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Abstract

Ischemia/reperfusion of the small intestine can lead to metabolic and structural alterations in the mucosa. Cellular dysfunction
occurs when mitochondrial metabolism is compromised, which may ultimately lead to impaired organ function. The aims of this
study were to assess the suppression of cellular and mitochondrial oxidative metabolism and involvement of mitochondria in the
ischemia/reperfusion injury. The mitochondria were prepared from isolated enterocytes obtained from the small intestine of
anesthetized adult rats following different time periods of ischemia and ischemia followed by 5 min reperfusion. Cellular and
mitochondrial function were assessed using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) reduction as-
say. Ischemia of increasing time periods caused a progressive decrease in cellular and mitochondrial MTT reduction in enterocytes
and reperfusion showed further decrease of MTT formazan formation. Inclusion of 1 mM succinate, as respiratory substrate,
showed reversal of suppression of mitochondrial function in 30–60 min ischemia whereas 90 min ischemia or short time period
ischemia followed by 5 min reperfusion indicated an irreversible damage to mitochondria. This study indicated that mitochon-
dria are a sensitive target of damage due to oxygen deficiency and possibly due to sudden burst of oxygen free radicals. Mito-
chondria can withstand short periods of ischemia whereas long duration ischemia or reperfusion results in irreversible damage
to mitochondrial function. (Mol Cell Biochem 167: 81–87, 1997)
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Introduction

When blood flow to the intestine is decreased, mucosal le-
sions develop in the upper part of the villi and during
reperfusion, development of these lesions is rapid. Formation
of toxic oxygen metabolites has been suggested to play an
important role in the development of damage during ischemia/
reperfusion (I/R) injury [1, 2]. Studies have suggested that
the xanthine dehydrogenase (XD)\xanthine oxidase (XO)
system may be responsible for generation of oxygen free radi-
cals during I\R injury [3]. Our earlier studies using normal and
XO deficient animals suggested that during I\R injury to the
intestine, the invading phagocytes rather than XO form an im-
portant source of oxygen radicals [4]. Direct measurement has

shown free radical formation after feline intestinal I\R [5, 6].
Mitochondria is the power house of the cell and damage

to this organelle will result in decreased energy production
and ultimately to cell death. It is known that oxidative stress
affects mitochondrial matrix enzyme activity and cellular cal-
cium homeostasis [7–9]. Mitochondria isolated from brain
after 30 min ischemia showed significantly lower respiratory
rates and activities of mitochondrial membrane bound en-
zymes were also significantly reduced [10]. There is contro-
versy regarding the cellular ATP levels during I/R injury. A
drastic decrease in cellular ATP levels was associated with
ischemia induced cell injury and subsequent cell death [11,
12]. Another report showed that cell viability does not corre-
late well with decrease in cytosolic ATP levels [13].
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Cell viability can be measured based on the mitochondrial
reduction of the tetrazolium salt MTT (3-(4,5 Dimethylthiazol-
2-yl)-2,5 diphenyl tetrazolium bromide) to its formazan, which
can be quantitated spectrophotometrically. This assay has
been used as a measure of mitochondrial function since pres-
ence of succinate enhances the reduction of MTT to formazan
by the succinate tetrazolium reductase system of the mito-
chondria [14]. This has been used extensively as a colorimetric
assay for rapid assessment of cell viability [15].

In the present study enterocyte mitochondrial function was
assessed after different periods of ischemia and ischemia fol-
lowed by reperfusion using MTT reduction to its formazan in
the absence and presence of succinate, the mitochondrial
substrate for respiration.

Materials and methods

MTT [3-(4,5 dimethylthiazol-2-yl),2,5 diphenyl tetrazolium bro-
mide], MTT formazan, dimethyl sulfoxide (DMSO), bovine
serum albumin (BSA), p-nitrophenyl phosphate, succinate
(sodium salt), Pentobarbital, EDTA, EGTA and HEPES were
obtained from Sigma Chemical Co. Microtiter plates were sup-
plied by Sterlin, Middlesex (England). All other chemicals used
were of analytical grade.

Development of ischemia/reperfusion

Overnight fasted rats were anesthetized with sodium pento-
barbitone (50 mg/kg body weight). The small intestine was
isolated after midline abdominal incision and cannulated at
both ends using silastic tubing. The luminal contents were
removed by perfusion with normal saline and the superior
mesenteric artery (SMA) was exposed retroperitoneally. To
perform ischemia, the root of the SMA was occluded for dif-
ferent time periods namely 30, 60 and 90 min with a clamp and
released for 5 min for reperfusion. The SMA pulse assessed
visually through a magnifying glass was absent during
ischemia and returned in all rats after blood supply to the
intestine was established. The isolated intestinal loop was
returned to the abdominal cavity and the abdominal wall was
closed to minimize dehydration of the gut segment during
the course of the experiment. Control rats underwent the
same procedure without occlusion of SMA. Body tempera-
ture was maintained at 37°C with an overhead lamp. After
the corresponding time periods, the intestine was removed
and enterocytes were isolated.

