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Abstract

Gastrointestinal dysmaoitility frequently occurs in cancer cachexia and may result from dam-
age to enteric innervation caused by oxidative stress, especially due to glutathione deple-
tion. We assessed the effect of dietary supplementation with 20 g/kg L-glutamine (a
glutathione precursor) on the intrinsic innervation of the enteric nervous system in healthy
and Walker 256 tumor-bearing Wistar rats during the development of experimental cachexia
(14 days), in comparison with non-supplemented rats, by using immunohistochemical meth-
ods and Western blotting. The total neural population and cholinergic subpopulation densi-
ties in the myenteric plexus, as well as the total population and VIPergic subpopulation in
the submucosal plexus of the jejunum and ileum, were reduced in cachectic rats, resulting
in adaptive morphometric alterations and an increase in vasoactive intestinal peptide (VIP)
and calcitonin gene-related peptide (CGRP) expression, suggesting a neuroplastic
response. L-glutamine supplementation prevented decrease in myenteric neuronal density
in the ileum, morphometric alterations in the neurons and nerve fibers (in both the plexuses
of the jejunum and ileum), and the overexpression of VIP and CGRP. Cancer cachexia
severely affected the intrinsic innervation of the jejunum and ileum to various degrees and
this injury seems to be associated with adaptive neural plasticity. L-glutamine supplementa-
tion presented partial protective effects on the enteric innervation against cancer cachexia,
possibly by attenuating oxidative stress.

Introduction

Most cancer patients (50-80%) develop cachexia, a frequent comorbidity of cancer that
accounts for over 20% of deaths in the terminal stage and represents one of the most prevalent
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public health problems worldwide [1]. Cancer cachexia is characterized by a hypermetabolic
state, resulting in the loss of body mass, skeletal muscle mass, and, possibly, adipose tissue [1,
2]. The cachexia pathophysiology mechanism is complex, however, a central role has been
assigned to activation of the immune system with an excessive production of pro-inflammatory
cytokines, which in turn may increase reactive oxygen species (ROS) production [2, 3]. Thus,
systemic inflammation effects have influenced the quality of life of the cancer patients [4]. Can-
cer-related cytokines activate multiple signaling pathways to promote increased production of
ROS that, together with decreased antioxidant defenses, lead to a condition known as oxidative
stress [1, 3, 5], which stimulates injury to critical cellular components, harming nucleic acids
and membrane lipids, and modifying enzymes and other proteins, ultimately leading to severe
cell damage [6, 7].

Cellular redox state is governed by the elevated ratio of reduced glutathione (GSH) to oxi-
dized glutathione (GSSG), and as a result of ROS combat GSH may be greatly depleted [7].
Glutathione is the most important thiol-containing antioxidant in the intracellular environ-
ment, consisting of the amino acids glutamate, cysteine, and glycine [8]. Depletion of GSH as
observed in several diseases, such as cancer, leads to cell damage, even in extratumoral tissues
[7, 9]. Its main targets are cells with high oxidative metabolism, such as neurons, in which GSH
depletion may result in neurodegeneration [8, 10].

In many cancer patients, the maintenance of gastrointestinal function is critical to the man-
agement of comorbidities, particularly cachexia [11]. Several studies reported digestive and
motility disorders associated with cancer, such as anorexia, dysphagia, constipation, diarrhea,
abdominal pain, and intestinal obstruction [12, 13]. In all of these disorders, the enteric ner-
vous system (ENS) is compromised to some degree, which may lead to neuropathy [13, 14].
Among the neurons that comprise the ENS myenteric and submucosal plexuses, neurons that
produce the neurotransmitter acetylcholine by the enzyme choline acetyltransferase (CHAT)
are the most abundant [15]. These neurons comprise the cholinergic circuit, which mediates
motility, mucosal secretory, intrinsic sensory and vascular reflexes [14] and may be affected by
the systemic effects of cachexia development. It seems plausible that some factors produced by
tumoral tissue can actively affect the ENS [16]. Some studies have reported ENS alterations in
colon cancer and their effects on neural elements in areas affected by the tumor in comparison
with the effects in distal areas [16—19]. However, information about the involvement of enteric
innervation when the cancer is located in extra-intestinal tissues is sparse. Therefore, we pro-
pose firstly to investigate whether cancer-related cachexia development may induce morpho-
quantitative changes in enteric innervation, including CHAT-containing neurons in the small
intestine, since it comprises 2/3 of the total intestinal length and contains 90% of the organ’s
total absorptive surface [20].

