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Surgery on any part of the body results in a wide
spectrum of alterations in normal body homeostasis.
The gastrointestinal tract is extremely sensitive to sur-
gical stress, even at remote locations. It is now evident
that the G.I. tract also plays an important role in devel-
opment of postoperative complications, such as the sys-
temic immune response syndrome and multiple organ
failure syndrome. The amount of information available
on the cellular and subcellular changes occurring in the
gastrointestinal tract after surgical stress is scant. These
changes are important since they would act as initiators
of tissue damage seen at a later stage, which in turn lead
to postoperative complications. This review looks at the
information available on the effect of surgical stress on
the small intestine, the role of oxygen free radicals in
this process, and the changes occurring at the cellular
level. © 2000 Academic Press
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INTRODUCTION

Sepsis, the systemic immune response syndrome
(SIRS), and multiorgan failure syndrome (MOFS) are
major causes of mortality in the intensive care unit.
These conditions present a gradation of severity of
illness [1] and with severe infection, a septic cascade is
initiated which leads to septic shock, SIRS, and MOFS
[2]. In recent years, the gastrointestinal tract has as-
sumed great importance in the development of postop-
erative complications such as sepsis and this organ
may play a role in initiation of these conditions. The
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small intestine and colon make important contribu-
tions to the maintenance of the hypermetabolism in
sepsis, SIRS, and MOFS [3], mainly due to changes in
mucosal structure and function that promote loss of
intestinal barrier function.

THE GASTROINTESTINAL TRACT
IN SURGICAL STRESS

The gastrointestinal mucosa forms a primary barrier
between the internal milieu of the body and the outside
environment in the lumen of the gut. It is responsible
for the digestion and absorption of nutrients as well as
the exclusion of foreign substances. Apart from these,
the intestine also takes part in other basic homeostatic
processes, such as maintenance of normal blood potas-
sium concentrations, acid–base balance, and normal
plasma volume.

Role of the Gut Barrier Function in Sepsis and
Surgical Stress

The gastrointestinal tract is normally inhabited by a
large collection of microbial species and has a high
concentration of endotoxin [4]. The gut is equipped
with efficient defense mechanisms to protect the host
from being invaded by their own flora or their toxins.
These include an ecological balance of intestinal micro-
flora that prevents overgrowth and translocation of
any particular species and the physical barrier com-
posed of the intact intestinal mucosa [5]. In addition to
these, immune defenses and other factors provide ad-
ditional levels of protection (Fig. 1).

This gut barrier can be adversely affected under a

number of pathological conditions, including burn
trauma, hemorrhagic shock, and surgical stress. Alter-
ation in intestinal permeability has been reported fol-
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lowing major vascular surgery [6] and has been attrib-
uted to a generalized permeability damage, termed
“whole body inflammation” [7]. The gut has been sug-
gested to be a port of entry for bacteria after intestinal
mucosal injury and endotoxin challenge [8], the in-
creased gut permeability resulting in luminal bacteria
and endotoxin reaching the portal and systemic circu-
lation [9]. The translocation process involves the initial
attachment of the microbe to the gut wall, which by
itself can elicit production of cytokines and initiate the
subsequent inflammatory response. Once intact organ-
isms penetrate the mucosa, they may be transported to
distal organs or even the systemic circulation [10] and
this has been shown to occur in various patient popu-
lations, ranging from the mildly to the critically ill [11].

Role of the Gut in the Systemic Immune Response
Syndrome and Multiple Organ Failure

Initial recognition of the MOF syndrome began with
a report by Tilney et al. in 1973 [12] describing the
postoperative course of a group of patients with rup-
tured aortic aneurysms. Later, in 1977, Eiseman et al.
[13] coined the term “multiple organ failure” to de-
scribe this syndrome. In the early 1990s, MOFS was

FIG. 1. Components of the gut barrier. The normal ecological
alance of microflora in the gut lumen along with gastric acidity and
he pancreatic enzymes help to prevent translocation of luminal
acteria across the intestine. Continuous movement of luminal con-
ents due to bowel motility prevent bacterial overgrowth and me-
hanical defenses, such as an intact intestinal mucosa, provide fur-
her protection. In case microorganisms manage to surpass these
efenses, they can still be neutralized by the gut-associated lym-
hoid tissue, serum IgG, and Kupffer cells in the liver.
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interpreted as a severe derangement of the systemic
inflammatory response syndrome (SIRS) [14] that de-
velops as a result of a variety of clinical insults [15].
Until recently it was generally accepted that MOFS was
a complication of uncontrolled infection or a manifesta-
tion of an occult septic focus, but it is now clear that
MOFS can also develop in the absence of infection [16].

