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Heat preconditioning prevents oxidative stress-induced
damage in the intestine and lung following surgical
manipulation
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Background: The intestine is increasingly recognized as a primary effector of distant organ damage,
such as lung, following abdominal surgery. Surgical manipulation of the intestine generates oxygen
free radicals resulting in mucosal damage. Heat preconditioning has been proposed to prevent various
stress-induced alterations in cells and tissues, including oxidative stress. This study examined the effect
of heat preconditioning on oxidative stress-induced damage to the intestine and lung, following surgical
manipulation.
Methods: Control rats and rats pretreated with heat were subjected to surgical manipulation by opening
the abdominal wall and handling the intestine as done during laparotomy. Intestine and lung were
assessed for damage by histology and markers of oxidative stress.
Results: Surgical manipulation resulted in ultrastructural changes in the intestine. Biochemical
alterations in the enterocytes were evident, with increased xanthine oxidase activity resulting in
production of superoxide anion and with a decrease in antioxidant status. Gut manipulation also resulted
in neutrophil infiltration and oxidative stress in the lung as assessed by histology, myeloperoxidase
activity, lipid peroxidation and antioxidant status. Heat conditioning before surgical manipulation had a
protective effect against this intestinal and lung damage.
Conclusion: This study suggests that mild whole-body hyperthermia before surgery might offer
protection from postoperative complications.
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Introduction

The gut is an instigator and a victim of postoperative
complications such as the systemic inflammatory response
syndrome and multiple organ failure1. Loss of gut
barrier function and increased gut permeability have
been reported after surgery2, and laparotomy and
mild intestinal handling leads to activation of the
superoxide-generating enzyme xanthine oxidase (XO) in
enterocytes, resulting in oxidative stress and considerable
damage to intestinal mucosal structure and function3,4.
Surgical manipulation also affects the structure and
function of the intestinal brush border membrane
and mitochondria5,6. Severe physiological stress, such
as shock, trauma or burn injury, causes mesenteric
hypoperfusion with preferential shunting of blood to vital
organs. Hypoperfusion is associated with impairment of

mucosal barrier function, which permits translocation of
bacterial pathogens into the systemic circulation. The
small intestine is increasingly recognized as a primary
effector of distant organ damage7 and it is likely that
the gut-derived chemical mediators are transferred to
distant organs via the lymph. Oxidative stress-induced
lung damage in surgical stress has been studied in this
laboratory8.

Recently, heat preconditioning has been proposed as
a new strategy for preventing oxidative injury in cells
and tissues9,10. Studies on heat stress by Bellmann et al.11

showed reduced cell lysis following oxygen radical insult.
Normally, when cells and tissues are exposed to sublethal
heat stress, they acquire tolerance against the subsequent
lethal heat stress. This phenomenon is called the heat-
shock response and many reports describe the involvement
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of heat-shock proteins (HSPs) in the acquisition of
tolerance12,13. HSP induction is associated with remarkably
enhanced tolerance to subsequent non-thermal stress
as illustrated by gastric cytoprotection against ethanol-
induced damage14, reduced organ damage in sepsis-
induced lung injury15 and significant cardioprotection
in rats subjected to ischaemia–reperfusion injury16.
This study examined the effect of whole-body mild
hyperthermia on intestinal mucosal damage following
surgical manipulation and its effect on the lung.

Materials and methods

Nicotinamide adenine dinucleotide (NAD), its reduced
form, 1-chloro-2-4-dinitrobenzene, reduced glutathione,
oxidized glutathione, 5,5′-dithio-bis-(2-nitrobenzoic acid),
1,1′,3, 3′ tetramethoxypropane, 2-thiobarbituric acid, Tri-
ton X-100, xanthine, XO, bathocuproinedisulphonic acid,
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT), dimethyl sulphoxide, bovine serum albu-
min, phenylmethylsulphonyl fluoride and pepstatin A were
all obtained from Sigma Chemical Company (St Louis,
Missouri, USA). Mouse monoclonal antibody against HSP-
70 and -90, and affinity-purified alkaline phosphatase-
conjugated goat antimouse IgG were purchased from
Stressgen Biotechnologies (Victoria, British Columbia,
Canada). Bromochloroindolyl phosphate was obtained
from Bangalore Genei (Bangalore, India). All other chem-
icals used were of analytical grade.

