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ABSTRACT

Purpose. The aim of the study was the prediction of
human intestinal permeability and fraction absorbed
of oral dose using single-pass intestinal perfusion
technique (SPIP) in rats. Methods. Permeability
coefficients in anaesthetized rats were determined
for 14 compounds. Drug solution in phosphate
buffered saline (PBS) was perfused through a ingle-
pass intestinal perfusion (SPIP) with flow rate of
0.21 ml/min and samples were taken from outlet
tubing at different time points up to 90 min. Phenol
red was used as a non-absorbable marker to correct
water flux  through the segment. Drug
concentrations in samples were determined using
HPLC and permeability coefficients (P.g) were
calculated. Results. The examined compounds
demonstrated approximately 12.5 fold difference in
magnitude for rat permeability coefficients among
themselves. These values were compared with
published data for human intestinal permeability,
and a strong correlation was found between Pe (rar)
and Peff (human); (Peff (human) = 11.04 Peff (rat) — 00003,
R’= 0.93, P<0.0001). Subsequently the fraction
dose absorbed in human (F,) was estimated and
predicted after oral dosing considering Fyhumany=1-€
~38450Pefilrat) (R2=0.91, P<0.0001). Conclusions.
Considering the high correlation of rat P.g values
with those of human we conclude that the SPIP
could be utilized with precision to predict the
human intestinal permeability. It may also be used
as a reliable technique to predict the fraction of

dose absorbed following oral administration of drug
in solution or regular release dosage form in human.

INTRODUCTION:

Drugs are most commonly administered via oral
route. In fact the vast majority of pharmaceutical
dosage forms are designed for oral administration.
However not all of the compounds have compatible
properties for the development of oral dosage
forms. Often poor bioavailability result in the
termination of development of new drugs.
Therefore, optimized bioavailability of drugs is one
of the most important goals for the pharmaceutical
industry.

The two principal routes of absorption
across small intestinal epithelium are paracellular
and transcellular. Typically, lipophilic drugs are
absorbed by the transcellular route, whereas
hydrophilic drugs are slowly absorbed via the
transcellular pathway or in some cases via the
paracellular route. Both passive and active (carrier-
mediated) processes may contribute to the
permeability to drugs transported by the
transcellular pathway (1). For instance several
amino acid analogues such as a-methyldopa (2), L-
dopa (3) and baclofen (4) are transported by large
neutral amino acid transporter and orally absorbed
cephalosporins are substrates for the
H'/oligopeptide transporter (5). The efficiency of
drug absorption is also influenced by efflux proteins
lining the small intestine. For example P-
glycoprotein (P-gp) is a phosphorylated and
glycosylated efflux protein belonging to a family of
plasma membrane proteins encoded by the
multidrug resistance gene(s) (1). It functions as a
membrane-localized drug transport mechanism that
has the ability to actively pump its substrates out of
the cell. This could reduce the efficiency of
absorption of common, orally absorbed drugs like
digoxin, carbamazepine and  propranolol.
Recognition of the much broader specificity of P-gp
and its functional effects on intestinal drug transport
could lead to strategies for improving absorption,
either by incorporating structural features in drug
design that reduce interaction with P-gp or by the
use of specific P-gp inhibitors (1).
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Bioavailability represents the rate and
extent of oral dose reaching the blood circulation
which is controlled by (i) solubility and dissolution
rate of a drug in the intestinal fluid and (ii)
permeability across the intestinal membrane (Pef),
pre-systemic metabolism and, sometimes, the
efficiency of drug transporting system. In this paper
we have concentrated on the permeability issue
only. It is clear that the accurate intestinal
permeability for drugs and nutrients is difficult to
directly study in human. It is also unrealistic to
predict the ability of a drug molecule to cross the
intestinal barrier from simple physicochemical
measurements such as pK,, molecular size and
partition coefficient. Therefore a number of in vitro
and in situ experimental models have been
developed which determine the intestinal absorptive
potential of a drug and the mechanism of absorption
(6-11) . Among these methods single-pass intestinal
perfusion (SPIP) approach is the most frequently
used technique which provides conditions closer to
what is faced following oral administration (12, 13).
SPIP technique possesses a preserved microclimate
above the intestinal membrane which makes it less
sensitive to pH wvariations (14). This technique
provides the unique advantages of experimental
control (compound concentration and intestinal
perfusion rate) and the ability to study regional
differences; factors that may influence the intestinal
absorption of a compound. The basic experimental
procedure has been described by Fagerholm et al
(15) in which the compound of interest is monitored
in perfusate and loss of compound (difference
between inlet and outlet concentrations) is
attributed to permeability after preliminary studies
including stability studies in the perfusate medium
and adsorption studies with the syringe and tubing
used in the experiments. Since water absorption and
secretion during the perfusion may cause errors in
the calculated P.y values, a non-absorbable marker
to correct water flux is needed (13). For this
purpose phenol red is co-perfused with drug
compounds. It was first introduced as a non-
absorbable marker by Gorham in 1923 (16) .
Previous studies have shown that the extent of
absorption in humans can be predicted from single-
pass intestinal perfusion technique in rat (11, 15),
however, in this study we compare the quantitative
differences between permeabilities in human and rat
models directly using a larger number of model
drugs with a broad range of physicochemical

