
Free Radical Biology & Medicine, Vol. 36, No. 6, pp. 745 –756, 2004
Copyright D 2004 Elsevier Inc.

Printed in the USA. All rights reserved
0891-5849/$-see front matter

doi:10.1016/j.freeradbiomed.2003.11.027
Review Article

ROLE OF INTESTINE IN POSTSURGICAL COMPLICATIONS:

INVOLVEMENT OF FREE RADICALS
SIMMY THOMAS and KUNISSERY A. BALASUBRAMANIAN

The Wellcome Trust Research Laboratory, Department of Gastrointestinal Sciences, Christian Medical College, Vellore 632004, India

(Received 6 August 2003; Revised 10 November 2003; Accepted 14 November 2003)
Dr.

Madras

Neuroc

PDF in

Depart

Vellore

focuses

is a fel

Science

India, I

Mis

is curre

Science

surgica

She ha

Ad

Wellco

Science

+91-41

cmcvel
Abstract—Surgery at any location in the body leads to surgical stress response and alterations in normal body

homeostasis. The intestine is extremely sensitive to surgical stress even at remote locations and the gastrointestinal tract

plays an important role in the development of postsurgical complications such as sepsis, the systemic immune response

syndrome (SIRS), and multiple organ failure syndrome (MOFS). The generation of free radicals and subsequent

biochemical alterations at the cellular and subcellular level in the intestine has been suggested to play an important role in

this process. These oxidative stress-induced events in the mucosa might act as an initiator of distant organ damage and

also facilitate bacterial adherence onto the epithelium and translocation into the systemic circulation. This review

attempts to highlight the important role of intestine and oxygen free radicals in initiating post-surgical

complications. D 2004 Elsevier Inc. All rights reserved.
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INTRODUCTION

Postoperative complications such as sepsis, the systemic

immune response syndrome (SIRS), and multiple organ

failure syndrome (MOFS) have reached epidemic pro-

portions in most intensive care units and are fast becom-

ing the most common cause of mortality in the surgical
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intensive care unit [1,2]. Although the introduction of

antibiotics more than 50 years ago resulted in a decline

of sepsis-induced mortality, the incidence of sepsis and

septic shock has increased significantly over the past 2

decades despite advances in the resuscitation of trauma

victims [3,4]. The morbidity and mortality underlying

such conditions may be related to the fact that alterations

in cellular function which occur early during sepsis are

not identified, thereby leading to inadequate or delayed

treatment of the septic patient and progressive deteriora-

tion of cell and organ functions [5]. Several hypotheses

exist to explain a common end-organ injury that results

from diverse etiologies. In recent years, considerable

attention has been focused on the gastrointestinal tract

and its barrier function and there is an emerging consen-

sus that a failure of the gut barrier function may fuel the

systemic component of the SIRS, sepsis, and organ

failure [6]. Any surgery can result in a wide range of

alterations in normal body homeostasis and any stress

resulting from surgery can be defined as surgical stress.

This review focuses, in particular, on the effects of

surgery on the small intestine and distant organ damage

and attempts to emphasize the implications of free

radical-induced damage in our understanding of surgical

stress, in general.
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SURGICAL STRESS—GENERAL

Stress comes in a myriad of forms and is an integral

part of all illness and trauma. The stress response involves

modulation of literally dozens of hormones and cyto-

kines, cell function, and significant effects on neurotrans-

mission. Systemic inflammatory response syndrome may

be viewed as the systemic expression of cytokine signals

that normally function on an autocrine or paracrine level

and sepsis is defined as systemic inflammatory response

syndrome caused by infection. Multiple organ dysfunc-

tion syndrome may represent the end stage of severe

systemic inflammatory response syndrome or sepsis.

Many cells and mediators seem to be involved which

include endothelial cells, leukocytes, and multiple proin-

flammatory and antiinflammatory mediators (cytokines,

oxygen free radicals, coagulation factors, and so forth)

[7]. However, the foremost effect of stress on the gastro-

intestinal tract seems to be a decrease in mucosal blood

flow, thereby compromising the integrity of the mucosal

barrier. Among other things, reduced mucosal blood flow

suppresses production of mucus and limits the ability to

remove back-diffusing protons. As a consequence, sig-

nificant stress is almost always associated with mucosal

erosions. A majority of these lesions are subclinical, but

gastrointestinal hemorrhage and sepsis are not infrequent

consequences. Sepsis represents a more complex stress

condition with activation/maintenance of host defense

mechanisms as reflected by jejunal mucosal NO produc-

tion despite reduced gut blood perfusion [8]. The gastro-

intestinal tract is extremely sensitive to surgical stress,

even at remote locations. Any abdominal surgery

involves handling of the intestine to reach the organs

below. A well-studied consequence of intestinal handling

is postsurgical ileus [9], the degree of gut paralysis being

directly proportional to the degree of trauma [10]. It has

been shown recently by Kalff et al. that late postoperative

ileus is mediated through a leukocytic inflammatory

response within the intestinal muscularis externa [11].

Severe physiological stress such as shock, trauma, or burn

injury, even at remote locations, cause mesenteric hypo-

perfusion with preferential shunting of blood to vital

organs. Hypoperfusion is associated with impairment of

mucosal barrier function, which permits translocation of

bacterial pathogens into systemic circulation. The lack of

oxygen supply to the cells during hypoperfusion can

result in hypoxia, which inturn leads to oxidative stress.

Splanchnic ischemia and gut barrier failure play an

important role in the development of both sepsis and

MOFS [12,13] and this derangement of intestinal perme-

ability is detectable prior to the onset of the syndrome

[14]. Splanchnic hypoperfusion due to decreased postop-

erative cardiac output is also an important factor in

developing acute respiratory distress syndrome after car-
diac surgery [15]. When a period of poor or negligible

perfusion is followed by a surge of restored perfusion, the

generation of reactive oxygen metabolites such as super-

oxide and hydrogen peroxide may disrupt the integrity of

the gastrointestinal mucosa and set the stage for immune

dysfunction [16]. A growing body of experimental data

indicates that reactive oxygen metabolites such as super-

oxide, hydrogen peroxide, and hydroxyl radicals may

mediate the mucosal injury produced by reperfusion of

ischemic intestine [17]. Increased H2O2 production in the

perioperative period has been shown in esophagectomy

patients [18] as well as in breath condensates of ARDS

patients undergoing mechanical ventilation [19]. Studies

have shown a link between circulating Xanthine oxidase

(XO) and myeloperoxidase (MPO) in contributing to

pulmonary retention of neutrophils after an ischemic

intestinal insult [20].
SURGICAL STRESS, GASTROINTESTINAL TRACT, AND

REACTIVE OXYGEN SPECIES

Oxidative stress induced by reactive oxygen species

(ROS) plays a causative role in a variety of pathological

conditions, including various gastrointestinal diseases.

In the gastrointestinal tract, oxygen free radicals are

generated both in the mucosa and in the lumen. Xanthine

oxidase, which is abundantly present in the intestine, has

been proposed as the primary source of these reduced O2

species because xanthine oxidase inhibiton attenuates

postischemic mucosal injury. Another potential source of

oxygen radicals is the activated neutrophils which kill

engulfed pathogens using the enzyme myeloperoxidase

by catalyzing the reaction of hydrogen peroxide (formed

from superoxide anions) with chloride ions to produce

the antiseptic, hypochlorite ion. It has been shown that

xanthine oxidase can gain access to the circulation

following ischemia, where it then binds to the vascular

endothelial cells to produce site specific oxidant injury

to organs remote from the site of XO release [21].

