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ABSTRACT. Our purpose was to investigate whether inducers of cytochrome P450 1A1 (CYP1A1), which
cause a decreased expression in Caco-2 cells, at both the mRNA and protein levels, of membrane proteins
associated with the uptake and transport of hexoses, would also affect the expression of g-glutamyltranspeptidase
(gGT) (EC 2.3.2.2). In Caco-2 clonal TC7 cells grown under standard conditions (25 mM glucose), exposure
to b-naphthoflavone (b-NF), 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin, and 3-methylcholanthrene resulted in
increased glucose consumption and decreased gGT activity in cells grown to confluence, i.e. when the
differentiation is optimum. gGT activity was further analyzed during the time course of differentiation of TC7
cells treated or not with b-naphthoflavone: while gGT activity in untreated cells showed a 10-fold increase from
the exponential phase of growth until late postconfluence, gGT activity in b-NF-treated cells, although
increasing by 4-fold, remained at a much lower level (,25%). This decreased activity of gGT was associated
with a decreased level of gGT mRNA. This inhibiting effect was not dependent on the CYP1A1 activity, as it
also occurred in the presence of CYP1A1 inhibitors such as a-naphthoflavone, 8-methoxypsoralen or ellipticin.
It was however dependent on glucose supply as it was not observed when the cells were cultured in low glucose
(1 mM). These results raise the question of whether, in Caco-2 cells, CYP1A1 inducers or the signal transduction
system which controls CYP1A1 are involved in the regulation of the expression of gGT through a mechanism
involving glucose metabolism. BIOCHEM PHARMACOL 56;7:817–823, 1998. © 1998 Elsevier Science Inc.
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Since the initial observation of its enterocytic differentia-
tion characteristics [1], the human colon carcinoma cell
line Caco-2 has been extensively utilized as an in vitro
substitute for intestinal epithelial cells. Indeed, Caco-2 cells
grown to confluence express most of the structural and
functional properties of mature small intestinal enterocytes
(for review see [2]). For these reasons, they have been found
to be a unique in vitro system for investigating the regula-
tion mechanisms involved in and associated with the
differentiation and functions of small intestinal enterocytes
and epithelium.

It was previously observed that CYP1A1‡ was inducible
in Caco-2 cells [3,4]. Following these observations, we have
recently reported that permanent exposure of Caco-2 cells

to several inducers of CYP1A1 resulted both in an in-
creased rate of glucose consumption and in marked modi-
fications, at the mRNA and protein levels, of the expres-
sion of a number of differentiation-associated proteins
involved in the uptake, transport, and metabolism of
glucose [5, 6]. These modifications include a decreased
expression of the brush border hydrolase sucrase-isomaltase
(EC 3.3.1.48), of the hexose transporters SGLT1, GLUT2,
and GLUT5 [5], of fructose 1, 6 bisphosphatase and
pyruvate kinase [6], and an increased expression of the
hexose transporters GLUT1 and GLUT3 [5] and of phos-
phoenolpyruvate carboxykinase [6], this occurring without
modifications of the morphological differentiation of the
cells or of the expression of other differentiation-associated
proteins such as villin or DPP-IV (EC 3.4.14.5) [5].

The purpose of the present work was to analyze whether
inducers of CYP1A1 would also modify the expression of a
brush border enzyme which is also expressed in Caco-2 cells
[7, 8] but not involved in glucose utilization, namely gGT
(EC 2.3.2.2). The presence of gGT in the small intestine is
well documented [9–11], and its biochemical criteria are
well known [12]. In the intestine, gGT is localized in the
apical portion of the epithelial cells covering the jejunal
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villi [13] and is thus considered an intestinal brush border
enzyme [14]. Functionally, gGT is involved in the degra-
dation of extracellular glutathione, which provides cells
with glutathione constituant amino-acids, including cys-
teine, a limiting factor in intracellular glutathione synthesis
[15]. In Caco-2 cells, active transport and translocation of
amino-acids have been shown to be dependent on gGT
[16].

