
11 Applications Using Caco-2 and
TC7 Cells for Drug Metabolism
Studies

ERIC LE FERREC1
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11.1 SUMMARY

Gastrointestinal tract, particularly the small intestine, is the site of absorption of orally
ingested xenobiotics including nutrients and drugs. The objective of this absorption is
the passage of these molecules from the intestinal lumen to the blood and/or to the
lymphatic circulation. Moreover, the oral route is the major route used for adminis-
tration of drugs since dosing is convenient and noninvasive and many drugs are well
absorbed by gastrointestinal tract. It is therefore easy to understand that knowledge
and the prediction of the passage of these molecules through the intestinal barrier are
essential for the development of these compounds. The complexity of this barrier jus-
tifies the existence of many predictive models and explains the numerous studies done
to develop and improve these patterns. This chapter provides an overview of key issues
regarding the intestinal barrier, commonly used cell models and their weaknesses. Also
proposed are an example of protocol for the use of model Caco-2 cells and a set of
controls for validating the model.
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11.2 INTRODUCTION

The intestinal barrier, in a general point of view, can be defined as the boundary
between the intestinal contents and the internal medium of the human body, represented
by the enteric circulation [1,2]. To be more precise, the intestinal barrier can be defined
histologically, chemically, or metabolically.

11.2.1 Histological Point of View

The intestinal mucosa consists of a simple columnar epithelium, a lamina propria
(collagen matrix containing blood and lymphatic vessels), and a muscularis mucosa
[3]. The intestinal mucosa possesses villi, whose function is to increase the surface
of absorption. The epithelium constitutes the essential element of the intestinal barrier
and is composed of four major cell types: enterocytes (possessing microvilli, and
implicated in the absorption), goblet cells (producing mucus), enteroendocrine cells,
and Paneth cells [4]. Intestinal epithelium is a dynamic system continuously renewed
from stem cells located in invaginations called crypts of Lieberkuhn [5]. The epithelial
cells are connected by junctional complexes including adherens junctions, desmosome
and especially tight junctions at the origin of the intestinal barrier impermeability.

11.2.2 Chemical Point of View

To reach the bloodstream, a molecule present in the intestinal lumen must cross several
layers possessing specific physicochemical characteristics. Thus, the molecule will pass
through the mucus layer (aqueous solution of mucin), the unstirred water layer (aqueous
interface between the intestinal lumen and the plasma membrane), the lipid bilayer
of the enterocytes plasma membrane, and the basement membrane associated with
intestinal epithelium and reach the capillaries, then cross the basement membrane
associated with the endothelium and the endothelium itself. All of these steps can limit
the passage of a molecule.

11.2.3 Metabolical Point of View

If the liver is the organ of reference concerning the metabolism, the intestinal
metabolism should not be underestimated. Indeed, the metabolic activity of the
intestinal mucosa is the second largest of the human body after the liver. The
metabolizing enzymes, such as aminopeptidases, dipeptidyl peptidase IV, esterase,
sulfotransferase (SULT), UDP-glucuronyltranferase (UGT), glutathione-S-transferase
(GST), cytochrome P450 (CYP) superfamily, and membrane transport systems,
including P-glycoprotein (ABCB1), expressed by enterocytes, serve as a biochemical
barrier [6]. Some works even seem to demonstrate that after normalization for the
relative abundance of P450 enzymes in the organ, the metabolic activities of the
intestine and liver are comparable. This ability to transform and/or to efflux molecules
into the lumen of intestine is also a crucial element of the barrier intestinal.

The intestinal barrier is extremely complex and difficult to reproduce in vitro. There
are many systems that attempt to mimic: organotypic models (everted gut sac, Ussing
chamber), cellular models (cell lines: Caco-2, TC7, etc.), which all have advantages
and limitations. The choice of one of them will depend mainly on the problematic of
the molecules studied and resources available.
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11.3 INTESTINAL METABOLISM

11.3.1 Longitudinal and Transverse Heterogeneities

The intestinal metabolism, in animals or humans, has been the subject of a very exten-
sive work. Many difficulties have been encountered, leading sometimes to discordant
results. Thus, one can be cited: (i) the low expression levels of intestinal metabolic
enzymes relatively the liver; (ii) intra- or interspecies variability of expression of bio-
transformation enzymes; (iii) ethical and technical limitation for studies in humans;
(iv) variability of sample preparation techniques; and (v) structural and functional
heterogeneity of the intestine.