The development of sepsis syndrome and MOFS in
patients after trauma, major surgery, or critical illness in
the absence of an identifiable focus of infection has led to
the hypothesis that microorganisms from the intestinal
lumen may be the source of bacteria and that endotoxin is
involved in the pathogenesis and pathophysiology of
these syndromes [17]. Intestine-derived bacteria and en-
dotoxin can induce cytokine production and activation of
the endothelium, similar to bacteria derived from an in-
fective focus. Consequently, the gut may act as a reser-
voir of triggering compounds that initiate and perpetuate
the systemic inflammatory response, ultimately leading
to MOF [18]. The gut was thus suggested to be the “mo-
tor” for multiorgan failure [19].

Role of Gut Ischemia in Sepsis, SIRS, and MOFS

The sequential nature of the clinical scenario of se-
vere hemorrhagic shock, sepsis, and MOFS has led to
the idea of a “two-hit” theory for the development of
MOFS [20] in which the microvascular blood flow plays
an important role. In severe sepsis, the ability of tis-
sues to extract oxygen from the blood is impaired [21]
and abnormal vasoregulation may result in mismatch-
ing of oxygen delivery to consumption, so that some
tissue beds remain hypoxic while venous oxygen con-
tent remains high [22]. Splanchnic ischemia and gut
barrier failure play an important role in the develop-
ment of both sepsis and MOFS [23, 24] and this de-
rangement of intestinal permeability is detectable
prior to the onset of the syndrome [25]. Splanchnic
hypoperfusion due to decreased postoperative cardiac
output is also an important factor in developing acute
respiratory distress syndrome after cardiac surgery
[26]. Acute pancreatitis also produces a severe reduc-
tion of intestinal microcirculation, which damages in-
testinal barrier function. This can cause bacterial
translocation, leading to secondary pancreatic infec-
tion after lymphatic and systemic bacterial dissemina-
tion [27]. Recently it was shown that an initial episode
of ischemia/reperfusion causes an adaptive response,
which protects the intestine against subsequent insult,
and this protection is associated with increased mucus
production [28]. Thus, hypoxia, followed by change in
intestinal barrier function and activation of cytokine
cascades, generates a vicious cycle of increased perme-
ability leading to toxic mediator release, resulting in a
further increase in gut permeability (Fig. 2). Addition-
ally, the systemic and local inflammatory cells that
become activated in the gut contribute to the systemic
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response characteristic of the sepsis syndrome and
MOF. Thus even if the immune inflammatory system
rather than the gut is the motor of the MOF, the gut
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remains one of the major pistons that turns the
motor [29].

Cytokines and the G.I. Tract in Surgical Stress

The gut is a significant TNF producing organ [30]
and is capable of producing cytokines in response to an
inflammatory stimulus, even in the absence of portal or
systemic spread of bacteria [31]. The increased serum
TNF-a in surgical stress has been shown to be critically
involved in the enhanced pulmonary metastasis of
mouse melanoma [32] and TNF gene expression in the
intestine can be upregulated by administering endo-
toxin or platelet activating factor [33]. Intestinal
ischemia/reperfusion upon hemorrhage and resuscita-
tion may be a major trigger for cytokine gene expres-
sion, even in the absence of endotoxin [34]. Serum TNF
and II-6 were also increased after zymogen challenge
and IL-6 may induce the production of acute phase
proteins in vivo [35].

