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We investigated the day-night differences in intestinal oxidativeinjury and the inflammatory response following total body (TB) or
abdominopelvic (AP) irradiation, and the influence of melatonin
administration on tissue injury induced by radiation. Rats (male
Wistar, weighing 220-280 g) in the irradiated groups were exposed to
a dose of 8 Gy to the TB or AP region in the morning (resting period
- 1 h after light onset) or evening (activity span - 13 h after light onset).
Vehicle or melatonin was administered immediately before, immediately after and 24 h after irradiation (10, 2.0 and 10 mg/kg, ip,
respectively) to the irradiated rats. AP (P < 0.05) and TB (P < 0.05)
irradiation applied in the morning caused a significant increase in
thiobarbituric acid reactive substance (TBARS) levels. Melatonin
treatment in the morning (P < 0.05) or evening (P < 0.05) decreased
TBARS levels after TB irradiation. After AP irradiation, melatonin
treatment only in the morning caused a significant decrease in TBARS
levels (P < 0.05). Although we have confirmed the development of
inflammation after radiotherapy by histological findings, neither AP
nor TB irradiation caused any marked changes in myeloperoxidase
activity in the morning or evening. Our results indicate that oxidative
damage is more prominent in rats receiving TB and AP irradiation in
the morning and melatonin appears to have beneficial effects on
oxidative damage irrespective of the time of administration. Increased
neutrophil accumulation indicates that melatonin administration exerts a protective effect on AP irradiation-induced tissue oxidative
injury, especially in the morning.
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Introduction
Radiation therapy (RT) is considered to
be one of the most popular and important
therapeutic modalities for the cure of cancer
(1) and is the mainstay in the treatment of
abdominopelvic cancers (2). The intestine is
highly radiosensitive and is an important
dose-limiting organ when RT is applied either to the total body (TB) or only to the
abdominopelvic (AP) region, since intestinal epithelial cells have high proliferation
rates (3). Application of RT in abdominal
and pelvic malignancies causes radiation
enteropathy (4) and this adverse effect is
usually attributed to the loss of epithelial
integrity following TB (5) or abdominal irradiation (6). This breakdown in the mucosa is
preceded by an acute abdominal inflammation (7).
Radiation-induced lipid peroxidation is a
free radical process (8) that involves oxidative conversion of polyunsaturated fatty acids
to several products including malondialdehyde (MDA) and lipid peroxides (9).
Radiation induces an inflammatory response in the target and surrounding normal
tissues, and accumulation of leukocytes (10).
Thiobarbituric acid reactive substances
(TBARS) and myeloperoxidase (MPO) play
a fundamental role in oxidant production by
neutrophils, and cause tissue damage (11). It
has been shown that MPO activity significantly increases in the ileum of ferrets 2 days
after AP irradiation, but decreases after TB
irradiation (12).
It has been reported that melatonin (Nacetyl-5-methoxytryptamine) is mainly produced in the pineal gland in addition to the
gastrointestinal system, and has been considered to be a component of the antioxidant
defense system. This hormone directly neutralizes a number of toxic reactants and stabilizes cell membranes, making them more
resistant to oxidative attack (13,14).
Several body functions follow distinct
day/night rhythms and are controlled by the
Braz J Med Biol Res 40(10) 2007

circadian system (15). Plasma levels of melatonin exhibit a circadian variation, with the
highest concentrations occurring at night and
lower levels during the day (16). Light exposure suppresses melatonin secretion (17).
Rhythms in free radical formation by leukocytes have been demonstrated in mice (18,
19), particularly during inflammation. The
highest toxicity after TB irradiation in 12:12h synchronized animals was shown during
the daily activity span in mice and rats (20).
Circadian variations in the activities of 6phosphogluconate dehydrogenase in the liver
of control and streptozotocin-induced diabetic rats (21) and temporal variations in
hepatic superoxide dismutase activity have
been demonstrated in mice (22). Additionally, circadian variations in the activity of
superoxide dismutase in the pineal gland of
rats have been demonstrated (23).
The aim of the present study was to investigate the day-night differences in the
intestinal oxidative injury, as well as the
inflammatory response following TB or AP
irradiation, the influence of melatonin administration on tissue injury, and the oxidative damage induced by RT.

