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Abstract

Purpose Radiotherapy is widely used for cancer treatment
but has harmful effects. This study aimed to assess the
effects of L-arginine and glycine supplementation on the
colon wall of rats submitted to abdominal irradiation.
Methods Forty male Wistar rats were randomly divided into
four groups: I—healthy, [I—irradiated with no amino acid
supplementation, [ll—irradiated and supplemented with L-
arginine, and [V—irradiated and supplemented with glycine.
The animals received supplementation for 14 days, with
irradiation being applied on the eighth day of the experiment.
All animals underwent laparotomy on the 15th day for
resection of a colonic segment for stereologic analysis.
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Parametric and nonparametric tests were used for statistical
analysis, with the level of significance set at p <0.05.
Results Stereologic analysis showed that irradiation in-
duced a reduction of the total volume of the colon wall of
group II and III animals compared to healthy controls, but
not of group IV animals supplemented with glycine. The
mucosal layer of the irradiated animals of all groups was
reduced compared to healthy group I animals, but supple-
mentation with L-arginine and glycine was effective in
maintaining the epithelial surface of the mucosal layer.
Conclusion The present results suggest that glycine sup-
plementation had a superior effect on the irradiated colon
wall compared to L-arginine supplementation since it was
able to maintain the thickness of the wall and the epithelial
surface of the mucosa, whereas L-arginine maintained the
partial volume of the epithelium and the epithelial surface,
but not the total volume of the intestinal wall.
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Introduction

Pelvic and abdominal radiotherapy is a widely used therapeutic
modality for the treatment of cancers of the bowel, bladder, and
rectum [1]. Several factors are involved in tissue response
such as tumor sensitivity, localization, and oxygenation, as
well as kind, quantity, and time of radiation exposure [2].
However, radiotherapy of the abdomen and pelvis generates
inevitable damage to peritumoral normal tissues [2] and an
increased risk of radiation enteritis and/or proctitis [3],
evidenced by the destruction of crypt cells [4], reduction of
villus height, epithelial ulceration, and necrosis [2, 5].
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Tissues containing rapid renewal cells, such as those of
the gastrointestinal mucosa require fast cell proliferation,
are more susceptible to the acute toxic effects of radiother-
apy [6] and can limit the response to treatment because of
symptoms like diarrhea, abdominal pain, nausea, and
vomiting [7, 8]. Another complication of radiotherapy is
bacterial translocation caused by physical disruption of the
intestinal mucosal barrier, increased intestinal permeability,
formation of bacterial overgrowth, and breakdown of
peristaltic clearance [9], which contributes to intestinal
mucosa ulceration and sepsis [10].

Many kinds of diets have been tested to minimize the
adverse effects of radiation by stimulating the immune
response and tissue repair [9, 11]. Of these, nutrition
supplements are the more extensively investigated [2, 9].

Arginine is a nonessential amino acid under normal
circumstances [2]. It has various metabolic and immuno-
logic effects and has been considered to be conditionally
essential particularly under trauma and stress [9, 12, 13]. It
has been suggested that its oral and enteral supplementation
could have protective effects on the intestinal mucosa
during the post-irradiation period, improving the healing
and preventing bacterial translocation and weight loss, thus
minimizing radiation enteritis [2, 9].

Glycine is the smallest amino acid and is classified as a
nonessential amino acid [14, 15]. Its protective effect has
been demonstrated in some experimental models such as
alcoholic hepatitis [16], arthritis [17], ischemia [15, 18],
hepatic transplantation, and general tumors [19]. The exact
mechanism of action of glycine is not completely under-
stood, but the inhibition of the activation of inflammatory
and immune cells [20, 21], the reduction of the formation of
free radicals and other toxic metabolites, and the prevention
of mucosal permeability are some possibilities that can
explain its benefits [15].