Another important source of oxygen free radicals in

the cell is mitochondria. This organelle consumes more

than 90% of the inhaled oxygen and normally only about

1–2% of total oxygen reduced in mitochondria is

constitutively converted to superoxide. In a situation

where mitochondrial dysfunction occurs, the amount of

superoxide generation increases considerably making

this organelle an important cellular source of ROS. A

prominent feature of cell damage caused by oxidative

stress is morphological and functional changes in the

mitochondria [22] and mitochondrial function is affected

after sepsis [23]. Activities of Complex I + III and

Complex II + III as well as of phosphofructokinase are

diminished in baboon heart mitochondria after lethal

septic shock [24].
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Free radical-mediated mechanism has been implicat-

ed in surgical stress-induced damage [25] and studies

have shown that laparotomy and mild intestinal handling

produce a transient increase in xanthine oxidase activity

in enterocytes, accompanied by decreased catalase ac-

tivity [26]. This is associated with uncoupling of mito-

chondria resulting in the generation of superoxide and

peroxide [27].Widening of intercellular spaces in the

intestinal epithelium is also seen and this is probably

responsible for the functional changes seen, such as

increased intestinal permeability [26]. These changes

are prevented by pretreatment of animals with the

xanthine oxidase inhibitors, allopurinol or sodium tung-

state [28]. Superoxide can also activate proteases in the

cytosol and mitochondria of intestinal epithelial cells

following surgical stress [29]. Xanthine oxidase activity

is significantly increased in blood from septic patients

[30] and increased levels of XO [31] as well as xanthine

and hypoxanthine [32] have been reported in the plasma

of patients with acute respiratory distress syndrome

(ARDS). Interaction of oxyradicals, antioxidants, and

nitric oxide during sepsis has also been studied

[33].Both superoxide radical and hydroxyl radical,

which are generated during the reperfusion phase of

shock, induce lipid peroxidation and this attack initiates

a cascade of injury resulting in membrane damage. An

increase in lipid peroxidation is seen postoperatively in

patients undergoing elective cholecystectomy [34] and a

progressive increase in serum lipid peroxide levels from

the preoperative stage to a maximum in the postopera-

tive stage has been observed [35]. Lipid peroxidation

also occurs in patients with ARDS [36] and a definite

time course of oxidative stress markers in arterial blood

during open heart surgery has also been shown [37].

Surgical trauma also weakens the biological defense

system against ROS attack which is shown by decreased

muscle antioxidant levels in sepsis and critical illness

[38,39]. Delayed fluid resuscitation after surgery has

been shown to induce production of oxygen free radi-

cals, resulting in lipid peroxidation and decreases in

SOD and glutathione peroxidase activity [40]. A change

in thiol redox status with a transient increase in oxidized

glutathione in the enterocyte is observed after surgical

stress [26]. Plasma thiol values were found to be low in

patients with ARDS [41], along with depletion of red

blood cell GSH [42]. Antioxidant imbalance is also

present in sepsis [43] and antioxidant deficiency has

been observed in the bronchoalveolar fluid of patients

with sepsis and acute lung injury [44]. Antioxidants also

exert an impressive protective effect in early sepsis

following cecal ligation and puncture in rats [45] and

inhibit the release of thiobarbituric acid reactive metab-

olites and the fall in ascorbate pool in patients under-

going coronary bypass surgery [46].
The intestinal epithelium is a self-renewing monolayer

arising from stem cells located at or near the base of the

crypts [47]. An increase in XO activity is seen through-

out the villus–crypt axis of the small intestine during

surgical stress (28). It has also been studied that the crypt

cells bear the brunt of the damage during surgical stress,

and dynamic changes in cell migration pattern along with

cytoskeletal changes were seen [48]. Surgical stress on

the gut can affect cell proliferation [49] and a decreased

crypt cell proliferation after surgical stress has been

observed [48]. The activity of adenosine deaminase

(ADA), an enzyme responsible for the conversion of

adenosine to hypoxanthine, is decreased in villus and

middle cells and increased in crypt cell population of

enterocytes following surgical stress [48] (Fig. 1). Sur-

gical stress also induces structural and functional alter-

ations in the intestinal brush border membranes mediated

by free radicals leading to membrane lipid peroxidation,

phosholipid degradation by activation of PLA2, and

altered sugar transport [50].

The gut is suggested to be the ‘‘motor’’ for multi-

organ failure [51]. The development of sepsis and MOF

in patients after trauma and major surgery 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. Another proposed mechanism is that

distant organ injury and failure may be caused by the

unfettered synthesis of cytokines and other products by

activated macrophages [52]. The small intestine is in-

creasingly recognized as a primary effector of distant

organ damage [53]. Acute lung injury characterized by

increased microvascular permeability is one feature of

multiple-organ failure and ARDS. Intestinal ischemia–

reperfusion have been linked to this type of acute lung

injury [54]. In animal models, intestinal ischemia–reper-

fusion produces distant organ injury by various mecha-

nisms such as neutrophils, reactive oxygen metabolites,

and cytokines [55,56]. Recently it has been demonstrated

that hemorrhagic shock-induced lung injury was com-

pletely prevented by the division of the mesenteric

lymphatics, indicating that the lung injury is produced

by possible hypoperfusion of the intestine followed by

generation of some mediators, which are transported

through the lymphatics into the systemic circulation

[57]. The circulating levels of cytokines, eicosanoids,

and platelet-activating factor have been related to remote

organ injury in the lungs and liver and this injury is

associated with PMN sequestration in these organs [58].

Oxidants are thought to be responsible for much of the

cell and tissue damage that occurs in the injured lung

[59]. The release of cytokines induces neutrophil recruit-

ment and activation of key transcriptional factors such as

NF-nB and activator protein-1 (AP-1), thereby augment-



Fig. 1. Normally, proliferating cells are confined to the crypt region of the small intestine. One hour after surgical stress, an increase in
adenosine deaminase in crypt cells results in increased formation of hypoxanthine, a substrate for xanthine oxidase, which is activated
during surgical stress. This facilitates superoxide generation and oxidative stress, leading to decreased cell viability and yield in the crypt
region along with a compensatory increase in cell number in middle and villus regions due to cell migration. A decrease in proliferative
capacity seen in the crypt compartment regains partially by 4 h and at this time period proliferating cells are also seen in the middle
region, probably due to the migration. A normal pattern of cell distribution is achieved by 24 h after surgical stress.
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ing the inflammatory response and tissue damage

[60,61]. Mesenteric ischemia leads to cytokine release

within gut-associated lymphoid tissue, even in the ab-

sence of detectable portal bacteremia. Studies have

shown that mesenteric lymph, but not portal blood

plasma, obtained from rats subjected to hemorrhagic

shock induces endothelial injury in vitro [57]. Further-

more, mesenteric lymphatic division before shock pre-

vents acute lung injury in vivo in this same rat model

which suggests that distant organ injury is mediated by

gut-derived factors carried in the mesenteric lymph rather

than the portal circulation. Consequently, the gut hypoth-

esis of multiple-organ failure has been expanded to

include gut-derived inflammatory factors and bacteria.

It has been shown using various inhibition studies that

arachidonic acid (AA) released by phospholipase A2 or

its lipid mediator products generated by cyclooxygenase

following surgical stress on the small intestine may

mediate distant organ injury such as lung injury through

sequestration of activated neutrophils in the lung leading

to oxidative stress and increased lung permeability [62].

An increase in oxidative stress in the lung was also seen

following burn trauma and this was suggested to be due

to generation of ROS by the infiltrated neutrophils [63].
GUT BARRIER AND INTESTINAL FLORA IN

SURGICAL STRESS

The gastrointestinal mucosa forms a barrier between

the body and luminal environment which not only con-

tains nutrients but also is laden with potentially hostile

microorganisms and toxins. The gut is equipped with

efficient defense mechanisms to protect the host from

being invaded by their own flora or their toxins. The

challenge is to allow efficient transport of nutrients across

the epithelium while rigorously excluding passage of

harmful molecules and organisms into the animal. The

exclusionary properties of the gastric and intestinal mu-

cosa are referred to as the ‘‘gastrointestinal barrier.’’ This

gut barrier can be adversely affected under a number of

pathological conditions including burn trauma, hemor-

rhagic shock, and surgical stress. Intestinal permeability

alterations have been reported following major vascular

surgery [64] and have been attributed to generalized

permeability damage, termed ‘‘whole body inflamma-

tion’’ [65]. Clinical studies suggest increased intestinal

permeability in patients after major surgery, sepsis [66], or

major thermal injury [67] and also in healthy volunteers

receiving a single dose of endotoxin [68]. The gut has
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been suggested to be a port of entry for bacteria after

intestinal mucosal injury and endotoxin challenge [69].

