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Abstract

We investigated the effect of a Caco-2 cell barrier on toxicity expression in
cultured human diploid fibroblasts, TIG-1 cclls, in a simple double-layered
culture system. The experimental setup used a 12-well plate for the TIG-1
cells and a companion membrane culture insert for the Caco-2 cells. Four
model chemicals, i.e., caffeine, diclofenac sodium, indomethacin, and paraquat,
which have different levels of in vivo human absorbability, were employed to
test the feasibility of the culturc system. In transport studics using a Caco-2
cell layer, not only initial apparent permeation coefficients of the four chemi-
cals bul also in vitro absorption ratios in equilibrium phases were well corre-
lated with previously reported in vive human absorbability. This phenomenon
was cxplained by the differences in the permeation cocfficients between the
two directions across the Caco-2 cell layer. Changes in the dose-response
relationships in terms of TIG-1 cell growth on the ninth day in the double-lay-
ercd culture system werc largely predicted from the cell growth in the single-
layered system (without a Caco-2 cell layer) and the in vitro absorbability.
However, small but significant discrepancies between the observed and the
predicted dose-response relationships were found in the loading of diclofenac
sodium and paraquat. The first discrepancy suggests the involvement of possi-
ble enhanced detoxification of diclofenac sodium by the Caco-2 cells. The
latter discrepancy reflects the specific permeation kinetic of paraquat across
the Caco-2 cell layer. Final toxicity in terms of TIG-1 cell growth in the
double-layered system reflected in vivo toxicity better than that of the single-
layered system without the Caco-2 cell layer. These results demonstrate that a
Caco-2-cells-based permeation test combined with a single-cell-population-
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based cytotoxicity test is more useful in estimating in vivo human oral toxici-

ty.
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inhibition.

Introduction

In vitro cytotoxicity tests are very promising
in meeting current demands from society 1o
reduce the number of experiments on animals.
Prediction of acute toxicity by simple short-
term in vitro cytotoxicity tests has been estab-
lished by multi-center validation programs
such as MEIC (Clemedson and Ekwall, 1999;
Ekwall, 1999) or JSAAE projects (Ohno et al.,
1998). However, there are still a great number
of experiments on animals that should be
replaced or reduced in the near future. One of
the important reasons for the continued use of
animals is that the toxicities observed in such
animal experiments are the results of in vivo
metabolic processes involving absorption from
the small intestine or lung cpithelium, bio-
ransformation by the liver, distribution over
organs through the systemic blood circulation,
and accumulation in target organs. Conven-
tional cytotoxicity tests use cultured cells of a
single population. Thercfore, the metabolic
processes occurring in vivo cannot be repro-
duced

To overcome this limitation of conventional
cytotoxicity tests, integration of dosc-response
data obtained from in vitro tests by a suitable
physiologically-based pharmacokinetic (PBPK)
model was presented (DeJongh, 1999). Although
this approach is still in a preliminary stage, it
is presumed that it will soon be advantageous
over whole animal experiments, because it
may compensate for the above-mentioned dis-
advantages of conventional single-cell-popula-
tion-based cytotoxicity tests. However, such
PBPK models can incorporate toxicity expres-
sion mechanisms that have already been clari-
fied, and they cannot discover unanticipated in

vivo metabolism of a focused chemical. In
addition, description by PBPK models usually
requircs many adjustable parameters whose
values must inevitably be decided by curve fit-
tings (Shuler et al., 1996).

Recently, some researchers presented a new
concept of an experimental system that incor-
porates metabolic processes occurring in
humans. Sweeney et al. (1995) first reported
development of a multi-compartment cell cul-
ture system referred to as a “Cell Culture Ana-
logue™ (CCA) device. This system consisted
of liver cell-, lung cell-, and other tissue-
(reservoir) compartments that were connected
with a physiologically relevant perfusion cir-
cuit. They tested their system’s efficacy in
evaluating the toxicity expression processes of
some model chemicals such as naphthalene
(Sweeney et al., 1995; Shuler et al., 1996) and
2,3,7.8-TCDD (Mufti et al., 1998). Such
kinds of cxperimental systems can observe
final toxicity expression as the activities in the
target cells resulting from different metabolic
processes oOr organ-to-organ interactions with-
out numerical description of the metabolic
processes required in a PBPK model
Although such a system will certainly be
required in the future, the operation of such a
complicated perfusion biorecactor system
seems to be very difficult (Sweeney et al,
1995). Thus, at this moment they may cost a
lot in comparison with experiments on small
animals such as rats or mice (Shuler et al.,
1996). Therefore, a much simpler culture
system incorporating actual in vivo processes
is needed.