Adult Wistar rats of both sexes (200–250 g), exposed to
a daily 12-h light–dark cycle and fed water and rat chow
freely, were used for this study. The rats were divided
randomly into four groups: sham control (laparotomy
without intestinal handling) (n = 6), surgical manipulation
(intestinal handling) (n = 6), heated sham control (whole-
body hyperthermia before laparotomy alone) (n = 5) and
surgical manipulation after heat treatment (whole-body
hyperthermia before intestinal handling) (n = 6). This
study was approved by the Animal Experimentation Ethics
Committee of the institution.

Rats allocated to the heated group were anaesthetized
with intraperitoneal ketamine 50 mg per kg body-weight
and placed in a prewarmed humidified heating chamber
maintained at 42◦C for 15 min. The body temperature was
monitored by a rectal thermometer and was raised to 40◦C.
The animals were then removed from the heating chamber
and allowed to recover for 30 min at room temperature
before laparotomy.

Surgical manipulation was carried out as described
previously4. Briefly, overnight fasted rats were anaes-
thetized and the abdominal wall was opened with a vertical

incision of approximately 4 cm. The intestine was gently
moved and the ileocaecal junction identified. The intestine
was handled along its entire length from the ileocaecal
junction proximally, simulating the ‘inspection’ that occurs
in a clinical setting. The intestine was then replaced in the
abdominal cavity. This whole process was completed within
1–2 min. Following this, the abdominal wall was sutured
and the animals were killed by decapitation 60 min later.
Earlier work has shown that maximum alteration in the
intestine occurs 60 min following surgical manipulation3.

Isolation of enterocytes

Enterocytes were isolated from the rat small intestine by
the metal chelation method17. Cell viability was assessed
by a dye exclusion method using trypan blue19.

Preparation of lung homogenate

Following surgical manipulation of the intestine, the heart
and lungs were removed en bloc and washed. Both lungs
were then separated from the heart and hilar structures.
The lung specimens were weighed and homogenized using
PBS, pH 7·4. Lung homogenate was used to measure
lipid peroxidation. The homogenate was centrifuged at
4000 r.p.m. (900 g) for 4 min and the supernatant was used
for various enzyme assays.

Collection of bronchoalveolar lavage fluid

The trachea was cannulated and the lungs were washed
three times with 2 ml saline to provide approximately 6 ml
bronchoalveolar lavage fluid (BALF). Protein concentra-
tion was measured in the cell-free BALF obtained after
centrifugation.

Histological studies

Lung tissue was fixed in 10 per cent buffered formaldehyde.
Four-micron sections were cut, stained with haematoxylin
and eosin, and quantitative morphometry was performed.
Lung specimens were examined under a 40 × high-power
objective for the presence of polymorphonuclear neu-
trophils (PMNs) and these were counted in representative
sections. Data are expressed as PMNs per high-power
field3. Intestinal tissue samples were fixed in 2·5 per
cent glutaraldehyde, postfixed with osmium tetroxide and
embedded in epoxy resin. One-micron sections were
cut using a glass knife and stained with toluidine blue.
Well oriented areas for ultrastructural study were chosen
after examining 1-µm sections under a light microscope.
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Ultrathin sections (60–90 nm) were cut on a LKBUM4
ultramicrotome using a diamond knife (Diatome, Alder-
maston, Berkshire, England). Sections were mounted on
copper grids and stained with saturated aqueous uranyl
acetate and Reynolds lead citrate. The grids were exam-
ined under a Philips EM201C (Eindhoven, Netherlands)
electron microscope.