properties for both high and low permeability
classes of drugs. In fact more poorly absorbed drugs
(cimetidine and ranitidine) have been included in
the present work and therefore it is likely that the
obtained equations will give a more reliable
prediction of the human intestinal permeability and
fraction of dose absorbed than previously reported
equations. Two actively transported drugs
(cephalexin and a-methyl dopa) have been added to
the list because they are absorbed by active
transport mechanisms. This was to account for this
factor in the relationship between permeability
values in rat and human.

Moreover the rat in situ intestinal
permeability values for tested compounds are
presented which some of them have not yet been
reported. Human intestinal permeabilities have
been obtained from published data in which the
regional perfusion approach in human jejunum was
used. The goal was to obtain a more reliable
correlation to predict human intestinal permeability
and fraction of dose absorbed using rat intestinal
permeability. The obtained values were compared
with previously published data in the rat as well.

MATERIALS AND METHODS
Chemicals:

Naproxen and ketoprofen were provided from
Sigma (St. Louis, MO, USA) and Wako (Osaka,
Japan) respectively. Furosemide and
Hydrochlorothiazide were purchased from Shasun
Chemicals and Drugs LTD. (Pondicherry, India).
Propranolol was obtained from [CI-Pharma
(Madrid, Spain) and metoprolol was from Ciba-
Geigy (Barcelona, Spain). Phenol red was
purchased from Sigma chemical company (St.
Louis, MO, USA). Acetonitrile and methanol were
HPLC grade and obtained from Merck (Darmstadt,
Germany). KH2P04, NaH2P04, NazHPO4,
Orthophosphoric acid, NaOH, NaCl, glacial acetic
acid and triethylamine were purchased from Merck
(Darmstadt, Germany) as well. Double distilled
water was used during the entire HPLC procedure.

Single-pass perfusion of the rat jejunum:
Single-pass intestinal perfusion studies in rats were

performed using established methods adapted from
the literature (17, 18). Briefly, male Wistar rats

369



J Pharm Pharmaceut Sci (www. cspsCanada.org) 10 (3): 368-379, 2007

(weight, 200-250 g; age, 7-9 weeks) were
maintained on 12 h light- dark cycle and fasted 12-
18 h before experiment with free access to water.
Rats were anaesthetized using an intraperitoneal
injection of pentobarbital (60 mg/kg) and placed on
a heated pad to keep normal body temperature. The
small intestine was surgically exposed and 10 cm of
jejunum was ligated for perfusion and cannulated
with plastic tubing (0.04 in. i.d., 0.085 in. 0.d.). The
cannulated segment rinsed with saline (37°C) and
attached to the perfusion assembly which consisted
of a syringe pump (Palmer, Surrey, UK) and a 60
ml syringe was connected to it. Care was taken to
handle the small intestine gently and to minimize
the surgery in order to maintain an intact blood
supply. Blank perfusion buffer was infused for 10
min by a syringe pump followed by perfusion of
compounds at a flow rate of 0.2 ml/min for 90 min.
The perfusate was collected every 10 min in
microtubes. The length of segment was measured
following the last collection and finally the animal
was euthanitized with a cardiac injection of
saturated solution of KCI. Samples were frozen
immediately and stored at -20°C until analysis.