Material and Methods
Experimental design

The experiments were performed on male
Wistar rats weighing 220-280 g, which were
kept at a constant temperature of 22 ± 1ºC.
The animals were fed a standard rat chow
diet, had access to water ad libitum, and
were synchronized by the maintenance of
controlled environmental conditions (light,
temperature, feeding time, etc.) for at least 2
weeks prior to, and throughout the experiments. The lighting regimen was 12 h of
light alternating with 12 h of darkness (lights
on from 8:00 am to 8:00 pm) with a light
intensity of approximately 100 lux. Lighting
was provided by cool fluorescent bulbs controlled by an automatic timer. This standardwww.bjournal.com.br
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ized light-dark cycle acts as an entraining
agent of the circadian rhythm. After 2 weeks
of such synchronization, the biology of each
animal approximates the biology of the entire experimental group. The experiments
were performed in the months of February
and March in order to avoid the influence of
seasonal rhythms on the findings.
All animal procedures were carried out
in accordance with the regulations of the
Local Ethics Committee. A total of 82 adult
animals were synchronized in 10 groups.
The rats in the irradiated groups were exposed to a sublethal irradiation dose of 8 Gy,
either to the TB or AP region after ketamine
anesthesia using a 60Co source at a focus of
80 cm away from the skin at two different
times during the 24 h. Morning irradiation
was performed 1 h after lights on (1 HALO;
at 9:00 am) and evening irradiation was
performed at 13 h after lights on (13 HALO;
at 9:00 pm) since plasma melatonin levels
are expected to be higher at night. In order to
provide AP irradiation to the rats, a simulation film was shot and a guarding field was
formed. Melatonin was dissolved in ethanol
(20%). Melatonin or vehicle (20% ethanol)
was administered to the rats immediately
before, immediately after, and 24 h after
irradiation (melatonin dose: 10, 20, and 10
mg/kg, ip, respectively). Forty-eight hours
after irradiation, all animals were sacrificed
with ketamine. Intestinal tissues were removed immediately and stored at -80oC until the time of measurement of TBARS levels and MPO activity. Control rats did not
receive any treatment. Changes in TBARS
levels, a marker of lipid peroxidation and
MPO activity and an index of neutrophil
infiltration, were determined in the intestinal
mucosa.
Experimental groups

The experimental groups were as follows: group 1: control; group 2: total body
irradiation and vehicle (ethanol) administrawww.bjournal.com.br

tion; group 3: AP irradiation and vehicle
(ethanol) administration; group 4: melatonin
administration together with TB irradiation;
group 5: melatonin administration together
with AP irradiation. Administration was in
the morning (A, 1 HALO) or in the evening
(B, 13 HALO). Each group consists of 6-12
animals.
Determination of thiobarbituric acid reactive
levels

TBARS levels were determined in intestinal mucosa homogenized at the ratio of 1/
10 (w/v) in 1.15% cold KCl solution by the
thiobarbituric acid method, and the results
are reported as nmol/g tissue (24).
Determination of myeloperoxidase activity

Tissue-associated MPO activity in intestinal mucosa was determined by the method
of Grisham et al. (25). Samples of intestinal
mucosa weighing approximately 100 mg
were homogenized in 1 mL ice-cold 0.02 M
EDTA, pH 4.7, for 60 s. One milliliter mucosa homogenate was centrifuged at 20,000
g for 15 min at +4ºC to obtain the pellet of
the insoluble cellular debris. The supernatant, which contained less than 5% total
MPO activity, was discarded. The pellet was
then re-homogenized in an equivalent volume of 0.05 M potassium phosphate buffer,
pH 6.0, containing 0.5% hexadecyltrimethylammonium bromide. This homogenate was
centrifuged at 20,000 g for 15 min at +4ºC
and the supernatants were used in the MPO
assay. MPO activity was assessed by measuring the H2O2-dependent oxidation of odianisidin. One unit of enzyme activity was
defined as the amount of MPO present that
caused a change in absorbance of 1.0/min at
410 nm and 37ºC (26).
Histological analysis

Tissue samples were fixed in 10% neuBraz J Med Biol Res 40(10) 2007
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tral formalin for 72 h and paraffin blocks
were obtained and routinely processed for
light microscopy. Slices of 4-5 µm were
obtained from the prepared blocks and
stained with hematoxylin-eosin. The preparations obtained were visualized using a Leica
Digital Microscope DM 4000 B-M 4-(Leica
DM4000B, Wetzlar, Germany).
Statistical analysis

Differences between groups were analyzed statistically by two-way analysis of
variance (ANOVA). Post hoc tests were performed using a multiple comparison procedure (Tukey test). Statistical significance
was accepted as P < 0.05.