The experiments reported here were performed, as in
previous experiments on the induction of CYP1A1 [5, 6],
with a clone obtained from a late passage of the Caco-2 cell
line, clone TC7. This clone has been shown to be even
closer to the small intestinal enterocyte than the parental
population as to the level of expression of differentiation-
associated proteins [17–19], intestinal uptake of various
compounds [20, 21], transepithelial transport properties,
and biotransformation of xenobiotics [22].

MATERIALS AND METHODS
Cell Culture

Caco-2 TC7 clonal cells were isolated as reported [17] and
analyzed between passages 20 and 40. Cells were seeded at
12 3 103 cells/cm2 in 25 or 75 cm2 T-flasks (Corning
Glassworks) and cultured in a 10% CO2-90% air atmo-
sphere in DMEM (25 mM glucose, 4 mM glutamine, Life
Technologies) supplemented with 1% nonessential amino-
acids (Life Technologies) and 20% heat-inactivated (30
min, 56°) FBS (Boehringer Mannheim). For growth in low
glucose, the same conditions were used, except that DMEM
was devoid of glucose, its final concentration in complete
medium (1 mM) being supplied by FBS. For treatment with
b-NF, TCDD and 3MC, 10003 stock solutions diluted in
DMSO were stored at 220°, and freshly added to the
culture medium at each medium change, at the same
concentrations as previously determined [5]. The final
concentration of DMSO (0.1%) was monitored to ensure it
would have no effect on any of the parameters in this study.
For inhibition of CYP1A1 activity, a-NF [23], MOP [24],
and Ell [25] were added to the culture medium at the
indicated concentrations. From the second day in culture
on, the medium was changed daily in all experiments and
culture conditions. Cells were regularly verified to be
mycoplasmafree.

Preparation of Cell Homogenates and Measurement of
Enzymatic Activities

Cells were homogenized (after scraping and centrifugation,
1000 g, 10 min) in a Tris-mannitol buffer, pH 7.1, by 30
strokes of glass homogenizer pestle and stored at 220° for a
maximum of 3 days with addition of phenylmethylsulfonic
acid (PMSF) and benzamidine as protease inhibitors.
DPP-IV activity was measured according to Nagatsu et al.
[26] in cell homogenates as previously reported [17], using
1.5 mM glycyl-L-proline-4-nitroanilide (Sigma) as sub-
strate. Results are expressed as milliunits per milligram of

protein. One unit is defined as the activity that hydrolyzes
1 mmol substrate/min at 37°. Measurement of gGT activ-
ities was performed in the same cell homogenates by the
method of Szasz [27, 28]. Results are expressed as milliunits
per milligram of protein, one unit being defined as the
activity which forms 1 mmol amino-5-nitro-2 benzoate per
minute, using L-g-glutamylcarboxy-3-nitro-4 anilide
(Boehringer) as substrate. Glucose consumption was deter-
mined by measuring the concentration of glucose in the
medium 16 hr after changes of medium by using the glucose
oxidase technique and a Beckman Glucose Analyzer 2.

Measurement of CYP1A1 Activity

Cells detached with trypsin were washed three times in
PBS- at 4°, snap-frozen in liquid nitrogen and stored at
280° until analysis. EROD activity was measured by a
direct fluorometric assay as described by Burke and Mayer
[29]. Microsomal fractions (0.1–0.3 mg/mL) were incu-
bated at 37° in 50 mM Tris/HCl (pH 7.5), 25 mM MgCl2
buffer in the presence of 125 mM NADPH (Boehringer
Mannheim), and 2 mM EROD (Sigma). Resorufin (10
pmol) (Aldrich) was added at the end of the assay to
calibrate the amount of Resorufin produced. Parameters for
fluorescence detection were 522 nm and 586 nm for the
excitation and emission wavelengths, using a Jobin Yvon
sprectrofluorimeter JYD3. Results are expressed as pmole of
Resorufin produced per milligram of microsomal protein per
minute.

Protein Measurement

Proteins were measured with the BCA protein assay kit
using BSA as standard (Pierce).