In all animal studies “Guide to the care and use of
experimental animals” by Canadian Council on
Animal Care, was followed (19).

Composition of perfusion solution:

The perfusion buffer composition was as follows
(mM): 40 Na,HPO, (anhydrous), 26
NaH,P0,.2H,0 and 119 NaCl. Phenol red (0.7mM)
was added to the solution as a non-absorbable
marker in each experiment. The inlet perfusate
concentration (C;,) and molecular weight of each
compound used in SPIP studies are shown in Table
1. The pH of prepared buffer was adjusted to 7.2.
Preliminary  experiments revealed that no
considerable adsorption of the compounds on the
tubing and syringe took place.

Stability Tests:

The stability of compounds was tested by their
incubation in the perfusion solution and blank
perfusate from rat intestine at 37+1° C for 2 h.
Samples were taken at 0, 1, and 2 h post-perfusion.
Then the samples were analyzed by HPLC. The
blank perfusate was obtained by passing the blank
perfusion buffer through a segment of intestine in

situ at a flow rate of 0.2 ml/min. There was no sign
of degradation of compounds during this period of
time. However, methyl dopa seemed labile, hence,
its solutions were protected from light.

Analytical methods:

All samples were analyzed by reverse-phase high
performance  liquid  chromatography  using
Shimpack VP-ODS 5 pum 4.6 x 250 mm with a
Shimpack VP-ODS 5 pum 4.6 x 50 mm guard
column. The chromatographic conditions for all
tested compounds are listed in table 1. The mobile
phases were filtered through sintered glass filter P5
(1-1.6 micron) (Winteg, Germany) and degassed in
sonicator (Liarre, Italy) under vacuum and then
were pumped in isocratic mode in all cases.

Data analysis:

Effective permeability coefficients (P.s) were
calculated from the steady-state concentrations of
compounds in the collected perfusate which is
considered to be reached when the concentration
level of phenol red was at the steady state level. It
was reached about 40 min after the beginning of the
perfusion which is confirmed by plotting the ratio
of the outlet to inlet concentrations (corrected for
water transport) versus time. A plot of steady-state
concentration in collected samples is shown in Fig.
1 for ranitidine as a sample.

The intestinal net water flux (NWF, ul/h/cm) was
calculated according to Eq. (1):

_ (1- [Ph.red(out)/Ph.red(m)] Q.
I

NWF

Eq.(1)

Where [Ph.red (i) and [Ph.red )] are the inlet
and outlet concentrations of the non-absorbable,
water flux marker phenol red. A negative net water
flux indicates loss of fluid from the mucosal side
(lumen) to the serosal side (blood). A positive net
water flux indicates secretion of fluid into the
segment (16).
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P.¢ was calculated using following equation (Eq.2)
according to the parallel tube model (29, 30):

Peff = an[Cout /Cin] /27z|’|
Eq.(2)

In which Cj, is the inlet concentration and C, 1s the
outlet concentration of compound which is
corrected for volume change in segment using
phenol red concentration in inlet and outlet tubing.
Q is the flow rate (0.2 ml/min), r is the rat intestinal
radius (0.18 cm)(29) and 1 is the length of the
segment. It has been demonstrated that in humans at
a Q;, of 2-3 ml/min, P is membrane-controlled. In

the rat model the Q;, is scaled to 0.2 ml/min, since
the radius of the rat intestine is about 10 times less
than that of human (15).

The spearman rank correlation coefficient which
can be used to summarize the strength and direction
(negative or positive) of a relationship between two
set of observations was calculated using the Eq.(3):

= 1- (62d%)/(n’-n)
Eq.(3)

Where d is the difference of the two ranks and n is
the number of compounds in the experiment (31).