Neuroendocrine peptides, such as vasoactive intestinal polypeptide (VIP), and calcitonin
gene related peptide (CGRP), have been investigated in several studies in colon carcinoma
patients and colon cancer experimental models and have been shown to be altered in neurons
and nerve fibers [18, 19, 21, 22]. VIP and CGRP have an important regulatory role in the gas-
trointestinal tract, influencing motility, blood flow mucosal secretions and the immune system
[14]. CGRP plays a neuromodulatory role in sensory systems [14], being present in intrinsic
and extrinsic innervation of the ENS [17, 23], while VIP, in addition to ENS functions, has
exhibited antioxidant and anti-inflammatory properties [24, 25]. Therefore, a complementary
investigation to this study evaluated the morphometry of VIP and CGRP-containing nerve
fibers and morpho-quantitative changes in VIP-containing neurons of the small intestine in a
cancer cachexia experimental model. Walker 256 tumor was the chosen model as it is appropri-
ate for studying the physiopathological and morphological changes during cancer development
[5, 26, 27]. In this model, subcutaneously implanted carcinomatous cells gradually generate an
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inflammatory and oxidative stress state at both the tissue and systemic levels [5, 27-29].
Regardless of the recent study on interstitial cells of Cajal (ICC) in the Walker 256 tumor-bear-
ing rat model [30], no study to date has focused on the ENS in extra-intestinal cancer models.

Another aspect evaluated in this study is based on evidence that antioxidant glutathione is
depleted because of oxidative stress in the neuronal tissue, which has been reported in the
Walker 256 tumor model [27], and on evidence that supplementation with a glutathione pre-
cursor, L-glutamine, has produced neuroprotective effects on ENS [31-33]. Thus, we tested the
effects of dietary L-glutamine supplementation on enteric innervation in Walker 256 tumor-
bearing rats.

Materials and Methods
Ethics

All procedures described in this study were performed in agreement with international ethical
guidelines and were previously approved by the Ethics Committee in Animal Experimentation
(CEAE) of the Universidade Estadual de Maringd —Parana—Brazil (UEM), under the protocol
number 099/2012.

Animals

Thirty-two 57-day-old male Wistar rats (Rattus norvegicus, weighing 189-223 g) were obtained
from the Central Animal Facility of the Universidade Estadual de Maringa. The animals were
randomly assigned to four experimental groups with water and food available ad libitum (n = 8
per group): control (C); control supplemented with 2% L-glutamine (CG); Walker 256 tumor
(TW); and Walker 256 tumor supplemented with 2% L-glutamine (TWG). All animals were
housed in polypropylene cages measuring 40 cm x 33 cm x 17 cm (length, width, and height)
and maintained at a controlled environmental temperature (23 + 2°C) and lighting regime
(12-h/12-h dark/light cycle) during the 14-day experimental period.

Experimental Induction of Walker 256 Tumors

For experimental tumor induction in the TW and TWG group animals, Walker 256 carcino-
sarcoma cells were suspended in 16.5 mM phosphate-buffered saline (PBS), pH 7.5, and subcu-
taneously injected into the right flank of each animal. A total of 8 x 10” viable cells
(determined in a Neubauer chamber using the trypan blue dye exclusion method) were intro-
duced in each animal. Animals belonging to the C and CG groups received PBS (pH 7.5) injec-
tions on the same day at the same anatomical site. Walker 256 carcinosarcoma is an
extensively tested and standardized model for studying cancer and cachexia. All experimental
procedures were performed starting on the 14th day after tumor cell inoculation. This period
was chosen based on a 15-day survival time after Walker 256 tumor implantation [5, 26].