Ersin et al. [9] showed that arginine-enriched diets have
protective effects on the gut mucosa of rats in the post-
irradiation state. Diestel et al. [22] observed that glycine
supplementation is relevant in maintaining the total volume
of the colonic wall in rats submitted to abdominal radiation.
However, Hwang et al. [2] and Hall [14] observed fewer
benefits with arginine and glycine supplementation, respec-
tively. Thus, the data about the action of L-arginine and
glycine in the protection and repair of acute actinic enteritis
are insufficient and inconclusive, especially regarding the
repair of the colonic wall after radiotherapy.

Methods
The study was approved by the Ethics Committee on
Animal Research of the Biology Institute Roberto Alcantara

Gomes, Rio de Janeiro State University, Brazil. All
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procedures rigorously followed current guidelines for
animal experimentation [23].

Animals

Forty adult male Wistar rats weighing 270-330 g were
randomly divided into four groups of ten animals each: I
(healthy)—animals not submitted to abdominal radiation, II
(control)—irradiated rats receiving no amino acid supple-
mentation, [[I—irradiated rats receiving L-arginine supple-
mentation throughout the study, and IV—irradiated rats
receiving glycine supplementation throughout the study.
All rats were housed in cages with five animals each, in
a room with controlled temperature and humidity, and
exposed to 12-h day/night cycles. The animals were
allowed to feed on standard commercial rat chow, with
free access to water. Chow intake and body weight were
controlled daily, always at the same time of day.

Irradiation

Group I healthy animals were maintained under standard
laboratory conditions, while animals belonging to the other
groups were submitted to abdominal irradiation on the
eighth day of the experiment. Animals were irradiated with
a single dose of 1,164 cGy applied to the abdomen, with
the thorax, head, and extremities being shielded off. A 6x4-
cm X-ray field, source-to-skin distance of 100 cm, was
centered on the abdomen from the xyphoid process to the
pubis. The dose was estimated to deliver 1,164 cGy at
240 cGy/min (total thickness=3 cm).

Amino acid supplementation

Group III animals received supplementation with L-
arginine (L-arginine®—Sigma Aldrich) and group IV
received glycine (Glicina®, Vetec Quimica Fina Ltda) once
a day for the 14 days of the study at a dose of 0.65 g/kg per
day. The dose was prepared in an aqueous solution at 4%
concentration in a volume of 5 ml and was administered
intragastrically as a bolus with an orogastric catheter. Group
I and II animals received 5 ml of water similarly
administered once a day for the 14 days of the study.

Resection of colonic segments

On the 15th day of the experiment, the animals were
anesthetized with an intraperitoneal injection of sodium
thiopental (50 mg/kg). A centimeter-graduated catheter was
introduced through the anal orifice as far as the exact site
for resection of a circumferential colonic segment located
between 6 and 8 cm from the anal sphincter. Next, the
animals underwent abdominal trichotomy, antisepsis with
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iodopovidine, and placement of surgical fields, followed
by laparotomy with resection of the previously demar-
cated colonic segment. Laparorrhaphy was carried out on
two planes (peritoneal-aponeurotic and skin) using
continuous 3-0 polyglecaprone 25 sutures. At the end
of the procedure, the animals were killed with an
anesthetic overdose.

Histological processing

The circumferential colonic segments were opened
longitudinally, washed in physiological solution to
remove fecal remains, and extended over a cork. The
tissue was fixed in 10% buffered formalin and subse-
quently processed with increasing alcohol and xylol
concentrations, embedded in paraffin, and cut into 4-
pum-thick slices. Slides prepared from these slices (eight
from each animal) were stained with Gomori trichrome
and analyzed by light microscopy.

