinity with the following
Eqn: AUCrtp-oc = Crrp/kel

LLOQ: lower limit of quantification

LP: low permeability

LS: low solubility

Papp: apparent permeability

PGRD: Pfizer Global Research & Development

RBA: bioavailability AUC_« relative to an orally adminis-
tered dose

SD: standard deviation

SE: standard error

SPIP: (rat) single pass intestinal perfusion

TC: transverse colon

T nax: time of Cpuux
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