The human intestine is divided into two parts: the small intestine, subdivided into
duodenum, jejunum, and ileum, and the colon. They differ in their histological structure
and by their metabolism. Thus, when considering axially mouth rectum (longitudinal
axis) of the gastrointestinal tract, the metabolic activity of the intestine is particularly
highest in the upper part of the small intestine, with a maximum observed at the prox-
imal jejunum [7]. It has been shown that the total P450 content increased slightly
between the duodenum and the jejunum, then decreased markedly at the ileum. If this
heterogeneous distribution concern phase I enzymes (i.e., CYP3A4, 2 C9, or 2 C19),
phase II enzyme (i.e., GST, UDPGT) distribution is relatively homogeneous in small
intestine but with a lower level of expression in the colon. These observations were
consistent with the fact that absorption of most of the xenobiotics occurs in duode-
num and proximal jejunum and with the fact that relative abundance of goblets cells
increases from small intestine to colon. In the same way, the peptide transporter PepT1
(SLC15A1) appears to have higher expression in the duodenum than in the ileum [8].
However, the decrease of expression and/or activity, from duodenum to the colon,
seems not to be associated with all membrane transport systems. Indeed, some reports
has been demonstrated, by analyzing the rate of mRNA levels along the gastrointesti-
nal tract, that expression of the drug efflux pump P-glycoprotein increases from the
stomach to the colon [9], even if other studies have shown that the expression of
P-glycoprotein is correlated with CYP3A4 distribution [10,11].

Another level of heterogeneity corresponds to crypt-villus axis (transverse axis) [7].
Three cellular phenomena are observed along this axis: proliferation, differentiation,
and apoptosis. Proliferative cells (stem cells) reside in the cryps, while apopototic cell
are observed in the top of villi. Approximately three days after the terminal differ-
entiation, the cells reach the villus apex, undergo apoptosis and are exfoliated in the
intestinal lumen. In the crypts, stem cells generate four major differentiated cell types:
enterocytes, goblet cells, and enteroendocrinecells, which migrate to the top of the vil-
lus, and Paneth cells that remain at the crypt [12,13]. The junction between the crypts
and the villi is the limit from which the cells develop their specific characteristics.
This organization is observed not only in the small intestine but also in the colon,
except for a colon that has no villi or Paneth cells [14]. The differentiation gradi-
ent of enterocytes along the crypt-villus axis results in the existence of a gradient of
expression and/or activity of metabolic enzymes. It was thus shown that microsomes
prepared from crypts cells contained much less CYPs that microsomes prepared from
the mature villus cells. The maximum activity was observed at the middle third of the
villus. A similar gradient exists for phase II enzymes, especially for GST and UDPGT
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[7,15]; P-glycoprotein is also highly expressed in villus cells but is barely detectable
in crypt epithelium [16].

11.3.2 First-Pass Intestinal

The first-pass effect is defined as partial or complete extraction of the dose of a
xenobiotic that takes place between administration site and the systemic circulation.
Metabolism is a key element of this processus. To reach the systemic circulation, a
molecule, administered orally, must pass three potential sites of metabolism: the intes-
tine, liver, and lung. To cross the intestinal barrier, a molecule can use the transcellular
or the paracellular route [16]. Only molecules using the transcellular mode may be sub-
mitted to first-pass effect. During the cellular transfer, these compounds can undergo
the action of phase I and phase II metabolic enzymes and can be expelled out of
cells by membrane transport systems [17,18]. The first-pass effect is also facilitated by
amplification systems of the intestinal luminal surface (i.e., valvulae conniventes, villi,
microvilli) that allow a surface of absorption, and thus of potential metabolization,
considerable. Despite the great variability of expression in humans, CYP3A enzymes,
especially CYP3A4, are a key element of the intestinal first-pass effect [18–20]. These
enzymes represent 80% of CYPs in the small intestine and about 50% of drugs are
substrates for these enzymes. P-glycoprotein is another key element of the intestinal
first-pass effect. This transporter belongs to the family of ATP-binding cassette (ABC)
transporters and is present at the brush border of enterocytes. It is interesting to note that
CYP3A4 and P-glycoprotein have many substrates in common and that their intestinal
distributions may be correlated [10,11]. All these observations led to the hypothesis of
coordinated actions between these two detoxifying proteins [21].