Stereological analysis

A cycloid test system with 35 cycloid arcs and 70 points was
used for sampling [24]. In the colonic segment, the horizontal
plane was considered as the limit of the mucosal and
submucosal layers to the anisotropy compensation. Briefly,
the total volume of the colonic wall (V) and partial volumes
of the mucosa (Vvm), muscularis mucosae (Vvmm),
submucosa (Vvsm), and muscularis propria (Vvmp) were
studied at 100x magnification. The volume of the colonic
wall (V) corresponded to the number of test system points
hitting the structure, and the densities (Vv) were obtained as
the ratio between the points hitting the structures (Pp) and
the number of points on the total colon wall (V).

The partial volumes of the epithelium and lamina propria
were studied at 400x magnification, and the volume
densities (Vv) were obtained as the ratio between the
points hitting the structures (Pp) and the total number of
points in the test system (Pt=70). The surface density of
the epithelium was estimated as Sv=2//Ly, where [ is the
number of intersections of the Lieberkiihn crypts and the
cycloid arcs, and Lt is the total test-line length [25].

Statistical analysis

Data regarding percent body weight variation and chow
intake were analyzed statistically by analysis of variance
(ANOVA) and by Tukey’s post test. Stereological evalua-
tion data were analyzed by the Kruskal-Wallis test and by
Dunn’s post test. The level of significance was set at
p <0.05 in all analyses. Statistical analyses were performed
with the GraphPad Prism 4®—2003 software.

Results

In group III, one animal died during the post-irradiation
period. In this group, nine animals were used for analysis.

During the experiment, percent body weight loss did not
differ significantly between the animal groups submitted to
abdominal irradiation, but was significantly reduced in
these groups compared to healthy animals (Table 1). After
irradiation, a significant decrease in chow intake was
observed, resulting in a significantly lower total chow
intake by the rats of the same groups compared to healthy
animals (Table 1). Although percent body weight loss was
similar between these groups, animals of group IV
(irradiated and supplemented with L-arginine) showed a
significantly lower intake compared to group II (irradiated
and not supplemented) (Table 1).

The total volume of the colonic wall was significantly
decreased in animals of groups II (irradiated and not
supplemented) and III (irradiated and supplemented with
L-arginine) when compared to healthy animals (p<0.01 and
p<0.001, respectively). The rats of group IV (irradiated and
supplemented with glycine) showed an increase in total
volume of the colonic wall when compared to animals of
group III (»p<0.05), but with no difference when compared
to healthy animals of group I (Figs. 1 and 2).

Analysis of the partial volumes of the histological layers of
the colonic wall revealed a reduction of the mucosal layer in
animals of the irradiated groups (II, 111, and IV) compared to
healthy group I rats (p<0.05, p<0.01, and p<0.001,
respectively) (Fig. 3a). Regarding the partial volume of the
muscularis mucosae layer, a significant decrease was

Table 1 Descriptive analyses of variation in body weight and total chow intake in the various animal groups

Animals groups Number of animals

Weight (%) Chow intake (g)

I (healthy) 10
II (irradiated—TIrr) 10
HI (Trr+L-arginine) 9
IV (Irr+Glycine) 10

7.07+£2.13 339.58+£12.50
—12.36+9.47* 267.17+18.94*
—9.54+10.47* 249.60+23.16*
—9.49+9.05%* 229.35+22.51% **

Values are expressed as mean+standard deviation

*p<0.001 vs. healthy group, **p<0.001 vs. irradiated group (ANOVA and Tukey’s post test)
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EZA| - Control

E==1 - Irradiated (1)
EX31I1 - | + Arginine
MV - | + Glycine

Fig. 1 Comparison of the animal groups regarding the variation in the
colonic wall total volume. Results are expressed as means+SD
(Kruskal-Wallis and Dunn’s post test)

observed in animals of group II when compared to the
healthy animals (p<0.001) and to group IV (p<0.01)
(Fig. 3b). The partial volume of the submucosal layer of
group IV animals was increased when compared to groups I
(»<0.01) and II (p<0.05) (Fig. 3c). The volume of the
muscularis propria layer was significantly decreased in group
III rats compared to groups I and IV (p<0.001 and p<0.01)
(Fig. 3d).