Western blot analysis

Aliquots of the intestine and lung homogenates corre-
sponding to 75 µg protein prepared in presence of protease
inhibitors were resolved on 7·5 per cent sodium dode-
cyl sulphate–polyacrylamide gels. The samples were then
transferred electrophoretically to a nitrocellulose mem-
brane (Sartorius NC blotting membranes; Sartorius AG,
37070 Göttingen, Germany). Non-specific binding sites
were blocked overnight with wash buffer–Tween 20 (Tris
10 mmol/l, pH 7·4, sodium chloride 150 mmol/l, sodium
azide 5 mmol/l and 20 per cent Tween 20) containing
5 per cent (w/v) fat-free dry milk powder at 4◦C. The
membranes were incubated for 2 h at room tempera-
ture with mouse monoclonal antibody against inducible
HSP-70 and -90 diluted 1 : 1000. After washing, the mem-
branes were incubated for 2 h at room temperature with
antigoat IgG conjugated to alkaline phosphatase diluted
1 : 1000. Alkaline phosphatase activity was detected using
bromochloroindolyl phosphate18.

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide reduction assay

MTT is a tetrazolium dye that can be reduced by
superoxide anions. The MTT reduction assay was carried
out using a microtitre plate in a total volume of 150 µl per
well. Cell suspension corresponding to 1 × 106 cells per ml
was placed in each well. Some 6 µl MTT 125 mmol/l was
added and the volume made up with PBS 25 mmol/l. After
incubation at 37◦C for 20 min, the reaction was stopped
by the addition of 150 µl dimethyl sulphoxide and mixed
thoroughly to dissolve the formazan. The plates were
read on a multiwell scanning spectrophotometer using a
test wavelength of 570 nm and a reference wavelength of
630 nm20. The amount of MTT formazan formed was
calculated using the molar extinction coefficient of MTT
formazan (E570) of 17 000 per mol per cm at pH 7·4–8·0.

Enzyme assays

XO activity was measured spectrophotometrically based
on the production of uric acid, which was measured
at 295 nm21. The reaction mixture contained xanthine

50 µmol/l, EDTA 100 µmol/l, potassium phosphate buffer
50 mmol/l, pH 7·8 (all final concentrations) and an aliquot
of the homogenate in a total volume of 1 ml. The
assay was carried out in the presence and absence of
NAD 0·4 mmol/l to assay XO plus xanthine dehydro-
genase (XDH) and XO respectively. Superoxide dismutase
(SOD) activity was measured at 540 nm, following the
reduction of the tetrazolium dye MTT by superoxides
generated by the xanthine–XO system22. Catalase activ-
ity was estimated by measuring the change in absorption
at 240 nm using hydrogen peroxide as substrate23. Total
glutathione peroxidase activity was determined by the
oxidation of reduced nicotinamide adenine dinucleotide
phosphate at 340 nm using hydrogen peroxide24. The
activity of glutathione-S-transferase was measured spec-
trophotometrically at 340 nm using the substrate 1-chloro-
2,4-dinitrobenzene25. Lung myeloperoxidase (MPO) was
measured to quantitate the degree of pulmonary neu-
trophil sequestration. The lung specimens were weighed
and placed in potassium phosphate buffer, pH 7·4, with
0·5 per cent hexadecyltrimethyl ammonium bromide and
homogenized. The homogenate was then centrifuged at
4000 r.p.m. (900 g) for 4 min and the supernatant was
used for the MPO assay. The assay contained phosphate
buffer 50 mmol/l, pH 6·0, o-dianisidine hydrochloride
0·167 mg, hydrogen peroxide 0·1 µmol/l and an aliquot of
the enzyme. The rate of decomposition of hydrogen per-
oxide by MPO with o-dianisidine as hydrogen donor was
determined by measuring the rate of colour development
at 460 nm26.

