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Abstract 

Drug transport rates in Caco-2 monolayers were compared with those obtained in the human jejunum in vivo. 
Permeability coefficients unbiased by the hydrodynamic conditions were calculated in order to allow direct compari- 
son of the two models. The rapidly (passively) transported drugs naproxen, antipyrine and metoprolol had 
comparable permeability coefficients in Caco-2 cells and in human jejunum. The permeability coefficients of the slowly 
(passively) transported, hydrophilic drugs, terbutaline and atenolol, 79- and 27-fold lower, respectively, in Caco-2 cells 
than in jejunum. The carrier-mediated transport rates of L-dopa, L-leucine and D-glucose were also much slower in 
Caco-2 cells than in human jejunum. The lower permeability of the actively transported compounds and of atenolol 
and terbutaline is consistent with the colonic origin of the Caco-2 cells. The results indicate that Caco-2 monolayers 
can be used to predict passive drug transport in humans, while prediction of transport by carrier-mediated systems 
may require a scaling factor, due to a low expression of carriers in this cell line. 
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1. Introduction 

The rate-limiting barrier to drug absorption 
across the intestinal mucosa is the single layer of  
intestinal epithelial cells. Transport  rates of  pas- 
sively absorbed drugs in the Caco-2 cells have 
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been shown to correlate with. the fraction ab- 
sorbed in humans (Artursson and Karlsson, 
1991). However, no comparative studies on trans- 
mucosal transport  rates in Caco-2 monolayers 
and human intestine have previously been per- 
formed. Data  on human drug permeability are 
rare, but a new regional perfusion technique has 
made it possible to determine effective jejunal 
.permeability coefficients (Pc~r) for both passive 
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and carrier-mediated transport (Lennern/is et al., 
1992; Lennern/is et al., 1993; Lennern/is, 1994). 

The aim in this report is to compare the perme- 
ability coefficients of compounds with different 
absorption mechanisms obtained in Caco-2 cell 
monolayers with the human effective jejunal per- 
meability values. 

2. Material and methods 

Caco-2 cells (American Cell Culture Collection, 
Rockville, USA) of passage number 95-100 were 
used as described previously (Artursson, 1990). 
The transepithelial resistance of the monolayers 
were 202 _ 18 f2 c m  2 at 37°C. The drug solutions 
were added to the apical side of 21- to 32-day-old 
monolayers and samples were withdrawn from the 
basolateral side at regular time intervals. The 
apparent permeability coefficients (Papp) w e r e  de- 
termined at stirring rates (V) of 135 and 767 rpm, 
and then the cellular permeability coefficients (Pc) 
were calculated as previously described (Karlsson 
and Artursson, 1991). 

The proximal jejunum was perfused in human 
volunteers as described earlier, and is based on a 
double balloon technique with a 10-cm long seg- 
ment of the jejunum. The segment is perfused by 
single-pass approach at a flow rate of 2.0-3.0 
ml/min. The effective permeability coefficients 
(Po~) were calculated using the well-stirred model, 
Peer = {(Gin- C o u t ) / C o u t }  • Qin/2;rrl (Lennern~is 
et al., 1994). A human drug permeability data 
base is currently being established by using this 
human perfusion approach. The purpose is to 
establish a new biopharmaceutical classification 
scheme based on drug dissolution and human 
effective intestinal permeability (Amidon et al., 
1995). 

All chemicals used were of analytical grade. 
The drugs were analysed by HPLC. D-Glucose 
and L-leucine were measured using routine clini- 
cal chemistry methods (Lennern/is et al., 1993). 
14C-D-glucose and 14C-L-leucine were analysed in 
a liquid scintillation counter (Caco-2 experi- 
ments). Variability is expressed as standard devia- 
tion. 