Enterocytes are also known to produce IL-6 under
normal conditions [36]. However, following endotoxin
stimulation there can be increased production [37] and
hemorrhagic shock increases IL-6 gene expression [38].
IL-6 and IL-8 were found increased after surgery [39]
and this significantly correlated with operating time
[40]. IL-8 might activate granulocytes in the peritoneal
cavity after elective abdominal surgery [40] and
plasma IL-8 and neutrophil LTB4 generation were in-
creased 6 h after operation, regardless of the extent of

FIG. 2. The cycle of events mediated by increased intestinal
permeability. An increase in intestinal permeability would result in
translocation of bacteria from the gut lumen. This stimulates in-
creased cytokine secretion by macrophages, which in turn activates
neutrophil proteases and induces release of oxidants. These activate
the complement and coagulation cascade, which, along with the
endothelial cell, affects the microcirculation. This results in de-
creased oxygen delivery to the gut, aggravating the increase in
intestinal permeability.
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surgery [41]. LTB4 production by neutrophils has also
been reported prior to the onset of the acute respiratory
distress syndrome (ARDS) [42].
FREE RADICAL GENERATION IN THE
GASTROINTESTINAL TRACT

In the gastrointestinal tract, free radicals can be
produced both in the mucosa and in the lumen. A main
source in the mucosa is the enzyme xanthine oxi-
doreductase (XOR), which is a protein of 300,000 Da,
with two subunits containing one molybdopterin, two
Fe2S2 centers, and a flavin adenine dinucleotide [43].

he dehydrogenase form catalyses the conversion of
anthine and water to uric acid, using nicotinamide
denine dinucleotide as a cofactor. During ischemia,
DH is converted to XO either reversibly by oxidation
f free sulfydryl groups [44] or irreversibly through
roteolysis [45] (Fig. 3). XO catalyzes the conversion of
ypoxanthine to uric acid, similarly to XDH, but using
olecular oxygen instead of NAD, generating superox-

de radicals [46]. Studies have also shown that xanthine
xidase also produces micromolar levels of hydrogen per-
xide from substrates present in the plasma [47].
Xanthine oxidoreductase has been implicated as a

ource of free radicals in a large number of human
iseases, especially in ischemia–reperfusion injury.
owever, considerable interspecies variability exists in

he tissue-specific expression of XOR. For example,
OR activity in heart has been reported to be high in

he rat and dog but undetectable in humans [48]. In
umans, similarly to other mammals, the highest XOR
nzyme activity is found in the liver and proximal
mall intestine [49, 50]. It has also been shown that
OR enzyme activity is high in the human jejunum

FIG. 3. Reaction catalyzed by xanthine oxidoreductase and the
mechanism of conversion of xanthine dehydrogenase to xanthine
oxidase. Modification of the protein molecule by either proteolysis or
disulfide formation causes significant conformational changes, re-
sulting in changes of charge on the flavin, as well as loss of the NAD
binding site [130]. Proteolytic conversion of XDH to XO probably
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involves cleavage at amino acid residues 184/185 and 539/540 [131].
Conversion by sulfydryl modification involves formation of four di-
sulfide bridges [44], and Cys535 and Cys992 are probably involved
[132].
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[46] and a recent immunohistochemical study has
shown strong staining for XO in cytoplasm of entero-
cytes and goblet cells of the human jejunum [51].

OXYGEN FREE RADICALS AND SURGICAL STRESS

The basic pathophysiological disorder of sepsis, sep-
tic shock, and MOFS is a diffuse impairment of oxygen
consumption and tissue perfusion, mostly focused on
microcirculatory and capillary dysfunction [52]. With
hypodynamic cardiac function or during severe stress,
when sympathetic neural mechanisms shunt blood
away to support metabolic processes needed for tissue
repair [53], the bowel may receive less than optimal
blood flow. This intermittent oxygenation can result in
reperfusion injury that can also activate cascades of
cytokines and other regulating substances that aggra-
vate the systemic inflammatory response. Ischemia/
reperfusion of organs such as liver can also mediate
leukocyte–endothelial cell interactions in distant or-
gans [54].

When a period of poor or negligible perfusion is fol-
lowed by a surge of restored perfusion, the generation
of reactive oxygen metabolites such as superoxide and
hydrogen peroxide may disrupt the integrity of the
gastrointestinal mucosa and set the stage for immune
dysfunction [10]. Increased H2O2 production in the

erioperative period has been shown in esophagectomy
atients [55] as well as in breath condensates of ARDS
atients undergoing mechanical ventilation [56]. Due
o ischemia, there is decrease in cellular stores of ATP
nd an accumulation of hypoxanthine along with con-
ersion of XDH to XO. As mentioned earlier, XO can
onvert the accumulated hypoxanthine to uric acid,
roducing oxygen free radicals. These oxidants can
ause gut epithelial damage, which could lead to bac-
erial translocation and endotoxin release. It has been
hown that xanthine oxidase can gain access to the
irculation following ischemia, where it then binds to
he vascular endothelial cells to produce site-specific
xidant injury to organs remote from the site of XO
elease [57].

