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Abstract
Background and Aim: Glutamine is an important energy source for the intestinal epithe-
lium, and its supplementation protects intestinal epithelial cells by induction of glutathione.
However, mechanisms of glutathione induction in cells at various stages of differentiation
along the crypt to villus axis are not well understood. This study examined induction of
glutathione in response to glutamine along the intestinal villus–crypt axis and evaluated
regulatory mediators involved in the process.
Methods: Animals were administered 4% glutamine in feed for 7 days, following which
enterocytes at various stages of differentiation were isolated and glutathione levels and
signaling mediators involved in its regulation were studied.
Results: In control animals, glutathione levels were higher in the intestinal crypt than in the
villus or middle region. This was accompanied by elevated expression of the modifier
subunit of glutathione synthetase (GCLM) and the transcription factor Nrf2 when
compared with cells from the villus and middle regions. These levels were further enhanced
by glutamine throughout the intestine, although the effects were more dramatic in the crypt.
In parallel to glutathione induction, glutamine supplementation also altered actin dynamics
and proliferation in cells of the crypt.
Conclusions: These results suggest that the variation of glutathione levels along the villus–
crypt axis in the intestine is due to gradients in expression of mediators such as glutamate
cysteine ligase modifier subunit and Nrf2. The protective effects of glutamine supplemen-
tation seem to be most pronounced in the crypt, where it upregulates proliferation,
glutathione levels and alters actin dynamics.

Introduction

Glutamine is an important amino acid in the body and is a pre-
ferred energy source for intestinal epithelial cells. Under normal
conditions, it is the most abundant amino acid in circulation,
although its levels are also susceptible to rapid declines under
injury.1,2 Glutamine has been shown to have a number of
beneficial effects in various pathophysiological conditions. Oral
glutamine supplementation was found to protect brush border
membrane alterations in the small intestine3 and end organ
damage4 after surgical stress, where oxidative stress plays a role.5

Oral glutamine was also found to attenuate indomethacin-induced
small intestinal damage6 and gut injury in a bacterial overgrowth
model.7 One of the beneficial functions of glutamine supplementa-
tion is enhancement of glutathione (GSH), which is a potent
antioxidant whose synthesis can be regulated at various steps.

Glutathione is synthesized from the amino acids glutamic acid,
cysteine, and glycine by two steps catalyzed by glutamate cysteine
ligase and GSH synthetase. The major determinants of GSH

synthesis are the availability of cysteine, the sulfur amino acid
precursor, and the activity of the rate-limiting enzyme, glutamate
cysteine ligase (GCL).8 Regulation of GSH synthesis occurs at
the step catalyzed by GCL, whose modifier subunit (GCLM)
enhances catalytic efficiency of GCL.9 The transcription factor
Nrf 2, acting through the antioxidant response element (ARE) is
an important mediator of GCL activity, which can be induced by
a number of signals including oxidative stress. Nrf2 is usually
sequestered in the cytosol by its binding partner Keap 1 and moves
to the nucleus on stimulation.9 Keap-1 has been shown to be
associated with the actin cytoskeleton, which can influence Nrf2
translocation10 and alterations in the cytoskeleton can regulate cell
proliferation.11 Our earlier studies have shown that oral glutamine
enhanced GSH levels in the intestine and protected against
surgical stress-induced intestinal damage.4 However, intestinal
epithelial cells exist at various stages of differentiation along the
villus–crypt axis, and the mechanisms regulating GSH content in
these various cell types and their response to glutamine are not
well understood. In this study, we evaluated the effect of
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glutamine supplementation on GSH levels in intestinal epithelial
cells at various stages of differentiation and examine the molecular
mechanisms involved in this process.

Methods

Animals and glutamine treatment. Adult Wistar rats of
both the sexes (150–200 g), exposed to a daily 12 h light/dark
cycle and fed water and rat chow ad libitum were used. One group
served as controls, while the other was administered glutamine
(4%) mixed with rat chow for a 7-day period after which they were
sacrificed and the intestines removed. All experiments were
carried out with at least three biological replicates for both the
control and glutamine-treated groups. These experiments were
approved by the Institutional Animal Ethics Committee.

