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Abstract—The apoptotic process in the normal gastrointestinal mucosa is of interest due to its possible role in
physiological cell renewal. The aim of this study was to identify the apoptotic process in the monkey small intestine and
the association of glutathione level and its efflux in this process. Monkey small intestinal epithelial cells were separated
in to different fractions consisting of villus, middle and crypt cells. Apoptosis was identified by DNA ladder pattern and
Hoechst staining. The level of glutathione, its efflux and the enzymes involved in its metabolism were quantitated in
these fractions. Apoptotic cells were identified predominantly in the villus tip cell fractions by both DNA ladder pattern
and Hoechst dye staining. Glutathione level was 7 fold higher in the crypt cells as compared to villus tip cells the middle
cells showing a gradual decrease. A similar pattern was seen in mitochondrial content of glutathione. As the cells mature
from crypt to villus, there is increased efflux of GSH, which may be responsible for the decreased level of GSH in
apoptotic villus cells. In the monkey small intestine, apoptotic cells are seen in the villus tip fractions and the glutathione
level and its efflux may play a role in this process. © 1998 Elsevier Science Inc.
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INTRODUCTION

Intestinal epithelial cells have a high turnover and they
originate from the base of the crypt and migrate to the tip
of the villi where they are either engulfed by the phago-
cytes or exfoliated into the lumen [1]. The time taken for
this process varies with the species and it takes about 3
to 7 days. During the migration from crypt to villus, the
cells also undergo maturation and differentiation. Due to
the high turnover, it is likely that these cells may undergo
programmed cell death or apoptosis, which has been
established in various cells. Apoptosis is a form of cell
death that differs from necrosis by distinct morphologi-
cal and biochemical features, including chromatin con-
densation, plasma membrane blebbing, DNA fragmenta-
tion and finally the breakdown of the cell into smaller
units that in most tissues are phagocytised by nearby
cells [2,3]. Various workers have suggested the role of
apoptosis in the turnover of the epithelial cells in the

small intestine but there is controversy regarding the
localization of apoptotic cells [4,5]. There are evidences
supporting the apoptosis in the tip of the villi [6–8] and
certain work also point out the presence of apoptotic
cells in the crypt region [9–11]. Some evidences indicate
a role for apoptosis in the pathophysiology of the gas-
trointestinal tract. Infectious agents such as Shigella flex-
nari and Cholera toxin which are known to infect epi-
thelial cells in the intestine have been shown to induce
apoptosis in certain cell lines [12,13]. Chemotherapy and
radiation are known to induce apoptosis of the intestinal
epithelial cells [14]. Increased apoptosis has been ob-
served in ulcerative colitis and coeliac disease [15,16].

Various physiological as well as toxic compounds can
induce apoptosis. Oxygen free radicals have been shown
to induce apoptosis and antioxidants can offer protection
as has been shown in various cell types [17]. The redox
status of the cells can determine the process of apoptosis
and glutathione (GSH) is an important cellular thiol,
which maintains the redox status of the cell [18]. It has
been shown that a specific efflux of reduced GSH from
the cell occurs during apoptosis [19]. In the present
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study, we have looked at the apoptotic process in the
monkey small intestinal epithelial cells with special em-
phasis on the thiol status as well as efflux of GSH from
these cells during apoptosis.

MATERIALS AND METHODS

Bovine serum albumin, NADPH, glutathione (GSH,
GSSG), glutathione reductase, dithiotheritol (DTT),
EDTA, 1-fluoro-2,4 dinitrobenzene (FDNB), iodoacetic
acid, DNA molecular markers, agarose, ethidium bro-
mide, Hoechst-33258,g-glutamyl cysteine, ATP, cys-
teine, glutamate, pyruvate, lactate, NADH, RNase and
proteinase K were all obtained from Sigma Chemical Co.
USA. All other chemicals used were of analytical grade.

