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NORMALLY THE GASTROINTESTINAL TRACT FUNCTIONS

to absorb nutrients and act as a barrier to exclude
luminal bacteria from the internal environment.
Under certain pathologic conditions this barrier is
adversely affected because of permeability changes
in the intestine. Such permeability changes can be
brought about by a variety of conditions such as
burn trauma or surgical stress. The gut has been
implicated in multiple organ failure syndrome
(MOFS),1 where bacterial translocation resulting
from a breakdown in intestinal barrier function is
said to be an etiologic factor. The intestine is sus-
ceptible to trauma at remote locations and studies
have shown that bilateral lower extremity ischemia-
reperfusion results in increased intestinal perme-
ability.2 Hemorrhagic shock has been found to
induce bacterial translocation from the gut,3 and
intestinal resection produces changes in gut barri-
er function and gene expression.4 A recent report

shows increased intestinal permeability in
cholestatic jaundice, which was reversible on inter-
nal biliary drainage.5 These various studies indi-
cate that the gut is highly susceptible to surgical
stress although the biochemical basis of this sus-
ceptibility is not well characterized. Biochemical
alterations in the enterocyte may be responsible
for the changes in permeability of the intestine.
This study was carried out to determine the struc-
tural and functional changes to enterocytes of the
small intestine during surgical stress in a rat
model, simulating intestinal handling that may
occur during the course of any abdominal surgery.

MATERIAL AND METHODS
Nicotinamide adenine dinucleotide (NAD), its

reduced form (NADH), 1-chloro-2,4-dinitroben-
zene, iodoacetate, reduced glutathione (GSH),
oxidized glutathione (GSSG), 1-fluoro 2,4 dinitro
benzene (FDNB), and xanthine were from Sigma
Chemical (St Louis, Mo). All other chemicals used
were of analytic grade.

Induction of surgical stress. For laparotomy,
rats fasted overnight were anesthetized by keta-
mine injection (50 mg/kg body weight) and the
abdominal wall was opened by a vertical incision of
approximately 4 cm. The intestine was gently han-
dled over its entire length while being raised from
the abdominal cavity. The intestine was then
replaced in the abdominal cavity; the whole
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process was completed within 1 to 2 minutes. After
this, the abdominal wall was sutured and the ani-
mals were allowed to recover from anesthesia. In
this model surgical stress was induced by opening
only the abdominal wall, without inflicting injury to
the intestine per se, which simulates intestinal han-
dling during abdominal surgery. The animals were
then killed by decapitation at 30 minutes, 60 min-
utes, 120 minutes, and 24 hours after the surgical
procedure. For control, rats were injected with ket-
amine and killed by decapitation; the abdominal
wall was not opened. The intestine from control
and surgically stressed rats was removed and ente-
rocytes were isolated.

Enterocyte isolation. Enterocytes were isolated
from the small intestine of the control and surgi-
cally stressed rats by the metal chelation method
described previously.6 Briefly, the intestine was
filled with buffer containing ethylenediaminetetra-
acetic acid (EDTA) and incubated at 37°C for 12
minutes. After incubation, enterocytes were isolat-
ed by placing the intestine in a plastic beaker on ice
and gently rubbing the intestine along the sides.
The isolated enterocytes were suspended in phos-
phate-buffered saline solution and homogenized,
and the homogenate was used for experiments.

Assay of xanthine oxidase and xanthine dehy-
drogenase activities. The spectrophotometric assay
to measure xanthine oxidase (XO) is based on the
production of uric acid, which is measured at 295
nm as described previously.7 The reaction mixture
contained 50 µmol/L xanthine, 100 µmol/L
EDTA, 50 mmol/L potassium phosphate buffer,
pH 7.8 (all final concentrations), and an aliquot of
the cell homogenate in a total volume of 1 mL. The
assay was carried out in the presence and absence
of 0.4 mmol/L NAD to assay XO + xanthine dehy-
drogenase (XDH) and XO alone, respectively.