Any abdominal surgery would involve handling of
he intestine in order to reach the organs below. A
ell-studied consequence of intestinal handling is post-

urgical ileus [58], the degree of gut paralysis being
irectly proportional to the degree of trauma [59]. Re-
ently, Kalff et al. have also shown that late postoper-
tive ileus is probably mediated through a leukocytic
nflammatory response within the intestinal muscu-
aris externa [60]. Our studies have shown that lapa-
otomy and mild intestinal handling produce a tran-
ient increase in xanthine oxidase activity in enterocytes,
ccompanied by decreased catalase activity. Widening of
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ntercellular spaces in the intestinal epithelium was also
een and this was probably responsible for the functional
hanges seen, such as increased intestinal permeability
61]. This increase in xanthine oxidase activity is seen
hroughout the villus–crypt axis of the small intestine,
hough more prominently in the crypt stem cells. This is
ccompanied by increased superoxide generation. These
hanges were prevented by pretreatment of animals with
he xanthine oxidase inhibitors allopurinol or sodium
ungstate [62]. Xanthine oxidase activity is also signifi-
antly increased in blood from septic patients [63] and
uperoxide radicals generated by xanthine oxidase de-
rease plasma and liver glutathione levels in pancreatitis
64]. Increased levels of xanthine oxidase [65] as well as
anthine and hypoxanthine [66] have also been reported
n the plasma of patients with ARDS. It is also hypothe-
ized that xanthine oxidase may mediate injury, in part,
y suppression of NO formation [67].
Surgical trauma not only intensifies oxidative stress

y generating reactive oxygen species, but also weak-
ns the biological defense system against ROS attack.
epsis results in decreased muscle anti-oxidant levels

68] and critical illness is also associated with decrease
n the muscle GSH concentration as well as the ratio of
educed and total glutathione [69]. We have shown
hat laparotomy and mild intestinal handling produces
hange in thiol redox status, with a transient increase
n oxidized glutathione in the enterocyte [61]. Plasma
hiol values were found to be low in patients with
RDS [70], along with depleted red blood cell GSH

evels [71]. Anti-oxidant imbalance is also present in
epsis [72] and antioxidant deficiency has been ob-
erved in the bronchoalveolar fluid of patients with
epsis and acute lung injury [73].
Both superoxide radical and hydroxyl radical, which

re generated during the reperfusion phase of shock,
nduce lipid peroxidation and this attack initiates a
ascade of injury resulting in membrane damage. In-
rease in lipid peroxidation is seen postoperatively in
atients undergoing elective cholecystectomy [74] and
rogressive increase in serum lipid peroxide levels
rom the preoperative stage to a maximum in the post-
perative stage, has been observed [75]. Lipid peroxi-
ation also occurs in patients with ARDS [76] and a
efinite time course of oxidative stress markers in ar-
erial blood during open heart surgery has been shown
77]. Delayed fluid resuscitation after surgery has been
hown to induce production of oxygen free radicals,
esulting in lipid peroxidation and decrease in SOD
nd glutathione peroxidase activity [78]. Anti-oxidants
lso exert an impressive protective effect in early sep-
is following cecal ligation and puncture in rats [79]
nd inhibit the release of thiobarbituric acid and a fall
n the ascorbate pool in patients undergoing coronary
ypass surgery [80].

NITRIC OXIDE AND SURGICAL STRESS

: VOL. 92, NO. 2, AUGUST 2000
Nitric oxide is a biological molecule whose functions
have now come under intense investigation. Tissue and
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cell culture studies have shown that nitric oxide can
regulate epithelial permeability [81] and ion transport
[82]. Studies of the effect of NO on surgical stress and
sepsis have shown both harmful and beneficial effects
for this molecule.

iNOS expression is induced in a number of organs
and tissues, including the gut, in rats challenged with
lipopolysaccharide (LPS) [83], and Chen et al. have
hown that injecting rats with LPS increased intesti-
al permeability, which was prevented by inhibition of