11.4 COMPARISON BETWEEN INTESTIN/Caco-2/TC7

11.4.1 Cellular Intestinal Model

Much attention is paid to the use of epithelial cell cultures for studies of drug transport
mechanisms, especially during drug development in pharmaceutical companies. As the
use of primary intestinal epithelial cells is limited by the rapid loss of their differ-
entiated characteristics during culture, the attention has turned to the use of human
established lines of tumor origin, which display a number of properties characteris-
tic of differentiated intestinal cells with variable degrees of differentiation. Some of
them, such as Caco-2, HT-29, and T84 cells have been shown to exhibit most of
morphological and functional characteristics of enterocytes. Other cell lines, such as
HCT8, HRT18, or SW1116, express only a partially intestinal differentiated pheno-
type [22]. The limitations of cell models must not be overlooked, but they offer the
advantage of relative simplicity and are suitable for automated procedures. Caco-2
cells are the most used cellular model in studies on passage and transport. They were
derived from a human colorectal adenocarcinoma. In culture, Caco-2 cells, despite their
colonic origin, express the majority of the morphological and functional characteristics
of small intestinal absorptive cells, including phase I and phase II enzymes and drug
transporters; they differentiate spontaneously into polarized intestinal cells possessing
an apical brush border and tight junctions between adjacent cells, and they express
hydrolases and typical microvillar transporters.
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Moreover, these cells, particularly Caco-2 cells, can be cultivated as monolayers of
differentiated cells on a semipermeable membrane. Thus, separating the apical com-
partment from the basolateral compartment, which correspond to the intestinal lumen
side and the serosal side, respectively, is possible. These cell lines, originated from
tumors, are, however, out of the in vivo physiological environment; therefore, extrap-
olation of the data to the in vivo situation may be difficult; a similar conclusion can
be otherwise drawn for most of in vitro culture systems.

11.4.2 Phase I Enzymes

Among the enzymes of phase I, CYPs have been the object of the largest number of
studies [23–25]. There may be differences between these works, especially for those
using human intestine as a model. These differences are related to techniques used
(sample preparation, analytical techniques) and may also reflect human variability.
Using enterocytes isolated from human small intestine, Zhang et al . have analyzed
the expression of CYPs. The used technique allows the analysis of enterocytes from
the villi without contamination by crypts cells. Several CYPs were detected at mRNA
level: CYP1A1, 1B1, 2 C, 2D6, 2E1, 3A4, and 3A5. In contrast, at the protein
level, only CYP1A1, 2 C, and 3A4 were detected. Other studies have demonstrated
that CYP2C isoforms present in the intestine were 2 C9 and 2 C19 [23]. Regarding
CYP3A5, it has been highlighted, at the protein level, in a small proportion of the
caucasian population [26].

Despite the differences that may exist between the works, they agree that the main
CYPs are those of the CYP3A family, especially the isoform 3A4. However, these
CYPs are not or slightly (according to studies) expressed in Caco-2 cells [26–28]. Thus,
Sun et al . [29], comparing the expression profile of many genes, including CYP3A4,
have shown that Caco-2 cells expressed about 150 times less CYP3A4 the human
duodenum. Treatment with 1α,25-dihydroxyvitamin D3, an inducer of CYP3A4 at the
mRNA level, and transfection of CYP3A4 cDNA are two ways for increasing CYP3A4
expression levels in Caco-2 cells [30,31]. However, expression levels do not reach the
levels observed in vivo. Other CYPs have been highlighted in this cell line, at least at
mRNA level, such as CYP1A1, 2E1, and 2B6. Caco-2 cells are widely used to study
the passage of the intestinal barrier and is described in the literature as the reference
model to study intestinal drug absorption. However, on the intestinal first-pass effect,
due to the low expression of CYP3A4, it seems that these cells do not constitute a
model of choice.