Assessment of lipid peroxidation

Total lung homogenate was used for assessment of lipid
peroxidation. Malonaldehyde (MDA) was measured using
the thiobarbituric acid method27. The amount of MDA
formed was calculated from a standard curve prepared
using 1,1′,3,3′ tetramethoxypropane and expressed as
nanomoles per milligram of protein. For conjugated diene
measurement, total lipids were extracted as described
previously28, dissolved in 1 ml heptane and read at
233 nm using a Shimadzu spectrophotometer (UV-
160A, Shimadzu spectrophotometer, Kyoto, Japan). The
amount of conjugated diene formed was calculated
using a molar absorption coefficient of 2·52 × 104

and was expressed as micromoles per milligram of
protein29. The total thiol content of the BALF was
measured using 5,5′-dithio-bis-(2-nitrobenzoic acid) as
described30 and expressed as nanomoles per milligram
of protein.
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Protein estimation

Protein was estimated by the method of Lowry using
bovine serum albumin as the standard31.

Statistical analysis

Data are expressed as mean(s.d.). The Mann–Whitney U
and Kruskall–Wallis non-parametric tests were used to test
the significance of differences between groups. P < 0·05

was accepted as significant. Statistical calculations were per-
formed using Statistical Package for the Social Sciences

(version 9) software (SPSS, Chicago, Illinois, USA).

Results

Studies on intestine

On ultrastructural examination, control small intestinal
mucosa appeared normal (Fig. 1a). Following surgical

c Heat preconditioned cells

a Control cells b Surgically manipulated cells

Fig. 1 Electron micrographs of small intestinal mucosa of rats subjected to surgical manipulation with or without heat preconditioning.
a Controls have normal intercellular junctions (arrow). b Surgically manipulated cells show widened intercellular spaces (arrow). c Heat
treatment before surgical manipulation results in a decrease in intercellular widening. (Original magnification ×15 000)
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manipulation, epithelial cells showed moderate widening
of the intercellular spaces which were filled with a pale
granular material (Fig. 1b). Pretreatment with heat allowed
almost complete protection from the damage and from the
intercellular widening (Fig. 1c). Mucosal damage following
surgical manipulation and the possible protection by heat
preconditioning was examined using isolated enterocytes.
Cell viability as assessed by trypan blue exclusion was
decreased after surgical manipulation compared with that
of controls (Fig. 2a). Heat preconditioning restored the
cell viability. A significantly greater proportion of cells was
viable in the heated control group than in the unheated
control group.

Superoxide anion, the main oxygen free radical
generated in the cell, reduces MTT to coloured formazan.
Enterocytes isolated from rats after surgical manipula-
tion showed an increase in MTT reduction (630·8(16·7)
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Fig. 2 a Cell viability and b xanthine oxidase, c superoxide
dismutase and d catalase activity in the enterocytes of rats
subjected to surgical manipulation with or without heat
preconditioning. Values are mean(s.d.) of six separate
experiments with duplicate estimations. *P = 0·001 versus
control, †P = 0·001 versus surgical manipulation
(Mann–Whitney U test)

nanomoles) compared with control (450·2(14.4) nano-
moles) (P = 0·029). This increase was almost completely
abolished by heat conditioning before surgical manipu-
lation (446·4(16·0) nanomoles) (P = 0·033). Superoxide
generation during surgical manipulation was further con-
firmed by XO (source of superoxide) and XDH activity.
Laparotomy and intestinal handling increased XO activity
by approximately 2·5-fold (Fig. 2b), with a concomitant
decrease in XDH activity (data not shown). These alter-
ations were prevented by heat preconditioning.

Levels of SOD and catalase, the superoxide- and hydro-
gen peroxide-scavenging enzymes, in enterocytes were
decreased significantly following surgical manipulation
(Figs 2c and d). Heat preconditioning protected against
this decrease. Interestingly, the preheated control and pre-
heated surgical manipulation groups showed a significant
increase in SOD activity compared with the control group.