In this article, we investigated the feasibility
of a simple multi-layered culture system incor-
porating an absorption process across the



small intestinc. Caco-2 cells (Fogh et al.,
1977) cultured on membrane culture inserts
were used to mimic an absorption barrier of
the human small intestine. Although this cell
line was established from human colon carci-
noma tissue, it can differentiate into a polar-
ized cuboidal epithelium monolayer mimick-
ing that of the small intestine after being cul-
tured on a collagen-coalcd semipermeable
membrane for a certain period. This in vitro
culture model has been widely accepted as a
simple tool for the prediction of in vivo human
absorbability of a wide range of chcmicals
(Artursson and Karlsson, 1991). Normal human
diploid fibroblasts, TIG-1 cells (Ohashi et al.,
1980) established from a Japanese [cmale
embryo, were employed as the target cells.

Materials and Methods

Cell culture and Medium

Caco-2 (Fogh er al., 1977) and TIG-1 cells
(Ohashi er al., 1980) were obtained from the
Riken Gene Bank (Tsukuba, Japan) and the
Health Science Research Resources Bank
(HSRRB: Osaka, Japan), respectively. They
were routinely cultured in Dulbecco’s modi-
ficd Minimum Essential Medium (DMEM)
with high glucose content (Nissui Pharm. Co.,
Ltd.; Tokyo, Japan) supplemented with 10%
fetal bovine serum (Filtron; Altona, Australia),
1% non-essential amino acid solution (GIBCO,
Lifc Technol., Grand Island, NY), 25 mM
hydroxyethylpiperazine-N’2-ethanesulfonic
acid (HEPES; Dojindo, Kumamoto, Japan),
100 units -penicillin/mL (Wako), 100 ug-strep-
tomycin/mL (Wako), and 1.0 4g -amphotericin
B/mL (Sigma). This culture medium was used
in all experiments involving chemical transport
studics. Both cell lines were subcultivated
using 0.25% trypsin in phosphate-buffered
saline. Caco-2 cells were used between the
50th and 60th passages. TIG-1 cells were used
below the 40th passage.
Formation of a Caco-2 cell layer on a mem-
brane support

Culture of Caco-2 cells was essentially per-
formed following the procedure of Chong et
al. (1996). Briefly, the cells were [irst seeded
onto polyester membrane culture inscrts (Tran-
swell 3460, culture surface area of 1.0 cm?,
0.4- um pore; Coasler, Cambridge, MA) pre-
coated with Type-I collagen (Nitta Gelatin,
Osaka, Japan) at an initial density of 1.0% 10°
cells/em?. The monolayer of Caco-2 cells was
then allowed to develop until it reached equi-
librium with the trans-cpithelium electrical
resistance (TEER) of over 400 ohms - cm? mea-
sured with a Millicell-ERS (Millipore Corp.,
Bedford, MA). This resistance included those
of the membrane culture insert and the culturc
medium (approximately 100 ohms - cm?).Under
our culture conditions, the cells usually took
about two weeks to archive such tight mono-
layers.

Transport studies

A culture medium containing four model
chemicals, caffecine (1.00 mM), indomethacin
(0.25 mM), diclofenac sodium (0.25 mM), and
paraquat (0.25 mM), was added to the apical
(Ap) side of the Caco-2 monolayer (0.8 mL),
and a chemical-free culture medium was
added to the basolateral (BL) side (1.0 mL).
The chemicals were all purchased from Wako
Pure Chemical Industries Ltd. (Osaka, Japan).
The first three chemicals were dissolved in
DMSO, then diluted 200 times with culture
medium. The paraquat was dissolved directly
in the culture medium. Chemical transport
from the apical (Ap) side to the basolateral
(BL) side was measured during 72 hours of
incubation. Transport in the opposite direction
(BL to Ap) was also mcasurcd. The concen-
trations in the BL sides in the transport studics
were measured in both directions.