Figure 1. Thiobarbituric acid reactive substances (TBARS) in
the rat ileum after total body (TB)
or abdominopelvic (AP) irradiation and vehicle or melatonin
(MLT) treatment. MLT or vehicle
(20% ethanol) was administered
to the rats immediately before,
immediately after, and 24 h after
irradiation (MLT dose: 10, 20,
and 10 mg/kg, ip, respectively).
All bars represent the pooled data of rats irradiated in the morning (A) and evening (B).
Group 1: control; group 2: TB irradiation; group 3: AP irradiation; group 4: TB irradiation and
MLT treatment; group 5: AP irradiation and MLT treatment. *P < 0.05 compared to control;
**P < 0.05 compared to group 2; ***P < 0.05 compared to group 3. Differences between
groups were analyzed statistically by two-way ANOVA. Post hoc tests were performed
using a multiple comparison procedure (Tukey test).

Figure 2. Levels of thiobarbituric acid reactive substances
(TBARS) in the rat ileum after
total body (TB) or abdominopelvic (AP) irradiation and vehicle
or melatonin (MLT) treatment in
the morning (A) or in the evening (B). MLT or vehicle (20%
ethanol) was administered to
the rats immediately before, immediately after, and 24 h before irradiation (MLT dose: 10, 20, and 10 mg/kg, ip, respectively). Group 1: control; group 2: TB irradiation; group 3: AP irradiation; group 4: TB irradiation
+ MLT; group 5: AP irradiation + MLT. *P < 0.05 compared to group 1A, **P < 0.05
compared to group 2A, ***P < 0.05 compared to group 3A, +P < 0.05 compared to group 3A,
++P < 0.05 compared to group 2B. Differences between groups were analyzed statistically
by two-way ANOVA. Post hoc tests were performed using a multiple comparison procedure
(Tukey test).
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Results
Thiobarbituric acid reactive substance levels

When the time of irradiation was not
taken into consideration, there was a statistically significant difference (P < 0.001) among
the treatment groups (groups 1-5) determined
by two-way ANOVA. TBARS levels in ileum
were found to be significantly higher in rats
exposed to TB (group 2) and AP (group 3)
irradiation, compared to control (group 1; P
< 0.05). Melatonin treatment significantly
abolished the irradiation-induced elevations
in TBARS levels (P < 0.05) in both TB(group 4) and AP- (group 5) irradiated rats
(Figure 1).
Influence of time of exposure to total body
irradiation on thiobarbituric acid reactive
substance levels

TBARS levels in the control groups were
higher in the evening than in the morning
(group 1A vs 1B; P < 0.05; Figure 2). TBARS
levels were found to be increased after TB
irradiation (group 2A) in the morning when
compared with 1A and treatment with melatonin significantly decreased TBARS levels
(group 2A vs group 4A; P < 0.05).
However, TB irradiation (group 2B) in
the evening did not cause any significant
changes in TBARS levels but treatment with
melatonin significantly reduced TBARS levels (group 2B vs 4B; P < 0.05; Figure 2).
Influence of time of exposure to
abdominopelvic irradiation on thiobarbituric
acid reactive substance levels

When the influence of the time of irradiation was assessed, TBARS levels were found
to be increased after AP irradiation (group
3A) in the morning compared to control
(group 1A) while melatonin treatment significantly decreased ileal neutrophil infiltration induced by AP irradiation (group 3A vs
www.bjournal.com.br
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group 5A; P < 0.05).
However, AP irradiation (group 3B) and
melatonin treatment (group 5B) in the
evening did not cause any significant changes
in TBARS levels (Figure 2). TBARS levels
tended to decrease but did not reach statistical significance after melatonin treatment in
the evening, but were comparable to control
values in AP-irradiated rats.
Myeloperoxidase activity