To overcome absence expression of CYP3A, the Caco-2 clone TC7 has been devel-
oped. This cell line, generated by passing Caco-2 cells 198 times, expresses CYP3A4
and 3A5 (at least at mRNA level) at a higher level than their parental counterparts. In
addition, CYP3A4 is inducible by 1α,25-dihydroxyvitamin D3 in this cell line. More-
over, several studies have demonstrated that TC7 cells are a good alternative to the
Caco-2 parental line for drug transport studies [27,28,32].

11.4.3 Phase II Enzymes

The main phases II enzymes are present in the intestine, including UGT, SULT, acetyl-
transferase (ACT), and GST [29,33–35] (Table 11.1). These enzymes are characterized
by their large interindividual variations and their most important expressions in the



6 APPLICATIONS USING Caco-2 AND TC7 CELLS FOR DRUG METABOLISM STUDIES

TABLE 11.1 Example of Phase II Metabolizing Enzyme Expressed in Human Small
Intestine, Caco-2 Cells and TC7 Cellsa

Small Intestine Caco-2 TC7

GST Alpha, mu, pi A1, A2, A3, A4, O1, P1,
T2, Z1

UGT 1A1, 1A3, 1A4, 1A6, 1A7,
1A8, 1A10, 2B4 2B7,
2B15, 2B28, 2B17

1A1, 1A6, 1A9, 2B9 1A1, 1A3, 1A6, 2B7

SULT 1A1, 1A2, 1A3, 1B1, 1E1,
2A1

1A1, 1A2, 1A3, 1B1,
1C1, 1C2, 2A1

1A1, 1A2, 1A3, 1B1, 1C1,
1C2, 2A1, 1E1

aRefs 29, 33–35, and 37–43.

small intestine compared to colon [36]. In the Caco-2 cells, at least at mRNA level,
the GST class μ, π, and especially α (A1, A2, A3, and A4) has been highlighted
[34,37]; UGT (especially after induction) such as the UGT 1A1, 1A6, 1A9, and 2B9;
and SULT such as SULT 1A1, 1A2, 1A3, 1B1, 1 C1, 1 C2, or 2A1. From a general
point of view, the activity of phase II enzymes is lower in the Caco-2 cell line than
in the small intestine. However, some enzymes have higher expression in this cell line
than in intestine. This is the case, for example, of the SULT 1A2, 1A3, 1 C1, or 2A1
[29,37–40].

Several studies have shown that phase II metabolism is more important in
TC7 cell line than in Caco-2 cells, especially with respect to glucuronidation and
sulfoconjugation levels [41] (Table 11.1). In these two cell lines, as in the enterocytes,
the expression of phase II enzymes is in fact strongly linked to the differentiation
state.

11.4.4 Drug Transporters

Drug transporters, belonging either to the solute carrier (SLC) family or to the ABC
family, play a major role in drug absorption or secretion in the intestine. Indeed,
the ABC pumps P-glycoprotein, multidrug resistance protein (MRP) 2 (ABCC2), and
breast cancer resistance protein (BCRP, also known as ABCG2), located to the apical
pole of enterocytes, are important in preventing the absorption of some chemicals
into the systemic circulation, through expelling them in the lumen of the intestine.
Other transporters located at the brush border pole of intestinal cells, such as the
peptide transporter, PEPT1, or the organic anion transporters, OATP-A (SLCO1A2)
and OATP-B (SLCO2B1), are by contrast involved in drug uptake into enterocytes. At
the basolateral pole, organic solute transporters (OSTα/OSTβ) and MRP3 (ABCC3)
may facilitate the removal of the intracellular solutes into the basolateral side, thereby
enhancing the absorption of drugs.