The normal microflora inhabit the intestinal tract in

large numbers and diversity and play a major role in

preventing intestinal colonization by potentially patho-

genic bacteria. Normally, the intestinal epithelial cell

surface is free of adherent commensal bacteria, whereas

in certain clinical situations, such as hemorrhagic shock,

immunosuppressive states, or traumatic tissue injury,

commensal bacteria adhere to and translocate across the

intestinal epithelium [70–72]. Among the commensal

bacteria, Escherichia coli, in particular, translocates effi-

ciently across the intestinal epithelium in animal models

and causes a large proportion of the septic episodes in

critically ill patients [73–75]. A recent study has sug-

gested that the composition of the cecal coliform flora is an

important factor in bacterial translocation [76]. Studies

have also shown that overgrowth of potentially pathogenic

bacteria in the gastrointestinal tract alters the anatomical

and physical barrier function of the intestine and can

eventually result in invasion of enteric bacteria to extra-

intestinal sites or the systemic circulation [77]. Under

normal conditions, bacteria present in the lumen of the

gastrointestinal tract remain relatively free of contact with

mucosal epithelial cells as a result of a highly evolved

mucosal defense system. Bacterial adherence may be

considered to be ‘‘pathological’’ and this is accomplished

by specific adhesins that are present on the outer surface of

the bacteria and attach to specific receptors on host
Fig. 2. Surgical stress can result in generation of reactive oxygen spec
hydrophobicity, and the glycosylation of brush border membrane and
adherence onto mucosal epithelium, thereby leading to bacterial transl
epithelial cells. Both nonimmune (mucus, peristalsis,

epithelial surfactants, anaerobes) and immune (secretory

IgA) mechanisms normally prevent adherence of luminal

aerobic bacteria to the mucosal epithelial cell, thereby

shielding their pathogenicity [78]. In certain pathological

conditions, changes in the epithelial surface as well as

changes in the properties of the resident bacteria can bring

about their adhesion onto the epithelial cells. It has been

shown that surgical stress-mediated release of free radicals

can bring about qualitative and quantitative changes in the

bacterial population of the cecal contents and also change

the microbial/host interactions as indicated by increased

bacterial adherence on to the cecal epithelium [79]. Earlier

studies have shown that disturbances in the intestinal

microecosystem can result in bacterial overgrowth, which

in turn is thought to cause bacterial translocation [80–82].

It was found that surgical manipulation affected the gut

normal flora by increasing the number of aerobic coliform

bacteria in the cecal contents while the anaerobes are

unaffected. This disruption of the normal intestinal flora

leading to bacterial overgrowth with enteric bacilli as the

main colonizer has been documented in other models

[83,84]. It is known that nutritional variables can influence

the luminal bacterial populations [85]. There are several

studies that have shown a role for oxidants in modulating

the bacterial flora in the intestine [86,87]. Studies also

have shown the susceptibility of the bacteria to various

oxidants such as hydrogen peroxide and superoxide

[88,89]. In vitro studies have shown that exposure of
ies. This can alter the luminal bacterial population, the bacterial
surfactant. All these together can bring about increased bacterial
ocation.
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normal luminal E. coli to oxidants can modulate the

bacterial phenotype by making it more virulent. Several

studies have shown a role for sialic acid and sugars present

on mucosal surface glycoconjugates acting as receptors

for microorganisms [90,91]. An increase in sialic acid,

fucose, and hexosamine are seen in glycocalyx and BBM

of the intestine following surgical stress and these alter-

ations in the sugar composition influenced the sugar-

specific bacterial adherence onto the epithelium (unpub-

lished observation) (Fig. 2).
NITRIC OXIDE AND SURGICAL STRESS

Nitric oxide has emerged as an important signal and

effector molecule in mammalian physiology. NO is one of

the most important mediators of mucosal defense, influ-

encing factors such as mucus secretion [92], mucosal

blood flow [93], ulcer repair [94], and the activity of a

variety of mucosal immunocytes [95,96]. Nitric oxide has

the capacity to downregulate inflammatory responses in

the gastrointestinal tract [97,98], to scavenge various free

radical species [99,100], and to protect the mucosa from

injury induced by topical irritants (Fig. 3). The ability of

nitric oxide to reduce the severity of damage induced by

nonsteroidal antiinflammatory drugs (NSAIDs) has been

exploited in an attempt to produce NO-releasing NSAIDs
Fig. 3. Nitric oxide is one of the important mediators of mucosal defe
flow, and ulcer repair. Nitric oxide also has the capacity to downregu
scavenge various free radical species. Nitric oxide is formed from L-ar
which can also react with superoxide, an oxygen free radical, to form
which are not ulcerogenic [101]. A deleterious effect with

NO has also been reported in the GI tract by the generation

of peroxynitrite (Fig. 3) [102,103]. It has been hypothe-

sized that the production of large amounts of nitric oxide,

which may occur when an inducible form of NOS is

present, will result in damage within the gastrointestinal

tract or in other tissues [104] but in vivo and in vitro

studies on the feline small intestine and human epithelial

cells demonstrated that large amounts of NO maintained

the mucosal barrier integrity and did not cause any

impairment in the functional aspects of the small bowel

[105]. Peroxynitrite, a highly reactive species formed by

the interaction of NOwith superoxide (O2
-) has a number of

deleterious effects as an oxidant and as a nitrating species

[106], but recent studies have shown that in the presence of

excess NO, this species is consumed [107]. It has been

shown by Rubbo et al that NO inhibited peroxynitrite-

dependent lipid peroxidation [108]. The detrimental

effects of peroxynitrite occurred only when the concen-

trations of NO and superoxide anion present were equal.

When NO concentration was increased, it inhibited per-

oxynitrite-dependent lipid peroxidation. Depending on

biological conditions, NO may act as regulatory, toxic,

protective, or carcinogenic molecule in tissues. Studies on

the effect of NO on surgical stress and sepsis have shown

both harmful and beneficial effects for this molecule. It has
nse, influencing factors such as mucus secretion, mucosal blood
late inflammatory responses in the gastrointestinal tract and to
ginine by the action of the enzyme nitric oxide synthase (NOS),
a highly reactive nitrating species, peroxynitrite, which is toxic.
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been shown that iNOS mRNA expression is induced in

human circulating PMNs of patients with postoperative

sepsis and SIRS and may be involved in the pathogenesis

of sepsis syndrome [109]. iNOS inhibition resulted in a

marked reduction of lung and liver injury produced by

hemorrhagic shock [110]. NO production has been shown

to be upregulated in septic patients [111].

In contrast to these studies, a substantial body of

evidence supports the view that nitric oxide plays a

beneficial role in maintaining mucosal integrity under

both normal and pathological conditions. It has been

shown that administration of L-arginine, the precursor

molecule of NO, at the onset of fluid resuscitation

restores the decreased cardiac output and tissue perfusion

seen after hemorrhage [112] and L-arginine also amelio-

rates vasoconstriction and improves organ blood flow in

the small intestine during bacteremia [113]. L-Arginine

attenuates the alveolar macrophage proinflammatory

cytokine production after endotoxin challenge [114]

and iNOS transfection can prevent LPS-induced apopto-

sis in endothelial cells [115]. Studies have also shown

that intraperitoneal injection of L-arginine (300 mg/kg

body wt) attenuated the damage to the intestine after
Fig. 4. During surgical stress, the first event in the intestine is the activa
is also generated by mitochondrial dysfunction and these reactive spec
phospholipase A2 onto the brush border membrane leading to phospho
can also activate downstream proteases both in the cytosol and in t
Arachidonic acid release can act as a precursor for lipid mediators
mediators transported through the lymphatics into systemic circulation
stress and distant organ damage.
surgical stress and this attenuation was confined mainly

to the intestinal mitochondria [116]. The protective effect

of L-arginine was abolished in the presence of the NOS

inhibitor L-NAME, indicating that attenuation is due to

generation of nitric oxide [117].
INTERVENTIONS IN SURGICAL STRESS

Glutamine, traditionally considered a nonessential ami-

no acid, now appears to be a conditionally essential

nutrient during serious injury or illness. In good health,

this is themost abundant amino acid in plasma and skeletal

muscle, but circulating and tissue concentrations fall

precipitously after injury, surgery, or infection [118,119].

Glutamine is the preferred fuel for the small intestine and

clinical studies have revealed that both parenteral and

enteral glutamine supplementation is beneficial in patients

after multiple trauma and surgery [120,121]. Studies have

shown that utilization of glutamine by the gut increases

after surgery and other stress and appears to play a vital

role in gut maintenance during critical illness [122–124].

These clinical studies are supported by experimental data

showing that glutamine administration maintains gut bar-
tion of xanthine oxidase which generates superoxide. Superoxide
ies can bring about activation and translocation of the cytosolic
lipid degradation and arachidonic acid generation. Free radicals
he mitochondria which can further aggravate cellular damage.
such as prostaglandins, thromboxanes, or leukotrienes. These
can result in sequestration of neutrophils leading to oxidative
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rier function. Studies done in healthy patients during

elective abdominal surgery have demonstrated that the

human gastrointestinal tract extracts approximately 12–

13% of the circulating glutamine [125] and the consump-

tion of glutamine from the blood nearly doubles following

elective abdominal surgery [126].