When the time of irradiation was not
taken into account, there was a statistically
significant difference (P < 0.001) among the
treatment groups (groups 1-5) determined
by two-way ANOVA (Figure 3). After AP
irradiation (group 3), MPO activity was
markedly increased compared to control
(group 1; P < 0.05), while melatonin administration decreased MPO activity in rats exposed to AP irradiation (group 5; P < 0.05;
Figure 3).
However, MPO activity in the ileum did
not markedly change after TB irradiation
(group 2) and melatonin administration did
not influence MPO activity in group 4 (Figure 3).
Influence of the time of exposure to
abdominopelvic irradiation on
myeloperoxidase levels

MPO activity did not differ between the
control groups (group 1A vs 1B; Figure 4).
When the influence of the time of irradiation
was examined, MPO activity did not change
after AP irradiation (group 3A) in the morning when compared with 1A but melatonin
treatment caused a significant decrease in
rats exposed to AP irradiation (group 3A vs
group 5A; P < 0.05). Similarly, MPO activity did not change after AP irradiation (group
3B) in the evening when compared with 1B.
However, MPO activity in the ileum was
markedly decreased by melatonin treatment
(group 3B vs group 5B; P < 0.05; Figure 4).
www.bjournal.com.br

Influence of time of exposure to total body
irradiation on myeloperoxidase levels

MPO activity did not change after TB
irradiation (group 2A) in the morning compared with 1A. Melatonin treatment in the
morning caused a significant decrease in rats
exposed to TB irradiation (group 2A vs group
4A; P < 0.05). MPO activity was not significantly changed by TB irradiation (group 2B)
in the evening compared with 1B. However,
melatonin treatment in the evening caused a
significant increase in rats exposed to TB
irradiation (group 2B vs group 4B; P < 0.05;
Figure 4).
Histological changes following radiotherapy

In the present study, we observed an
increase in lymphatic infiltration in both
TB- (group 2) or AP- (group 3) irradiated
Figure 3. Myeloperoxidase
(MPO) activity in the rat ileum
after total body (TB) or abdominopelvic (AP) irradiation and vehicle or melatonin (MLT) treatment. All columns indicate the
pooled data of rats irradiated in
the morning (A) and evening (B).
MLT or vehicle (20% ethanol)
was administered to the rats immediately before, immediately
after, and 24 h after irradiation (MLT dose: 10, 20, and 10 mg/kg, ip, respectively). Group 1:
control; group 2: TB irradiation; group 3: AP irradiation; group 4: TB irradiation + MLT; group
5: AP irradiation + MLT. *P < 0.05 compared to control; **P < 0.05 compared to group 3.
Differences between groups were analyzed statistically by two-way ANOVA. Post hoc tests
were performed using a multiple comparison procedure (Tukey test).
Figure 4. Myeloperoxidase
(MPO) activity in the rat ileum
after total body (TB) irradiation
or abdominopelvic (AP) irradiation and vehicle or melatonin
(MLT) treatment in the morning
(A) or in the evening (B). Group
1: control; group 2: TB irradiation; group 3: AP irradiation;
group 4: TB irradiation + MLT;
group 5: AP irradiation + MLT.
*P < 0.05 compared to group 2A; **P < 0.05 compared to group 4A; ***P < 0.05 compared to
group 3A; +P < 0.05 compared to group 3B. Differences between groups were analyzed
statistically by two-way ANOVA. Post hoc tests were performed using a multiple comparison procedure (Tukey test).
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rats compared to control. The number of
ileal villi and villus height decreased in
groups 2A and 2B, and in group 2B, an
increase in mucin-producing goblet cells was
observed (Figure 5a) when compared with
group 2A (data not shown).
In rats receiving AP irradiation in the
morning (group 3A), capillary dilatation was

Figure 5. Histological findings
following radiotherapy. a, Total
body irradiation group. Preparation obtained 13 h after light onset. V = irregular types of villi;
asterisk = goblet cells producing
mucin; Gl = intestinal gland; arrow = cubic surface epithelial
cells; lozenge = lymphatic region; plus symbol = dilated capillaries. b, Abdominopelvic irradiation group. Preparation obtained 13 h after light onset. V =
completely rounded villus region; asterisk = goblet cell; Gl =
intestinal gland; arrow = prisma
surface epithelial cells; lozenge
= diffuse lymphatic infiltration;
plus symbol = dilatated capillaries. c, Total body irradiation +
melatonin group. Preparation
obtained 13 h after light onset. V
= localized produced villus; asterisk = few numbers of goblet
cells; Gl = intestinal gland; arrow
= localized prevented surface
epithelial cells; lozenge = diffuse
lymphatic infiltration region. d,
Abdominopelvic irradiation +
melatonin group. Preparation
obtained 13 h after light onset. V
= villus; asterisk = goblet cells;
Gl = intestinal gland; arrow =
prismatic surface epithelial cell;
lozenge = localized lymphatic infiltration region. H&E; 100X for
all panels.

