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Expression of PPARY is reduced by medium supplementation
with L-glutamine in human colorectal Caco-2 cells
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Abstract. Peroxisome proliferator-activated receptor-y
(PPARY) belongs to the nuclear hormone receptor family.
This receptor is implicated in colon cell differentiation and in
colon cancer. Receptor activation by specific agonists has
been shown to protect against colon cancer progression.
PPARy protein content within cells is modulated by several
mechanisms, including proteasome degradation, activation of
Wnt signalling pathways and presence of fermentation
products such as butyrate. Herein, we investigated the impact
of L-glutamine on PPARYy expression during the differentiation
of Caco-2 cells grown in medium containing dialyzed fetal
calf serum supplemented or not with L-glutamine. Using RT-
PCR and Western blotting, we demonstrated that PPARy
expression was decreased when L-glutamine was added to
the medium. Using immunohistochemistry, we demonstrated
that PPARy immunostaining was mainly found in cytoplasm
when cells were cultured with L-glutamine while it was
found in nuclei and cytoplasm when cells were grown without
the addition of L-glutamine. Supershift retardation assays
demonstrated a decrease of PPARy binding onto consensus
peroxisome proliferator response element. We concluded that
L-glutamine modulated PPARYy expression in Caco-2 cells.
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Introduction

Peroxisome proliferator activated receptor-y (PPARY)
belongs to the nuclear hormone receptor family (NHR). After
ligand activation, PPARy forms heterodimers with the 9-cis
retinoid receptor which bind on a specific DNA sequence,
named peroxisome proliferator response element (PPRE),
localized in the promoter of target genes (1).

In the gastrointestinal tract, PPARy expression increases
concomitantly with cell differentiation either along the
intestine crypt villi axis or in colon tubular glands (2-4). Drori
et al demonstrated that PPARYy is implicated in cell lineage in
association with coactivator Hic-5 (5). In contrast, PPARY is
involved in the development of colon tumours, but its role is
still debated (6). In many human colon cell types, activation
of PPARYy by agonist leads to growth arrest, differentiation
and/or anoikis by regulating the transcription of several
target genes involved in the cell cycle control (1). In contrast,
in vivo experiments using rodent models showed pro-tumoral
properties (7,8).

L-glutamine (GLN) is the most abundant amino acid in the
body. The circulating concentration of GLN (0.6-0.9 mmol/I)
is maintained at a constant level (9) and depends on the rate
of GLN uptake and release by the various organs in the body
(10). Following uptake, GLN is converted to glutamate and
ammonia by glutaminase in the mitochondria. There are two
different glutaminases, liver- (LGA) and kidney- (KGA) type
glutaminase (11,12). It has been demonstrated that the two
isoforms are present in colon adenocarcinoma derived cell
lines (13). In addition, a third isoform named CGA has been
identified (12). GLN conversion provides substrates for
energy production, for nucleotide or protein biosynthesis and
metabolic intermediates. There is a direct correlation between
glutaminase activity and GLN consumption and growth rates
(14). GLN and diglycerol acids, such as butyrate, are the main
fuel for intestinal and colon cell metabolism (15,16). Studies
have outlined the potential functions of GLN on intestine and
colon-derived cells. In porcine IPEC-J2 and in rat intestine
crypt-derived IEC-6 cells, supplementation with GLN
stimulates cell proliferation (17). Similar results were
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obtained using human colon-derived cells as HT29 and
Caco-2 cells (18). GLN supplementation also modulates the
phenotype of human colon cell models with decreases of
specific cell markers in a dose-dependent manner (19).

It was shown that butyrate increased PPARy expression via
independent mechanisms (20,21). We hypothesized that
GLN also modulates PPARy expression in colon cells.
Herein, we studied the effects of GLN on PPARy expression in
Caco-2 cells as a model for absorptive cells (22). Cells were
grown either in a medium containing dialysed fetal calf serum
or in a control culture medium. We demonstrated that GLN
supplementation reduced the expression of PPARy at the
transcriptional and protein levels. Using immunohisto-
chemistry, we observed that PPARy stained mainly in the
cytoplasm when GLN was added to the medium. Shift and
supershift retardation assays carried out with nuclear extracts
prepared from cells grown in GLN enriched medium
demonstrated a reduced PPARy binding to consensus PPRE.