Partial epithelial volume was reduced in group II and IV
animals compared to group I (p<0.001 and p<0.01), and
this reduction was also observed in group II compared to
group III (»p<0.05) (Figs. 4a and 5).

Partial lamina propria volume was increased in groups II
and IV compared to group I (p<0.001 and p<0.01,
respectively). An increase in lamina propria volume was
also observed in group II compared to group III (p<0.05)
(Figs. 4b and 5). The epithelial surface of the colonic
mucosa was significantly decreased in group II compared to
groups [ and III (p<0.01). No other differences were
observed between the other groups (Fig 06).

Fig. 2 Photomicrographs of the
colonic wall of the different
study groups. Control (a),
Irradiated (Irr) (b), [+L-arginine
(¢), and I+Glycine (d).
Bar=200 pum (x100). V total
volume, Vvm partial volume of
mucosa, V'vmm partial volume
of muscularis mucosae, Vvsm
partial volume of submucosa,
Vvmp partial volume of
muscularis propria
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Discussion

Radiotherapy can cause numerous acute or chronic side
effects in healthy tissues adjacent to the irradiated area,
such as the intestine [26, 27]. In this context, some
alternatives have been investigated to minimize these
effects, preventing and/or repairing the structural and
histological alterations [2, 8, 28].

L-arginine stimulates growth hormone secretion and
collagen synthesis [29], characterizing its participation in
the healing process, and acts in the modulation of the
immune system by stimulating the function of macrophages
and neutrophils [30].

Glycine has been used as a control amino acid in
isonitrogenous experimental models in studies mainly
focusing on supplementation with another amino acids
[20, 31, 32]. However, some authors have recently
described some benefits that can be obtained by glycine
supplementation [14, 15, 33], in addition to its well-known
role in inhibiting free-radical formation [14] that could
possibly prevent damage due to radiotherapy.

There is still no consensus about the ideal dose for
dietary supplementation with these amino acids in animals.
L-arginine was used at different doses in similar studies
with rats submitted to abdominal irradiation [2, 8]. Gurbuz
et al. used it at doses of 2—4% of the total energetic value
for 7 days after irradiation with a single dose of 1,100 cGy
[12]. Hwang et al. used it at doses of 2% of water intake by
animals irradiated with the same radiation dose as cited
above [2], and Ersin et al. studied animals supplemented
7 days before and 7 days after irradiation with amino acids
and irradiation doses similar to those used by Gurbuz et al.
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Fig. 3 Comparison of partial P05
volumes (%) of mucosa (a),
muscularis mucosae (b),
sub-mucosa (c), and muscularis
propria (d). Results are
expressed as means+SD
(Kruskal-Wallis and Dunn’s
post test)

[8]. In humans, the recommended dose of supplementation
is about 4-6% of the total energetic value, and an increase
in arginine intake from 5% to 7% of total amino acids may
result in immunomodulatory effects [34].

There is no standardization of glycine dose in human or
experimental trials, but glycine has been continuously used
at different doses and many times without being the main
study subject [12, 21]. Jacob et al. and Kallakuri et al. used
this amino acid at a dose of 0.5-1.0 g/kg weight in a study
about damage caused by ischemia and reperfusion [18].
Glycine was also used in another study on the same subject
at a dose of 5% of the diet offered [35]. In our laboratory,
we have been using these and other amino acids at a dose
of 0.65 g/kg/per day in several studies.