Most of the transporters found in human intestine are also detected in Caco-2 cells,
including P-glycoprotein, BCRP, MRP2, PEPT1, OATP-B, and the monocarboxylate
transporter (MCT)-1 (SLC16A1) [42]. The expression of transporters in Caco-2 cells
such as OATP-B, BCRP, and MRP2 differ, however, more than fivefold than that found
in the ileum, indicating that Caco-2 cells do not strictly reflect the pattern of transporter
expression displayed by small intestine. In addition, it is noteworthy that the source
of the Caco-2 cells, the culture conditions, and the culturing time are likely to affect
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transport proteins; P-glycoprotein, MRP2, and PEPT1 mRNA levels have thus been
shown to differ by at least a twofold factor in two independent Caco-2 cell clones [43].
Such differences may directly contribute to heterogeneity in transport activity between
Caco-2 cells cultured in different laboratories [44].

With respect to transporter expression in TC7 cells, slightly higher mRNA levels
of SLC transporters were found in these cells when compared to Caco-2 cells; these
differences between the two cell lines were, however, considered as marginal [45].

Functional assays with Caco-2 cells, that is, permeability studies (see the following
sections), may be performed with referent substrates for transporters: digoxin, vinblas-
tine or placlitaxel (for P-glycoprotein), sulfobromophthalein (for MRPs and OATPs),
methotrexate, estrone-3-sulfate, and pheophorbide A (for BCRP) and glycylsarcosine
(for PEPT1). In addition, referent inhibitors of transporters may be used: verapamil or
cyclosporin A (inhibiting P-glycoprotein), probenecid (inhibiting MRPs and OATPs),
and fumitremorgin A (inhibiting BCRP). A recent paper from the International Trans-
porter Consortium has proposed guidelines for investigating whether a compound may
be a substrate for P-glycoprotein or BCRP using Caco-2 cells; an efflux ratio, basal to
apical versus apical to basal, >2, is in favor of a potential transport by P-glycoprotein
or BCRP, which has to be confirmed by the use of transporter inhibitors [46]. More-
over, decision trees for P-glycoprotein and BCRP inhibitor interaction studies using
bidirectional transport assays with Caco-2 cells are also provided in this chapter.

11.5 USING CELL MODELS

As Caco-2 cells are the most popular cellular model in studies on passage and transport,
this and the following sections will only concern these cells.

11.5.1 Conditions of Culture

The complete morphological and functional differentiation of Caco-2 cells requires
three weeks in culture under conditions described in Table 11.2. Many modifications
of these conditions have been reported. Thus, the support of culture can be coated
with, for example, type 1 collagen or matrigel, and the inactivated serum concentration
decreased.

TABLE 11.2 Culture Conditions of Caco-2 Cells

Caco-2 Cells

Culture medium Dulbecco’s modified Eagle’s medium
(classically)

Inactivated fetal calf serum
(heat-inactivated at 56◦C for 30 min)

Usually 20% (range, 5–20%)

glucose 25 mM (final concentration)
Nonessential amino acids 1%
Glutamine 2 mM (final concentration, range: 2–4 mM)
Cell density at seeding 1 × 105 – 4 × 105 cells/cm2

pH Usually 7.4
Medium change Every 24–48 h
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Apical side

Basolateral side

Caco-2 cell
monolayer

Insert with
semipermeable
membrane

Figure 11.1 Schematic description of cells culture in nacelle system.

The enterocyte-like phenotype of Caco-2 cells is enhanced when cells are grown
on semipermeable membrane (Fig. 11.1). In this case, Caco-2 cells can proliferate and
differentiate in monolayer, reproducing the intestinal epithelium organization, where
the apical compartment corresponds to the intestinal lumen and the basolateral com-
partment to the serous site. This method of culture allows the creation of an accessible
apical and basolateral pole, with a possible asymmetry in the composition of culture
medium. This asymmetry may allow, for example, studies of the passage of molecules
from apical to basolateral side or from basolateral to apical side.