Measurement of chemical concentrations

For chemical analysis, 20 ul of culture
medium in the BL compartment was sampled
at each incubation period. An equal volume of
methanol was then added to the sample, and it
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Chemicals

Caco-2 cells

TIG-1 cells

Fig. 1 Schematic representation of a double-layered culture system con-
sisting of a Caco-2 cell-loaded membrane and TIG-1 cells.

was centrifuged at 15,000rpm for 10 min to
remove cell debris and plastid protein. This
procedure did not significantly affect chemical
quantification. Chemical concentration in the
medium samples from the BL side was detect-
cd with an HPLC system (HIC-6A. Shimadzu,
Osaka, Japan) equipped with an octadecylsilil-
silica (ODS) gel column (Shim-pack CLC-
ODS; Shimadzu) and a spectrophotometric
detector (SPD-6AV; Shimadzu).

Measurement conditions were set up accord-
ing to the manufacturer’s recommendations.
For caffeine, the elution buffer was acetonitrile
: 10 mM sodium phosphate buffer (pH 7.2) :
chloroform = 10 : 90 : 0.2 (v : v : v), the flow
ratc was 1.5 mL/min, and the detection wave-
length was 270 nm. For diclofenac sodium,
the elution buffer was methanol : 10 mM
sodium phosphate buffer (pH 7.2) = 80 : 20 (v
: v), the flow rate was 1.5 mL/min, and the
detection wavelength was 270 nm.  For
indomethacin, the elution buffer was methanol
: 10 mM sodium phosphate buffer (pH 7.2) =
80 : 20 (v : v), the flow ratec was 1.5 mL/min,
and the detection wavelength was 320 nm. For
paraquat, the elution buffer was methanol :
water : triethylamine : phosphoric acid :
sodium octasulfate =30 :70: 1.4:0.8: 0.3 in
a volumetric ratio, and the detection wave-
length was 250 nm. The column temperature
was maintained at 30°C for the measurement
of all four chemicals. The peak area was used
for chemical quantification.

Culture of TIG-1 cells with a Caco-2 cell
layer

Caco-2 cell layers were prepared in the
same manner as in the transport study. TIG-1
cells were seeded in 12-well plates (3513, cul-
ture surface area of 3.7 cm?; Costar) at an ini-
tial cell density of 1.0X 104 cells/cm? with 1
mL of the culture medium. After onc day of
culture, the prepared membrane culture insert
with a Caco-2 cell layer was put into the well
having the TIG-1 cells, as shown in Fig. 1.
The culture medium (0.8 mL) containing the
varied concentrations of chemicals was then
added to the apical (Ap) side of the Caco-2
cell layer. The medium was replenished cvery
three days. Specifically, the chemical was
loaded into the Ap side of the Caco-2 cells at
threc-day intervals.  Simultaneously, TIG-1
cells were cultured in a single-laycred system
without Caco-2 cells in the same manner as
that employed in the double-layered culture
systcm. The volume of the culture medium
with or without the chemicals was set at 1.0
mL, which was the same as that employed in
the transport study. Chemical loading was
repeated until the ninth day.

Measurement of TIG-1 cell growth

The number of viable TIG-1 cells on the
ninth day was measured in terms of intracellu-
lar acid phosphatase (AP) content (Connolly et
al., 1986). This assay was shown to be onc of
the most sensitive and casy methods of mea-
suring the number of viable cells in a culture



(Martin and Clynes, 1993). The TIG-1 cells
attached to the bottom surface of the 12 well
plates were rinsed once with PBS, and soaked
in 1 mL of sodium acetate buffer (pH 5.5) con-
taining 0.037 g-p-nitrophenol phosphate/L and
0.1% Triton X-100. After two hours of incu-
bation at 37C, an equal volume of 10-mM
NaOH was added to the well, and absorbance
at 405 nm was measured with a spectropho-
tometer (UV-160, Shimadzu; Tokyo, Japan).
The absorbance and the number of living cells
were confirmed to be in a linear relationship in
the ranges of cell density between 1.0 X 10
(inoculum cell density) and 2 X 10° cells/cm?
{maximal at a confluence). All the data on the
number of living cells was standardized with
that in the control culture and indicated as rel-
ative cell growth.