Here, we used a single irradiation dose of 1,164 cGy,
already described by various authors as being able to cause
actinic enteritis and bacterial translocation in rats [2, 8, 12].
Animals began to have diarrhea around the third day after
irradiation, as also reported by other authors [21, 36, 37].
We may suggest that this effect can be due to the loss of
epithelium integrity associated with changes in motility and
with increased intestinal secretions [36]. Furthermore,
around the third day after irradiation, inflammatory signs

Fig. 4 Comparison of the [P
partial volumes of colonic
mucosal epithelium (%) (a) and
lamina propria (b). Results are
expressed as means+SD
(Kruskal-Wallis and Dunn’s
post test)

EEA| - Control

EZA - Irradiated (1)
EX - | + Arginine
MY - | + Glycine

EE3I - Control

EZA! - Irradiated (1)
B30I - | + Arginine
MY - | + Glycine

E=3| - Control

B3 - Irradiated (1)
E=311 - | + Arginine
[V - | + Glycine

EZA| - Control
EZZI - Irradiated (1]
BN - | + Arginine

[V - | + Glycine

and intestinal mucosal ulceration became evident [12],
events that can also contribute to diarrhea.

All animals submitted to abdominal irradiation, with or
without amino acid supplementation, ingested less chow
during the study when compared to healthy animals, as also
observed by Klimberg et al. and Diestel et al. [22, 31]. This
decrease can be attributed to anorexia and to other side
effects (diarrhea and abdominal pain) commonly observed
in actinic enteritis [6]. As observed by Diestel et al. [22],
the percent weight loss of all irradiated groups was similar
and significant compared to the control (healthy) group,
which showed weight gain.

We observed a significant decrease in total volume of the
colonic wall in irradiated (group II) but not supplemented
(groups III and IV) animals compared to healthy animals,
corroborating similar studies [2, 22]. Also in humans,
Luccichenti et al. observed a decrease in colonic wall
thickness by a computed tomography study after radiother-
apy for colon cancer treatment [38]. This event can be the
result of an increase of cell apoptosis and of the free-radical
effect induced by irradiation [38].

When we separately assessed each layer in the irradiated
group without amino acid supplementation, we observed that

E=31 - Control E=3| - Control

EZR - Irradiated (1) b [—9‘0-001—| BRI - Irradiated (1)
E=0 - | + Arginine pe0.01 E=101 - | + Arginine
MmIV - | + Glycine MY - | + Glycine
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Fig. 5 Photomicrographs of
colonic mucosal layer of the
different study groups.

Control (a), Irradiated (I) (b),
I+L-arginine (c), and I+ Glycine
(d). Bar=100 pum (x400). Vvepi
partial volume of epithelium,
Vvip partial volume of lamina
propria

mucosa and muscular layer volume showed a significant
decrease compared to the healthy group, probably due to the
acute toxic effects of radiotherapy that are observed more
often in tissues with rapid turnover such as the gastrointestinal
mucosa [6]. The decrease of the colonic mucosa layer
contributes to atrophy of the intestinal epithelium [39],
which was observed in this study as a partial decrease of
mucosal epithelium volume, but not of lamina propria
volume. The latter was actually increased, probably due to
the acute inflammation caused by radiotherapy.

L-arginine supplementation was inefficient in maintaining
the total volume of the colonic wall after irradiation in group
I, which behaved similarly to group II (irradiated without
amino acid supplementation). Regarding the colonic wall
layers, a decrease in mucosal layer volume was observed in
this same group compared to the healthy group, similar to
group II. Also, this supplementation was not effective in
maintaining mucosal layer thickness, possibly because L-
arginine is not the major substrate for the intestinal epithelium,
confirming the results of Ersin et al. [9].

Fig. 6 Comparison of epithelial surface (mm ') of colonic mucosa.
Results are expressed as means+SD (Kruskal-Wallis and Dunn’s post test)

Bz | - Control

=3 || - Irradiated (1)
B3l - | + Arginine
mmm |V - | + Glycine
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Many of the functions of L-arginine are based on the
action of its metabolites, mainly nitric oxide (NO),
produced by nitric oxide synthase (NOS) that exists as
inductive (iNOS) and constitutive forms (cNOS) [40]. The
inductive form, as the name implies, should be induced and
is usually activated by cytokines and endotoxins under
stress such as that induced, for example, by radiotherapy,
and produces large quantities of NO for extended periods.
This can lead to intestinal mucosal disorders, inhibition of
cell proliferation [41], and increased apoptosis [42]. iNOS
also increases the expression of tumor necrosis factor-alpha
(TNF-«), which contributes to apoptosis [43].