Cancer and Cachexia Development

The cachectic state was determined by assessing the body weight at the end of the experimental
period, the weight variation [34], and the cachexia index [5]. Weight variation was calculated
as the difference between the final and initial total body weight for each tumor-bearing animal
(TW and TWG group) minus the tumor mass. Food consumption was assessed every 2 days
(g/day) and expressed as g/100 g body weight/day.
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L-Glutamine Supplementation

During the experimental period, animals in the C and TW groups (not supplemented) were
fed with a Nuvital standard balanced diet (Nuvilab, Colombo, PR, Brazil). The diets of rats in
the CG and TWG group comprised the ground standard diet supplemented with L-glutamine
(Deg, Sao Paulo, SP, Brazil); pellets with a concentration of 2% L-glutamine (20 g/Kg) were pre-
pared from this [25, 31, 35]. Supplementation began on the day of tumor cell inoculation.

Tissue Harvesting and Processing

At the end of the experimental period, animals were fasted for 12 h before being weighed and
euthanized under intraperitoneal anesthesia (40 mg/kg body weight thiopental—Abbott Labo-
ratories, Chicago, IL, USA). Next, a laparotomy was performed and the entire small intestine
was removed. The area was obtained by measuring the intestinal length immediately after each
animal had been euthanized. The following segments were separated: the jejunum (10 cm seg-
ments taken from the midpoint of the small intestine) and the ileum (first 6 cm oral to the ileo-
cecal junction). A sample of each segment was then opened along the mesenteric border and
the diameter was measured using a millimeter ruler. The total area of each segment was calcu-
lated by diameter x length and expressed in cm®. The harvested tissue was then washed with
0.1 M PBS (pH 7.4) and filled with Zamboni’s fixative, followed by tying off the ends. The
intestinal segments were incubated in fixative for 18 h at 4°C. These segments were opened
along the mesenteric border and repeatedly washed in 80% ethanol to completely remove the
fixative. The tissues were then dehydrated in an increasing ethanol series (95% and 100%),
cleared with xylene, gradually rehydrated in a decreasing ethanol series (100%, 90%, 80%, and
50%), and stored in PBS containing 0.08% sodium azide (s2002; Sigma-Aldrich, Inc., St. Louis,
MO, USA) at 4°C [36]. Fixed tissues were cut into small pieces measuring approximately 1 cm?
and microdissected under a Stemi DV4 stereo microscope (Zeiss, Jena, Germany) to obtain
whole-mount preparations of the muscle and submucosal layers. The study of ENS nerve plex-
uses requires removal of the mucosal and submucosal layers to expose the myenteric plexus
and removal of the muscle layers and peeling of the mucosal layer to expose the submucosal
plexus.

Myenteric and Submucosal Plexuses Immunohistochemistry

Double staining for HuC/D and ChAT proteins in myenteric neurons. Double staining
for HuC/D and ChAT was performed to assess the general neuronal population (HuC/D—
pan-neuronal marker protein) and the cholinergic (neurons expressing the marker enzyme—
ChAT) subpopulation of the myenteric plexus. The whole-mount preparations were washed
three times with 0.1 M PBS pH 7.4 + 1.5% Triton X-100 (T8532; Sigma-Aldrich, Inc.) for 10
min and incubated in the same solution containing 1% bovine serum albumin (BSA; Sigma-
Aldrich, Inc.) and 10% normal donkey serum for 2 h at room temperature (RT) to block non-
specific binding. The tissues were then removed from this solution, incubated simultaneously
with the primary antibodies (double staining) in blocking solution (48 h at 4°C), washed in
PBS + 0.5% Triton X-100 (3 x 5 min), and incubated with the secondary antibody (2 h at RT)
as described in Table 1. After this incubation, three washes were performed (5 min) with 0.1 M
PBS (pH 7.4) and, finally, the whole-mount preparations were slide-mounted with Prolong
Gold antifade (P36930, Molecular Probes, Eugene, OR, USA) and stored at 4°C.