3. Results and discussion 

Permeability coefficients of six structurally di- 
verse drugs were investigated. The rapidly and 
completely absorbed model drugs (naproxen, an- 
tipyrine and metoprolol) are sufficiently lipophilic 
to be absorbed by the most common route for 
orally administered drugs, i.e. passive transcellular 
diffusion (Lennern/is et al., 1993, 1994; unpub- 
lished results). Atenolol and terbutaline are slowly 
and incompletely absorbed in humans (Fagerholm 
et al., 1995; Lennern/is et al., 1994). Their hy- 
drophilicity limits their partitioning into the 
lipophilic cell membranes and it is assumed that 
these drugs are absorbed mainly by the paracellu- 
lar route. L-Dopa is rapidly transported in hu- 
mans by the carrier for large neutral amino acids, 
and was therefore used as a model drug for active 
transcellular transport (Lennern/is et al., 1993). 
L-Leucine and D-glucose were included for com- 
parative reasons since they are endogenous sub- 
strates for the carrier-mediated transport of 
amino acids and hexoses, respectively. 

The results of the transport studies in Caco-2 
monolayers and in human jejunum are sum- 
marised in Table 1. The permeability coefficients 
of the rapidly transported drugs were dependent 
on the hydrodynamics in the Caco-2 monolayers. 
However, the true Pc-estimate for antipyrine of 
267 _+ 7.0 x 10 - 6  cm/s was calculated accord- 
ing to Karlsson and Artursson, 1991. This value, 
which is directly comparable to that obtained in 
the well-stirred in vivo situation, was only 2-fold 
lower than the permeability coefficient for an- 
tipyrine in the human jejunum (Table 1). Similar 
results were obtained for the other two model 
drugs for passive transcellular drug absorption, 
naproxen and metoprolol (Table 1, Fig. 1). The 
slightly lower passive transcellular permeability in 
the Caco-2 monolayers was within the interindi- 
vidual variability of the human data. It could also 
be related to a slight underestimation of the avail- 
able absorptive surface area in the human je- 
junum (Lennern/is et al., 1992). These results give 
further support to the hypothesis that the intesti- 
nal epithelium and not the adjacent unstirred 
water layer is the rate-limiting barrier to absorp- 
tion of rapidly transported drugs (such as 
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Table 1 
Permeability coefficients obtained in Caco-2 monolayers (Papp, Pc) and from regional perfusions of the human proximal jejunum 
(Peer), and fraction absorbed (fa) observed in vivo in man. The permeability values are mean _+ S.D. The pH was 7.4 in all 
experiments except for metoprolol (human model) and naproxen (both models) which used a pH of 6.5. 

Solute Caco-2 monolayer data Human data 

Conc. (raM) Papo, 135 rpm Papp, 767 rpm Pc Conc (mM) Pen" .11, (%) 
(' 10 -6 cm/s) ( • 10 -6 cm/s) (. 10 -6 era/s) (. 10 -4 cm/s) 
(n = 3~t) (n = 3-4) (n=7 8) (n_>8) 

Antipyrine 0.1 82+4 167_+4 267_+7 0.1 5.6_+ 1.6 100 b 
Naproxen 1.8 89+2 148+7 206_+7 1.8 8.0_+4.1 t00 ~ 
Metoprolol 1.0 64_+4 80+5 92+4 0.6 1.5_+0.9 95(>95) c,d'n 
Terbutaline 0.001 a --  --  0.38_+0.03 a 0.01 0.3_+0.3 60(25-80) e,f.g 
Atenolol 2.0 0.36_+0.03 0.51_+0.07 0.554-0.05 0.83 0.15_+0.2 50(40-70) ~,n 
D-Glucose 10 204-2 24_+1 25_+1 10 11.0_+8.2 100 
L-Dopa 2.5 0.82_+0.23 1.1 _+0.2 1.0_+0.2 2.5 3.4_+ 1.7 100 i 
L-Leucine 40 0,30_+0.03 0.47_+0.09 0.51 _+0.08 40 6.2_+2.9 100 

The human Peer-values are obtained from the following references: Lennern~is. H., et al., 1992, 1993, 1994; Fagerholm, U., et al., 
1995. ~Artursson. P. and Karlsson. J., 1991 (n=3), bEichelbaum. M., et al., 1982. CTherapeutic Drugs, ed. A. Wade, 1991. 
aSandberg. A., Doctorial thesis. 1994. eMartindale, 27th edition, 1977. fBorgstr6m. L., et al., 1989. gNyberg. L., 1984. nClarke's 
Isolation and Identification of Drugs, 2nd edition, 1986. iyeh. K.C. et al., 1989. 

antipyrine, naproxen and metoprolol). (Karlsson 
and Artursson, 1991; Lennern/is et al., 1992). We 
therefore conclude that the passive transcellular 
transport rate of  drugs in human jejunum in vivo 
can be predicted in Caco-2 monolayers. 