Immunofluorescence

Indirect immunofluorescence was performed on frozen cry-
ostat sections of cell layer rolls as previously reported [5,
17], after fixation in 3.5% paraformaldehyde in PBS2 (15
min at room temperature). DPP-IV was detected with
mouse mAb 3/775/42 [30] obtained from Dr. H. P. Hauri
(Biocenter of the University of Basel, Basel, Switzerland).
gGT was detected with a rabbit polyclonal antibody raised
against gGT purified from rat kidney [31, 32] obtained from
Dr. Y. Laperche (INSERM U99, Créteil, France), and
which was observed to cross-react with human small intes-
tinal gGT (data not shown). Double immunofluorescence
was performed using anti-mouse and anti-rabbit fluorescein
coupled sheep antiglobulins (Institut Pasteur Productions)
or rhodamine-coupled sheep antiglobulins (Boehringer
Mannheim) as second antibodies.

RNA Extraction and Analysis

Total RNA was extracted by the guanidium isothiocyanate
method [33]. Samples of total RNA, denatured in 1 M
glyoxal, were fractionated by electrophoresis through 1%
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agarose gels and transferred onto Hybond N (Amersham)
[34]. Prehybridization was performed at 42° in the presence
of 50% formamide and hybridization at 42° in the presence
of 40% formamide and 10% dextran sulfate. The blots were
washed twice in 23 SSC/0.1% SDS for 10 min at room
temperature, once in 0.13 SSC/0.1% SDS for 15 min at
50°, and once in 0.13 SSC/0.1% SDS for 15 min at 65°.
The probes used were DPI-101 [35] for human DPP-IV
mRNA and a 963 bp cDNA [36] for human gGT mRNA,
obtained from Dr. G. Guellaën (INSERM U99, Créteil,
France). To normalize for RNA loading, an antisense
oligonucleotide of 22 mers (59ACGGTATCTGATCGTC
TTCGAA39) specific for 18S sequence was used.

RESULTS
Decreased Activity of gGT in Differentiated
Postconfluent Cells Exposed to Inducers of CYP1A1

Because the differentiation of TC7 cells is optimum at late
postconfluency [17], gGT activity was measured after 21
days in culture in control cells and in cells treated from the
beginning of the culture with b-NF, TCDD, and 3MC, at
concentrations which have been shown to induce a high
level of CYP1A1 mRNA, without modifying the growth
and morphological differentiation characteristics of the
cells [5]. In cells treated with b-NF, TCDD and 3MC, the
gGT activity was decreased to 25%, 25% and 67%, respec-
tively of the values observed in control cells (Fig. 1A). This
decrease in gGT activity occurred without modifications of
the activity of DPP-IV (Fig. 1B), used here as a CYP1A1
independent marker of cell differentiation [5]. As shown in
Fig. 1C, treatment with CYP1A1 inducers resulted in a
marked increase in the rate of glucose consumption.

Time course of gGT Expression in b-NF-treated Cells

In order to further analyze the effect of CYP1A1 inducers
on the differentiation-related time course of gGT expres-
sion, the activities of CYP1A1 and gGT were measured at

different times in culture in cells treated with b-NF. As
shown in Table 1, CYP1A1 activity was elevated in
b-NF-treated cells, this being concordant with the elevated
level of CYP1A1 mRNA reported earlier [19]. As shown in
Fig. 2A, the activity of gGT in control cells showed a
nine-fold increase from the day of confluence on (day 7) up
to late postconfluence (day 21). In contrast, gGT activity
was always lower in b-NF-treated cells, and the increase at
late postconfluence reached only fourfold the values ob-
served at confluence. This effect occurred without modifi-
cations of the time course of DPP-IV activity (Fig. 2B).
This lower level of gGT activity coincided with a decreased
level of expression of the protein, as shown by indirect
immunofluorescence of cryostat sections of postconfluent
cultures (Fig. 3). The results of gGT mRNA analysis (Fig.
4) show that the inhibiting effect of b-NF on gGT occurred
at the mRNA level.

Absence of Relationship between CYP1A1 Catalytic
Activity and the Inhibiting Effect of b-NF of
gGT Expression

In order to analyze whether or not the effect on gGT was
dependent on the enzymatic activity of CYP1A1, cells were
exposed to inhibitors of CYP1A1 activity in the presence or

FIG. 1. Activities of (A) gGT, (B) DPP-IV and (C) rate of glucose consumption in postconfluent cultures (Day 20) of TC7 cells
cultured in the absence or in the permanent presence of 10 mM b-NF, 1 nM TCDD and 1 mM 3MC. Results are the means and SD
of three independent cultures corresponding to three different passages.