Cell isolation

Enterocytes were isolated as described [16]. The cell suspen-
sion was centrifuged at 3000 rpm for 4 min and washed twice
with isolation medium (118 mM Nacl, 25mM NaHCO

3
, 4.7 mM

KCl, 1.18 mM KH
2
PO

4
, 1.9 mM MgSO

4
 pH 7.4) containing

0.25% BSA. Cell counts and viability were measured in the
presence of 0.2% Trypan blue using a hemocytometer.

Mitochondrial isolation

Enterocyte mitochondria were isolated as described [16] by
homogenizing the cells in 250 mM sucrose, 5 mM Hepes and
1 mM EGTA, adjusted to pH 7.4 with dilute KOH. The mito-
chondrial pellet was washed twice with 250 mM sucrose and
5 mM Hepes pH7.4 and suspended in the same solution.

Measurement of cell viability and mitochondrial function
using MTT

Cell viability and mitochondrial function were assessed by
MTT reduction using a microplate reader as described with
slight modification [15]. In a total volume of 150 µl in each
well, cell suspension corresponding to 1× 106 cells/ml were
taken, added 6 µl of 1.25 mM MTT and made upto the volume
with 25 mM phosphate buffered saline. MTT was dissolved
in PBS and filtered to remove small amount of insoluble resi-
due in some batches of MTT. Plates were incubated at 37°C
for 20 min followed by addition of 150 µl of DMSO and mixed
thoroughly to dissolve the formazan. The plates were read
on a multiwell scanning spectrophotometer (ELISA reader),
using a test wavelength of 570 nm and reference wavelength
of 630 nm. The amount of MTT formazan formed was calcu-
lated from the standard curve prepared using authentic MTT
formazan. Isolated mitochondrial function was also assessed
using the same method. Mitochondria corresponding to 10–
50 µgm protein were added in the incubation mixture described
above for cells and incubated. Since succinate is a respira-
tory substrate, formation of MTT formazan in presence and
absence of 1 mM succinate was tested using both cells and
isolated mitochondria.

Alkaline phosphatase activity of the cell homogenate pre-
pared from isolated enterocytes was measured as described
[17]. Protein was estimated using BSA as standard [18].

Statistical analysis

All values are reported as mean ± S.E. Mann Whitney U test
was used to determine the statistical significance and a p value
of < 0.05 was considered significant.
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Results

Figure 1 shows the viability of isolated enterocytes subjected
to different time periods of ischemia and ischemia followed
by 5 min reperfusion as judged by trypan blue exclusion. As
compared to control, ischemia for different time periods
showed decrease in cell viability and reperfusion further de-
creased the cell viability. Alkaline phosphatase activity was
measured in cell homogenates obtained from different time
periods of ischemia and ischemia followed by 5 min reper-
fusion. Ischemia alone for 30 or 60 min did not decrease the
activity significantly as compared to control, whereas 90 min
ischemia showed considerable decrease in enzyme activity
(Fig. 2). Ischemia followed by 5 min reperfusion showed sig-
nificant decrease in alkaline phosphatase activity.

Mitochondrial function can be assessed by the reduction
of the tetrazolium salt MTT, by a specific mitochondrial en-
zyme and a measure of the MTT reduction to its formazan
gives an index of cell viability and mitochondrial function.
Reduction of this dye is enhanced by the mitochondrial res-
piratory substrate, succinate. MTT reduction was assessed
in isolated enterocytes from animals subjected to intestinal
ischemia for various time periods and ischemia with 5 min
reperfusion in the absence and presence of succinate. As can
be seen in Fig. 3A, compared to control, different time peri-
ods of ischemia decreased the ability of the cell to reduce
MTT, but in the presence of succinate, this was regained by
enterocytes isolated after 30 and 60 min ischemia whereas with
90 min ischemia, this capacity to regain the reduction of MTT
was considerably reduced even in the presence of succinate.
On the other hand, as shown in Fig. 3B, ischemia of various
time periods followed by 5 min reperfusion considerably lost
the ability of the cells to reduced MTT even in presence suc-
cinate. Identical results were obtained using mitochondria
prepared from enterocytes isolated from these experimental
animals (Figs 4A and 4B). Figures 3B and 4B suggest that the
decrease in cell viability is likely due to a decrease in mito-
chondrial respiration.

Discussion

Intestinal ischemia is characterized histologically by a pro-
gressive loss of villus epithelial cells ultimately resulting in
total villus denudation and crypt cell damage [19]. Reperfusion
results in further epithelial cell damage primarily due to gen-
eration of oxygen free radicals [20, 21]. The pathophysiology
of intestinal I/R injury is not fully understood.