The permeability values of  the incompletely 
absorbed drugs, atenolol and terbutaline, were 27 
and 79 times lower, respectively, in the Caco-2 
monolayers than in the human jejunum (Table 1, 
Fig. 1). Although the permeability values in the 
Caco-2 monolayers are within the wide range of 
those observed in the human jejunum, it is un- 
likely that the difference in paracellular permeabil- 
ity is related to inter- or intra-individual 
variability. More likely, the lower mean perme- 
ability in the Caco-2 monolayers is related to the 
low paracellular permeability of  this colon- 
derived cell line (Artursson et al., 1993). Thus, the 
permeability values of  hydrophilic compounds in 
the Caco-2 monolayers are closer to those seen in 
the human colon. This further supports the notion 
that Caco-2 monolayers can be used to identify 
passively absorbed drugs with potential absorp- 
tion problems after oral administration. 

The carrier-mediated transport rate of  L-dopa 
was approximately 340-fold slower in Caco-2 
monolayers than in human jejunum. This finding 

was supported by an even slower transport of 
L-leucine in the Caco-2 monolayers. The slower 
transport of  the natural substrate for the large 
neutral amino acid carrier is probably explained 
by saturation of  the carrier, since a higher concen- 
tration of  L-leucine was used than for the drug 
L-dopa (Lennern/is et al., 1993). A similar, if not 
so pronounced, difference in the permeability of 
D-glucose was observed between the two models. 
Since relatively high concentrations of L-dopa, 
L-leucine and D-glucose were used, we cannot 
exclude that the compounds were partly trans- 
ported also by the passive paracellular route in 
the Caco-2 monolayers. Nevertheless, the results 
are in agreement with previous studies in Caco-2 
monolayers which show that this cell line displays 
a variable and generally lower expression of car- 
rier-mediated transport than seen in vivo (Hu and 
Borchardt, 1990). Prediction of  human active 
drug transport in Caco-2 monolayers will there- 
fore only be possible after characterisation of  each 
transport system and subsequent introduction of a 
scaling factor to compensate for the different ex- 
pression of  the carrier in Caco-2 cells from that 
seen in vivo. 

The human effective permeability coefficient 
(P~f0 is measured at steady state in the perfusion 
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Fig. 1. Fraction absorbed in humans after oral administration 
as a function of permeability coefficients in the Caco-2 model 
([~, passive transport; B, active transport) and human je- 
junum (©, passive transport; e, active transport). For identifi- 
cation of each compound: 1, antipyrine; 2, naproxen; 3, 
metoprolol; 4, terbutaline; 5, atenolol; 6, D-glucose: 7, L-dopa; 
8, L-leucine. 

system, and is calculated from the disappearance 
rate of the drug from the segment, which then is 
related to the smooth cylinder area of the jejunal 
segment. This value should not be considered as 
the 'true' permeability value of  the intestinal wall, 
instead the effective permeability obtained in man 
reflect the transport across the mucosa under the 
conditions used with this perfusion approach. 
However, the human effective permeability has 
been shown to correlate very well with the frac- 
tion absorbed in vivo for a broad range of  struc- 
turally different compounds, which suggests a 
mass balance between disappearance and appear- 
ance rate (Lennern~is et al., 1992; Lennern~is, 
1994). Furthermore, the effective absorbing area is 
not possible to include in the calculations, but its 
numerical value is probably similar to the cylinder 
area, since it is well established that solute and 
fluid absorption occurs mainly in the upper part 
of the villus (Chang and Rao, 1994). 

In conclusion, these results show that Caco-2 
monolayers can be used to predict passive drug 

transport in humans. However, prediction of car- 
rier-mediated transport will require a scaling fac- 
tor, due to the low expression of carriers in this 
cell line. The almost quantitative relationship be- 
tween the permeability coefficients for rapidly 
(passively) transported drugs in the two models 
indicates that the intestinal epithelial cell layer is 
the rate-limiting barrier to drug absorption. 
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