Results and Discussion

Long term transport of four chemicals
through a Caco-2 layer

When in vivo absorbability is estimated
from an in vitro permeation study using a
Caco-2 layer formed on a semipermeable
membrane support, the apparent permeabilily
coefficients of the initial phase of permeation
are usually used, and in vitro absorbability in
equilibrium phases is not given much atten-
tion. However, in a double-layered culturc
system (Fig. 1) where target cells are loaded
with a chemical after it permeates to the baso-
lateral (BL) side, once it reaches equilibrium,
the chemical concentration in the BL side
seems to be significant in determining the toxi-
city observed in TIG-1 cells.

Thereforc, we first examined the perme-
ation kinetics of four chemicals across a Caco-
2 cell layer during a somewhat longer time,
that is, 72 h after commencing the loading of
the chemicals (Fig. 2). In the conventional
kinetic description ol the in vivo absorption
process from the small intestine, the concen-
tration in the blood of a relevant chemical in
the BL side of the small intestinal epithelia is

assumed (o be zero (zero sink assumption)
compared with that in the Ap sidc (Yuasa et
al., 1996). In a double-layered culture system,
however, the BL concentration may not be
negligible in determining the total amount that
permeates the Caco-2 cell layer. Therefore, in
Fig. 2, the horizontal lines at a concentration
of 0.444 mM for caffeine and 0.111 mM for
thc remaining three chemicals indicate an
assumed equilibrium concentration, C gssumed, ,
defined as follows,

C assumed, eo
=(Cap,o-Vap)/(Vap+VpL)
=0.444 - Cap 0

where, Vap and Vg is the volume of the cul-
ture medium in the Ap (0.8 mL) and BL (1.0
mL), respectively, and Cap o is the chemical
concentration in the Ap side at t = 0 min. This
C ssumed. = 18 the concentration at t = oo when
only a passive mechanism operates in the
chemical transport across the Caco-2 layer. If
that is the case, the chemical concentration in
the BL side, Cpi », should become equal to
CAp. o (C assumed, o = CBL. w0 = CAp, oo)~

Changes in the BL concentrations in trans-
port studies in both dircctions (Ap = BL and
BL = Ap) were examined. The chemical con-
centrations employed were less than their toxic
ranges to the Caco-2 cells in terms of TEER
values (data not shown). The in vivo absorba-
bilities in humans of the four chemicals were
reported as 99% for cafleine, 75% for
diclofenac sodium, 50% for indomethacin, and
15% for paraquat (Nishi et al., 1994).

After a rapid increase or decrease for eight
hours. the BL concentration seemed to reach
equilibrium in the studies of both directions
except for paraquat (Fig. 2 (D)). For the first
three chemicals, the BL concentrations
became almost the same after 24 hours of cul-
ture irrespective of the direction of permeation
(Fig. 2 (A-C)). However, for paraquat loading
to the Ap side, the BL concentration still con-
tinued to incrcase after 24 h, and therc was a
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Concentration, BL (mM)

Fig. 2 Permeation kinetics of four model chemicals across Caco-2 cell layers. (A), caffeine; (B), diclofenac sodium;
(C), indomethacin; and (D), paraquat. The data indicates the changes in the basolateral (BL) concentration (Cg; } when
the chemicals are loaded in the apical (Ap) (@) and BL (O) sides. The initial caffeine concentrations were 1.00 mM
for the Ap side (Ca,) and 0.80 mM for the BL side. The initial concentrations of the other three chemicals werc (.25
mM for the Ap side and 0.20 mM for the BL side. The horizontal lines at the concentration of 0.444 mM for caffeine
and 0.111 mM for the other three indicate an assumed cquilibrium concentration when no active transport mechanism
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operates (Cgr. = Cap), as defined in the text. Each point represents the mean = SD of the four cultures.

large difference in the BL concentrations
between the Ap and BL side additions even at
72 h (Fig. 2 (D)).