TABLE 1. Expression and inducibility of CYP1A1 activity
towards EROD during the time-course in culture of TC7 cells
permanently treated with b-NF

Day after
seeding Untreated cells B-NF-treated cells*

2 ND† 15 6 2.1
4 ND 18.8 6 2.1
8 ND 21.1 6 3

15 ND 29.1 6 4.3
20 ND 23.05 6 3.2

*EROD activity (pmole/min/mg of protein) and SD as measured in three different
experiments in TC7 cells treated with 10 mM b-NF.

†ND, not detectable.
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not of b-NF. As shown in Fig. 5, treatment with the
inhibitors resulted in appearance of CYP1A1 mRNA and
enhancement of the effect of b-NF on the CYP1A1 mRNA
(Fig. 5A), this being concomitant with a decreased level of
gGT activity (Fig. 5B) and the absence of detectable
CYP1A1 activity (Fig. 5C).

Glucose Supply-dependent Inhibition of gGT
bGT b-NF

It was previously shown that in TC7 cells grown under
standard culture conditions, i.e. in the presence of 25 mM
of glucose, treatment with b-NF resulted in a tenfold
increase in the rate of glucose consumption associated with

FIG. 2. Activities of (A) gGT, and (B) DPP-IV during the time
course in culture of TC7 cells grown in the absence (M) or
permanent presence (Œ) of 10 mM b-NF. Results are the means
and SD of three independent cultures corresponding to three
different passages.

FIG. 3. Double labeling immunofluorescence of (a, c) rhodamine-labeled gGT, and (b, d) fluorescein-labeled DPP-IV in cryostat
sections of the cell layer of postconfluent TC7 cells (Day 20) cultured in the absence (a, b) or presence (c, d) of 10 mM b-NF. Note
that, in untreated control cells, gGT is present on the totality of the apical brush border, as substantiated by its colocalization with
DPP-IV. In contrast, in b-NF-treated cells, only a limited number of cells (arrow) express gGT. The lower intensity of staining of
gGT, as compared to DPP-IV, is most likely due to the fact that the antibody has been raised against rat gGT. Bar 5 100 mm.

FIG. 4. Northern blot analysis of gGT and DPP-IV during the
time course in culture of TC7 cells grown in 25 mM glucose in
the absence or presence of 10 mM b-NF. The same quantified
amount of total RNA (20 mg) was loaded in each lane. RNAs
from control and treated cells were electrophoresed and trans-
ferred onto a single membrane, which was successively hybrid-
ized with each probe (see Materials and Methods).
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a marked decrease in the level of expression of several
membrane proteins associated with uptake and transport of
sugars such as sucrase-isomaltase and hexose transporters
GLUT2, GLUT5 and SGLT1 [5]. It was also observed that
artificially decreasing glucose consumption by growing the
cells in low glucose medium (1 mM) had no effect on the
inducibility of CYP1A1, but that under such glucose supply
conditions, the b-NF-dependent increase in CYP1A1 ex-
pression was not associated with changes in the level of
expression of sucrase-isomaltase and hexose transporters
[5]. As shown in Fig. 6, this was also true for gGT: indeed,
unlike cells cultured in 25 mM glucose, the level of gGT
activity was not modified when b-NF-treated TC7 cells
were cultured in low glucose.

DISCUSSION

The results reported here show that, as previously observed
for membrane proteins such as sucrase-isomaltase and
hexose transporters GLUT2, GLUT5 and SGLT1 [5],
CYP1A1 inducers cause a decreased expression of gGT in
TC7 at both the mRNA and protein level. This effect is
concomitant with the induction of CYP1A1 mRNA, but
independent of CYP1A1 activity as substantiated by the

results obtained with inhibitors of the catalytic activity of
CYP1A1. As with the former membrane proteins, the effect
on gGT is closely dependent on glucose supply and utili-
zation. The effect is observed at 25 mM glucose, a concen-
tration which allows a reproducible 5- to 10-fold increase in
glucose consumption under exposure to inducers of
CYP1A1 [5]. It is not observed in low glucose (1 mM), a
condition in which the increase in glucose consumption is
rapidly limited by its unavailability [5].