Glutamine can offer protection to the cells by differ-

ent mechanisms. Glutamine is utilized as a major energy

source by the intestinal mucosa and drives mitochon-

drial ATP formation by oxidative phosphorylation. Up-

take of glutamine by the enterocytes occurs from the gut

lumen across the brush border and from the blood

stream via capillaries that are adjacent to the basement

membrane. The avid uptake of glutamine by the muco-

sal cells is due in part to the high activity of glutamin-

ase, the first enzyme in a series of reactions that

completely oxidizes the carbon chain of glutamine to

generate energy [127]. Recently it has been shown that

Caco-2 cells supplemented with glutamine can prevent

cytokine-induced bacterial translocation and this was

due to glutamine acting as an energy supplement rather

than through other mechanisms [128]. Glutamine may

also serve as a metabolic precursor for glutathione, the

important cellular antioxidant [129,130]. It is well

known that the glutathione system is one of the major

mechanisms in reducing oxidative stress [131,132].

Others have shown that glutamine-supplemented nutri-

tion can enhance tissue glutathione levels and are

associated with improved survival after 5-flurouracil

administration [133]. Glutamine can act as a source of

glutamate in many tissues such as liver or skeletal

muscle [134,135] and it has been shown to preserve

total glutathione levels after injury/ischemia in both

hepatic and gut models [136,137]. It has been shown

that gut barrier protection by glutamine could possibly

be due to glutathione synthesis, by scavenging reactive

oxygen intermediates and decreasing the formation of

free radicals. Glutamine has been shown to induce the

expression of heat shock proteins (HSP) in intestinal

cells [138,139] and this could also be one of the

mechanisms of protection. Studies have shown that

glutamine protection is independent of HSP induction

and dependent of glutathione augmentation during sur-

gical stress [140].

Recently, heat preconditioning has been proposed as a

new strategy to prevent oxidative injury in cells and

tissues [141,142]. Studies on heat stress by Bellmann et

al showed reduced cell-lysis following oxygen radical

insult [143]. Normally, when cells and tissues are exposed

to sublethal heat stress, they acquire tolerance against the

subsequent lethal heat stress. This phenomenon is called

heat shock response and there are many reports that

describe the involvement of HSP in the acquisition of

tolerance [144]. HSP induced in tissues can acquire
remarkably enhanced tolerance to subsequent nonthermal

stress and this is illustrated by gastric cytoprotection

against ethanol-induced damage [145], reduced organ

damage in sepsis-induced lung injury [146], and signifi-

cant cardioprotection in rats subjected to I/R injury [147].

It was found that heat preconditioning prevented the

surgical stress-induced oxidative stress damage both in

the intestine and lung by elevating the antioxidants in the

system [148–150].

Experimental evidence in animal models and clinical

studies support an initiating role for GI tract in post

surgical complications. These are brought about by the

biochemical events taking place in the intestine that lead

to distant organ injury and other complications (Fig. 4).

These events are possibly initiated by the generation of

oxygen free radicals in the GI tract.
Acknowledgments—This work was supported by The Wellcome Trust,
London, and The Council of Scientific and Industrial Research,
Government of India. S.T. is a Senior Research Fellow of the Council
of Scientific and Industrial Research.
REFERENCES

[1] Baue, A. E.; Durham, R.; Faist, E. Systemic inflammatory re-
sponse syndrome (SIRS), multiple organ dysfunction syndrome
(MODS), multiple organ failure (MOF): are we winning the
battle? Shock 10:79–89; 1998.

[2] Barriere, S. L.; Lowry, S. F. An overview of mortality risk pre-
diction in sepsis. Crit. Care Med. 23:376–393; 1995.

[3] Chaudry, I. H. Sepsis: lessons learned in the last century and
future directions. Arch. Surg. 134:922–929; 1999.

[4] Schoenberg, M. H.; Weiss, M.; Radermacher, P. Outcome of
patients with sepsis and septic shock after ICU treatment. Lan-
genbecks Arch. Surg. 383:44–48; 1998.

[5] Teplick, R.; Rubin, R. Therapy of sepsis: why have we made
such little progress? Crit. Care Med. 27:1682–1683; 1999.

[6] Swank, G. M.; Deitch, E. A. Role of the gut in multiple organ
failure: bacterial translocation and permeability changes. World
J. Surg. 20:411–417; 1996.

[7] Despond, O.; Proulx, F.; Carcillo, J. A.; Lacroix, J. Pediatric
sepsis and multiple organ dysfunction syndrome. Curr. Opin.
Pediatr. 13:247–253; 2001.

[8] Snygg, J.; Fandriks, L.; Bengtsson, J.; Holm, M.; Pettersson, A.;
Aneman, A. Jejunal luminal nitric oxide during severe hypovo-
lemia and sepsis in anesthetized pigs. Intensive Care Med.
27:1807–1813; 2001.

[9] Quigley, E. M. M.; Thompson, J. S. The effects of surgery on
gastrointestinal motor activity. Braz. J. Med. Biol. Res. 31:889;
1998.

[10] Kalff, J. C.; Schraut, W. H.; Simmons, R. L.; Bauer, A. J. Sur-
gical manipulation of the gut elicits an intestinal muscularis in-
flammatory response resulting in postsurgical ileus. Ann. Surg.
228:652; 1998.

[11] Kalff, J. C.; Carlos, T. M.; Schraut, W. H.; Billiar, T. R.; Sim-
mons, R. L.; Bauer, A. J. Surgically induced leukocytic infiltrates
within the rat intestinal muscularis mediate postoperative ileus.
Gastroenterology 117:378; 1999.

[12] Pastores, S. M.; Katz, D. P.; Kvetan, V. Splanchnic ischemia and
gut mucosal injury in sepsis and the multiple organ dysfunction
syndrome. Am. J. Gastroenterol. 91:16; 1996.

[13] Gretz, M.; Regel, G.; Bastian, L.; Weimann, A.; Neuhoff, K.;
Stalp, M.; Tscherne, H. The intestine as the central organ in the
development of multiple organ failure after severe trauma—path-



Free radicals in postsurgical complications 753
ophysiology and therapeutic approaches. Zentralbl. Chir.
123:205; 1998.

[14] Deig, C. J.; Sutherland, I. R.; Sandham, J. D.; Verhoef, M.;
Meddings, J. B. Increased intestinal permeability is associated
with the development of multiple organ dysfunction syndrome in
critically ill ICU patients. Am. J. Respir. Crit. Care Med.
158:444; 1998.

[15] Christenson, J. T.; Aeberbard, J. M.; Badel, P.; Pepcak, F.; Maur-
ice, J.; Simonet, F.; Velebit, V.; Schmuziger, M. Adult respiratory
distress syndrome after cardiac surgery. Cardiovasc. Surg. 4:15;
1996.

[16] Balk, R. A. Early enteral feeding: stress and the bowel in critical
illness. Nutr. and Health Times 1:2; 1999.

[17] Madesh, M.; Ramachandran, A.; Pulimood, A.; Vadranam, M.;
Balasubramanian, K. A. Attenuation of intestinal ischemia/reper-
fusion injury with sodium nitroprusside: studies on mitochon-
drial function and lipid changes. Biochim. Biophys. Acta
1500:204–216; 2000.

[18] Kono, K.; Sekikawa, T.; Matsumoto, Y. Influence of surgical
stress on monocytes and complications of infection in patients
with esophageal cancer monocyte HLA-DR antigen expression
and respiratory burst capacity. J. Surg. Res. 58:275; 1995.

[19] Sznajder, J. I.; Fraiman, A.; Halle, J. B.; Sanders, W.; Schmidt,
G.; Crawford, G.; Nahum, A.; Factor, P.; Wood, L. D. Increased
hydrogen peroxide in the expired breath of patients with acute
hypoxemic respiratory failure. Chest 96:602; 1989.

[20] Terada, L. S.; Dormish, J. J.; Shanley, P. F.; Leff, J. A.; Ander-
son, B. O.; Repine, J. E. Circulating xanthine oxidase mediates
lung neutrophil sequestration after intestinal ischemia– reperfu-
sion. Am. J. Physiol. 263:L394–L401; 1992.

[21] Tan, S.; Yokoyama, Y.; Dickens, E.; Cash, T. C.; Freeman, B. A.;
Parks, D. A. Xanthine oxidase activity in the circulation of rats
following hemorrhagic shock. Free. Radic. Biol. Med. 15:407;
1993.