Isolation of enterocytes

The whole length of the small intestine from an over-
night fasted monkey (Maccaca radiata), was obtained
and washed gently with cold physiological saline con-
taining 1 mM DTT. Enterocytes of various stages of
maturation (villus to crypt cells) were isolated by the
metal chelation method as described [20]. Briefly, the
intestine was filled with solution A (1.5 mM KCl, 96 mM
NaCl, 27 mM sodium citrate, 8 mM KH2PO4 and 5.6
mM Na2HPO4 pH 7.3), clamped at both ends and incu-
bated at 37oC for 15 min. Following incubation, the
luminal contents of the intestine were discarded and the
intestine was filled with solution B (phosphate buffered
saline pH 7.2 containing 1.5 mM EDTA and 0.5 mM
DTT), and incubated at 37oC initially for 4 min and cells
were collected as the first fraction. The intestine was
again filled with solution B and incubated for a further 2
min and cells were collected. The procedure was re-
peated for further intervals of 2, 3, 4, 6, 7, 10 and 15 min.
These cell fractions were centrifuged at 9003 g for 5
min., washed with PBS and suspended in the same
buffer. These fractions were numbered 1 to 9, fraction 1
being villus tip cells, fraction 9 being crypt stem cells
and the middle fraction being at various stages of mat-
uration. Purity of the separated cells was checked by the
marker enzyme alkaline phosphatase [21].

Measurement of cell viability

Viability of isolated cells was assessed by trypan blue
exclusion and lactate dehydrogenase release in the me-
dium, using kinetic assay [22].

Measurement of apoptosis

Cells were evaluated for evidence of apoptosis by two
different methods. (a) Hoechst-33258 staining to identify

cellular morphological changes characteristic of apopto-
sis; and (b) Agarose gel electrophoresis of genomic DNA
to detect DNA fragmentation associated with apoptosis.

Hoechst-33258 staining

Cells obtained by fractionation were smeared on glass
slides and allowed to air dry. Ethanol, chloroform and
acetic acid mixture (6:3:1 v/v) was used as fixative. After
10 min exposure, cells were stained with Hoechst (100
mg/ml) for 10 min. Cells were examined under fluores-
cent microscopy using an UV filter. Apoptotic cells were
counted in different fields and expressed as percentage of
the total cells. For quantitation of apoptosis, apoptotic
bodies which showed intense fluorescence, marking
them as fragmented nuclei were only counted.

DNA fragmentation analysis

This was done as described [23] with slight modifi-
cation. Cells in various fractions were separately lysed in
0.5 ml of buffer consisting of 100 mM Tris HCl pH 8.0,
150 mM NaCl, 20mM EDTA and 0.8% SDS or 5%
Triton X-100. RNA was eliminated by the addition of 10
ml of RNase A (10 mg/ml) and digested for 1 h at 37oC.
Proteins were degraded by digestion with 10ml of
proteinase K (20 mg/ml) at 50oC for 2 h. DNA was then
purified by a single phenol extraction followed by etha-
nol precipitation after which the DNA pellet was redis-
solved in 20ml of TE buffer (10 mM Tris HCl pH 8.0
with 1 mM EDTA). DNA integrity was assessed by
electrophoresis using 2% agarose gels and staining with
ethidium bromide. DNA internucleosomal fragmentation
or laddering is indicative of apoptosis.

Isolation of mitochondria

Since the yield of isolated cells was not sufficient
enough for mitochondrial preparation, fractions 1 and 2,
3 and 4, 5 and 6, 7,8 and 9 indicated as I, II, III and IV
respectively were pooled and homogenized in ice cold
medium containing 250 mM sucrose, 5 mM Hepes, 1
mM EDTA and pH 7.4 with 0.01% BSA. Mitochondria
were isolated by differential centrifugation as described
[24]. Purity of the preparation was judged by the enrich-
ment of the marker enzyme, succinate dehydrogenase
[25].

Glutathione estimation

Glutathione in the acid supernatant was quantitated
using HPLC after derivatisation as described [26]. The
derivatisation procedure included reaction with iodoac-
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etate followed by chromophore derivatisation of primary
amines with FDNB. Dinitrophenyl derivatives were sep-
arated on a Ultrsil NH2 column using a gradient of
methanol and sodium acetate and detected at 365 nm.
Assay of protein-bound glutathione was done as de-
scribed earlier [27].