Table 1. Chromatographic conditions for analysis of tested drugs

Compound Limit of mobile phase Wave
guantitation length
(ng/ml) (nm)
Naproxen (20) 0.25 19.9 %(v/v) methanol, 27.9 %(v/v) acetonitrile, 51.8 % (v/v) 720
Ketoprofen (20) 0.3 water and 0.4 %(v/v) triethylamine (adjusted to pH 3.2)
Furosemide (21) 0.7
N 42% (v/v) acetonitrile, 58% (v/v) water, 0.9 % (v/v) glacial
Antipyrine (21) 100 acetic acid and 0.1% (v/v) triethylamine (adjusted to pH 5.6) 270
Hydrochlorothiazide (21) 0.9
Metoprolol (22) 14 55% (v/v) methanol, 45%(v/v) KH,P0O,0.05 M (adjusted to 227
Propranolol (22) 72 pH 6) and 0.2 %(v/v) triethylamine
. 39 % (v/v) acetonitrile, 61% (v/v) sodium acetate 0.1 M and
Piroxicam (23) 60 0.05% (v/v) triethylamine (adjusted to pH 2.6) 330
10%(v/v) acetonitrile, 90%(v/v) phosphate buffer 0.67
Atenolol (24) 195 M(pH=7.4) and 0.2%(v/v) triethylamine (adjusted to pH 3) 225
Cimetidine 28 78%(v/v) KH,PO, 0.05 M, 22%(v/v) acetonitrile and 0.05% 22
Ranitidine 42 (v/v) triethylamine (adjusted to pH 8)
0, V) V) ] 1
Carbamazepine (25) 15 gzig)(v/v) methanol, 33% (v/v) water and 1% glacial acetic 230
Phenol red (26) 100 45%(v/v) KH,PO40.05 M and 55% (v/v) methanol (adjusted 430
to pH 2.6)
Cephalexin (27) 700 81% (v/v) NaH,PO4 0.1 M and 0.19%(v/v) methanol 254
85% (v/v) acetonitrile, 15% (v/v) phosphate buffer 0.067 M
Tbuprofen (28) 24 and 0.2%(v/v) Orthophosphoric acid 254
V) o 1111 0,
o -Methyl dopa 19 73%(v/v) KH,PO40.05 M, 27%(v/v) acetonitrile and 0.05% 279

(v/v) triethylamine (adjusted to pH 6)

CV<8% for all assays.
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Figure 1. Representative plot of the concentration ratio of the outlet and inlet concentrations vs. time for
ranitidine in single-pass intestinal-perfusion in rat. (Error bars represent S.D.)

RESULTS:

In any in situ intestinal perfusion technique it is
necessary to determine the extent of volume
changes of the solution in the gut lumen during an
experiment. For this purpose phenol red dye (0.7
mM) was added to drug solution in each
experiment. Phenol red was used as a non-
absorbable marker to detect gain or loss of water by
the lumen. This factor did not appear to influence
the absorption of compounds used in this study. The
stable water fluxes and permeability coefficients in
each perfusion, as a function of time, for
compounds transported passively and by a carrier-
mediated mechanism indicated that intestinal
barrier function was maintained during the
procedure. The determined P.irand NWF values for
tested compounds in the single pass intestinal
perfusion technique are listed in Table 2.

DISCUSSION:

According to Yuasa et al, anesthesia influences the
intestinal absorption in rats. In fact surgery and
anesthesia may cause reduction in blood flow and
motility which cause decreases of both passive and
active transport. Anaesthetics may also directly
affect the cell membranes (32). It has been reported
that barbiturates have the least effect on intestinal
permeability in rats (32); therefore we have used
pentobarbital (60 mg/kg) as an anaesthetic agent in