11.5.2 Essential Elements

The variation between laboratories can be associated to the heterogeneity of the Caco-
2 cell line as well as to many factors influencing the morphological and functional
characteristics of these cells. Among these factors, we can cite: the origin of cells, the
culture conditions, the number of passage, the culture time, and the study conditions
(concentration of drugs, materials used, temperature, methods of analysis, etc.) [6,47].
Thus, the transepithelial electrical resistance (TEER, a marker of the integrity of the
cell monolayer) [48], or the expression of P-glycoprotein, [49–51] are influenced by
cell differentiation level or by passage numbers of cells. Moreover, many studies show
the influence of fetal calf concentration in the culture medium. Indeed, the serum
provides hormones, growth factors, attachment factors, and other compounds necessary
for growth and differentiation of Caco-2 cells. However, the exact composition of serum
is often not fully characterized and varies from batch. This variation, for some authors,
may favor the selection of a predominant clone over the course of passages, contributing
to interlaboratory variability [52,53]. It is obvious that the removal of this variability is
illusory. However, some rules can be observed to reduce it, such as to establish a master
bank and a working bank to be sure to be in ranges of moderate numbers of passage,
to try to always use the same serum; to strictly follow the protocols used for changing
the culture medium or for reseeding cells, and to establish control of differentiation
before the use of Caco-2 cells such as the analysis of the tight junction formation.
These controls allow to reduce the variability of results and also to value the model.

11.5.3 Validation of Models

The use of Caco-2 model requires different controls [6,54] (Table 11.3). The first
controls concerns the identification of the differentiated state of Caco-2 by measuring
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TABLE 11.3 Example of Control and Methods of Control Used during Validation of the
Caco-2 Cell Modela

Method Proposed for the
Control

Cell monolayer
integrity

Measuring the TEER TEER measurement can reveal
toxicity or the tight junctions
opening.

TEER range of Caco-2 cells:
150–1600 ohm cm2

Measuring permeability of test
compounds:

These molecules do not usually
spend the intestinal barrier

• mannitol
• PEG 400
• Lucifer yellow

Cell differentiation By measuring expression of
differentiation markers:
• sucrase isomaltase
• dipeptidyl peptidase IV
• alkaline phosphatase
aminopeptidase

The expression of these markers is
correlated with cell differentiation
that depends on confluence of
cells

Model validation
(for passage
studies)

By measuring the permeability
of reference molecules

Proposed molecules with their
apparent permeability (Papp):
• Testosterone:
73 × 10−6 cm/s
• Propranolol hydrochloride:
28 × 10−6 cm/s
• Methothrexate:
1.2 × 10−6 cm/s

The United States pharmacopeial
(USP) convention proposes these
molecules. If the Papp values
obtained with Caco-2 cells are
the same as the values given by
USP (±20%), the model can be
considered to be valid

Abbreviation: TEER, transepithelial electrical resistance.
aRefs 6, 56, and 57.

the expression of differentiation markers such as sucrase-isomaltase (SI), dipeptidyl
peptidase IV, alkaline phosphatase, or aminopeptidase. These enzymes are present at
the brush border of enterocytes and some of them, such as SI, correspond to specific
differentiation markers of the intestine. These checks can be performed on Caco-2 cells
grown on plastic supports or on semipermeable membrane.

The second concerns the formation of cell layer and tight junctions (if cells are culti-
vated on semipermeable membrane). The integrity of the cell layer can be monitored by
measuring TEER, which may be associated with the study of the passage of molecules
such as lucifer yellow, an hydrophilic dye that does not pass the intestinal barrier.

Finally, the third control concerns the passage of the intestinal epithelium, repre-
sented by the monolayer of differentiated Caco-2 cells, by the study of passage of
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references molecules. The choice of reference molecules is difficult. The following
compounds have been proposed by the US Pharmacopeia: testosterone, propranolol
hydrochloride, and methotrexate; permeability values obtained should not be different
±20% of the proposed values [55].