Braz J Med Biol Res 40(10) 2007

very significant and an increase in the inflammatory infiltration was observed in the
lamina propria (data not shown). In group
3B, ileal villi were lost in some areas and the
height of some villi decreased markedly.
Furthermore, the number of goblet cells was
approximately similar to that of the control
groups (Figure 5b).

↓

↓

↓
↓
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In group 4A, the number of goblet cells
decreased after melatonin treatment, the inflammation in the lamina propria was reduced and the structure was similar to that of
the control groups (data not shown). In group
4B, melatonin treatment prior to TB irradiation applied in the evening did not prevent
the inflammation in the lamina propria and
capillary dilatation was significant in the
villus apex, confirming the lack of the antiinflammatory role of melatonin in this group
(Figure 5c).
The results of the present study indicate
that melatonin, either in the morning or
evening, showed a more prominent antiinflammatory effect after TB irradiation. The
influence of melatonin administration on
MPO levels also supports this finding. In
groups 5A (data not shown) and 5B, the
epithelial structure was re-organized with
abundant goblet cells, ileal villus loss was
prevented and capillary dilatation was not
detected in the lamina propria and the distribution of the lymphocytes in the lamina
propria was similar to that in the control
groups (Figure 5d).
These histopathological findings also
confirm the protective role of melatonin in
rats after AP irradiation irrespective of the
time of administration, as shown by MPO
levels in the present study except in rats
undergoing TB irradiation in the evening.

Discussion
Influence of radiation therapy and melatonin
on thiobarbituric acid reactive substance
levels according to the time of administration

In the present study, higher levels of lipid
peroxidation were detected in evening-excised rat hearts since TBARS levels in the
control groups were higher in the evening
than in the morning (27). It has been reported that TBARS levels were higher in rats
under continuous darkness when compared
with an alternating light-dark cycle, while
www.bjournal.com.br

continuous light did not cause any significant changes in TBARS levels (28). Therefore, it can be concluded that rats are more
prone to oxidative stress in the dark.
The results of the present study demonstrate that either TB or AP irradiation in rats
causes oxidative tissue damage to the ileum
associated with elevated TBARS levels, an
indicator of lipid peroxidation, and administration of melatonin protects against the oxidative damage after both TB and AP irradiation either in the morning or in the evening.
The rapidly proliferating epithelia of the
small intestine are highly radiosensitive (29).
Although the pathogenesis of radiation enteritis is not clear, it has been suggested that
reactive oxygen species may act as mediators of cell injury following ionizing radiation by activated inflammatory cells, i.e.,
macrophages and neutrophils (3).
Ionizing radiation has been reported to
increase the plasma and ovarian TBARS
levels in rats and melatonin administration
significantly decreased these levels (30). The
radioprotective effect of melatonin has been
attributed to several mechanisms such as
scavenging of free radicals, distribution
throughout the organism, ability to induce
the antioxidant enzymes, and high bioavailability (31). It has been reported that irradiation increases the formation of MDA, an
endogenous product of lactoperoxidase in
the intestine (32,33). Melatonin has been
shown to inhibit MDA elevation, indicating
that it protects against radiation-induced intestinal injury (34), in agreement with the
findings of the present study.
It has been reported that at a dose of 14.4
Gy TB irradiation causes a significant decrease in the serum and pineal levels of
melatonin 30 min to 6 h post-exposure in
rats (16), but in the rats irradiated up to total
doses of 4.8 and 9.6 Gy melatonin levels are
not significantly different from control values (16). The pineal gland is not in the region
directly influenced in AP-irradiated rats and
endogenous melatonin level is not influBraz J Med Biol Res 40(10) 2007
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enced. Thus, endogenous melatonin synthesis was not expected to be affected in the
present study even after TB irradiation, since
the dose was 8 Gy. Therefore, it can be
expected that neither TB nor AP irradiation
caused any changes in endogenous melatonin levels in the present study. The protective effect of melatonin on oxidative damage
in AP- or TB-irradiated rats cannot be attributed to the changes in endogenous melatonin levels.
Influence of radiation therapy and melatonin
on myeloperoxidase levels according to time
of administration