NOS [84]. Tepperman et al. showed that administra-
ion of LPS to rats induces iNOS enzymatic activity in
mall intestinal and colonic epithelial cells, an effect
ccompanied by diminished viability of these cells [85].
ndotoxin-induced intestinal microvascular leakage in

he small and large intestine can be blocked by iNOS
nhibition [86] and the inhibition of iNOS during en-
otoxemia by its specific blocker aminoguanidine at-
enuates the incidence of bacterial translocation in
ice [87]. NO has also been implicated as the final
ediator in IFN-g evoked disruption of epithelial bar-

rier function [88].
In contrast to these studies, a substantial body of

evidence supports the view that NO plays an important
role in maintaining mucosal integrity under both nor-
mal and pathologic conditions. Administration of
L-arginine at the onset of fluid resuscitation restores
he decreased cardiac output and tissue perfusion seen
fter hemorrhage [89] and L-arginine also ameliorates

vasoconstriction and improves organ blood flow in the
small intestine during bacteremia [90]. L-Arginine at-
tenuates the alveolar macrophage proinflammatory cy-
tokine production after endotoxin challenge [91] and
iNOS transfection can prevent LPS-induced apoptosis
in endothelial cells [92]. NOS inhibitors can induce
ARDS-like lung injury in an animal model [93] and
surgical stress leads to decreased NO production, the
duration of this decrease being directly proportional to
the intensity of stress [94]. Inhibition of NO production
is capable of increasing intestinal epithelial cell per-
meability [95] even in normal animals [96, 97]. Avail-
able data also indicate that NO helps preserve mucosal
barrier function under both physiological [96] and
pathophysiological [98] conditions.

The effect of nitric oxide thus seems to be system
specific, but the studies indicate that activation of
iNOS plays a role in endotoxin induced damage, where
the enzyme is induced. On the contrary, NO possibly
has a beneficial effect under conditions such as surgical
stress and studies from our laboratory have shown that
intraperitoneal injection of L-arginine attenuates the
damage to the intestine after surgical stress. The pro-
tective effect of L-arginine was abolished in the pres-
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nce of the NOS inhibitor L-NAME, indicating that
ttenuation is due to the generation of nitric oxide
unpublished observation).
MITOCHONDRIAL FUNCTION IN SEPSIS AND
SURGICAL STRESS

Mitochondria are considered recognition organelles
of cell stress [99] and altered oxygen utilization by the
cell is seen during pathological conditions, such as
sepsis. Mitochondria consume about 90% of the inhaled
oxygen and are a particularly rich source of reactive
oxygen species, since about 1–2% of total oxygen re-
duced in mitochondria is constitutively converted to
superoxide. A prominent feature of cell damage caused
by oxidative stress is morphological and functional
changes in the mitochondria [100] and mitochondrial
function is affected after sepsis [101]. Activities of
Complex I1III and Complex II1III as well as of phos-
phofructokinase are diminished in baboon heart mito-
chondria after lethal septic shock [102]. Succinate de-
hydrogenase activity and respiratory control ratio are
decreased significantly in patients after organ damage
or MOFS [103]. Mitochondrial redox potential is de-
creased after surgery [104] and studies from our labo-
ratory have shown that laparotomy and mild intestinal
handling causes uncoupling of respiration in entero-
cyte mitochondria. This was accompanied by decreased
activity of superoxide dismutase, altered calcium flux,
and mitochondrial swelling (unpublished observation).
It has been suggested that septic mitochondria in-
crease the rate of H2O2 production, accompanied by
eneration of hydroxyl radical [105], and state 3 oxy-
en uptake of muscle mitochondria was also decreased,
long with lowered activities of antioxidant enzymes
ike Mn-superoxide dismutase, catalase, and glutathi-
ne peroxidase [106]. Structural evaluation of mito-
hondria in fixed liver slices by electron microscopy
lso showed mitochondrial swelling in most of the sep-
ic animals [107]. Mitochondria were enlarged, with
istorted cristae and with advanced injury, the inner
embrane became fragmented [108]. Mitochondrial
NA synthesis also is affected after surgery [109].