[22] Carini, R.; Parola, M.; Dianzani, M. U.; Albano, E. Mitochon-
drial damage and its role in causing hepatocyte injury during
stimulation of lipid peroxidation by iron nitriloacetate. Arch.
Biochem. Biophys. 297:110; 1992.

[23] Taylor, D. E.; Kantrow, S. P.; Piantadosi, C. A. Mitochondrial
respiration after sepsis and prolonged hypoxia. Am. J. Physiol.
275:L139; 1998.

[24] Gellerich, F. N.; Trumbeckaite, S.; Hertel, K.; Zierz, S.; Muller-
Werdan, U.; Werdan, K.; Redl, H.; Schlag, G. Impaired energy
metabolism in hearts of septic baboons: diminished activities of
Complex I and Complex II of the mitochondrial respiratory
chain. Shock 11:336; 1999.

[25] Yukioka, T.; Tanaka, H.; Ikegami, K.; Shimazaki, S. Free radicals
and surgical stress. Nippon Geka Gakkai Zasshi 97:716–720;
1996.

[26] Anup, R.; Aparna, V.; Pulimood, A.; Balasubramanian, K. A.
Surgical stress and the small intestine: role of oxygen free rad-
icals. Surgery 125:560–569; 1999.

[27] Anup, R.; Susama, P.; Balasubramanian, K. A. Intestinal mi-
tochondrial dysfunction in surgical stress. J. Surg. Res. 99:
120–128; 2001.

[28] Anup, R.; Susama, P.; Balasubramanian, K. A. The role of xan-
thine oxidase in small bowel mucosal dysfunction after surgical
stress. Br. J. Surg. 87:1094–1101; 2000.

[29] Anup, R.; Balasubramanian, K. A. Protease, activation during
surgical stress in the rat small intestine. J. Surg. Res. 92:
283–290; 2000.

[30] Galley, H. F.; Davies, M. J.; Webster, N. R. Xanthine oxidase
activity and free radical generation in patients with sepsis syn-
drome. Crit. Care Med. 24:1649; 1996.

[31] Grum, C. M.; Ragsdale, R. A.; Ketai, L. H.; Simon, R. H. Plasma
xanthine oxidase activity in patients with adult respiratory dis-
tress syndrome. J. Crit. Care 2:22; 1987.

[32] Quinlan, G. J.; Lamb, N. J.; Tilley, R.; Evans, T. W.; Gutteridge,
J. M. C. Plasma hypoxanthine levels in ARDS: implications for
oxidative stress, morbidity, and mortality. Am. J. Crit. Care Med.
155:479; 1997.

[33] Groeneveld, A.; Sipkema, P. Interaction of oxyradicals, antiox-
idants, and nitric oxide during sepsis. Crit. Care Med. 28:
2161–2162; 2000.

[34] Gal, I.; Roth, E.; Lantos, J.; Vargas, G.; Jaberansari, M. T. In-
flammatory mediators and surgical trauma regarding laparo-
scopic access: free radical mediated reactions. Acta Chir.
Hung. 36:97; 1997.

[35] Sane, S.; Choksi, S. A.; Mishra, V. V.; Barad, D. P.; Shah, V. C.;
Nagpal, S. Serum lipoperoxide levels in surgical stress of ab-
dominal hysterectomy. Panminerva. Med. 35:131; 1998.

[36] Carpenter, C. T.; Price, P. V.; Christman, B. W. Exhaled breath
condensate isoprostanes are elevated in patients with acute lung
injury or ARDS. Chest 114:1653; 1998.

[37] Starkopf, J.; Zilmer, K.; Vihalemm, T.; Kullisaar, T.; Zilmer,
M.; Samarutel, J. Time course of oxidative stress during
open-heart surgery. Scand. J. Thorac. Cardiovasc. Surg. 29:181;
1995.

[38] Peralta, J. G.; Llesuy, S.; Evelson, P.; Carreras, M. C.; Flecha,
B. G.; Poderoso, J. J. Oxidative stress in skeletal muscle during
sepsis in rats. Circ. Shock 39:153; 1993.

[39] Hammarqvist, F.; Luo, J. L.; Cotgreave, I. A.; Andersson, K.;
Wernerman, J. Skeletal muscle glutathione is depleted in crit-
ically ill patients. Crit. Care Med. 25:78; 1997.

[40] Yang, H.; Sheng, Z.; Guo, Z. Multiple organ injury after delayed
fluid resuscitation in severely scalded rats: role of oxygen free
radicals. Chung Hua Chen Hsing Shao Shanh Wai Ko Tsa Chih
11:106; 1995.

[41] Quinlan, G. J.; Evans, T. W.; Gutteridge, J. M. C. Oxidative
damage to plasma proteins in adult respiratory distress syn-
drome. Free Radic. Res. 20:289; 1994.

[42] Bernard, G. R.; Swindell, B. B.; Meredith, M. J.; Carroll, F. E.;
Higgins, S. B. Glutathione (GSH) repletion by N-acetyl cysteine
(NAC) in patients with the adult respiratory distress syndrome.
Am. Rev. Respir. Dis. 139:A221; 1989.

[43] Ogilvie, A. C.; Groenveld, A. B.; Straub, J. P.; Thijs, L. G.
Plasma lipid peroxides and antioxidants in human septic shock.
Intensive Care Med. 17:40; 1991.

[44] Pacht, E. R.; Timerman, A. P.; Lykens, M. J.; Merola, A. J.
Deficiency of alveolar fluid glutathione in patients with sepsis
and the adult respiratory distress syndrome. Chest 100:1397;
1991.

[45] Moch, M.; Schroppel, B.; Schoenbergetal, M. H.; Schulz, H. J.;
Thorab, F. C.; Marzinzag, M.; Hedlund, B. E.; Bruckner, U. B.
Protective effects of hydroxyethyl starch-desferoxamine in early
sepsis. Shock 4:425; 1995.

[46] Pietri, S.; Seguin, J. R.; D’Arbigny, P.; Drieu, K.; Culcasi, M.
Ginkgo biloba extract (EGb 761) pretreatment limits free radical-
induced oxidative stress in patients undergoing coronary bypass
surgery. Cardiovasc. Drugs Ther. 11:121; 1997.

[47] Potten, C. S.; Booth, C.; Pritchard, D. M. The intestinal epithelial
stem cell: the mucosal governor. Int. J. Exp. Pathol. 78:219–243;
1997.

[48] Simmy, T.; Anup, R.; Prabhu, R.; Balasubramanian, K. A. Effect
of surgical manipulation of the rat intestine on enterocyte pop-
ulations. Surgery 130:479–488; 2001.

[49] Tutton, P. J.; Helme, R. D. Stress induced inhibition of jejunal
crypt cell proliferation. Virchows Arch. B Cell Pathol. 15:23–34;
1973.

[50] Prabhu, R.; Anup, R.; Balasubramanian, K. A. Surgical stress
induces phospholipid degradation in the intestinal brush border
membrane. J. Surg. Res. 94:178–184; 2000.

[51] Carrico, C. J.; Meakins, J. L.; Marshall, J. C.; Fry, D.; Maier, R. V.
Multiple organ failure syndrome. Arch. Surg. 121:196–206;
1986.

[52] Border, J. R. Hypothesis: sepsis, multiple organ failure and the
macrophage. Arch. Surg. 123:385–386; 1988.

[53] Louis, J. M.; Xu, D.-Z.; Lu, Q.; Edwin, A. D. Gut-derived mes-
enteric lymph A link between burn and lung injury. Arch. Surg.
134:1333–1341; 1999.

[54] Kaoru, K.; Yasuhiro, Y.; Yozo, H.; Takashi, O. Group IIA phos-
pholipase A2 mediates lung injury in intestinal ischemia– reper-
fusion. Ann. Surg. 232:90–97; 2000.

[55] Ruth, S.; Rafael, A.; Lester, K.; Robert, C. V.; David, S.; Herbert,



S. THOMAS and K. A. BALASUBRAMANIAN754
B. H. Neutrophil and nonneutrophil-mediated injury in intestinal
ischemia– reperfusion. Ann. Surg. 218:444–454; 1993.

[56] David, J. S.; Michael, G. C.; Keith, T. O.; Karen, S. G.;
Daniel, B. H. Evidence for neutrophil-related acute lung injury
after intestinal ischemia– reperfusion. Surgery 106:195–202;
1989.