Glutathione efflux

Cellular efflux of GSH was measured by incubating
cells from various fractions separately with KH buffer
for 60 min. Following incubation, it was centrifuged at
10003 g to separate the suspension medium from cells.
Supernatant was then acid precipitated with 5% TCA and
the TCA supernatant were derivatised with FDNB and
GSH quantitated by HPLC. Following incubation, cell
viability was assessed by trypan blue exclusion and LDH
release in the suspension medium.

Enzyme assays

Enzyme activities were measured using cell homog-
enates prepared in PBS.g-glutamyl cysteine synthetase
(GCS) activity was assayed by the formation ofg-glu-
tamyl cysteine from glutamate and cysteine as measured
by HPLC. Incubation mixture contained 0.15 M Tris HCl
pH 8.2, 0.1M KCl, 10 mM ATP, 10 mM phosphoenol
pyruvate, 25 mM MgCl2, 0.2 mM EDTA, 10 mM L-
glutamate, 10 mM L-cysteine and 10 IU pyruvate kinase

[28]. The reaction was started by adding homogenate and
the reaction mixture was incubated at 37oC for 10 min.
At the end of incubation, reaction was arrested with 5%
TCA and the supernatant obtained after centrifugation
was derivatised with FDNB for HPLC separation as
described [26].g-glutamyl cysteine was quantitated by
comparison with the authentic standard. One unit of
enzyme is defined, as the amount required forming 1
nmole of g-glutamyl cysteine in one minute at 37oC.
g-glutamyl transpeptidase activity was assayed using L-
g-glutamyl-p-nitro anilide and glycylglycine as de-
scribed [29]. One unit of the enzyme activity is the
amount of enzyme that converts 1mmole of substrate at
25oC per min. The absorbance of 1mmole/ml of p-
nitroaniline at 405 nm in 1 ml with 10 mm light path is
10. Protein was estimated using BSA as standard [30].

Statistical analysis

Results are expressed as the mean6 SD of three
separate experiments.

RESULTS

Alkaline phosphatase activity was assayed as a
marker to verify the separation of villus tip and base
crypt cells and this activity was found to decrease with
increasing distance from the villus tip region (Fig. 1).
Cells in all the 9 fractions were tested for apoptosis.

Fig. 1. Alkaline phosphatase activity of different cell fractions from monkey small intestine. The data are expressed as the means6
SD from three different experiments.
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DNA fragmentation analysis showed extensive fragmen-
tation of genomic DNA in fractions 1 and 2 (villus tip
cells) and there was very little fragmentation in other cell
fractions (Fig. 2). These cells were also stained with
Hoechst dye, which showed extensive fragmentation of
nuclei in fractions 1 and 2 and very less in other fractions
(Fig. 3). Figure 4, shows the quantitation of apoptotic
cells counted after Hoechst dye staining expressed as the
percentage in various fractions. As can be seen, there are
more apoptotic cells in fractions 1 and 2 and these cells
are not significantly present in other fractions (fractions
5, 7 and 9).

Intracellular thiols and their redox status have been
implicated in the process of apoptosis. To show the
relation between cellular GSH content and susceptibility
of cells to undergo apoptosis, the GSH content of cells in
various fractions was measured. As shown in Table 1,
there was a gradual increase in the level of both GSH and
GSSG from villus to crypt cells (fractions 1 to 9). The
content of GSH was similar in fractions 1 and 2 and this
slightly increased in fractions 3 and 4. Fractions 8 and 9
comprising mainly crypt stem cells had nearly 7 times
more GSH as compared to fractions 1 and 2. Level of