all experiments. In addition, as an important aspect,
the potential age-dependency of rat intestinal
permeability should be considered. Although an
age-dependent intestinal permeability might be
valid for very young and very old rats, no influence
of age on the jejunal permeability in the rat within
the age interval of 5-30 weeks has been reported
(33). In the present study, compounds with
different physicochemical properties and reported
P values in human intestine were chosen. In 1998
Chiou and Barve (34) reported a great similarity in
oral absorption (F,) between rat and human;
however they have used an in vivo method, quite
different from in situ techniques, that can give an
idea of the absorption from the entire GI tract,
therefore the significance of rat jejunal permeability
values for predicting the human F, has not been
tested in that report. In the present study the
obtained P.¢ values ranged between 2 x10™* cm/sec
to 1. 6 x10™ cm/sec and showed a high correlation
(R2=O.93, P<0.0001) with human P. data for
passively absorbed compounds (Fig 2) confirming
the validity of our procedure.

The human absorption parameters are
presented in Table 3. This correlation was
weakened when the actively transported compounds
(cephalexin and a methyl dopa) were added to the
regression (R*=0.87, P<0.0001). In Fig.3 the plot of
predicted vs observed human P.g values is shown
which presents a high linear correlation with
intercept not markedly different from zero (R*=
0.93, P <0.0001).
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Table 2. The molecular weights, inlet concentration, mean water fluxes and mean P values of tested
compounds

Molecular weight Cin Water flux Mean P
Compound (g/mol) (mM) (ul/min/cm) (*10° cm/s)
Antipyrine 188.23 1.06 14+0.2 59+0.2
Propranolol 259.3 0.135 -19+34 5.6£2.0
Carbamazepine 236.27 0.42 34+£2.6 6.2+0.6
Ibuprofen 206.28 1.93 1.8+4.5 20+£2.2
Ketoprofen 254.28 0.19 1.1+0.8 9.6+ 1.8
Naproxen 230.26 0.99 0.9+0.8 1.1+£0.2
Piroxicam 331.35 0.03 43+1.5 7.9+4.0
Metoprolol 267.36 0.07 -19+34 33+1.5
Furosemide 330.75 0.12 0.1+£1.7 33+£2.0
Cimetidine 252.34 0.39 03+£23 4.8+0.1
Atenolol 266.34 0.37 -0.0+0.8 1.6 £0.02
Ranitidine 314.37 0.31 0.6£1.5 22+1.0
Hydrochlorothiazide 297.74 0.16 0.0+1.9 20+1.0
Cephalexin 347.39 0.28 0.6+0.5 6.4+3.6
a-methyl dopa 211.21 0.47 -0.06 = 0.85 2.3+0.73
1.4e-3 -
Lo | Pettuman = 11.04 Py - 0.0003
R*=0.93 P <0.0001
S 1.0e3 -
< 8.0e4 -
o
g 6.0e-4
I
4.0e-4 1
—— Regression line
2.0e-4 A Prediction interval (95%)
0.0 x x x x x
00  20e5 4.0e5 6.0e5 80e5 10e4 124 lded

Rat Pg¢s (cm/sec)

Figure 2. Plot of P.g rat vs Peg human.
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Table 3. The human intestinal permeability values and fraction absorbed (%) for model drugs

Compound human Pt (10'4) (cm/sec) human F,
Atenolol 0.12° 0.50°
Ranitidine 0.27° 0.50°
Hydrochlorothiazide 0.04° 0.54°
Furosemide 0.30° 0.61¢
Metoprolol 1.20° 0.95¢
Cimetidine 0.60" 0.79°
Propranolol 2.90° 0.90¢
Antipyrine 5.60° 1.00¢
Carbamazepine 4.30° 0.97¢
Piroxicam 6.65" 0.99"
Ketoprofen 8.70° 1.00°
Naproxen 10.0° 1.00"
Cephalexin 1.56° 0.98¢
o methyl dopa 0.10° 0.45"

“taken from ref. (35) "taken from ref. (36) “taken from ref. (24) “taken from ref. (37)°taken from ref. (38)
taken from ref. (39) © taken from ref. (40)

1.4e-3
Peff (human) obs. = Peff (human) pred. ~ 1.7 e719

1.2e-3 - R%Z=0.93 P <0.0001
o
[}
£ 1.0e-3 - ®
€
A"
g [ J
e}
g 8.0e-4
@
o . [ ]
S 6.0e-4 °
a®
g
e 4.0e-4 4
>
T [ . .