[57] Magnotti, L. J.; Upperman, J. S.; Xu, D.; Lu, Q.; Deitch, E. A.
Gut-derived mesenteric lymph but not portal blood increases
endothelial cell permeability and promotes lung injury after hem-
orrhagic shock. Ann. Surg. 228:518–527; 1998.

[58] Hill, J.; Lindsay, T. F.; Ortiz, F.; Yeh, C. G.; Hechtman, H. B.;
Moore, F. D., Jr. Soluble complement receptor type I ameliorates
the local and remote organ injury following intestinal ischemia–
reperfusion. Surgery 112:166–172; 1992.

[59] Johnson, K. J.; Fantone, J. C.; Kaplan, J.; Ward, P. A. In vivo
damage of rat lungs by oxygen metabolites. J. Clin. Invest.
67:983–993; 1981.

[60] Brennan, F. M.; Maini, R. N.; Feldmann, M. Cytokine expression
in chronic inflammatory disease. Br. Med. Bull. 51:368–384;
1995.

[61] Rahman, I.; MacNee, W. Role, of transcription factors in inflam-
matory lung diseases. Thorax 53:601–612; 1998.

[62] Thomas, S.; Karnik, S.; Balasubramanian, K. A. Surgical manip-
ulation of the small intestine and its effect on the lung. J. Surg.
Res. 106:145–156; 2002.

[63] Gerd, O. T.; John, R. H.; Wallace, W. T.; Marty, J. L.; Peter, A. W.
Lipid peroxidation and acute lung injury after thermal trauma of
skin. Am. J. Pathol. 119:376–384; 1985.

[64] Roumen, R. M. H.; Van Der Vliet, J. A.; Wevers, R. A.; Goris,
R. J. A. Intestinal permeability is increased after major vascular
surgery. J. Vasc. Surg. 17:734; 1993.

[65] Pape, H. C.; Dwenger, A.; Regel, G.; Auf’m’Kolck, M.; Gollub,
F.; Wisner, D.; Sturm, J. A. Increased gut permeability after
multiple trauma. Br. J. Surg. 81:850; 1994.

[66] Ziegler, T. R.; Smith, R. J.; O’Dwyer, S. T.; Demling, R. H.;
Wilmore, D. W. Increased intestinal permeability associated with
infection in burn patients. Arch. Surg. 123:1313–1319; 1988.

[67] Deitch, E. A. Intestinal permeability is increased in burn patients
shortly after injury. Surgery 107:411–416; 1990.

[68] O’Dwyer, S. T.; Mitchie, H. R.; Ziegler, T. R.; Revhaug, A.;
Smith, R. J.; Wilmore, D. W. A single dose of endotoxin in-
creases intestinal permeability in healthy humans. Arch. Surg.
123: 1459–1464; 1988.

[69] Deitch, E. A.; Specian, R. D.; Berg, R. D. Endotoxin-induced
bacterial translocation and mucosal permeability: role of xan-
thine oxidase, complement activation, and macrophage products.
Crit. Care Med. 19:785; 1991.

[70] Bark, T.; Katuoli, M.; Ljungqvist, O.; Mollby, R.; Svenberg, T.
Bacterial translocation after non-lethal hemorrhage in the rat.
Circ. Shock 41:60–65; 1993.

[71] Deitch, E. A. Simple intestinal obstruction causes bacterial trans-
location in man. Arch. Surg. 124:699–771; 1989.

[72] Koziol, J. M.; Rush, B. F.; Smith, S. M.; Machiedo, G. W.
Occurrence of bacteremia during and after hemorrhagic shock.
J. Trauma 28:10–16; 1988.

[73] Alverdy, J. C.; Spitz, J.; Hecht, G.; Ghandi, S. Causes and con-
sequences of bacterial adherence to mucosa epithelia during crit-
ical illness. New Horizons 2:264–272; 1994.

[74] Berg, R. D. Bacterial translocation from the gastrointestinal tract.
Trends Microbiol. 3:149–154; 1995.

[75] Katouli, M.; Nettelbladt, C. G.; Muratov, V.; Ljungqvist, O.;
Bark, T.; Svenberg, T.; Mollby, R. Selective translocation of
coliform bacteria adhering to the caecal epithelium of rats during
catabolic stress. J. Med. Microbiol. 46:571–578; 1997.

[76] Katouli, M.; Bark, T.; Ljungqvist, O.; Svenberg, T.; Mollby, R.
Composition and diversity of the intestinal coliform flora influ-
ence bacterial translocation in rats after hemorrhagic stress. In-
fect. Immun. 62:4768–4774; 1994.

[77] Lichtman, S. N.; Sarto, R. B.; Keku, J.; Schwab, J. H. Hepatic
inflammation in rats with experimental small intestinal bacterial
overgrowth. Gastroenterology 98:414–423; 1990.

[78] Deitch, E. A.; Berg, R. Bacterial translocation from the gut: a
mechanism of infection. J. Burn Care Rehab. 8:475–482;
1987.

[79] Thomas, S.; Kang, G.; Balasubramanian, K. A. Surgical manip-
ulation of the intestine results in quantitative and qualitative alter-
ations in luminal Escherichia coli. Ann. Surg. 2004 (in press).

[80] Rocha, F.; Laughlin, R.; Musch, M. W.; Hendrickson, B. A.;
Chang, E. B.; Alverdy, J. Surgical stress shifts the intestinal
Eschericia coli population to that of a more adherent phenotype:
role in barrier regulation. Surgery 130:65–73; 2001.

[81] Alverdy, J.; Hendrickson, B.; Guandalini, S.; Laughlin, R. J.;
Kent, K.; Banerjee, R. Perturbed bioelectrical properties of the
mouse caecum following hepatectomy and starvation: the role of
bacterial adherence. Shock 12:235–241; 1999.

[82] Hendrickson, B. A.; Guo, J.; Laughlin, R.; Chen, Y.; Alverdy,
J. C. Increased type I fimbrial expression among commensal
Escherichia coli in the murine caecum following catabolic stress.
Infect. Immun. 67:745–753; 1998.

[83] Freestone, P. P.; William, P. H.; Haigh, R. D.; Maggs, A. F.;
Neal, C.; Lyte, M. Growth stimulation of intestinal commensal
Escherichia coli by catecholamines: a possible contributory fac-
tor in trauma-induced sepsis. Shock 18:465–470; 2002.

[84] Lu, L.; Walker, W. A. Pathologic and physiological interactions
of bacteria with the gastrointestinal epithelium. Am. J. Clin. Nutr.
73:1124S–1130S; 2001.

[85] Nettelbladt, G.; Katouli, M.; Volpe, A.; Bark, T.; Muratov, V.;
Svenberg, S.; Mollby, R.; Ljungqvist, O. Starvation increases
the number of coliform bacteria in the caecum and induces
bacterial adherence to caecal epithelium in rats. Eur. J. Surg.
163:135–142; 1997.

[86] Shimizu, T.; Tani, T.; Hanasawa, K.; Endo, Y.; Kodama, M. The
role of bacterial translocation on neutrophil activation during
hemorrhagic shock in rats. Shock 16:59–63; 2001.

[87] Deitch, E. A.; Ma, W. J.; Ma, L.; Berg, R.; Specian, R. D.
Endotoxin-induced bacterial translocation: a study of mecha-
nisms. Surgery 106:292–299; 1989.

[88] Ozawa, A.; Ohnishi, N.; Aiba, Y.; Yamamoto, T. Ecological
mechanism of protection of intestinal bacterial flora against Sal-
monella typhimurium infection. Tokai J. Exp. Clin. Med.
15:111–121; 1990.

[89] McManus, D. C.; Josephy, P. D. Superoxide dismutase protects
Escherichia coli against killing by human serum. Arch. Biochem.
Biophys. 317:57–61; 1995.

[90] Rosner, J. L.; Storz, G. Effects of peroxides on susceptibilities of
Escherichia coli and Mycobacterium smegmatis to isoniazid.
Antimicrob. Agents Chemother. 38:1829–1833; 1994.

[91] DeSchryver-Kecskemeti, K.; Eliakim, R.; Carroll, S.; Stenson,
W. F.; Moxley, M. A.; Alpers, D. H. Intestinal surfactant-like
material: a novel secretory product of the rat enterocyte. J. Clin.
Invest. 84:1355; 1989.

[92] Grange, P. A.; Mouricout, M. A. Transferrin associated with the
porcine intestinal mucosa is a receptor specific for K88ab fim-
briae of Escherichia coli. Infect. Immun. 64:606–610; 1996.