Materials and methods

Reagents. Dulbecco's modified Eagle's minimum medium
(DMEM), trypsin/EDTA solution, non-essential amino acids
solution, Dulbecco's modified sodium phosphate buffer
(DPBS) and fetal calf serum (FCS) were purchased from
Eurobio (Les Ulis, France). Taq polymerase, RNAsine,
reverse transcriptase (M-MLV) and primers were obtained
from Invitrogen Corporation (Paisley, Scotland). Dialysed-
FCS was purchased from Hyclone (Perbio, Belgium). BM
Chemiluminescence Western blot kit revelation was purchased
from Roche (Mannheim, Germany). We used different rabbit
polyclonal antibodies directed against PPARy. For Western
blotting, we used anti-PPARy polyclonal rabbit antibodies
purchased from Cayman Chemicals (Interchim, Montlugon,
France). For immunohistochemistry, polyclonal rabbit
antibodies against PPARy were obtained from AB Reagent
(Golden, CO, USA). Polyclonal rabbit antiserum against
common NH2-terminal sequence of each PPAR isotype (pan-
PPAR antiserum) were prepared as described (23).
Polyclonal rabbit antibodies solution directed against
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
from Chemicon-Millipore (Molsheim, France). Other reagents
were of analytical grade.

Cell culture. Caco-2 cell line was a generous gift from
M. Rousset (Inserm U505, Paris, France). Caco-2 cells were
grown in DMEM-25 mM glucose containing 20% (v/v)
either heat-inactivated FCS (control medium) or dialysed
FCS (dFCS-medium) and 1% (v/v) non-essential amino acids;
media were supplemented with increasing concentrations of
glutamine up to 4 mM. Starting seeding was 6x10* cells/ml.
Cells were cultured in 5% CO, in a constant humidified
atmosphere. Medium was changed daily 48 h after seeding
until achieving 5, 10 and 15 days in culture. Cells were washed
twice with cold DPBS for 5 min. Cell layers were stored at
-80°C until used.

Determination of enzyme specific activities. Frozen cell
layers were scraped using a rubber policeman in 500 ul of
ice-cold 0.1 M potassium phosphate buffer (pH 7.1) and
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homogenised. Cell extracts were assayed for protein
concentration according to Bradford (24) using bovine serum
albumin as a standard. Total glutaminase (EC.5.3.1.2)
activities were quantified according to Collins et al (25) from
the initial procedure already described (26). Alkaline phos-
phatase (AP, EC 3.1.3.1) activities were determined according
to Garen and Levinthal (27). One unit of enzyme activity was
defined as the activity which hydrolyses 1 uM of substrate
per min at 37°C under the experimental conditions.

Western blotting. Protein homogenates were prepared from
cell layers in Hepes/KCl buffer according to Mansen et al
(4). Protein (25 ug) was resolved in 10% SDS-PAGE (28),
then transferred onto PVDF membranes (29) and further
exposed to chemiluminescence reagent according to the
manufacturer's protocol (Roche). We used polyclonal rabbit
antiserum directed against PPARy (1:1,1000) as described
previously (30) and monoclonal antibodies against GAPDH
(1:5,000). The intensities of PPARy bands were quantified
(Gel Doc, BioRad, Marne-la Coquette, France). Results are
expressed in arbitrary units.

Immunohistochemistry. The procedure was previously
described in detail (2). Briefly, 5 and 15 day-old cell layers
were washed twice with cold DPBS and fixed in PBS
containing 4% (v/v) formaldehyde overnight at 4°C. Cell
layers were scraped with a rubber policeman, centrifuged at
4°C for 5 min at 1,000 x g. The pellets were embedded in
paraffin. Sections (5 gm) were prepared as described
previously (2).