Double staining for HuC/D and VIP in submucosal neurons and single staining for
myenteric VIP-containing nerve fiber. Submucosal and myenteric layer whole-mount prep-
arations were washed with 0.1 M PBS pH 7.4 + 0.5% Triton X-100 (2 x 10 min) and incubated
in the same solution containing 2% BSA and 10% normal goat serum for 1 h at RT (blocking
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Table 1. Characteristics of the primary and secondary antibodies used in immunoreactions.

Primary antibodies Source Immunohistochemical Western blot
Dilution Dilution

Monoclonal Mouse anti—HuC/D; A-21271 Molecular Probes, Invitrogen, | 1:500

USA
Polyclonal Goat anti—choline Acetyltransferase (CHAT); Merck Millipore Corporation, 1:200 1:1000
AB1582* USA;
Polyclonal Rabbit anti—Vasoactive intestinal peptide (VIP); sc- Santa Cruz Biotechnolog, USA | 1:500 1:500
20727*
Polyclonal Rabbit anti—Calcitonin gene-related peptide (CGRP); | Merck Millipore Corporation, 1:500 1:1000
AB-15360* USA

Secondary Antibodies

Alexa fluor 488 (Donkey anti-mouse); A-21202
Alexa fluor 546 Donkey anti-goat; A-11035
Alexa fluor 568 (Goat anti-rabbit); A-11036

Goat anti-Rabbit -HRP conjugate; A-16104*
Rabbit anti-Goat -HRP conjugate; A-16136*

* Antibodies use in Western blot.

doi:10.1371/journal.pone.0162998.t001

Molecular Probes, Invitrogen, | 1:500
USA

Molecular Probes, Invitrogen, | 1:500
USA

Molecular Probes, Invitrogen, | 1:500
USA

Novex, Invitrogen, USA 1:1000
Novex, Invitrogen, USA 1:2000

solution). The tissues were then incubated with primary antibodies (anti-HuC/D and anti-VIP
for submucosal layer whole-mount preparations and anti-VIP for myenteric layer whole-
mount preparations) in PBS + 0.5% Triton X-100 + 2% BSA + 2% normal goat serum for 2 h in
an incubator at 37°C, and then incubated at RT for 46 h with slow agitation. Next, three washes
(5 min) in PBS + 0.5% Triton X-100 were performed and the tissues were incubated for 1 h at
RT with the secondary antibody (Table 1). The whole-mount preparations were then washed
with 0.1 M PBS, pH 7.4 (3 x 5 min), slide-mounted with Prolong Gold antifade, and stored at
4°C. These whole-mount immunostains were used to assess the neuronal population (HuC/D)
in the two plexuses, subpopulation of submucosal VIP-containing neurons and myenteric
VIP-containing nerve fiber varicosities.

Calcitonin gene-related peptide (CGRP)-immunoreactive nerve fibers. CGRP, a marker
of intrinsic primary afferent neurons (IPANs), was detected using immunostaining to identify
CGRP-IR nerve fiber varicosities within myenteric and submucosal plexuses. These nerve
fibers originate from intrinsic and extrinsic sensory neurons [23]. Myenteric and submucosal
layer whole-mount preparations were subjected to a series of washes. After blocking (similar
protocol to HuC/D and VIP double staining), the tissues were separately incubated with the
primary antibody as shown in Table 1 (anti-CGRP). After washing with 0.1 M PBS pH 7.4
(3 x 5 min), the tissues were incubated with the secondary antibody (Table 1) at RT for 1 h and
washed in 0.1 M PBS pH 7.4 (3 x 5 min). The whole-mount preparations were then slide-
mounted with Prolong Gold antifade and stored at 4°C.