[93] Brown, F. J.; Keates, A. C.; Hanson, P. J.; Whittle, B. J.,
Nitric oxide generators and cGMP stimulate mucus secretion by
rat gastric mucosal cells. Am. J. Physiol. 265:G418–G422;
1993.

[94] Pique, J. M.; Whittle, B. J. R.; Esplugues, J. V. The vasodilator
role of endogenous nitric oxide in the rat gastric microcircula-
tion. Eur. J. Pharmacol. 174:293–296; 1989.

[95] Konturek, S. J.; Brzozowski, T.; Majka, J.; Pytko-Polonczyk, J.;
Stachura, J. Inhibition of nitric oxide synthase delays healing of
chronic gastric ulcers. Eur. J. Pharmacol. 239:215–217; 1993.

[96] Albina, J. E.; Reichner, J. S. Nitric oxide in inflammation and
immunity. New Horizons 3:46–64; 1995.

[97] Kubes, P.; Suzuki,M.; Granger, D. N. Nitric oxide: an endogenous
modulator of leukocyte adhesion. Proc. Natl. Acad. Sci. U S A
88:4651–4655; 1991.

[98] Andrews, F. J.; Malcontenti-Wilson, C.; O’Brien, P. E. Protec-
tion, against gastric ischemia– reperfusion injury by nitric oxide
generators. Dig. Dis. Sci. 39:366–373; 1994.

[99] Rubanyi, G. M.; Ho, E. H.; Cantor, E. H.; Lumma, W. C.;
Botelho, L. H. Cytoprotective function of nitric oxide: inactiva-



Free radicals in postsurgical complications 755
tion of superoxide radicals produced by human leukocytes. Bio-
chem. Biophys. Res. Commun. 181:1392–1397; 1991.

[100] Gaboury, J.; Woodman, R. C.; Granger, D. N.; Reinhardt, P.;
Kubes, P. Nitric oxide prevents leukocyte adherence: role of
superoxide. Am. J. Physiol. 265:H862–H867; 1993.

[101] Wallace, J. L.; Reuter, B. K.; Cirino, G. Nitric oxide releasing
non-steroidal anti-inflammatory drugs: a novel approach for re-
ducing gastrointestinal toxicity. J. Gastroenterol. Hepatol.
9:S40–S44; 1994.

[102] Chen, K.; Hirota, S.; Wasa, M.; Okada, A. Expression of NOS II
and its role in experimental small bowel ulceration in rats. Sur-
gery 126:553–561; 1999.

[103] Dickinson, E.; Tuncer, R.; Nadler, E.; Boyle, P.; Alber, S.; Wat-
kins, S.; Ford, H. NOX, a novel nitric oxide scavenger, reduces
bacterial translocation in rats after endotoxin challenge. Am. J.
Physiol. 277:G1281–G1287; 1999.

[104] Unno, N.; Wang, H.; Menconi, M. J.; Tytgat, S. H.; Larkin, V.;
Smith, M.; Morin, M. J.; Chavez, A.; Hodin, R. A.; Fink, M. P.
Inhibition of inducible nitric oxide synthase ameliorates endo-
toxin-induced gut mucosal barrier dysfunction in rats. Gastro-
enterology 113:1405–1407; 1997.

[105] Kubes, P.; Reinhardt, P.; Payne, D.; Woodman, R.C. Excess
nitric oxide does not cause cellular, vascular, or mucosal
dysfunction in the cat small intestine. Am. J. Physiol. 269:
G34–G41; 1995.

[106] Grisham, M. B.; Jourd’heuil, D.; Wink, D. A. Nitric, oxide I:
chemistry of nitric oxide and its metabolites in inflammation.
Am. J. Physiol. 276:G315–G321; 1999.

[107] Wink, D. A.; Cook, J. A.; Kim, S. Y.; Vodovotz, Y.; Pacelli, R.;
Krishna, M. C.; Russo, A.; Mitchell, J. B.; Jourd’heuil, D.; Miles,
A. M.; Grisham, M. B. Superoxides modulates the oxidation and
nitrosation of thiols by nitric oxide-derived reactive intermedi-
ates: chemical aspects involved in the balance between oxidative
and nitrosative stress. J. Biol. Chem. 272:11147–11151; 1997.

[108] Rubbo, H.; Radi, R.; Trujillo, M.; Telleri, R.; Kalyanaraman, B.;
Barnes, S.; Kirk, M.; Freeman, B. A. Nitric oxide regulation of
superoxide and peroxynitrite-dependent lipid peroxidation. For-
mation of novel nitrogen-containing oxidized lipid derivatives.
J. Biol. Chem. 269:26066–26075; 1994.

[109] Tsukahara, Y.; Morisaki, T.; Horita, Y.; Torisu, M.; Tanaka, M.
Expression of inducible nitric oxide synthase in circulating neu-
trophils of the systemic inflammatory response syndrome and
septic patients. World J. Surg. 22:771; 1998.

[110] Hierholzer, C.; Harbrecht, B.; Menezes, J. M.; Kane, J.; Mac-
Micking, J.; Nathan, C. F.; Peitzman, A. B.; Billiar, T. R.;
Tweardy, D. J. Essential role of induced nitric oxide in the
initiation of the inflammatory response after hemorrhagic shock.
J. Exp. Med. 187:917; 1998.

[111] Evans, T.; Carpenter, A.; Kinderman, H.; Cohen, J. Evidence of
increased nitric oxide production in patients with the sepsis syn-
drome. Circ. Shock 41:77; 1993.

[112] Angele, M. A.; Smail, N.; Wang, P.; Cioffi, W. G.; Bland, K. I.;
Chaudry, I. H. L-Arginine restores the depressed cardiac output
and regional perfusion after trauma-hemorrhage. Surgery
124:394; 1998.

[113] Spain, D. A.; Wilson, M. A.; Bar-Natan, M. F.; Garrison, R. N.
Role of nitric oxide in the small intestinal microcirculation dur-
ing bacteremia. Shock 2:41; 1994.

[114] Meldrum, D. R.; McIntyre, Jr. R. C.; Sheridan, B. C.; Cleveland,
Jr.; Fullerton, D. A.; Harken, A. H. L-arginine decreases alveolar
macrophage proinflammatory monokine production during acute
lung injury by a nitric oxide synthase-dependent mechanism.
J. Trauma 43:888; 1997.

[115] Tzeng, E.; Kim, Y. M.; Pitt, B. R.; Lizonova, A.; Kovesdi, I.;
Billiar, T. R. Adenoviral transfer of the inducible nitric oxide
synthase gene blocks endothelial cell apoptosis. Surgery
122:255; 1997.

[116] Thomas, S.; Anup, R.; Susama, P.; Balasubramanian, K. A. Ni-
tric oxide prevents intestinal mitochondrial dysfunction induced
by surgical stress. Br. J. Surg. 88:393–399; 2001.

[117] Thomas, S.; Anup, R.; Susama, P.; Vidyasagar, S.; Balasubrama-
nian, K. A. Nitric oxide protects the intestine from the damage
induced by laparotomy and gut manipulation. J. Surg. Res.
99:25–32; 2001.

[118] Blomvist, B. I.; Hammarqvist, F.; Von der Decken, A.; Werner-
man, J. Glutamine and a-ketoglutarate attenuate the fall in
muscle free glutamine concentration after total hip replacement.
Clin. Nutr. 12:12S–13S; 1993.

[119] Parry-Billings, M.; Baigrie, R. J.; Lamont, P. M.; Morris, P. J.;
Newsholme, E. A. Effects of major and minor surgery on plasma
glutamine and cytokine levels. Arch. Surg. 127:1237–1240;
1992.

[120] Planas, M.; Schwartz, S.; Arbos, M. A.; Farriol, M. Plasma
glutamine levels in septic patients. J. Parenter. Enteral Nutr.
17:299–300; 1993.

[121] Wernerman, J.; Hammarqvist, F.; Ali, M. R.; Vinnars, E. Gluta-
mine and ornithine-a-ketoglutarate but not branched chain ami-
no acids reduce the loss of muscle glutamine after surgical
trauma. Metabolism 38:63–66; 1989.

[122] Griffiths, R. D.; Jones, C.; Palmer, T. E. Six month outcome of
critically ill patients given glutamine-supplemented parenteral
nutrition. Nutrition 13:295–302; 1997.