—— Regression line
2.0e-4 Prediction interval (95%)
o’
0.0 L x x x x
0.0 2.0e-4 4.0e-4 6.0e-4 8.0e-4 1.0e-3 1.2e-3

Figure 3. Plot of predicted human P vs observed human P.gbased on SPIP model.

Human P (predicted) (cm/sec)
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According to previously reported equations
by Salphati et al (11) in the ileum and Fagerholm et
al (15) in the jejunal segment, the slopes for the
same correlation between two models were 6.2 and
3.6 respectively. However based on our results for
larger set of compounds including more low-
permeable drugs the rat P.s values were on average
11 times lower than those in human. The species
differences and the differences in effective
absorptive area might be the reasons for the lower
permeability values in the rat model. In addition,
any changes in the intestinal barrier function during
the surgery might be a main reason for obtaining
different results in literature concerning intestinal
permeability of drugs.

A strong correlation was observed between
rat permeability data and fraction of oral dose
absorbed in human fitting to chapman type

equation; Fmumany= 1- S8450Pellla) - (R2= 091,

P<0.0001) (Fig. 4). The same fitting using human
intestinal permeability gives a lower correlation
coefficient which is presented in Fig.5.

The comparison of rat P.s and intestinal
absorption in man (F,) showed that rat P,y values
greater than 5.9x10” cm/sec corresponds to F, = 1
while rat Py values smaller than 3.32x10° cm/sec
corresponds to F, wvalues lower than 0.6.
Corresponding estimates in human are > 0.2x10™
cm/sec and <0.03x10* cm/sec, respectively.
Moreover the predicted and observed human F, (%)
are linearly correlated (R* = 0.92, P <0.0001)
(Fig.6).

The rank order for P.s values in rat was
compared with those of human P.r and F, The
spearman rank correlation coefficients (r;) were
found to be 0.96 and 0.91 respectively (Table 4).

= =
m mw
T T

Fraction dose absorbed (human)
=
.

nz2f

F =1-Exp

R*=0.91

Fit curve
959% prediction bounds
Observed data

38450 Py

P<0.001 i

Permeability (rat) (cm/sec)

0B

!
HR] 1
%10

Figure 4. Plot of rat P.g vs human F,
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Figure 5. Plot of human intestinal permeability values vs human F,,
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Figure 6. Plot of predicted human F, vs observed human F, based on SPIP model.
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Table 4. The rank order of rat and human P.gvalues and human F, for tested compounds in rat perfusion

technique.
Rank order

Compound Rat Py Human P,y  Human F,
Atenolol 13 11 12.5
Ranitidine 12 10 12.5
Hydrochlorothiazide 11 12 11
Furosemide 10 9 10
Metoprolol 9 7 7
cimetidine 8 8 9
Propranolol 7 6 8
Antipyrine 6 4 2
Carbamazepine 5 5 6
Piroxicam 4 3 4.5
Ketoprofen 3 2 2
Naproxen 2 1 2
Ibuprofen 1 - 4.5

Rat perfusion vs human intestinal permeability * ry = 0.96 (n=12)
Rat perfusion vs absorption in man * r; = 0.91 (n=13)

Based on the obtained results, we conclude that in
situ perfusion technique in rat may be used as a
reliable technique to predict human gastrointestinal
absorption extent following oral administration of a
drug. However, to render our observation more
reliable, it seems that using larger number of
compounds belonging to all four biopharmaceutical
classes, i.e., different solubility and permeability
properties (41) especially drugs with low
permeability must be tested.

CONCLUSION

The rat and human jejunal Py values are highly
correlated for passively absorbed compounds,
therefore, both can be used with precision to predict
in vivo oral absorption in man. This is not
unexpected because the SPIP technique provides an
intact blood supply and a functional intestinal
barrier, conditions very close to normal
physiological state.
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