The correlation between the in vivo and in
vitro absorbabilities was examined when we
used two different indices for in vitro absorba-
bility, that is, the initial apparent permeation
coefficient, Py, in the Ap = BL direction (Fig.

3 (A)) and the in vitro absorbability in at equi-
librium, after 72 h (Fig. 3 (B)). Pypp was cal-
culated by a simple equation as follows

(Artursson and Karlsson, 1991).

Ve (dCpr./ dt)
= Papp A CAp.O
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Fig. 3 Predictivity of in vive absorption ratios in humans (Nishi er al., 1994) by apparent permeability cocfficients
(Pypp) in the Ap = BL direction (A) and by relative in vitro absorption ratios determined by Caco-2 cell layers at 72 h
(B). (1), caffeine; (2) diclofenac sodium; (3), indomethacin; and (4), paraquat. An established experimental calibration
curve (Chong er al., 1991) between Py, and in vivo absorbability in humans is also shown in Fig. 2 (A). Each point

represents the mean + SD of the four cultures.

where A is the arca of the Caco-2 layer (1.0
¢cm?). The initial BL concentrations during
three hours of incubation were uscd in calcu-
lating P,pp except for paraquat, where the con-
centrations during the initial eight hours of
incubation were used. /n vitro absorbability
was calculated from Cgp_ at t = 72 h using the
following equation:

Absorption, in vitro (%)
= ( CBL‘ 72h /C assumed, oo ) - 100

where C ggqumed, « = - N1as been previously defined
in the text.

If we use an empirical description based on
a sigmoidal Ay, model, Py, was shown to
predict well the in vivo absorbabilities of pas-
sively-transported chemicals (Artursson and
Karlsson, 1991), as follows:

Absorption, in vivo
= (Amax - PAppy) / (PApp, s0' + PAppy)

where Apmgx is set at 100%, and Pap, so repre-
sents the permeability coefficient that achieves
50% absorption in vivo. According to Chong
et al. (1996), who cxamined permeation of ten

passively-transported chemicals using Caco-2
cell Tayers, Pagp 50 and ¥ were determined to
be 3.5 x 105 cm/s and 1.1, respectively.
Although the correlation cocfficient between
the Pypp values measured in this study and the
established curves was not so high (r =0.519),
the tendency shown in both plots is the same
(Fig. 3 (A)). The absolute permeability coelfi-
cients were reported to have large variations
among laboratories (Chong ¢f al., 1996; Rubas
et al., 1993). Therelore, the observed dilfer-
ence in Py, values is considered acceptable.
The in vitro absorption ratios determined {rom
the BL concentrations at 72 h correlated very
well (r = 0.945) with the in vivo absorbabilities
for the four chemicals (Nishi et al., 1994) (Fig.
3 (B)). This result regarding in vitro absorba-
bilities demonstrates the involvement of active
transport mechanisms in the permeation phe-
nomena in the cultured Caco-2 cell layer.

Contributions of passive and active mecha-
nisms to chemical transport

To further examine the contributions of both
passive and active transport mechanisms to the
overall transport phenomena of the four chem-
icals, we calculated passive and active perme-



Coculture of Caco-2 cells with fibroblasts

8E-05

6E-05 |

4E-05

2E-05

P passive Pactive (cm/sec)

Ppassive

| |Dactive

Fig. 4 Contributions of passive and active transports to thc apparent per-

meation phenomena through Caco-2 cell layers.