Studies on lung

It has been suggested that the small intestine plays an
important role in distant organ injury, so the effect of
surgical manipulation of the intestine was studied in lung.
On histological examination, non-heated and heated con-
trols showed no lung injury; the alveoli had a normal
appearance and there were very few neutrophils (Fig. 3a).
Surgical manipulation resulted in disruption of normal
alveolar architecture and heavy neutrophil infiltration
(Fig. 3b). Heat treatment before surgery had a protective
effect against lung injury as seen by considerably reduced
neutrophil infiltration (Fig. 3c). These histological findings
were confirmed by measurement of MPO activity, a reliable
and quantitative marker for neutrophil accumulation in tis-
sues. MPO activity was significantly higher following sur-
gical manipulation (0·016(0·001) specific activity units) and
with heat pretreatment the activity was normalized to con-
trol levels (0·007(0·001) specific activity units) (P = 0·001).

Lung permeability was determined by measuring the
total protein concentration in the cell-free BALF, and
it was found that this was significantly higher following
surgical manipulation. Heat pretreatment restored the
protein concentrations to control level (Fig. 4a). Heat
preconditioning also protected against the decrease in thiol
content in the BALF seen after surgical manipulation (data
not shown).

Oxidation of polyunsaturated fatty acids by oxygen free
radicals has been postulated as a mechanism responsible
for damage and/or disruption of biological membranes.
Assessment of lipid peroxidation (MDA and conjugated
diene) showed significantly more peroxidation products
after surgical manipulation. Levels of MDA and conjugated
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a Lung from control animal

c Lung from heat preconditioned animal

b Lung from surgically manipulated animal

Fig. 3 Morphological studies of rat lung showing normal
appearance in a controls and c heat-pretreated animals after
surgical manipulation. b Heavy neutrophil infiltration and
disruption of the normal alveoli were seen following surgical
manipulation. Neutrophils are shown by arrows (Haematoxylin
and eosin stain, original magnification ×400)

diene were similar to control levels in the rats subjected
to heat preconditioning and surgical manipulation (Figs 4b
and c). Levels of antioxidant enzymes such as glutathione
peroxidase, glutathione-S-transferase and catalase were
considerably decreased following surgical manipulation but
were restored by heat preconditioning (data not shown).
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Fig. 4 a Total protein in bronchoalveolar lavage fluid (BALF),
and lipid peroxidation variables b malonaldehyde and c
conjugated diene in lung homogenates prepared from controls
and animals treated with and without heat before surgical
manipulation. Values are mean(s.d.) of five separate experiments
with duplicate estimations. *P = 0·041 versus control, †P = 0·029
versus surgical manipulation (Kruskal–Wallis H test,
Mann–Whitney U test)

70 kDa68 kDa (albumin)

1 2 3 4 5

Fig. 5 Immunoblot of heat shock protein (HSP) 70 in the
intestine following heat preconditioning. Lane 1, molecular
weight markers; lanes 2 and 5, positive control for HSP-70; lane
3, heat-preconditioned control; lane 4, heat preconditioning
followed by surgical manipulation
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Induction of stress proteins

HSPs are highly conserved proteins produced in response
to heat stress. In the present study, pretreatment with
mild whole-body hyperthermia to a core body temperature
of 40◦C did not induce the synthesis of either HSP-70
(Fig. 5) or HSP-90 in the rat small intestine as assessed by
immunoblotting.

Discussion

The intestine plays a key role in surgical stress-induced
trauma and multiple organ failure syndrome32, in which
bacterial translocation resulting from breakdown of
intestinal barrier function is said to be an aetiological
factor. Earlier studies showed that surgical manipulation
generates oxygen free radicals in the intestine, resulting
in functional and biochemical alterations3,19. Surgical
manipulation also affects the intestinal mitochondrial
structure as well as function6 and these changes may be the
result of hypoperfusion of the intestine. One of the distant
organs affected in this condition is the lung and oxidative
stress-induced lung damage during surgical manipulation
has been studied recently8. It has been suggested that acute
lung injury is caused by factors generated in the intestine
and transported through the lymph into the systemic
circulation33. Oxidants are thought to be responsible for
much of the cell and tissue damage that occurs in the
injured lung34.