PROTEOLYSIS IN SURGICAL STRESS

Proteases play important roles in situations of
stress, which include salvaging amino acids from non-
essential proteins for reutilization and damage repair
after stress. Local infections or surgical procedures can
induce increased proteolysis [110, 111] and matrix
metalloproteinase inhibition was shown to limit arte-
rial enlargements in a rodent arteriovenous fistula
model [112]. Our studies have shown that laparotomy
and intestinal handling induces the activation of spe-
cific proteases both in the mitochondria and the cytosol
in enterocytes. The mitochondrial protease is probably
activated by superoxide produced by xanthine oxidase,

295L STRESS AND THE SMALL INTESTINE
since inhibition of xanthine oxidase prevented activa-
tion (unpublished observation). Significant reduction
of the protease inhibitors occurred during cardiopulmo-
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nary bypass, and antithrombin III remained dimin-
ished in the patients with coronary artery disease
[113]. In trauma and sepsis, increased proteolysis in
skeletal muscle is seen [117] and the soluble ATP- and
ubiquitin-dependent proteolytic system plays a role in
protein breakdown in acute renal failure [115]. In
insulin-induced hypoglycemia, an increased gut-
derived proteolytic response is seen [116] and during
acute pancreatitis, free radicals may play an essential
role in protein damage, elevating proteolysis of oxida-
tively damaged proteins [117].

ROLE OF NUTRITIONAL SUPPORT
INSURGICAL STRESS

The bowel is not spared in situations of stress, and
starvation was seen to increase permeability to 51Cr-
EDTA in both the jejunum and the ileum, the perme-
ability further increasing after surgical trauma in the
jejunum [118]. Though one study has shown an in-
crease in fractional rates of protein synthesis after
surgical stress [119], other data indicate increased deg-
radation, especially of tRNA and mRNA after surgical
stress [120]. The catabolic response due to surgical

FIG. 4. A schematic representation of intestinal damage during s
the intestine by increasing intercellular spaces, leading to increased p
oxidative stress, which also affects subcellular organelles such as m
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stress in the small intestine has been found to be
ameliorated by intrinsic growth factor (IGF)-1 [118].
Due to these deleterious effects of surgical stress, it is
important to maintain optimum nutritional supple-
mentation of the patient postoperatively.

Diets rich in glutamine and arginine are efficient in
maintaining body weight and in the colon, a fiber-
enriched diet stimulates growth of the colonic mucosa
[121]. The gastrointestinal tract is the principal organ
of glutamine utilization, with most of the uptake oc-
curring in the small intestinal epithelial cells that line
the villi [122]. Studies done in healthy patients during
elective abdominal surgery have demonstrated that
the human gastrointestinal tract extracts approxi-
mately 12–13% of the circulating glutamine [123] and
the consumption of glutamine from the blood nearly
doubles following elective abdominal surgery [124].
Studies have also shown that oral glutamine supple-
mentation protects lymphocytes and attenuates gut
permeability in patients with esophageal cancer dur-
ing radiochemotherapy [125]. Gut morphology was im-
proved with glutamine in methotrexate-treated rats,
increasing the survival rate because of a reduction of
gut failure associated with sepsis [126]. Alanine–
glutamine dipeptide (Ala-Gln) has also been shown to
enhance gut growth and improve gut mucosal integrity
and barrier function in part by stimulating IGF-1 and

gical stress. Surgical stress can induce changes at the tissue level in
eability. At the cellular level, activation of xanthine oxidase induces
hondria.

: VOL. 92, NO. 2, AUGUST 2000
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glutaminase expression after surgical stress [127].
Data from a multicenter trial of postoperative cancer
patients show that patients recieving an immune en-
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hancing diet supplemented with arginine, RNA, and
omega-3 polyunsaturated fatty acids had a lower inci-
dence of complications than patients fed on a standard
enteral formula [128]. Also, patients started on enteral
nutrition (EN) later than 24 h after admission to the
ICU demonstrated increased intestinal permeability
and had a more severe form of MOFS than a group
placed on EN immediately upon admission [129].

In conclusion, it is evident that the small intestine is
especially susceptible to any form of surgical stress,
even mild handling. Intestinal handling, which can
occur during any abdominal surgery, is capable of caus-
ing transient damage to enterocytes, with subcellular
organelles like mitochondria also being affected (Fig.
4). The subcellular changes may be the initiating fac-
tors for the later development of evident clinical com-
plications such as SIRS and MOF. Identification of
these initial subclinical cellular changes may help to
formulate therapeutic strategies for prophylaxis
against these clinical entities, which are major causes
of mortality during the postoperative period.
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