Passive (Ppussive) and

active (Pyaive) permeation coefficients were calculated from Pyyp (Ap =
BL) and P, (BL = Ap) values using the cquations described in the text.
Each bar represents the mean * SD of the four cultures.

ation coefficients (Ppassive and Pyciive . TESPEC-
tively) using the initial changes in concentra-
tion both in the Ap = BL and BL = Ap trans-
port studies. According to the study of Gan et
al. (1996). the rclationships among Ppagsive -
Paciive « Papp (Ap = BL), and Py, (BL = Ap) are
as follows:

Ppassivc
= (Papp (Ap=BL) + P,y (BL»Ap)) /2
Paclivc

= (Papp (BL#AD) - Py (Ap=+BL)) /2

In our study, Py, (BL =» Ap) was calculated
from the following equation:

VAp (dCAp, J/dt)
= V1. (dCpy., /dt)
= Papp (BL -DA[)) A CBL.O

According to this analysis, active transport
mechanisms causing efflux from the BL to the
Ap side clearly acted in all four chemicals
examined (Fig. 4). This agrees well with the

asymmetric partition of the chemical in the Ap
and BL sides in the equilibrium phase of the
transport study (24 - 72 h in Figs. 2 and 3 (B)).
For caffeine, diclofcnac  sodium, and
indomethacin, the passive permeation cocfi-
cients were larger than thc active transport
coefficients whereas. in paraquat, the passive
and active permeation coefficients were almost
the same. An active transport mechanism
causing an efflux from the Ap to BL sides
appears Lo act rclatively well compared with
the passive permeation of paraquat across the
Caco-2 cell layer. This result is in good agree-
ment with the very low absorbability and spe-
cific permeation kinetics of paraquat (Fig. 2

(D).

Toxicities in single- and double-layered cul-
ture systems

In terms of TIG-1 cell growth, dose-
response (DR) relationships of the four chemi-
cals were measured both in the single- and
double-layered culture systems (Fig. 5). The
relationships observed in the single-layered
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together with the DR curves predicted (4) from those in the single-layered cullure and the in vitro absorption ratios

measured in the transport study (Fig. 2). (A), caffeine; (B),

Each point represents the mean * SD of the four cultures.

systems clearly shifted toward the ranges of
higher concentration in the double-layered
system for all four chemicals. However, the
differences between the two DR curves were
probably a reflection of the absorbability of
the relevant chemical, as depicted in Fig. 3
(B).

To further clarify this, another DR curve
based on the absorbability of each chemical
was calculated, as shown in Fig. 5. The pre-
dicted curve was simply obtained by replotting

diclofenac sodium; (C), indomethacin; and (D), paraquat.

the data on relative cell growth in the single-
layered culture system against the BL side
concentration predicted from the in vitro
absorbability (Fig. 3 (B)) and the chemical
concentration added to the Ap side. The trans-
cpithelium electrical resistance (TEER) of the
Caco-2 cells was confirmed to remain almost
constant (between 400-600 ohms - cm?) during
the nine days of coculture with TIG-1 cells
(data not shown). Thus, the permecation char-
acteristics were not likely to change during the
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Fig. 6 Correlation between acute oral lethal doses (LDs) in rats or mice and EDsgs determined in
single- (O) and double-layered (@) cultures. (1), caffeine; (2) diclofenac sodium; (3). indomethacin:
and (4), paraquat. The animal data was referenced to the Chemical Health & Safety Database by

National Toxicology Program (2000).

nine days. Generally, these predicted DR
curves showed tendencies similar to those
observed in the double-laycred system. This
demonstrates that the addition of a Caco-2 cell
layer in in vitro cylotoxicity testing systems is
advantageous over conventional single-cell-
population-based systems, hecause such a
Caco-2 barrier can restrict the actual chemical
load on the target cells. However, for
diclofenac sodium and paraquat, the discrep-
ancies between the predicted and the observed
DR curves in the double-layered system did
not seem to be neglected (Fig. 5 (B) and (D)).
The rcason for a level of toxicity of
diclofenac sodium lower than predicted in the
doublc-layered system has not yet been eluci-
dated (Fig. 5 (B)). The most plausible cause
for the discrepancy is the contribution of
enhanced detoxification that occurs in the
Caco-2 cell layer in the double-layered culture
system. Of the four chemicals examined in
this study, the literature reports that diclofenac
sodium is most actively dctoxilied by
cytochrome P450s such as 2C9 or 3A4 by fur-
ther conjugation with glutathione except in a
very rare case where hepatotoxicity is
observed (Tang et al., 1999). Cultured Caco-2