Isolation of cells at various stages of differentia-
tion along the villus–crypt axis. The small intestine
was washed with cold physiological saline containing 1mM
DTT and filled with solution A (1.5mM KCl, 96mM NaCl,
27mM sodium citrate, 8mM KH2PO4, and 5.6mM Na2HPO4

pH 7.3), clamped at both ends, and incubated at 37 °C for

15min. Following incubation, luminal contents were discarded,
and the intestine filled with solution B (phosphate-buffered saline
pH 7.3 containing 1.5mM EDTA and 0.5mM DTT). The intestine
was then incubated at 37 °C for different time periods of 4, 2, 2, 3,
4, 6, 7, 10, and 15min. At the end of each time period, the
incubated solution containing cells was collected in separate tubes.
All the nine fractions collected in this manner were centrifuged at
900 g for 10min, washed with Krebs–Hensleit buffer pH 7.4
containing 5mM glucose and 2.5mM calcium. The villus, middle,
and crypt cells were identified by assaying for alkaline phospha-
tase, a marker enzyme for differentiation. Cells from fractions
1–3, 4–6, and 7–9 were pooled as villus, middle, and crypt cells,
respectively.

Assay for alkaline phosphatase. Measurement of alka-
line phosphatase activity was carried out using p-nitrophenyl phos-
phate as substrate. The assay mixture consists of 0.05ml of 0.5M
Tris–HCl buffer (pH 9.0), 0.05ml of 5mM MgCl2, and 0.05ml of
5mM p-nitrophenyl phosphate, in a total volume of 0.5ml.
Reaction was started by the addition of cell homogenate and

Figure 1 Alkaline phosphatase activity (a) and Ki67 quantitation (b) in
intestinal epithelial cells at various stages of differentiation. Experiments
were carried out as detailed in the methods section. Values are mean
± SEM of at least three different animals.

Figure 2 Effect of glutamine feeding on glutathione levels (a) and
GCLMmRNA expression (b) in intestinal epithelial cells at various stages
of differentiation along the villus–crypt axis. Values are mean ± SEM of at
least three different animals (*P< 0.05 when compared with respective
control). Control; Glutamine
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incubation at 37°C for 15min. The reaction was then stopped by
addition of 2.5ml of 1N NaOH, and the color developed was read
at 405 nm. A standard curve was prepared using p-nitro phenol
(working standard of �1μmol/mL). One unit is defined as the
amount of enzyme required to produce 1μmol of p-nitophenol in
15min under the assay conditions.

Glutathione estimation. Glutathione levels were estimated
in intestinal villus to crypt axis as described earlier.12 Briefly,
50μL homogenate was mixed with 0.8mL of 0.4mM Tris-EDTA
pH8.9 and 20 μL of 10mM DTNB and absorbance read at 412 nm
after 5min in the dark at 25 °C. GSH was expressed as nmol/mg
protein based on absorbance of GSH standards

Immunofluorescence detection of Ki67, Nrf-2, and
Keap-1. Formalin-fixed control and glutamine-treated small
intestine tissue samples were paraffin embedded, and 4-μm
sections were cut. Slides were deparaffinized, and antigen retrieval
was performed (20min at 95 °C in 10mmol/L sodium citrate
buffer, pH 6). Slides were blocked with 1× universal blocking
buffer (Biogenex, Hyderabad, India) for 60min at room tempera-
ture. Slides were incubated with Keap1 (E-20) (1 : 100 dilution,
Santa Cruz Biotechnology, Dallas, TX, USA), Nrf2 (C-20)
(1 : 100 dilution, Santa Cruz Biotechnology) or Ki67 (1 : 500
dilution, Abcam, Cambridge, UK) overnight at 4 °C. The sections
were then incubated with secondary antibody for 1 h in the dark at
room temperature. The nuclei were stained with 4′, 6-Diamidino-
2-phenylindole dihydrochloride (DAPI) (1:1000 dilution, Sigma,
St. Lois, MO, USA). The immunostained sections were mounted
using Fluorogel with Tris Buffer (Electron Microscopy Sciences,
Hatfield, PA, USA) and visualized using a confocal microscope
(FluoView™ FV1000 Olympus, Shinjuku, Tokyo, Japan). The
number of cells positive for Nrf2 and Keap1 was quantified in
at least 25 crypt–villus axes per sample in three biological
replicates.