RT-PCR analysis. Total RNA was phenol/chloroform-
extracted (31). RT-PCR reaction was carried out from
standard protocol using 1 g of total RNA and 200 U of
reverse transcriptase (M-MLV) for 2 h at 37°C. cDNA
amplification was carried out in 20 mM Tris/HCI1 (pH 8.4)
buffer containing 50 mM KCI, 1.5 mM MgCl,, 5 U of
RNAsine, 0.2 uM dNTP, 0.4 uM each selected primer up and
down, 2 ul of RT sample and 2.5 U of Taq polymerase for
26-32 cycles (95°C, 30 sec; Tm of primers annealing, 30 sec;
72°C, 30 sec) followed by an extension step at 72°C for 5 min.
PCR primers used are listed in Table I. PCR products (10 ul)
were analysed on 2% (w/v) TBE-agarose gels. The intensities
of the obtained bands were quantified. Results are expressed
as the ratio (gene of interest/GAPDH) in arbitrary units.

Electrophoretic mobility shift and super-shift assays. 15 day-
old Caco-2 cells were used. Cells were grown in a control
medium and in the same medium supplemented with 20%
(v/v) dialysed FCS and 2 mM glutamine. Nuclear extracts
were prepared (32). Nuclear proteins (10 pg) were used to
perform supershift assays as previously described in detail
(33). Supershifts were obtained using rabbit antiserum
against COOH-amino acid sequence (pan-PPAR) and rabbit
antiserum against PPARy prepared as described (23).

Statistics. A comparison of the variation of mRNA transcript
contents along cell culture duration was tested by one way
ANOVA performed with Bonferroni post-hoc test for the
multiple comparisons. Differences were considered significant
at P<0.05.
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Table I. Primer sequences used in this study.
Primer name Primer sequence (5' to 3') Primer length (nt) Product length (bp)
PPARa up ATGGTGGACACGGAAAGCCCACTCTG 40 385
CCCCTCTCCCCACT
PPARa down TTCGCCGAAAGAAGCCCTTGCAGCCT 31
TCACA
PPARSB up TGTGAGGGGTGCAAGGGCTTCTTCCG 26 560
PPARS down GGTGGTTGAGGAAGAGGGTGCTGAA 25
PPARYy up TCATGCTTGTGAAGGATGCAAGG 23 759
PPARy down TCCAGTGCATTGAACTTCACAGC 23
KGA up CCCGTTGTCAGAATCTCCTTGAGG 24 680
KGA down TGATGGCTGCGACACTGGCTAATG 24
LGA up GTGCTCGGAAGTTAGACCCACG 22 464
LGA down CTCTTTGGACAGGGCCTCAGCT 22
CGA up GATGTCCTCATTTGACTCAGGTGAC 25 383
CGA down TGATGGCTGCGACACTGGCTAATG 24
GAPDH up GACCCCTTCATTGACCTCAACTACATG 27 446
GAPDH down GCTGTGATGGCATGGACTGTGGTCAT 26
Results differentiation. However, these effects were largely dependent

Caco-2 cells were cultured in control and in dSVF-medium.
The concentration of free GLN was 0.56 mM and 0.02 mM
in the respective medium. Caco-2 cell growth was not altered
using dSVF-medium. The addition of 2 mM GLN had a slight
impact on cell growth (Fig. 1a). In contrast, the addition of
1 mM GLN in control medium increased cell growth rate ~2-
fold. Nevertheless, cells achieved confluence between 7 and
10 days regardless of the media used. AP activities were
determined in homogenates from Caco-2 cells cultured during
5, 10 or 15 days in either media supplemented with GLN. As
shown in Fig. 1b, AP activities were raised to a maximum
after 15 days. Greater AP activities were obtained when cells
were cultured in dFCS-medium with 1 mM GLN or in the
control medium with 2 mM GLN. The latter corresponds to
GLN concentration used in a routinely cultured condition for
these cells. With 2 mM GLN in dFCS-medium, AP activities
were almost 2-fold lower than those determined in homo-
genates from cells cultured in dFCS-medium containing 1 mM
GLN. Similar results were also obtained when cells were grown
in the same medium supplemented with 4 mM GLN (not
shown). In contrast, no major change was observed for total
glutaminase activities determined in homogenates from cells
cultured either with control medium or with dFCS-medium
containing 1 mM GLN. The highest glutaminase activities
were obtained when cells were grown in either medium
supplemented with 2 mM GLN. Our results suggested
therefore that the use of dFCS-medium altered neither cell
growth nor differentiation processes occurring spontaneously
in Caco-2 cells (22). The addition of GLN improved cell
proliferation and differentiation processes as evidenced by
the determination of AP activity as a marker of Caco-2 cell