Assay of catalase and other thiol-dependent
enzymes. Catalase activity was estimated by measur-
ing the change in absorbance at 240 nm with hydro-
gen peroxide used as substrate.8 The activity of glu-
tathione S-transferase was measured spectrophoto-
metrically with the substrate 1-chloro-2,4-dinitroben-
zene as described previously.9 Glutathione reductase
was assayed by measuring the disappearance of
reduced adenine nicotinamide dinucleotide phos-
phate (NADPH).10 Glutathione peroxidase was
determined by following the oxidation of NADPH at
340 nm with hydrogen peroxide.11

Glutathione estimation. Cell homogenate pro-
teins were precipitated with use of trichloroacetic
acid (5%), and glutathione in the acid supernatant
was quantitated with use of high-pressure liquid chro-
matography (HPLC) after derivatization as described

previsously.12 The derivatization procedure included
reaction with iodoacetate followed by chromophore
derivatization of primary amines with FDNB.
Dinitrophenyl derivatives were separated with use of
HPLC on an Ultrasil ammonia column (Shimadzu,
Kyoto, Japan) with a gradient of methanol and sodi-
um acetate and detected at 365 nm. The quantitation
was done with use of an integrator.

Protein was measured with the Folin phenol
reagent with bovine serum albumin as the stan-
dard.13

Conductance measurements. After animals were
killed, the intestine was removed and cut into seg-
ments and mounted on Ussing chambers (World
Precision Instruments, Sarasota, Fla). Chambers with
tissue were bathed in gas-lift reservoirs containing
regular Ringer’s solution (115 mmol/L sodium chlo-
ride, 2.4 mmol/L potassium monohydrate
orthophosphate, 0.4 mmol/L potassium dihydrate
orthophosphate, 25 mmol/L sodium bicarbonate,
1.2 mmol/L magnesium chloride, 1.2 mmol/L calci-
um chloride, and 10 mmol/l glucose, pH 7.4) main-
tained at 37°C by use of a circulating water bath. The
mucosal and serosal bathing solutions were connect-
ed by agar bridges to calomel electrodes and to a
DVC-1000 (WPI, Sarasota, Fla) voltage clamp appa-
ratus. For all studies tissues were kept voltage
clamped at a potential difference of 0 throughout
the study. After a 20-minute initial equilibration peri-
od measurements of transepithelial potential differ-
ence and short circuit current were made every 30
minutes. Conductance was calculated from the
potential difference and current by use of Ohms’ law.

Histologic studies. Mucosal tissue of control rats
obtained at various time periods after surgical
stress were fixed in 2.5% glutaraldehyde, postfixed
in osmium tetroxide, and embedded in araldite.
One-micrometer thick sections were cut and
stained with toluidine blue and examined under
the light microscope.

For ultrastructural study ultrathin sections were
cut on an Ultracut UCT ultramicrotome (Leica,
Heerbrigg, Switzerland) with a diamond knife
(Diatome, Biel, Switzerland), stained with uranyl
acetate and lead citrate, and examined with a
Philips EM201C electron microscope (Eindhoven,
the Netherlands).

Statistical analysis. Data are expressed as the
mean ± SD from 5 separate estimations. Statistical
analysis was performed with Student’s t test to com-
pare changes.

RESULTS
Surgical stress may result in increased produc-

tion of oxygen free radicals, such as the superoxide
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radical, and this can be produced in reactions cat-
alyzed by the enzyme XO.14 The XO form of the
enzyme is derived from XDH by oxidation of
sulfhydryl residues or by proteolytic activation.15,16

Activity of XO and XDH was assayed in the entero-
cytes after surgical stress and compared with activi-
ty in the control. XO activity showed an increase by
60 minutes after surgical stress and returned to the
control level by 24 hours. Concomitantly, the activ-
ity of XDH also decreased by 60 minutes and
returned to control levels by 24 hours (Fig 1).

A major defense mechanism against oxygen free
radicals is the antioxidant enzymes; the activity of
some of these enzymes was assayed in the entero-
cyte after surgical stress. As can be seen in Fig 2,
catalase activity was significantly decreased by 60
minutes and this recovered to the control level by
24 hours. A decrease was also seen in the activity of
glutathione-S-transferase. There was no significant

change in the activity of other enzymes tested. The
thiol redox status of the cell is an important indi-
cator of cellular oxidative stress, and the level of
GSH and GSSG were assayed in the enterocytes
from control and surgically stressed rats. It was
found that there was an increase in GSH level (Fig
3, A) starting at 30 minutes after stress and contin-
uing even at 24 hours after stress, whereas the
GSSG level (Fig 3, B) peaked at 60 minutes after
stress and then decreased.