If this part is related to the use of Caco-2 cells, it should be noted that most of
the concepts described are also to be associated with the use of TC7 cells. However,
keep in mind that TC7 cells possess some different characteristics, compared to Caco-
2 cells, that is, a lower expression of P-glycoprotein (but remains higher than in the
human small intestine); a doubling time shorter; a lower TEER than Caco-2cells, and
expression of CYP3A4. Thus, if controls and validation methods are the same for
these two cell models, the experimental results obtained are not necessarily directly
comparable.

11.6 EXAMPLE OF PROTOCOL: USING Caco-2 CELLS FOR PASSAGE
STUDIES

This section provides a sample protocol for using Caco-2 cells in order to study
the passage of various molecules through the cell monolayer formed by Caco-2
cells.

11.6.1 Cell Culture

The Caco-2 cells are used between passages 25 and 35. The culture medium (DMEM,
4.5 g glucose/L) is supplemented with 20% decomplemented fetal calf serum, 1%
nonessential amino acids, 1% l-glutamine and antibiotics (100 μg/mL penicillin and
100 mU/mL streptomycin). It is renewed every 48 h. The cells are seeded at 100,000
cells/cm2 on a semipermeable membrane (Transwell, 0.4 μm, COSTAR) and main-
tained in culture for 21 days after confluence. With these culture conditions, the cell
confluence is usually obtained in four days.

11.6.2 Expression of Sucrase-Isomaltase (SI)

To determine whether our culture conditions lead to differentiated Caco-2 at the time of
their use, we have studied expression of SI. The study of mRNA level of SI and β-actin
was assessed by RT-PCR. The primers used for the study of mRNA of SI and β-actin
of Caco-2 are: SI forward, 5′-gcccgtcttccaagtgatta-3′; SI reverse, 5′-aaattgcagggtccaga-
3′; β-actin forward, 5′-ggccatctcttgctc-3′; β-actin reverse, 5′-gcccagagcaagagag-3′. The
results show that, in our conditions of cell culture, enterocytic differentiation appears
between the 5th and the 10th day of culture (Fig. 11.2).

11.6.3 Measurement of the TEER and Passage of Lucifer Yellow

Measurement of TEER of cell monolayer and the low passage of lucifer yellow, a dye
not passing the epithelial barrier, are markers for the development of tight junctions.
The TEER measure can be achieved through a volt-ohm meter (Evoma, World Precision
Instruments Sarasota, FL). It is realized from the day after seeding (day 0) and after 3,
7, 14, and 22 days of culture. The intrinsic resistance of the semipermeable membrane
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Figure 11.2 (a) Kinetic expression analysis, by RT-PCR, of sucrase-isomaltase (SI) and of
β-actin in Caco-2 cells. (b) Measurement of TEER and the passage of lucifer yellow. These
measurements were made from the day of seeding on semipermeable support (day 0) and after
3, 7, 14, and 22 day of culture. The results are expressed in Ohm·cm2 for TEER and percentage
of control (amount of cell-free passage) for lucifer yellow.

is subtracted from the total resistance (cell + membrane). After correcting the value
obtained by the culture surface, the results are expressed in Ohm cm2 (� cm2). The per-
meation rate of lucifer yellow is determined by Papp calculation (see below). The sharp
increase of TEER associated with the decrease in Papp of Lucifer yellow (Fig. 11.2)
shows that our experimental conditions allow the formation of an impermeable cell
monolayer.

11.6.4 Calculation of Apparent Permeability (Papp)

The current mode of implementation of the experience of passage is described in
Fig. 11.3 [31]. There is a passage from the cell support (Fig. 11.1), which corresponds
to the donor compartment or apical compartment in different acceptor compartments,
or basolateral compartment, at regular time intervals. Using calculations as described
in the Table 11.4, the curve representing the variations, in the acceptor compartment,
of the quantity (Q) of interest molecule in function of time (T ), can be built. The Papp
were determined by linear regression of changes in concentrations in the acceptor
compartment in function of time and by measuring the slope obtained (represented
by dQ/dT , Table 11.4). The coefficient of apparent permeability (Papp) is expressed
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t1 t2
tn

q1 q2 q3 q4 q5 qn

C0Donor compartment

Acceptor compartment

Figure 11.3 A schematic representation of the method used for measurement of passage (donor
compartment to acceptor compartment) of drug across monolayer of Caco-2 cells. C0, initial
concentration; q, quantity of drug passing in acceptor compartment; t , interval time.