on the GLN concentration used. Collectively, similar results
were obtained when cells were cultured in dFCS-medium
supplemented with 1 or 2 mM GLN or control medium without
GLN. In these cell culture conditions, we thought it of use to
study glutaminase expression since KGA and LGA are
present in colorectal cells, and to investigate if GLN can
modulate respective glutaminase expression. The three
isoforms namely KGA, CGA and LGA were present in Caco-2
cells (Fig. 2d) but their respective mRNA levels varied
according to GLN supplementation as compared to control
medium (Fig. 2a-c). There were however, no dramatic
alterations at the transcriptional level for each isoform and it
is likely that glutaminase mRNA transcripts stayed constant
upon culture delay even though KGA mRNA levels were
increased 2-fold when Caco-2 cells were grown in dFCS-
medium with 2 mM GLN (Fig. 2a). In brief, KGA expression
was low regardless of the culture conditions used (Fig. 2a
and d). CGA mRNA were abundant when cells were grown
in the control medium and decreased in a dose-dependent
manner when cells were cultured in dFCS-medium
supplemented with GLN (Fig. 2b and d). Finally, LGA was
mainly expressed in cells grown in dFCS-medium supple-
mented with I mM GLN whereas mRNA levels were quite
similar in the other culture conditions tested (Fig. 2c¢ and d).
Thus, our results suggested that GLN supplementation
accounted for the observed alteration of glutaminase isoform
mRNA levels.

Similarly, we quantified PPAR isotype mRNA content by
semi-quantitative RT-PCR (Fig. 3). Our results showed that
no major change was observed for PPARa or f mRNA levels
regardless of the cell culture conditions. PPARa mRNAs
increased between 5 and 15 days (<2-fold) whereas PPARB
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Figure 1. Impact of GLN supplementation on Caco-2 cell growth and
differentiation. (a) Caco-2 cells were grown for 5 days in a control medium
or a dFCS-medium in the absence (white) or in the presence of 1 mM
(hatched) or 2 mM (black) GLN. Cells were numbered with trypan blue.
Cell counts are expressed as a mean + SD (n=3). (b) Alkaline phosphatase
(AP) activities were determined in homogenates from 5 (white boxes), 10
(grey) or 15 day-old cells (black) grown in media containing GLN. (c) Total
glutaminase specific activities determination as described in (b) for AP.
Specific activities are expressed as mean + SD of three independent
experiments.

mRNA content was slightly modified. In contrast, PPARy
transcripts were 2-fold lower in cells grown with dFCS-medium
with or without GLN. In all cases, PPARy mRNA levels were
higher at 15 days as compared with those at 5 days. A 2- and
2.6-fold increase was obtained when cells were grown in
dFCS-medium containing 1 or 2 mM GLN, respectively. Our
results suggest therefore that the impact of GLN is closely
restricted to PPARYy isotype.

We investigated whether the PPARYy protein level was
modifiable in the presence of GLN and whether the receptor
content correlated with the mRNA level changes observed
with each cell medium. As shown in Fig. 4b, PPARYy levels
increased 2-fold upon culture delay when Caco-2 cells were
cultured in the control medium. In contrast, PPARy expression
was high at 5 days of culture and decreased thereafter with
the addition of 2 mM GLN in this medium (2.5-fold decrease)
or using dFCS-medium supplemented with 1 or 2 mM GLN
(2.7- and 1.6-fold decrease, respectively). Thus, our results
demonstrated that GLN supplementation reduced PPARYy
protein content and an inverse correlation can exist between
PPARy mRNA and protein levels. We postulated that these
changes may reflect modifications within the cells and
reduce PPARy binding capacity on PPRE. Thus, using
immunohistochemistry, we observed that PPARy was found
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Figure 2. Glutaminase mRNA levels in Caco-2 cells grown in the presence
of GLN. RT-PCR experiment was performed starting with 1 pg of total
RNA and specific primers respectively designed from KGA (a), CGA (b)
and LGA (c) gene. PCR products were resolved in a 2% (w/v) TBE agarose
gel and quantified. mRNA quantification was carried out with total RNA
extracted from cells grown during 5 (white) or 15 days (black) in media
containing GLN. The bar graphs represent the mean = SD of three
independent experiments. Significant differences at P-value <0.05 are
shown (ANOVA). (d) Glutaminase mRNA expression in Caco-2 cells. PCR
products were resolved in a 2% TBE agarose gel. Typical results obtained
after amplification was carried out with total RNA extracted from cells
grown in control medium during 15 days. GAPDH was used as an internal
control.