mitochondrial GSH, GSSG and protein-bound GSH were
also measured in different fractions. Due to the low yield
of the cells, fractions were pooled as described in the
methods section to isolate mitochondria and the level of
thiols in the isolated mitochondria shown in Table 2. As
can be seen, level of mitochondrial GSH in villus cells
was nearly 7 fold less as compared to crypt cell mito-
condria. There was no significant change in the level of
protein bound GSH in these cells. Decreased level may
be due to either increased degradation or decreased syn-
thesis. GSH is degraded by g-glutamyl transpeptidase
(GGT) which is the first enzyme in its degradative path-
way and g-glutamyl cysteine synthetase (GCS) is one of
the enzymes involved in GSH synthesis. These two en-
zyme activities were measured in various cell fractions.
As shown in Fig. 5, the level of GGT was highest in
fraction 1 and the lowest level was found in fraction 9.
Although fractions 3 and 4 showed lower activity of
GGT as compared to fractions 1 and 2, the GSH level in
all these four fractions were not much different. This
suggests that the decreased level of GSH seen in villus
cells may not be solely due to increased degradation but
a role for this enzyme in degradation cannot be ruled out.
GCS activity was not much different between villus and
crypt fractions although a 1.5 fold increase in activity
was seen in crypt cells as compared to villus cells and it
is unlikely that increased synthesis could have contrib-
uted for high level of GSH in crypt cells.

The other possibility for the difference in the level of
GSH between crypt and villus cells may be due to
increased efflux of GSH in villus and middle cells as
compared to crypt cells. To test this, GSH efflux was
studied using cells from all the 9 fractions. GSH content
of the medium after incubating the cells from various
fractions for 60 min was quantitated. As shown in Fig. 6,
the GSH efflux was maximum in fraction 1 and a con-
siderable amount of efflux was also seen in fractions 2, 3
and 4 whereas fractions 5-9, showed much reduced level
of GSH efflux. As a control, the efflux of g-glytamyl
cysteine, an intermediate in GSH synthesis was also
studied and as can be seen from Fig. 6, there was no
difference in the efflux of this compound between crypt
and villus cells. The incubated medium GSH was not due
to cell death and breakage of cells since the cell viability
determined by trypan blue exclusion and LDH release at
the end of incubation were more or less similar in both
crypt and villus fractions (Table 3).

DISCUSSION

In this paper, we have shown that in the monkey small
intestine, apoptosis is seen in the villus tip cells. This is
associated with decreased level of GSH, which is possi-
bly due to an increased efflux of GSH from the cells.

Fig. 2. Evaluation of apoptosis using DNA laddering. Electrophoretic
pattern of DNA extracted from various cell fractions. Experimental
details are described in the text. First lane shows DNA molecular
weight markers (styl digest of lambda DNA), lanes 2-4 villus tip cells,
lanes 5 and 6-middle villus cells and lanes 7 and 8 crypt stem cells.
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Intracellular GSH has been shown to modulate apoptosis
[18,19,31–34], and a rapid and specific efflux of GSH
was seen during apoptosis [19]. Low level and increased
efflux of GSH in villus cells as compared to the crypt
cells and the identification of apoptotic cells by various
markers clearly indicate that in the intestinal epithelium,
GSH may play an important role in apoptosis and pos-
sibly in cell turnover. Sodium butyrate is known to
induce apoptosis in human colon carcinoma cells [35,36]
and our earlier work has shown that sodium butyrate
modulates cellular GSH level [37]. Thiols have been
shown to prevent Fas-mediated T-cell apoptosis by down
regulating membrane Fas expression [38]. A difference

in the level of GSH in crypt and villus cells in rat
intestine has been shown earlier [39] and an important
function for GSH in the intestinal epithelium has been
suggested [40]. GSH is essential for maintaining the
reducing capacity of cells and a loss of this capacity may
lead to apoptosis. It is likely that increased efflux of GSH
might give a signal for the cells to undergo apoptosis.
Since a minimum concentration of GSH is required for
normal mitochondrial function [41], depletion of cellular
GSH will also result in GSH depletion in mitochondria
and affect ATP production. Our earlier work has shown
that luminal presence of oxidants reduce the enterocyte
mitochondrial GSH level [27]. Mitocondrial GSH is not