Mucosal permeability can be assessed by conduc-
tance measurements, and these were done on the
control and surgically stressed rat small intestine. As
shown in Fig 4, the normal small intestine in
Ringer’s solution maintained a steady conductance
over the period of study. The small intestine after 30
minutes of surgical stress showed a significant
increase in conductance, and the conductance was
highest over a period of 2 hours compared with

Fig 1. Activity of XO and XDH enzymes after surgical stress. Assays were done as described in text.
Values are mean ± SD. Asterisk, P < .05 compared with control.
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other time periods. Recovery was observed after 120
minutes of surgical stress, and after 24 hours of
stress there was a significant lowering of conduc-
tance, almost reaching control levels.

To complement the studies on biochemical and
physiologic alterations, structural studies with his-
tologic examination were also conducted on the
small intestine of control and surgically stressed
rats. On light microscopic examination, rats sub-
jected to surgical stress did not show alteration of
crypt and villus architecture. There was mild widen-
ing of the intracellular spaces of the epithelium
covering the villi at 30 minutes, 60 minutes, 120
minutes, and 24 hours after stress. The crypt
epithelium and lamina propria appeared normal
(data not shown).

On ultrastructural examination (Fig 5), control
small intestinal mucosa appeared normal. In the
rats subjected to surgical stress, the epithelial cells
over the tips of the villi showed widening of inter-
cellular spaces that was more prominent between

the basal parts of adjacent cells. Apical tight junc-
tions were unaltered. The widening of intercellular
spaces was most prominent at 30 and 60 minutes
after surgical stress and continued to be present at
120 minutes. Only minimal widening was seen at 24
hours; this was extremely focal. Another character-
istic feature of the surgically stressed intestine was
the presence of occasional myelin figures seen in
the dilated intercellular spaces (Fig 6).

DISCUSSION
It is known that surgery can result in altered

intestinal function. Gastrointestinal surgery results
in profound endocrine and metabolic changes,
organ dysfunction, immunosuppression, decreased
resistance to infection, and fatigue and the main
pathogenic mechanism has been suggested to be
the surgical stress response.17 Surgery can also lead
to increased intestinal permeability, which some-
times results in bacterial translocation from the
lumen of the gut into the systemic circulation, lead-

Fig 2. Activity of catalase and glutathione-dependent enzymes after surgical stress. Assays were done as
described in text. Values are mean ± SD. Asterisk, P < .05 compared with control.
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ing to sepsis.18 It has been suggested that the intes-
tine is the “motor” for surgical stress–induced trau-
ma and the multiple-organ failure syndrome.18 It
has also been suggested that surgical stress is asso-
ciated with the microvascular perfusion failure,
which leads to altered intestinal function.19

Surgical stress may also disturb immunologic func-
tion by altering cell traffic selectively, with
increased gamma delta T-cell homing in intestinal
Peyer’s patches and lymph nodes and with the cell
displacement from peripheral blood to lymphatic
organs.20 Studies have also demonstrated a shift in
the type 1 and type 2 T-helper cell balance toward
type 2, suggesting that cell-mediated immunity is
down-regulated and antibody-mediated immunity
is up-regulated after surgery.21 Septic shock and
surgical stress can also result in release of various
bioactive compounds such as cytokines and gluco-
corticoids,22,23 which may modulate intestinal func-
tion. Serum interleukin-6 levels were found to

increase markedly just after operation, reaching
the maximum by postoperative day 1,24 and poly-
morphonuclear leukocyte elastase levels also rose
significantly on post operative day 1 after alimenta-
ry surgery.25 Not much information is available on
the biochemical mechanisms contributing to
altered intestinal function and permeability during
surgical stress. In the current study we looked at
the biochemical, functional, and histologic alter-
ations in the intestine during surgical stress. We
have developed a simple model of surgical stress in
which only the abdominal wall is opened and the
intestine handled gently to simulate intestinal han-
dling during any abdominal surgery to reach the
organs below.