TABLE 11.4 Steps for Apparent Permeability (Papp) Determination

(1) Using disposition described in Figure 11.3,
construction of the curve corresponding to the
variations, in the acceptor compartment, of the
quantity (Q) of interest molecule, in function of
time (T ).

Where
T0 = 0 and Q0 = 0;
T1 = t1 and Q1 = q1;
T2 = t1 + t2 and Q2 = q1 + q2;
Tn = t1 + t2 + · · · + tn and
Qn = q1 + q2 + · · · + qn

(generally t1, t2, . . . and tn are
identical)

(2) Determination of the slope dQ/dT by linear regression of the curve obtained in (1).

(3) Calculate the coefficient of apparent
permeability (Papp) by:
Papp (cm/s) = (dQ/dT ) × [1/(A × C0)]

Where
C0 = initial concentration in donor
compartment;
A = surface-exposed (cm2);
dQ/dT = slope determined in (2).

(4) Construction of the curve corresponding to the
slope (dQ/dT ) in function of the initial
concentration (C0) in the donor compartment.

If the curve obtained is saturable, this
indicates that the mode of passage
probably involves a transport system.

If the relationship between the slope
(dQ/dT ) and C0 is linear, this indicates
that the mode of passage is probably
passive.

in centimeter per second. Measuring the slope (dQ/dT ) as a function of the initial
concentration (C0) may be also used to determine if the passage uses a passive or
active mode (Table 11.4).

The permeation rate of testosterone, propranolol hydrochloride, methotrexate,
and the lucifer yellow are used as reference compounds. The US Pharmacopeia
specifies the concentration tested (C0 = 0.3 mM) and the Papp values to obtained
(1.2 × 10−6 cm/s for methotrexate, 28 × 10−6 cm/s for propranolol, 73 × 10−6 cm/s
for testosterone) [55].

Figure 11.4 shows the variations in quantity of different compounds in the acceptor
compartment (basolateral) as a function of time. The results are expressed as a percent-
age of the initial amount at time zero in the donor compartment (apical). The slopes
of linear regression curves obtained allow the calculation of various Papp (Fig. 11.4a).
No significant difference was observed by comparing our values and those proposed
by the US Pharmacopeia (Fig. 11.4b).
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Figure 11.4 Passage study, across Caco-2 cell monolayer, of the reference molecules. (a)
Evolution of methothrexate, propranolol hydrochloride, and testosterone concentrations in the
acceptor compartment in function of time. Results are expressed as a percentage of the ini-
tial quantity (Q0) in the donor compartment. (b) Comparison of apparent permeability (Papp)
obtained with those proposed by the US Pharmacopeia. The results are expressed in 10−6 cm/s.

In summary, these results show that our culture conditions allow obtaining a fully
differentiated cell monolayer.

11.7 CONCLUSION

Among the different models used to study the passage of the intestinal barrier and/or
intestinal metabolism, the intestinal cell lines are the most used. Despite their faults,
they are popular because of their ease of use, maneuverability, and ability to con-
duct studies that can last more than a few hours. However, the major problem that
remains unresolved is the variability inter- and/or intralaboratory. In this section, some
solutions are proposed, but they cannot solve the problem. Thus, the reference drugs
proposed by the US Pharmacopeia are considered by some users as too rigid limits
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and not accepted by all users. Another approach is the use of a collection of lab-
oratory values, with internal specifications and criteria of acceptance for each assay
system. The development of methods for isolation of enterocytes and goblet cells from
human biopsies and culture techniques for maintaining these cells at an acceptable
level of differentiation over several days is a goal that has likely to deserve further
studies.
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