mainly in the cytoplasm of 5 (not shown) or 15 day-old
Caco-2 cells cultured in dFCS-medium with GLN (Fig. 5b
and d) whereas PPARy was mainly localised in the nuclei of
cells grown in the control medium (Fig. 5e) although positive
signals were also observed in the cytoplasm. Gel retardation
assays were performed with nuclei extracts prepared from
Caco-2 cultured in control medium or dFCS-medium
containing 2 mM GLN (Fig. 6). Using pan PPAR or PPARy
antibodies (23), supershift complexes were obtained demon-
strating that PPARy binds to consensus PPRE. However, when
nuclei extracts from cells cultured in medium containing GLN
were used, shift complexes were less abundant compared
with those prepared from control cells (Fig. 6).

Discussion

GLN is usually added to cell culture medium since this
amino acid is needed to facilitate the proliferation of tumour
cells in vitro (25). In the intestine and, to a lesser extent, in
the colon, GLN is an important nutriment for epithelial and
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Figure 3. PPAR transcript levels in Caco-2 cells grown in the presence of
GLN. RT-PCR experiment was performed starting with 1 pg of total RNA
and specific primers respectively designed from PPARa (a), PPARB (b) and
PPARYy (c) gene from cells grown during 5 (white) or 15 days (black) in
media containing GLN. The bar graphs represent the mean + SD of three
independent experiments. Significant differences at P-value <0.05 are
shown (ANOVA). (d) PPAR mRNA expression in Caco-2 cells. PCR
products were resolved in a 2% TBE agarose gel. Typical results obtained
after amplification was carried out with total RNA extracted from cells
grown in control medium during 15 days. GAPDH was used as an internal
control.

immune cells (34). Using colorectal cells as models, several
studies provide evidence that GLN supplementation
increases cell growth (17,18) and decreases protein marker
activities or levels associated to the differentiation process
usually observed in such cell lines (19). GLN has also an
antiapoptotic effect. For example, GLN depletion alone
induced apoptosis (35). GLN protected cells to heat shock-
induced apoptosis (36). Using HT29 cells, Evans et al (37)
demonstrated that TRAIL-induced apoptosis was inhibited
with GLN, at a dose of 0.5 mM which is in the range of GLN
concentrations found in human plasma. Herein, Caco-2 cells
adapted in GLN depleted medium had similar growth to
those grown in a control medium. We observed neither a
major change of the growth rate or in the alkaline phosphatase
activities compared to the cells grown in the control medium
(Fig. 1b). Enzyme activities were low compared to those
obtained with cells grown in GLN-enriched media, suggesting
that GLN at low concentration is needed for the differentiation
process of Caco-2 cells.
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Figure 4. PPARy protein content in Caco-2 cells grown in the presence of
GLN. (a) Protein homogenates were prepared from cells cultured during 5
(white), 10 (grey) or 15 days (black) in media containing GLN. Proteins
(25 pg) were submitted to Western blot analysis as described in Materials
and methods section. Data are from at least three independent experiments.
(b) Relative expression of PPARy content quantified from the blots
presented in (a) as described in the Materials and methods section.

We demonstrated that KGA/CGA and LGA are present in
HT29 cells. The mRNA levels of KGA and CGA remained
constant in Caco-2 cells during culture delay. In contrast,
LGA mRNA isoform decreased at a dose-dependent manner.
Our results extended previous studies in the field demon-
strating the presence of glutaminase isoforms in colorectal
cells (13). However, little information has been provided on
the expression of glutaminase in colon or intestine epithelial
cells or in colon cancer. Higher glutaminase activities were
found in human intestine than in colon tissues (38). In colonic
polyps, GLN content and glutaminase activities were lower
than in normal-paired tissues (39). Our results suggested that
the transcriptional levels of each isoform may be regulated
differently in the presence of GLN.