GCLM mRNA expression. Enterocyte total RNA was
extracted and converted to cDNA according to the methods recom-
mended by the manufacturer (RNeasy mini kit and Quantitect-
Reverse transcription kit- QIAGEN). Polymerase chain reaction
amplification was performed using previously described primer
sets for GCLM13 :- GCLM-Fwd 5′- CTGCTAAACTGTTCATT
GTAGG-3′; Rev 5′- CTATTGGGTTTTACCTGTG-3′. β-actin-
Fwd 5′-TCTTCCAGCCTTCCTTCCTG-3′; and Rev 5′-CA
CACAGAGTACTTGCGCTC-3′. Threshold cycle (Ct) values
obtained for GCLM were normalized to Ct of internal control gene
β-actin (ΔCt) and changed to the linear form using the formulae
2�ΔCt and expressed as 2�ΔCt as described earlier.14

Western blotting for β-actin. Twenty microgram aliquots
of villus, middle, and crypt fractions were separated by sodium
dodecylsulfate–polyacrylamide gel electrophoresis, blotted onto
polyvinylidene difluoride membrane, and probed with monoclonal
anti β-actin antibody (Sigma A5441). Following treatment with
horseradish peroxidase-linked antimouse secondary antibody,
membranes were developed by enhanced chemiluminescence
detection and band intensity quantified with Image J Software.

Measurement of actin reorganization. Filamentous
and unpolymerized actins were quantified by deoxyribonuclease
inhibition assay as described.15 Briefly, the isolated enterocytes
were lysed, and lysates were either treated with guanidine HCl
(monomeric actin plus filamentous actin) or not (monomeric actin
alone). The activity of deoxyribonuclease I was then assayed in the
presence of substrate DNA. Because the assay measures the ratio
of G to F actin, cell number or protein content would not interfere,
and the data are expressed as the ratio itself.

Statistical analysis. All values are represented as mean
± standard error of mean (SEM) of at least three to four different
animals. The Student’s t test was used to determine statistical sig-
nificance, where a value of P< 0.05 was considered significant.

Results

Glutamine supplementation augments glutathione
levels predominantly in the crypt. Initial experiments
were carried out to confirm that the metal chelation procedure
for intestinal epithelial cell isolation succeeded in isolating cells
at various stages of differentiation. Alkaline phosphatase (ALP)-
specific activity is high in differentiated villus cells and low in un-
differentiated crypt cells. Activity of alkaline phosphatase was

Figure 3 Immunofluorescent staining of Nrf2 and Keap 1 protein along
sections of the intestine in control and animals administered glutamine.
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used as a marker for cell differentiation in the villus, and as seen in
Figure 1a, cells from the initial fractions had higher specific
activity indicative of villus cells, while ALP activity dropped for
subsequent fractions with the 9th fraction having lowest activity
indicative of crypt cells. To reconfirm cell characteristics, cell

lysates were also probed with Ki67, a marker for proliferation
which should be elevated in proliferating crypt cells. As seen in
Figure 1b, cells from the middle and crypt fractions showed a
significant elevation of Ki67 staining. Fractions were also probed
with EpCAM as a marker of epithelial cells to confirm that the

Figure 4 Higher magnification images for immunofluorescent staining of Nrf2 and Keap 1 protein along sections of the intestine in control and ani-
mals administered glutamine (a) with quantitation of Nrf2 (b) and Keap 1 (c) immunofluorescence along the villus–crypt axis (d) (*P< 0.05 when com-
pared with respective control). Control; Glutamine
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elevation seen in crypts was not due to increased protein generally.
The lack of elevation in EpCAM staining along with increased
Ki67 staining confirms that the isolated cells were from the
expected intestinal crypt population.

Analysis of GSH levels in the various cells demonstrated that
GSH was significantly higher in cells of the middle and the crypt
when compared with the villus (Fig. 2a). Glutamine supplementa-
tion resulted in elevations in GSH in all cell fractions, increasing
by 1.28-fold, 1.37-fold, and 1.43-fold in the villus, middle, and
crypt fractions, respectively (Fig. 2a).

Expression of glutamine-cysteine ligase modifier
subunit shows a differential pattern along the
villus–crypt axis, which is further enhanced on glu-
tamine feeding. Glutathione is synthesized by the action of
GCL and GSH synthetase enzymes, which use glutamate, cyste-
ine, and glycine as substrates. To determine if the variation in
GSH levels along the villus–crypt axis and the glutamine-induced
elevation in the crypt cells were due to changes in expression of
synthetic enzyme, expression of the modified subunit of GCL
(GCLM) was next investigated along the villus–crypt axis in the
intestine. As seen in Figure 2b, expression of GCLM showed an
increasing trend from villus to crypt in control animals, being
minimal in villus and middle cells and increasing in cells of the
crypt. Glutamine supplementation enhanced GCLM expression
in all fractions, with highest elevations in the cells of the middle
and the crypt (Fig. 2b).