Recent studies have reported the importance of several
endogenous cellular factors that protect intestinal epithelial
cells from the effects of stress and injury. Of these,
inducible HSPs have been shown to increase survival
of intestinal epithelial cells against oxidant and heat-
induced stress35. The results of the present study show
that heat preconditioning offers protection to enterocytes
as well as affecting distant organ damage during surgical
manipulation. Earlier studies showed activation of the
superoxide-generating enzyme XO in the intestine during
surgical manipulation36 and studies using inhibitors of XO
have indicated a role for this enzyme in causing lung
damage8. Thus oxidative stress seems to be a possible
cause of the structural and functional alterations seen in
both the intestine and lung. Surgical manipulation not
only intensifies oxidative stress by generating reactive
oxygen species, it also weakens the biological defence
system against attack by such species.

In the present study, the levels of superoxide- and
hydrogen peroxide-scavenging enzymes SOD and catalase
were decreased following surgical manipulation, and heat
preconditioning restored the activity. This prevention
of oxidative stress in the intestine by heat pretreatment

also protected the lung from oxidative damage, as
indicated by decreased neutrophil sequestration, MPO
activity, lipid peroxidation and decreased antioxidant levels.
Protection by heat stress against oxidative damage has been
investigated in various animal models37. The increase in
protein permeability across the endothelial and epithelial
barriers of the lung has been studied and it is thought
that PMN infiltration can bring about lung injury leading
to flooding of alveoli by plasma liquid and proteins.
Increased BALF protein concentration following surgical
manipulation indicated increased permeability in the lungs
that was also prevented by heat preconditioning. There is
evidence showing decreased tissue damage in an animal
model of acute lung injury by heat pretreatment38.

Several studies support the hypothesis that hyperther-
mia, followed by a period of temperature normalization,
protect tissues and cells from the effects of subsequent
potentially lethal conditions. This cytoprotective effect is
associated with increased HSP production. HSP-70 induc-
tion has been shown to reduce damage and enhance survival
in a rat model of intra-abdominal sepsis and sepsis-induced
lung injury39,40. Neither HSP-70 nor -90 was detectable
in the intestine after heat preconditioning at 40◦C in this
study. A similar result was described in another recent
study on whole-body hyperthermia at 40◦C41. It may be
that HSPs are not induced by the conditions of mild hyper-
thermia used in this study. It is also possible that HSPs may
not be responsible for protection during surgical manipu-
lation and are an epiphenomenon, with some other factor
being the end-effector of protection.

The protection offered by heat preconditioning may
be a response to the increase in antioxidants42,43.
In the present study, heat preconditioning increased
the endogenous antioxidant levels in the intestine and
prevented the oxidative stress damage in both the intestine
and lung following surgical manipulation. The most
striking alterations seen in the heated groups were the
increased viability of enterocytes and increased activity of
endogenous antioxidants such as SOD and catalase. It is
well known from earlier reports that oxidative stress plays
a major role in surgical stress3,5,6 and so antioxidants may
have a role in preventing surgical manipulation-induced
oxidative damage.

This study has shown that mild whole-body hyperther-
mia before surgical manipulation can prevent histological
and biochemical alterations both in the intestine and the
lung, and thereby offer protection from postoperative
complications. As oxidative stress occurs in the intestine
following surgical manipulation and heat preconditioning
increases antioxidant enzyme activity, it is likely that upreg-
ulation of cellular antioxidants may represent a mechanism
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by which these organs are protected. However, this and
other studies illustrate that protection is dependent on
many factors, and the nature and timing of the insults
studied.
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