MPO activity is a marker of tissue neutrophil accumulation in inflamed tissue (12).
In the present study, MPO levels were increased and melatonin treatment caused a
significant decrease in rats receiving AP and
TB irradiation in the morning. Histological
findings confirmed the irradiation-induced
inflammation in these rats.
In the present study, the presence of increased neutrophil accumulation, as assessed
by elevated MPO activity in the affected
tissues, indicated that radiation-induced oxidative injury in the tissue involved the contribution of neutrophil accumulation. It has
been reported that macrophages produce reactive oxygen species such as superoxide
(O2. -), hydrogen peroxide (H2O2) and hydroxyl (. OH) that contribute to the pathogenesis of diseases such as inflammation
(35).
It has been reported that in the ileum of
ferrets MPO activity is significantly increased
2 or 7 days following exposure to only AP
irradiation (5 Gy), but is reduced after TB
irradiation (12). On the other hand, it has
been shown that MPO activity is increased
significantly in colonic tissue at both 12 and
72 h, and in hepatic tissue at 72 h following
whole-body irradiation, and is reduced by
melatonin in rats (34).
A single dose (10 Gy) of abdominal irraBraz J Med Biol Res 40(10) 2007

diation applied to rats did not change MPO
activity after 24 h, but increased MPO activity in the small intestine on the third day
(36). Similarly, application of 10 Gy to the
abdominal region of rats (37) increased MPO
activity in the small intestine 72 h after
irradiation. Hence, it can be concluded that
the influence of radiation on MPO depends
on the type, the dose and the time-course of
irradiation.
Although the influence of melatonin on
MPO levels after TB or AP irradiation seems
inconsistent in this study, the results agree
with the histological findings.
In agreement with our findings, it has
been reported that TB irradiation does not
cause a significant increase in MPO activity
in the rat ileum, and that melatonin treatment
depresses MPO activity (33).
On the other hand, it has been reported
that high pharmacological doses of melatonin may induce phase changes (38). However, it has been shown that in rats melatonin
has little effect on the circadian period or
phase unless the time of injection coincides
exactly with the onset of animal activity.
The phase relationship between the time of
injection and the onset of activity onset did
not vary at 0 h at any dosage (39). During
melatonin entrainment, the onset of activity
continues to be phase-locked to melatonin
injection until the injection regimen is
stopped, at which time rats run freely according to their own circadian period and
this effect is dose-dependent (40). Furthermore, phase advances of about 30-60 min in
response to single injections of 50 µg melatonin/kg body weight have been reported to
occur at about circadian time 2 h before the
onset of activity in constant darkness, but
not at other times (38). In the present study,
melatonin was administered 1 h after the
beginning of the resting period (1 HALO)
and 1 h after the beginning of the activity
period (13 HALO). Therefore, we did not
expect a prominent effect of melatonin on
the circadian phase of the rats. On the other
www.bjournal.com.br
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hand, the present study did not investigate
the circadian rhythm of TBARS and MPO
activity since we examined the changes in
these parameters only at two different time
points.
To our knowledge, this is the first study
examining the time-dependent protective
effects of melatonin on irradiation-induced
damage in the small intestine.
Our results imply that oxidative damage
is more prominent in rats receiving TB and
AP irradiation in the morning, and with its
free radical scavenging and antioxidative
properties, melatonin appears to have beneficial effects on oxidative damage caused

by irradiation, irrespective of the time of
administration.
In the current study, the presence of increased neutrophil accumulation, assessed
by elevated MPO activity in the affected
tissues, indicated that AP irradiation-induced
oxidative injury in the tissue and melatonin
administration with RT exerted a protective
effect, especially in the morning.
Thus, reducing intestinal cell injury and
inhibiting neutrophil-mediated cytotoxicity
will be the goals of future therapeutic strategies. Melatonin administration together with
RT might be an important tool in reaching
these targets.
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