Nrf2–Keap1 expression varies along the villus–
crypt axis and alters significantly on glutamine
feeding. Control of GCLM expression is mediated by binding
of the transcription factor NF-E2 related factor 2 (Nrf2) to the
ARE element on the GCLM promoter, and Nrf2 translocation to
the nucleus is regulated by its interaction with its binding partner
Kelch-like ECH-associated protein 1 (Keap1). Examination of
these molecular mediators by immunofluorescence in intestinal
sections revealed differential expression of Nrf2 and Keap1 along
the crypt–villus axis in control animals (Fig. 3 and at higher mag-
nification in Fig. 4a). The crypt base directly in contact with the
basement membrane expressed the highest amount of cytosolic
Nrf2, which minimally co-localized with Keap1. In the upper crypt
and the middle cells, Nrf2 and Keap1 were both expressed in the
cytosol and completely co-localized, indicating that Keap1 retains
Nrf2 in cytosol and prevents its activation. The proteins were min-
imally expressed in the villus. On glutamine feeding, Nrf2 was no
longer retained in the cytosol and migrated to the nucleus in the
upper crypt and middle cells, probably contributing the increased
transcription of GCLM seen in these cell populations. Interest-
ingly, apart from these changes in localization, quantitation along
the villus to crypt axis (Fig. 4d) showed that glutamine feeding
also induced an increase of 60% and 10% of Nrf2 expressing cells
in the middle and the upper villi, respectively, when compared
with controls. This was accompanied by a 20% reduction in
Nrf2 expressing cells in the crypt (Fig. 4b). Similarly, treatment
with glutamine resulted in a 75% lowering of Keap1 expression
in the crypt with a 10% and 80% increase in the middle and the
upper villus regions, respectively, when compared with control
(Fig. 4c).

Glutamine feeding induces actin reorganization in
cells at different stages of differentiation along
the villus–crypt axis and enhances cell prolifera-
tion in the crypt. The actin cytoskeleton has a number of
important roles including modulation of Nrf2 translocation
through its interaction with Keap1 as well as in cellular prolifera-
tion. Further studies were then carried out to investigate if changes
in actin levels were evident after glutamine administration. As
seen in Figure 5a, total actin levels were highest in the villus
fraction, lower in the middle, and least in the crypt fraction from
control animals. Glutamine supplementation did not significantly
alter total actin levels in the villus, but resulted in a significant
decrease in the middle fraction and a slight elevation in the crypt
fraction. To evaluate these changes further, actin reorganization
was then evaluated in the various intestinal fractions. As seen in

Figure 5 (a) Representative western blot and quantitation of actin
levels along the villus to crypt axis in the intestine from control and
animals administered glutamine (C, control; G, glutamine) (*P< 0.05
when compared with respective control). (b) Actin reorganization along
the villus crypt axis in animals administered glutamine in comparison
with controls. Experiments were carried out as detailed in the methods
section. Values are mean ± SEM of at least three different animals.

Control; Glutamine
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Figure 5b, ratio of monomeric (G) and filamentous (F) actin varied
significantly along the villus to crypt axis, and again, glutamine
feeding altered this significantly only in the middle and crypt cells.
Because cytoskeleton changes can regulate cell proliferation and
these changes were seen in the proliferating crypt cells, the effect
of glutamine on proliferation was then examined. As seen in
Figure 6, glutamine supplementation resulted in a significant
enhancement of proliferation in the intestinal epithelium, which
was again confined to cells of the crypt.

Discussion
Glutamine is a preferred fuel for enterocytes, and glutamine supple-
mentation has shown protection against intestinal injury by

ischemia–reperfusion, bacterial overgrowth, or surgical stress.4,7,16

Glutamine administration has been shown to upregulate levels of
GSH in the intestine,17 and its potent antioxidant function could
play a role in glutamine-induced protection. However, unlike other
organs, the intestinal epithelium consists of cells at various stages
of differentiation along the villus–crypt axis, which respond
differently to stimuli such as surgical stress18 and are recog-
nized to have varying constitutive levels of GSH.19 Hence,
it is probable that all cells along the villus–crypt axis do
not respond equally to glutamine supplementation and this
study aimed to investigate the response of these various intes-
tinal cells to glutamine supplementation and evaluate mecha-
nisms behind regulation of GSH along the villus–crypt axis
in the intestine.