Recent studies outlined the role of either GLN or PPARy
and the possible link between PPARy expression and enteral
nutrition supplemented with GLN. These are involved in the
protection against inflammatory diseases or mucosa injury.
In the colon, particularly in ulcerative colitis, ligand-
activated PPARy reduced inflammatory gene expression in
epithelial and immune cells but this protective effect is also
though to occur independently of PPARYy activation (40-42).
Sido et al demonstrated a decrease in GLN content which is
associated with a loss of glutaminase activity in the ileum of
patients suffering from Crohn's disease (43). Using a rat model
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Figure 5. Immunodetection of PPARy within Caco-2 cells. Caco-2 cells
were grown during 15 days in dFCS-medium containing 1 (a and b) or 2 mM
(c and d) of GLN or in control medium (e and f). Cell layers were harvested
and embedded in paraffin. Thick sections (5 gm) were prepared for
immunohistochemistry using commercial anti PPARy rabbit polyclonal
antibodies and using the procedure described previously (2). Sections were
finally counterstained with hematoxylin/safran coloration (a, ¢ and e).
(Magnification x 400) PPARy immunostaining is indicated by arrows (in b,
d and f).

of gut ischemia/reperfusion, it was demonstrated that enteral
GLN has a protective effect against inflammation and injury
which are increased by arginine via the induction of inductible
nitric oxide synthase (44). This protective effect was abrogated
in the presence of GW 9662, an antagonist of PPARYy
activation. PPARYy protein content was increased with GLN
and decreased with arginine. In addition, PPARy has a
protective role against gut cyclooxygenase-2-induced
inflammation which is reverted by selective inhibitor NS-398
(45). We demonstrated herein that the addition of GLN
decreased PPARy expression in Caco-2 cells at the
transcriptional and protein levels (Figs. 3 and 4). In contrast,
we showed that PPARYy expression increased with spontaneous
differentiation of Caco-2 cells when cells are cultured in
control medium (Fig. 4). These results are similar to previous
data obtained in vitro (2, 3) or in vivo in human and rodent
(4,7,23). However, the addition of GLN in the medium
lowered PPARYy protein content but had no effect at mRNAs,
suggesting that GLN impact may involve the regulation of
receptor translation since PPARy protein achieved similar
levels when cells were grown in medium containing GLN
(Fig. 4). The mechanisms of PPARy regulation by GLN are
unknown to date. Sato er al (44) claimed that GLN may be a
ligand of PPARYy but further studies are needed to confirm
this hypothesis. As shown in Fig. 5, PPARy remained in the
cytoplasm when Caco-2 cells were cultured in GLN-
supplemented media and as a consequence PPARy binding to
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Figure 6. Electrophoretic mobility shift assays for PPARy isotype. Nuclear
protein extract were prepared from Caco-2 cells cultured in a control medium
(N-) or in a dFCS- medium containing 2 mM GLN (N+). Gel retardation
assays were carried out as described in the Materials and methods section.
Shift and supershift are represented by arrows (ns, non specific binding).

consensus PPRE was decreased (Fig. 6). A cytoplasmic
localisation of the receptor is associated with inactive PPARy
in several cancer samples (3,46-49). It is expected that GLN
inhibits receptor translocation to the nucleus by increasing
receptor phosphorylation which reduces PPARy independent
transactivation at the receptor A/B domain (50,51). Several
studies also indicated a possible link between the phos-
phorylation process and GLN. For example, Rhoads et al
(17,52) demonstrated in rat intestinal crypt cells that GLN
enhanced phosphorylation of target protein via MAPK kinase
independently of Raf and JNK kinase pathway activation.
This effect is associated with increasing cell proliferation. In
human colon adenocarcinoma WiDr and hepatoma cells,
phorbol esters inhibit the protein kinase C pathway reducing
GLN uptake and cell proliferation (53,54). Several
phosphorylation sites exist on PPARy domains and notably
for PKC (55). It is therefore likely that GLN may also modify
the phosphorylation process of PPARy.

Collectively, our results demonstrate that GLN-depleted
serum is useful when investigating the impact of GLN on
PPARYy expression. However, we demonstrated that in
differentiating Caco-2 cells, PPARy expression is modulated
differently depending on the GLN concentrations added to
the medium.
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