Oxidative stress has been suggested as a possible
factor involved in surgical stress, hemorrhage-
induced trauma, and sepsis. Free radical–induced
damage has been indicated in surgical stress,26 and
serum lipid peroxide levels were seen to increase as

Fig 3. Level of GSH and GSSG after surgical stress in rat small intestine. GSH (A) and GSSG (B) levels
were measured at various time periods after stress. Assays were done as described in text. Values are
mean ± SD. Asterisk, P < .05 compared with control.
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a result of surgery.27 Yokota et al28 have shown that
granulocyte colony-stimulating factor (G-CSF) lev-
els are increased significantly in the immediate
postoperative period and this is most likely associ-
ated with the degree of surgical stress. G-CSF was
also found to enhance polymorphonuclear neu-
trophil (PMN) superoxide anion generation, thus
acting as one of the mediators that activate PMN
function postoperatively. It has been suggested that
phagocytic PMN function, in terms of oxygen-
dependent microbicidal activity, significantly
increases postoperatively in severe surgical stress,
in part on the basis of the up-regulation of cell sur-
face complement receptor.29 Another study found
that macrophage function was considerably altered

in trauma and that by the 7th day of trauma there
was increased production of hydrogen peroxide, a
measure of oxygen radical generation.30 Yassin et
al,31 in a recent study, showed that reperfusion of
acutely ischemic extremities produces structural
and functional changes in the small intestine,
although the changes were not associated with
increased neutrophil infiltration of the bowel wall.
Infusion of antioxidants such as ascorbic acid was
found to significantly suppress the increased capil-
lary permeability after burn injury,32 and radical
scavengers such as EPC-K1 were able to reverse
liver metastasis induced by surgical stress.33 Studies
on oxidative stress in bloodless limb surgery have
shown that ischemia induced a significant increase

Fig 4. Time course transepithelial conductance measurement in small intestine of rats subjected to sur-
gical stress. Measurement was done as described in text. The x axis indicates time after mounting on
Ussing chamber. Solid diamonds, Control; solid squares, 30 minutes; solid triangles, 60 minutes; solid circles,
120 minutes; star, 24 hours.
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in plasma hypoxanthine concentration and XO
activity both in the operated leg and the systemic
circulation and that at 20 minutes after reperfusion
XO accounted for all xanthine oxidoreductase
activity in the systemic circulation.34 Studies by
Deitch et al3 have shown that hemorrhagic
shock–induced bacterial translocation is reduced
by XO inhibition or inactivation. These studies
indicate that surgical stress is capable of inducing
oxidative damage, probably mediated by the

Fig 5. Small intestinal villus epithelium of rats subjected to
surgical stress showing normal appearance in controls (A)
and at 24 hours after laparotomy (E). Widened intercellu-
lar spaces (asterisk) were seen at 30 minutes, 60 minutes,
and 120 minutes (B, C, and D, respectively) after surgical
stress. (Original magnification ×30,000.)



their toxins may enter the host from the intestinal
lumen.42 It has been shown that 4 hours of bilater-
al lower limb ischemia followed by reperfusion
results in enhanced intestinal mucosal permeabili-
ty to carbon 14–labeled EDTA.2 In rats, bacterial
translocation was found to increase after intestinal
resection, and there was also change in gene
expression.4 Bacterial translocation has also been
implicated in the MOFS,1,18 and a recent study
indicates that late MOFS may be caused primarily
by bacterial translocation, inducing an imbalance
between proinflammatory and anti-inflammatory
cytokines.43 The intestinal epithelial barrier func-
tion after stress can be detected by measuring the
electrophysiological profile of the stressed tissue.44

Studies have shown a close correlation between the
recovery of morphologic integrity and that of elec-
trical parameters.44 The conductivity studies indi-
cate an increase in permeability of the small intes-
tine beginning 30 minutes after surgical stress and
continuing until 120 minutes after stress. By 24
hours the conductance tends to return to the nor-
mal value. The electron micrographs also indicate
increased intercellular spaces by 30 minutes that
persist until 120 minutes and decrease by 24 hours.
This confirms our conductance measurements,
and the widened intercellular spaces suggest
increased fluid movement between the epithelial
cells. This widening of intercellular spaces could