A prominent feature of cell damage caused by oxidative
stress is morphological and functional damage to mitochon-
dria [9, 21, 22]. To assess the functional integrity of isolated
enterocytes and mitochondria following I/R to the intestine,

reduction of a tetrazolium dye, MTT, to its coloured formazan
was used in this study. MTT is a useful compound for the
spectrophotometric determination of viable cells since MTT
reduction was thought to depend on the nucleus encoded
but mitochondrion located succinic dehydrogenase enzyme
[23]. It has been suggested that this is a specific assay for
mitochondrial function [14, 24], although one study has sug-
gested some reservation on this statement [23]. MTT is re-
duced in active mitochondria and using respiratory inhibitors,
it was shown that succinate dehydrogenase is involved in
succinate dependent MTT reduction [14, 23]. In the present
study, using MTT reduction in the presence and absence of
succinate, it was shown that intestinal ischemia caused a
suppression of both cellular and mitochondrial function and
the degree of dysfunction was related to the duration of the
ischemic insult. Functional recovery of the enterocytes in the
presence of succinate after ischemia of 30 or 60 min duration
was reversible whereas that caused by 90 min ischemia was
significantly irreversible. Ischemia of less duration (30 or 60
min) followed by 5 min reperfusion showed minimal recovery
even in the presence of succinate. A similar result was ob-
tained using mitochondria isolated from enterocytes obtained
from different periods of ischemia and ischemia followed by 5
min reperfusion. These data suggest that ischemia of 90 min
duration and ischemia followed by reperfusion may have
caused irreversible cellular and mitochondrial dysfunction.
The suppression of cellular and mitochondrial function of
enterocytes which is related to the ischemia duration seen in
this study is similar to that observed by others [25, 26]. The
MTT reduction assay used in this study correlated well with
the determination of cellular and mitochondrial respiration
rates determined polarographically using oxygen electrode
[25]. These authors studied only different time periods of
ischemia whereas in the present study ischemia of different
time followed by reperfusion was also studied. Our earlier
histological studies indicated morphological changes in gut
due to ischemia and reperfusion and the damage was more
severe after reperfusion. These results suggest that mucosal
damage occurs during I/R and free radicals generated by the
infiltrated neutrophils may play a role in this damaging proc-
ess [4, 27].

The cells are capable of withstanding ischemic insults and
remain viable possibly through modulation of metabolism [26]
and they try to resist the pathological changes [28, 29]. Pre-
vention of damage during ischemia of shorter duration (30 or
60 min) may be through regulation of metabolism but these
protective mechanisms may be overcome by longer duration
of ischemia (90 min) or short duration of ischemia (30 min)
followed by reperfusion which results in irreversible damage.
Our observation showed that this might have occured in the
90 min ischemia or 30 min ischemia followed with 5 min
reperfusion. Metabolic regulation may be an important factor
during short duration ischemia since supplementation with
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Fig. 1. Cell viability of isolated enterocytes after graded ischemia and I/R. Data represents mean ± S.E. of three separate experiments. *p < 0.05
versus enterocytes isolated from control.

Fig. 2. Alkaline phosphatase activity of enterocyte homogenates after graded ischemia and I/R. Data represents ± S.E. of three separate
experiments. *p < 0.05 versus activity of enterocytes isolated from control.
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succinate, one of the mitochondrial respiratory substrates could
reverse this effect. In this study a simple spectrophotometric
assay was used to assess the functional status of the cells.

Cell viability as judged by trypan blue exclusion was not
showing significant cell damage either in 90 min ischemia or
reperfusion as compared to the MTT assay. It may be that
the mitochondrial dysfunction occurs much prior to cell dam-
age and hence MTT reduction is affected earlier as compared
to trypan blue exclusion. It is likely that assessment of mito-
chondrial function gives an early indication of cell damage.

Intestinal alkaline phosphatase is a brush border membrane
enzyme [30] and its activity was considerably reduced dur-
ing 90 min ischemia and short time ischemia followed by
reperfusion whereas it was not much affected during 30 or 60

min ischemia. It has been shown that brush border alkaline
phosphatase is inactivated on exposure to free radicals [31]
in vitro and by free radical generation in vivo during ischemia
[32]. It is likely that free radicals generated during 90 min
ischemia or reperfusion may be responsible for the observed
decrease in alkaline phosphatase activity. It has been sug-
gested that alkaline phosphatase of the intestine is a specific
marker of reperfusion injury [32]. These studies demonstrate
that intestinal ischemia cause suppression of both cellular and
mitochondrial function and that the degree of dysfunction is
directly related to the duration of the ischemia and reperfusion.
MTT reduction is based on the mitochondrial respiration.

In conclusion, this study has shown that prolonged dura-
tion of ischemia or ischemia followed by reperfusion results

Fig. 3. MTT reduction by isolated enterocytes in presence and absence of 1 mM succinate after graded ischemia (A) and I/R (B). Data represents
mean ± S.E. of three separate experiments. *p < 0.05 versus that of enterocytes from control. #p < 0.05 versus that of enterocytes from control
in presence of 1 mM succinate.
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in irreversible cell damage to enterocytes through mitochon-
drial dysfunction whereas shorter duration of ischemia alone
is a reversible process. This was assessed by a simple spec-
trophotometric method involving MTT reduction by viable
cells and mitochondria in presence of a respiratory substrate.
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