In our present state of knowledge, there is no indication
of which mechanisms are responsible for the decreased
expression of gGT in Caco-2 cells treated with CYP1A1
inducers when grown in high glucose. To our knowledge,
little is known of the effects of CYP1A1 inducers on glucose
utilization, except for modifications of glucose transport in
adipose tissue and brain in the mouse [37]. Similarly, very
little is known as to the role of inducers of CYP1A1 and
glucose in the regulation of gGT. In primary cultures of rat
hepatocytes, gGT activity is not modified by CYP1A1
inducers such as 3MC and b-NF [38], but interestingly
enough it is repressed by high glucose [39].

It is clear that the results obtained in TC7 cells with
gGT are very similar to those observed with sucrase-
isomaltase and the hexose transporters. This strongly sug-
gests that the mechanisms involved in the glucose-depen-
dent repression of these proteins by CYP1A1 inducers
should be the same. That the effects observed on gGT do
not depend on the CYP1A1 activity per se, but are
concomitant with the induction of CYP1A1 mRNA sug-
gests that either the effect is an unknown consequence of
the inducers themselves or that it depends on the signal
transduction system of CYP1A1.

The signal transduction mechanism involved in the
xenobiotic-dependent activation of the CYP1A1 gene has
been extensively analyzed, primarily in the liver (for review

FIG. 5. Effect of inhibitors of CYP1A1 activity on the expres-
sion of gGT and CYP1A1. The cells were analyzed on Day 10
of the culture (i.e. during the period when the expression of
gGT increased, see Fig. 2) after a 48-hr treatment with a-NF
(20 mM), MOP (200 mM) or Ell (20 mM) in the presence or not
of b-NF (10 mM). (A) Northern blot analysis of CYP1A1
mRNA; (B) gGT activity in the cell homogenates; (C)
CYP1A1 activity toward EROD: nd, not detectable. Results are
from a single experiment. Enzyme activities are the means and
SD of triplicate measurements.

FIG. 6. Glucose-dependent effect of b-NF on the activity of
gGT. TC7 cells were grown, from the day of seeding on, in high
(25 mM) or low (1 mM) glucose medium in the absence (open
bars) or presence (solid bars) of 10 mM b-NF and analyzed after
confluence (Day 20). Results are the means and SD of 3
independent cultures corresponding to three different passages.
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see [40]). It is accepted that, to induce CYP1A1 transcrip-
tion, ligands first bind to the Ah cytosolic receptor. A
90-kDa heat-shock protein (hsp90) associated with the Ah
receptor is then released, which results in dimerization of
the receptor with the basic helix-loop-helix factor Arnt,
nuclear translocation of the Ah receptor-Arnt complex,
and binding of both proteins to xenobiotic-responsive
elements in the 59 region of the CYP1A1 gene. Further
experiments are in progress to investigate whether the Ah
receptor or Arnt is involved in the effects observed in
Caco-2 cells. In this respect, mutant variants of hepatoma
cell lines which are defective in CYP1A1 expression [41,
42], Ah receptor or Arnt [43] should help to answer the
question, depending on whether or not they express gGT.

It is most likely that the repressive effect of CYP1A1
inducers on gGT is glucose-dependent, whatever the
mechanism responsible for the increased glucose consump-
tion associated with the treatment with inducers of
CYP1A1 [5]. In the case of sucrase-isomaltase, it has been
shown that the repressive role of glucose on the transcrip-
tion of the gene involves a glucose-dependent region of the
promoter of the gene [44]. Whether a similar regulation is
also present in gGT remains to be elucidated.

Taken together, the present results, along with those
previously reported on the effects of CYP1A1 inducers on
membrane proteins associated with the uptake and trans-
port of glucose [5] and glucose metabolism enzymes [6], raise
the question of whether, in addition to their role in the
metabolism of xenobiotics, inducers of CYP1A1 or the
CYP1A1 transduction system also play a major role in cell
physiology. Whether this is restricted to Caco-2 cells, is
specific to intestinal cells, or is a more general physiological
function remains to be investigated.
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