Figure 6 Immunofluorescent staining for the proliferation marker Ki67 in intestinal sections from controls and animals administered 4% glutamine for 7 days.
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Our data indicate that enterocytes from the middle and the crypt
regions have significantly higher constitutive GSH levels than the
villus as seen in earlier studies of the rat.19 Glutamine supplemen-
tation has been shown to improve 5-fluorouracil-induced damage
in the undifferentiated crypt intestinal cell line, IEC-6,20 and also
to protect against the decrease in crypt depth and villus height
induced by ischemia–reperfusion injury in the rat.16 Our data also
indicate that while the glutamine-induced elevation in GSH in vivo
does occur in all cell types, the effect seems to be more slightly
more pronounced in the crypts.
Glutathione is synthesized from the amino acids cysteine,

glycine, and glutamic acid by the action of GCL and GSH synthe-
tase.21 The rate-limiting step for synthesis is the step catalyzed by
GCL,22 which is a heterodimeric enzyme composed of catalytic
(GCLc) and regulatory (GCLm) subunits. Enhanced capacity for
GSH synthesis has been suggested to be dependent largely on in-
creased association of GCLc with its regulatory subunit,23 and this
seems to be the case in the intestine on glutamine administration,
because glutamine feeding resulted in the significant upregulation
of GCLm mRNA in all fractions of the intestine. Administration of
probiotics in an animal model of acute pancreatitis induced
intestinal barrier failure and showed enhanced mucosal GSH with
upregulation of mRNA expression of GCLc and GCLm subunits.24

One of the key transcription factors that regulate the expression
of the GCLm gene is Nrf2, via the ARE,21 and the mouse small
intestine has been shown to contain relatively large amounts of
Nrf 2, where it influences both constitutive and inducible
expression of intestinal antioxidant and detoxication proteins in a
gene-specific fashion.25 Subcellular localization and function of
Nrf 2 are influenced by its binding partner, Keap 1, which seques-
ters Nrf2 in the cytosol and prevents its activation.9 Stimuli such as
oxidative stress result in detachment of Nrf2 from Keap 1, its
translocation to the nucleus and transcription of target genes.9,26

Our data demonstrate a differential expression of Nrf2 along the
villus–crypt axis with levels being highest in the cytosol of the
crypt in controls, with significant colocalization with Keap1 in
the upper crypt and the middle cells. Glutamine administration
seems to induce Nrf2 translocation to the nucleus in these cells,
which could contribute to elevated GCLM mRNA levels seen in
those cell fractions. A recent study demonstrated that the protec-
tive effect of enteral glutamine against intestinal ischemia/
reperfusion was absent in peroxisome proliferator-activated recep-
tor gamma (PPARγ) null mice, suggesting a role for PPARγ in
glutamine-induced intestinal protection.27 This segues into a role
for Nrf2 in this process, because PPARγ expression is upregulated
by Nrf2 in the lungs,28 and Nrf2-regulated PPARγ expression is
critical to protection against acute lung injury in mice.29 Nrf2
and PPARγ have been suggested to act in concert against oxidative
injury in the organ.30

Glutamine has been shown to regulate the expression of several
genes including α-actin,31 and it has been suggested that organiza-
tion of intestinal epithelial cells into multicellular structures
requires laminin and functional actin microfilaments.32 Inhibition
of actin polymerization was found to stop migration in the small
intestinal epithelial crypt cell line IEC-6,33 and our data showed
that glutamine feeding also induced significant alterations in cyto-
skeletal dynamics in the intestine, with changes in actin levels and
alterations in the G to F transition, which was again more
prominent in the middle and crypt cells. Scaffolding of Keap1 to

the actin cytoskeleton controls the function of Nrf2 as key regula-
tor of cytoprotective phase 2 genes,10 and enteral glutamine has
been shown to preserve cytoskeletal integrity and maintain the
F :G actin ratio after mesenteric ischemia reperfusion in the
intestine.34 The intestinal crypt is the proliferating compartment
giving rise to all cells of the intestine, and glutamine administra-
tion seems to alter the actin cytoskeleton significantly in the crypt
cells. Mechanical signaling through the cytoskeleton has been
suggested to regulate cell proliferation,11 and our data also showed
that glutamine upregulated cell proliferation, and again, this was
restricted to the intestinal crypt.
In conclusion, the data presented here demonstrate that induc-

tion of GSH in the intestine on glutamine feeding is predominantly
seen in the proliferating cells of the crypt. This induction is
probably mediated by activation of the transcription factor Nrf2,
due to alterations in its binding protein Keap 1 and the actin
cytoskeleton in these cells.
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