Nitric oxide synthase also works by regulating the action
of arginase since they compete for the same substrate, L-
arginine [44]. This enzyme metabolizes L-arginine to
ornithine [45], which is the forerunner of proline, an
important collagen amino acid.

Arginase acts on muscle cells inducing collagen produc-
tion. We may speculate that the increase in NO production
induced by iNOS led to NO inhibition, which in turn led to
a significant decrease in muscle layer volume in group III
rats compared to healthy rats.

The mucosal layer is the most affected by radiation [46],
as shown by the partial volume of the epithelium and of the
lamina propria. Due to the action of NO, L-arginine in
particular plays an essential role in inflammation and in the
regulation of immunity [45].

Supplementation with L-arginine induces an increase in
monocyte and lymphocyte proliferation and improves T-
helper cell formation and natural killer cell activity, as well
as macrophage cytotoxicity, phagocytic activity, and cyto-
kine production [41]. These cell defense properties have led
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to the investigation of L- in many studies involving
immunomodulation [2, 8, 29, 41] and contributed to the
understanding of the reason why the partial volume of the
epithelium and lamina propria of L-arginine-supplemented
animals (group III) was similar to that of healthy animals
(group I), with maintenance of the epithelial surface.
Nevertheless, when these animals were compared to group
IT (irradiated without supplementation), a significant in-
crease in the partial volume of the epithelium and of the
epithelial surface was observed, as well as a decrease in the
lamina propria, possibly caused by the anti-inflammatory
effect of amino acid supplementation.

Glycine was efficient in maintaining the total volume of
the irradiated colonic wall, in agreement with a previous
study [22]. As observed in the other irradiated groups (II
and III), glycine supplementation was also unable to
maintain the mucosal layer volume, which is due to this
higher systemic action [14, 15] and to the fact that the
intestinal epithelium is not the predominant substrate of
glycine (similar to L-arginine).

Another factor that influenced this result was the
supplementation dose. Diestel et al. used a higher dose of
this amino acid (1 g/kg/day) in this same irradiated model
and observed the maintenance of this parameter compared
to healthy rats [22].

Glycine is a component of collagen structure [14] and is
synthesized by smooth muscle cells which deposit this
protein in the submucosa [47]. With this increased
availability due to supplementation, a probable increase in
collagen production occurred after irradiation. Possibly this
was the reason for the maintenance of muscle layer
thickness (group III) and for the significant increase of the
submucosal layer compared to group I [48].

In the mucosal layer, the epithelial volume was de-
creased and the lamina propria volume was increased
compared to non-irradiated rats (group I), corroborating
other results, although the epithelial surface was maintained
[22]. Despite previous literature reports, the immunomodu-
lation properties of glycine [14] did not show such benefits
in this experiment. Due to the scarcity of experimental
studies and models using this amino acid as the main
research subject, the doses and time necessary for this full
performance have not been established. The architecture of
the mucosal layer was maintained in the supplemented
groups (glycine and L-arginine), even with less partial
volume, in comparison to healthy animals. Our results
suggest that glycine supplementation had greater effects on
the structure of the colonic wall compared to L-arginine
supplementation since it was able to maintain the thickness
of the wall and the epithelial surface of the mucosa,
whereas L-arginine maintained the partial volume of the
epithelium and the epithelial surface, but not the total
volume of the intestinal wall.

Additional studies are needed to determine the efficacy
of different amino acid doses over different periods of time,
and the use of higher and fractionated irradiation doses,
which may eventually provide data regarding the clinical
applicability of supplementation with glycine and other
amino acids for the repair of irradiated colonic mucosa and
for the treatment of other colonic diseases.
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