Fig. 3. Morphology of apoptosis in monkey small intestinal epithelial cell fractions stained with fluorescence dye, Hoechst-33258. The
arrows indicate apoptotic cells. Experimental details are described in the text. A-fraction 1., B-fraction 2. (fraction 1 and 2 villus tip
cells), C-fraction 5. (villus middle cells), and D-fraction 9. (crypt stem cells).
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depleted by treatment with chemical agents such as BSO
[42] and it has been shown that BSO treatment does not
induce apoptosis [43]. It has also been shown that mito-
chondrial changes play an important role during early
apoptosis [44]. Opening of a large protein pore complex
results in mitochondrial permeability transition and this
leads to apoptosis [45]. Recent studies have indicated
that depletion of GSH precedes increase in mitochondrial
permeability transition [46]. In fact, we have observed
that GSH level in villus cell mitochondria is 1/7th of that
seen in crypt cell mitocondria. Hence efflux of cellular
GSH, depletes mitochondrial GSH also, which might
lead to apoptosis.

Intestinal epithelial cells have a high turnover when
compared to other tissues and apoptosis may be a mech-
anism by which this is achieved. Although there are
evidences supporting the apoptotic process in the villus
tip cells [3–8], few studies have also indicated apoptotic
cells in the crypt region [9–11]. The present study in the
monkey small intestine, supports the apoptotic process inFig. 4. Quantification of apoptotic cells in the monkey small intestinal

epithelial cell fractions after fluorescent Hoechst dye staining method.
Cells were counted, expressed as percentage apoptotic cells.

Table 1. Glutathione Content of Isolated Monkey Small Intestinal
Epithelial Cell Fractions

Fractions

(nmoles/mg protein)
Ratio of

GSH/GSSGGSH GSSG

1 3.236 0.35 0.2956 0.013 10.95
2 3.296 0.25 0.3226 0.011 10.22
3 3.996 0.36 0.3776 0.025 10.58
4 4.686 0.20 0.4056 0.012 11.58
5 4.876 0.12 0.4606 0.041 10.59
6 9.646 0.35 0.6706 0.050 14.39
7 12.426 0.77 0.7806 0.030 15.92
8 22.296 1.92 0.8806 0.020 25.33
9 23.876 2.19 0.9306 0.057 25.67

Each value represents mean6 SD of three separate estimations. The
method of cell fractionation and glutathione estimation are described in
the text.

Table 2. Mitochondrial Level of Glutathione and Protein Mixed
Glutathione in Isolated Monkey Intestinal Epithelial Cell Fractions

Fractions

(nmoles/mg protein)

GSH GSSG Pro-S-S-G

Pooled fractions
I (1 & 2) 0.0766 0.025 0.0366 0.004 0.1976 0.025
II (3 & 4) 0.1436 0.016 0.0726 0.002 0.1876 0.007
III (5 & 6) 0.249 6 0.041 0.1276 0.010 0.2516 0.021
IV (7, 8 & 9) 0.5046 0.068 0.1906 0.012 0.2476 0.021

Each value represents mean6 SD of three separate estimations. The
methods are described in the text.

Fig. 5. g-glutamyl transferase (A) and g-glutamyl cysteine synthetase
(B) activity in various cell fractions isolated from monkey small
intestine. The data are expressed as the means6 SD from three
different experiments.
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the villus tip cells. This was shown using naturally oc-
curring apoptotic cells from animals rather than inducing
apoptosis under various conditions. Studies on the ex-
pression of the Bcl-2 gene family have shown an in-
creased intestinal Bak expression resulting in the villus
cell apoptosis [47].

What is the physiological significance of apoptosis in
villus tip cells? Presence of apoptotic cells in the villus
tip might facilitate the engulfing of these cells by mac-
rophages as shown earlier [8]. In addition these cells can
be exfoliated into the lumen. In pathological conditions,
if the apoptotic process starts at an earlier level such as
in crypt region, apoptotic cells are formed even before
they reach the tip region, and this might result in removal
of these cells and flattening of villi as can be seen in
certain pathological conditions [16, 47]. Hence the nor-
mal process of apoptosis is very crucial for maintaining
a healthy and functional villus in the small intestine.
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