cells were shown to contain some cytochrome
P450s such as the 1A (Boulenc er al., 1992) or
3A familics (Carriere et al., 1994). In the
transport study, we obscrved several HPLC
peaks that were different from that of the origi-
nal diclofenac sodium. However, over 90% of
the amount added at the initiation of the trans-
port study was recovered after 72 h is the total
amount in the Ap and BL sides (data not
shown). We could not identily the possible
metabolites because these chemicals are not
commercially available. Therefore, involve-
ment of the biotransformation in Caco-2 cells,
particularly in the double-layered system,
requires further detailed research.

The toxicity of paraquat observed in thc
double-layered system was also slightly lower
than predicted (Fig. 5 (D)). As presented in
the transport study (Fig. 2 (D)), the permeation
kinetics of paraquat across the Caco-2 cell
layer are different from those of the other three
chemicals, i.e., equilibrium was not rcached
even after 72 h of incubation. Therefore, the
most plausible reason for the discrepancy is
that the actual paraquat load (concentration
multiplied by time) during the ninc days was
lower than that predicted from its in vitro



absorbability (14%), which was the basis of
the predicted DR curve in Fig. 5 (D).

To test the efficacy of the double-layercd
culture system in predicting in vivo toxicity,
EDsy values determined from the DR curves
presented in Fig. 5 were compared with report-
ed acute oral lethal doses (LD) in rats or mice
(Chemical Health & Safety Database by
National Toxicology Program (2000)) (Fig. 6).
We used the data on these animals, becausc
data on human oral LD is only available for
caffeine and paraquat. As confirmed in Fig. 5,
EDsps from the double-layered culture system
were higher than thosc in the single-layered
system, and the EDsp for least absorbable
paraquat incrcased most significantly in the
double-layered culture system. In addition,
there was remarkable improvement in the pre-
dictivity of in vivo acute loxicity as can be
seen in the comparison of the correlation coef-
ficients, r, between the two culture systems
(0.561 in the double-layered system versus
0.152 in the single-layered system) (Fig. 6). In
the future, we must further check the feasibili-
ty of the double-layered culturc system in
terms of its in vivo predictivily using a large
number of chemicals whose data on human
oral lethal dose are available. This is bccause
many factors are concerned in the final toxicity
cxpression in humans, besides intake through
the small intestine. In addition, the scale of
the commercially available culture system
cmployed in this study determined the number
of cclls and the volume of the culture medium,
and they are quite different from those in an
actual human body.

Onc significant advantage of this culture
system as an alternative for experiments on
animals is that it can modify the toxicity
observed in conventional single-cell-popula-
tion-based methods by considering absorbabil-
ity through the small intestine. It thereby pro-
vides a simple screening method that is useful
for the qualitative estimation or ranking of
chemicals. As partly demonstrated in this
study (Fig. 5), by comparing the DR curves ol

a focused chemical in the single- and double-
laycred culture sysiems, we can obtain valu-
able information about its absorbability and
possible metabolism when it permeates
through the small intestine. Such a compari-
son is particularly advantagcous for estimating
the toxicity of foods or cnvironmental sam-
ples. This is because that, to determine the
toxicity of these samples, it is reasonable to
observe their biological effects, such as the
inhibition of cell growth, instcad of identifying
or determining what chemicals and mectabo-
lites they contain.

Conclusions

We developed a new cytotoxicity lest incor-
porating absorption by the small intestine
using a double-layered culture of Caco-2 and
TIG-1 cells. In terms of TIG-1 cell growth,
final toxicily in the double-layered system
with a Caco-2 cell layer reflected in vivo toxic-
ity better than that obtained in single-layered
system without a Caco-2 cell layer. Involve-
ment of possible biotransformation by the
Caco-2 cells was considered by comparing the
dosc-response relationships observed in the
double-layered system with those predicted
from dosc-recsponscs in the single-layered
system and from in vitro absorbability.
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