Surgery Anup et al   567
Volume 125, Number 5

XO/XDH enzymes. In this study also there is an
increase in the XO level and the ratio of XO/X(O
+ D). Because XO is derived from XDH and is capa-
ble of generating reactive oxygen species,35 activa-
tion of this enzyme could result in oxidative stress.
We also found that the activation of XO is transient
because the activity of XO as well as the ratio of
XO/X(O + D) returned to control levels by 24
hours. The main cellular defenses against oxygen
free radicals are the antioxidant enzymes. There
was a significant decrease in the level of catalase
activity and this decrease, like the increase in XO
activity, was a transient phenomenon, the level of
catalase returning to normal by 24 hours. Thus it is
probable that the increased activity of XO coupled
with decreased catalase activity may contribute to
the development of oxidative stress in the intestine
by 60 minutes after surgical stress.

The glutathione redox system is an important
backup system for protection against oxidative
stress, and the level of reduced glutathione is nor-
mally maintained by a redox system involving
GSSG reductase and NADPH.36 The ratio of oxi-
dized/reduced glutathione (GSSG/GSH) is a sen-
sitive marker of in vivo oxidative stress.37,38 Studies
by Luo et al39 have shown that skeletal muscle glu-
tathione levels (both reduced and total glu-
tathione) were decreased by 40% at 24 hours and
remained low at 48 hours after operation com-
pared with preoperative levels. They conclude that
skeletal muscle glutathione deficiency occurs after
surgical trauma, which may lead to an increased
susceptibility to intracellular oxidative injury.
Studies have also shown a protective effect of large
doses of GSH against endotoxin or traumatic shock
in rats.40 We found in this study that the enterocyte
GSH level was increased beginning at 30 minutes
and continued to show an increase even at 24
hours, whereas the GSSG level peaked at 60 min-
utes and then decreased at 24 hours. Our earlier
studies have indicated that luminal exposure of the
intestine to oxidants altered the thiol redox status
in the intestinal mucosa and increased the GSSG
levels, whereas the GSH level remained the same or
increased slightly. The results indicated that oxi-
dant exposure stimulates uptake of GSH from the
circulation to maintain mucosal GSH.41 This may
explain the increased GSH level seen at 120 min-
utes and 24 hours in the current study. Thus this
study indicates that surgical stress is associated with
oxidative stress in enterocytes, which leads to a
change in thiol redox status, and that this oxidative
stress is probably reversed by 24 hours.

Surgical stress is associated with a breakdown of
barrier function in the gut, and both bacteria and

Fig 6. Widened intercellular spaces in villus epithelium of
rat 60 minutes after being subjected to surgical stress.
Myelin figures (original magnification ×40,500) (arrow)
are seen in some of the widened spaces.
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explain the bacterial translocation seen in various
studies.3,4 Another morphologic indication of
reversible injury is the presence of myelin figures in
the intercellular spaces after surgical stress. Myelin
figures are derived from plasma as well as organel-
lar membranes and are thought to result from dis-
sociation of lipoproteins, with unmasking of the
phosphatide groups, promoting the uptake and
intercalation of water between lamellar stacks of
membranes.45 Myelin figures have been found to
occur earlier as a result of oxidant stress,46 and
their presence supports the other findings of
reversible oxidative stress during surgical stress.

In conclusion, this study indicates that the rat
small intestine is highly susceptible to injury during
surgery. Mild handling of the intestine by itself is
capable of inducing oxidative stress in the entero-
cyte, which leads to increased permeability of the
intestine, probably because of widening of the
intercellular spaces. The damage is maximum at 1
hour after surgery and the tissue recovers by 24
hours after surgical stress. The reversibility may be
a result of the minimum time taken for the surgical
procedure and it is likely that in major abdominal
surgeries the time taken may be much longer so
that the structural and functional alterations in the
intestine may be more extensive and sometimes
irreversible.
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