[123] Zeigler, T. R.; Young, L. S.; Benfell, K.; Scheltinga, M.; Hortos,
K.; Bye, R.; Morrow, F. D.; Jacobs, D. O.; Smith, R. J.; Antin,
J. H. Clinical and metabolic efficacy of glutamine-supplemented
parenteral nutrition after bone marrow transplantation. Ann. In-
tern. Med. 116:821–828; 1992.

[124] Parry-Billings, M.; Evans, J.; Calder, P. C.; Newsholme, E. A.
Does glutamine contribute to immunosuppression after major
burns? Lancet 336:523–525; 1990.

[125] Herskowitz, K.; Martin, T. D.; Austgen, T. R.; Copeland, III
E. M.; Souba, W. W. The effects of hypothermic anesthesia on
gut fuel metabolism. Surg. Forum 41:300; 1990.

[126] Souba, W. W.; Wilmore, D. W. Postoperative alteration of arte-
riovenous exchange of amino acids across the gastrointestinal
tract. Surgery 94:342; 1983.

[127] Pinkus, L. M.; Windmueller, H. G. Phosphate-dependent gluta-
minase of small intestine and localisation and role in intestinal
glutamine metabolism. Arch. Biophys. Biochem. 182:506; 1990.

[128] Clark, E. C.; Patel, S. D.; Chadwick, P. R.; Warhurst, G.; Carl-
son, G. L Glutamine deprivation facilitates tumor necrosis factor
induced bacterial translocation in caco-2 cells by depletion of
enterocyte fuel substrate. Gut 52:224; 2003.

[129] Babu, R.; Eaton, S.; Drake, D. P.; Spitz, L.; Pierro, A. Glutamine
and glutathione counteract the inhibitory effects of mediators of
sepsis in neonatal hepatocytes. J. Pediatr. Surg. 36:282–286;
2001.

[130] Hong, R. W.; Round, J. D.; Helton, W. S.; Robinson, M. K.;
Wilmore, D. W. Glutamine preserves liver glutathione after le-
thal hepatic injury. Ann. Surg. 215:114–119; 1992.

[131] Dumaswala, U. J.; Zhuo, L.; Mahajan, S.; Nair, P. N.; Shertzer,
H. G.; Dibello, P.; Jacobsen, D. W. Glutathione protects chemo-
kine-scavenging and antioxidative defense functions in human
RBCs. Am. J. Physiol. 280:C867–C873; 2001.

[132] Aukrust, P.; Svardal, A. M.; Muller, F.; Lunden, B.; Berge, R. K.;
Ueland, P. M.; Froland, S. S. Increased levels of oxidised gluta-
thione in CD4+ lymphocytes associated with disturbed intracel-
lular redox balance in human immunodeficiency virus type 1
infection. Blood 86:258–267; 1995.

[133] Hong, R. W.; Helton, W. S.; Rounds, J. D.; Wilmore, D. W.
Glutamine supplemented TPN preserves hepatic glutathione
and improves survival following chemotherapy. Surg. Forum
41:9–11; 1990.

[134] Espat, N. J.; Watkins, K. T.; Lind, D. S.; Weis, J. K.; Copeland,
E. M.; Souba, W. W. Dietary modulation of amino acid transport
in rat and human liver. J. Surg. Res. 63:263–268; 1996.

[135] Hammarqvist, F.; Luo, J. L.; Cotgreave, I. A.; Andersson, K.;
Wernerman, J. Skeletal muscle glutathione is depleted in crit-
ically ill patients. Crit. Care. Med. 25:78–84; 1997.

[136] Harward, T. R.; Coe, D.; Souba, W. W.; Klingman, N.; Seeger,
J. M. Glutamine preserves gut glutathione levels during intesti-
nal ischemia/reperfusion. J. Surg. Res. 56:351–355; 1994.

[137] Prem, J. T.; Eppinger, M.; Lemmon, G.; Miller, S.; Nolan, D.;
Peoples, J. The role of glutamine in skeletal muscle ischemia/



ABBREVIATIONS

GI—gastrointestinal tract

SIRS—systematic inflammatory response syndrome

MOFS—multi-organ failure syndrome

ROS—reactive oxygen species

XO—xanthine oxidase

ARDS—acute respiratory distress syndrome

SOD—superoxide dismutase

GSH—glutathione

ADA—adenosine deaminase

AP-1—activator protein-1
AA—arachidonic acid

BALF—bronchoalveolar lavage fluid

BBM—brush border membrane

SLP—surfactant like particles

cPLA2—cytosolic phospholipase A2

NO—nitric oxide

iNOS—inducible nitric oxide synthase

LPS—lipopolysaccharides

HSP—heat shock proteins

PGs—prostaglandins

S. THOMAS and K. A. BALASUBRAMANIAN756
reperfusion injury in the rat hind limb model. Am. J. Surg.
178:147–150; 1999.

[138] Wischmeyer, P. E.; Kahana, M.; Wolfson, R.; Ren, H.; Musch,
M. M.; Chang, E. B. Glutamine induces heat shock protein and
protects against endotoxin shock in the rat. J. Appl. Physiol.
90:2403–2410; 2001.

[139] Wischmeyer, P. E.; Musch, M. M.; Madonna, M. B.; Thisted,
R.; Chang, E. B. Glutamine protects intestinal epithelial cells:
role of inducible HSP-70. Am. J. Physiol. 35:G879–G884;
1997.

[140] Prabhu, R.; Thomas, S.; Balasubramanian, K.A. Oral glutamine
attenuates surgical manipulation-induced alterations in the intes-
tinal brush border membrane. J. Surg. Res. 115:148–156; 2003.

[141] Jaatela, M. Overexpression of major heat shock protein hsp70
inhibits tumor necrosis factor-induced activation of phospholi-
pase A2. J. Immunol. 151:4286–4294; 1993.

[142] Stojadinovic, A.; Kiang, J.; Goldhill, J.; Matin, D.; Smallridge,
R.; Galloway, R.; Donohue, T. S. Induction of heat shock re-
sponse prevents tissue injury during acute inflammation of the
rat ileum. Crit. Care Med. 25:309–317; 1997.

[143] Bellmann, K.; Wenz, A.; Radons, J.; Burkat, V.; Kleeman, R.;
Kolb, H. How cells respond to stress. J. Clin. Invest. 95:
2840–2845; 1995.

[144] Welch, W. J. How cells respond to stress. Sci. Ann. 268:56–64;
1993.

[145] Nalamura, K.; Rokutan, K.; Marui, N.; Aoike, A.; Kawai, K.
Induction of heat shock proteins and their implication in protec-
tion against ethanol-induced damage in cultured guinea pig gas-
tric mucosal cells. Gastroenterology 101:161–166; 1991.

[146] Villar, J.; Ribiero, S. P.; Mullen, J. B. M.; Kuliszewski, M.; Post,
M.; Slutsky, A. S. Induction of the heat shock response reduces
mortality rate and organ damage in a sepsis induced acute lung
injury model. Crit. Care Med. 22:914–921; 1994.

[147] Currie, R. W.; Karmazyn, M.; Klco, M.; Mailer, K. Heat shock
response is associated with enhanced postischemic ventricular
recovery. Circ. Res. 63:543–549; 1988.

[148] Thomas, S.; Pulimood, A.; Balasubramanian, K. A. Heat pre-
conditioning prevents ocidative stress-induced damage in the
intestine and lung following surgical manipulation. Br. J. Surg.
90:473–481; 2003.
[149] Thomas, S.; Prabhu, R.; Pulimood, A.; Balasubramanian, K. A.
Heat preconditioning prevents enterocyte mitochondrial damage
induced by surgical manipulation. J. Surg. Res. 108:138–147;
2002.

[150] Prabhu, R.; Balasubramanian, K. A. Heat preconditioning at-
tenuates oxygen free radical-mediated alterations in the intesti-
nal brush border membrane induced by surgical manipulation.
J. Surg. Res. 107:227–233; 2002.


	ROLE OF INTESTINE IN POSTSURGICAL COMPLICATIONS: INVOLVEMENT OF FREE RADICALS
	INTRODUCTION
	SURGICAL STRESS-GENERAL
	SURGICAL STRESS, GASTROINTESTINAL TRACT, AND REACTIVE OXYGEN SPECIES
	GUT BARRIER AND INTESTINAL FLORA IN SURGICAL STRESS
	NITRIC OXIDE AND SURGICAL STRESS
	INTERVENTIONS IN SURGICAL STRESS
	Acknowledgements
	References