Quantitative Analysis and Neuronal Density

Quantitative analysis was performed by random sampling at the intermediary region of the
jejunum and ileum circumferences (60-120° and 240-300°, considering 0° as the mesenteric
intersection). Thirty images per animal from each intestinal segment were acquired with a 20x
objective using an Axiocam high-resolution camera (Zeiss, Oberkochen, Germany) coupled to
an Axioskop Plus light microscope with immunofluorescence filters (Zeiss, Oberkochen,
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Germany) and digitized with a microcomputer and the Axiovision version 4.1 software [31,
35]. For quantitative analysis of the myenteric and submucosal plexuses, all neurons in each
image were counted. Quantification and determination of the image area were performed
using the Image Pro™ Plus 4.5 image analysis software (Media Cybernetics, Inc., Silver Spring,
MD, USA). Neuronal density for the general population and for each neuronal subpopulation
was expressed as total neurons per square centimeter.

Morphometric Analysis of Neurons and Varicosities

For the morphometric analysis of neuronal cell bodies, somatic areas (in um?®) of 100 neurons
from each animal were measured for all immunohistochemistry techniques. For the morpho-
metric evaluation of varicosities (small and frequent neurotransmitter-containing dilations
along the fibers), areas (in pum?) of 250 varicosities per animal were measured from images
acquired with a 40x objective. Image Pro™ Plus 4.5 image analysis software was used for the
morphometric analysis of all images.

Western Blot Quantitative Analysis

Expression of ChAT, VIP, and CGRP proteins was quantified in the jejunum and ileum by
Western blotting. Following laparotomy, the harvested segments were repeatedly washed with
Krebs-Ringer buffer solution (pH 7.4) to completely remove the feces. The tissue was lysed by
immersion in homogenization buffer (50 mM Tris HCI pH 7.2, 600 mM NaCl, 1 mM ethylene-
diaminetetracetic acid (EDTA) Sigma-Aldrich, Inc.) containing protease inhibitor. Lysed sam-
ples were then centrifuged for 10 min at 10,000 x g to remove the insoluble fraction. The
supernatant was collected and frozen (—80°C) until further use. Supernatant total protein con-
centration was determined using the Bradford method (Bio-Rad, Hercules, CA, USA) [37]. In
parallel, an equivalent fraction from each sample (30 pg) was separated by 15% SDS-PAGE
(VIP and CGRP) or 12% SDS-PAGE (ChAT). The electrophoresis bands were then transferred
to nitrocellulose membranes (Bio-Rad). After blocking with 5% skim milk in TBS buffer (2.24
g/L Tris base and 8 g/L NaCl, pH 7.6) with 0.1% Tween-20 for 1 h at RT, the membranes were
incubated (overnight at 4°C) with primary antibodies against ChAT, VIP, and CGRP proteins
(Table 1). The membranes were then incubated for 2 h at RT with a secondary peroxidase-con-
jugated antibody (Table 1). Secondary antibody detection employed a Novex ECL Chemilumi-
nescent Substrate Reagent Kit (Thermo Fisher Scientific, Waltham, MA, USA), a detection
system for Western blotting. Membrane chemiluminescence was detected using the ChemiDoc
MP imaging system, which captures images for posterior analysis, according to the manufac-
turer’s instructions (V3 Western Workflow™, Bio-Rad). The bands obtained from the images
corresponded to the ChAT (70 kDa), VIP (17 kDa), and CGRP (15 kDa) proteins and were
quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Changes
in the expression of proteins analyzed by Western blotting in this study were normalized to the
expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All protocols for electro-
phoresis and Western blotting were performed according to the Bio-Rad Mini Protean System
standard procedures.

Correction of Neuron Density

In order to prevent morphoanatomical changes, which occur in several physiopathological
conditions and interfere with the neuronal density results (neuron dispersion or concentra-
tion), a correction factor was applied for each intestinal segment (jejunum and ileum) in each
experimental group [38, 39]. By comparing mean areas with the control group, a correction
factor was calculated as the ratio between the areas of the intestinal segments in the
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Table 2. Average area of the small intestine and correction factors applied for the of neuronal density correction in the myenteric and submucosal
plexuses of the jejunum and ileum. Experimental groups: control (C); control supplemented with 2% L-glutamine (CG); Walker-256 tumor (TW); and
Walker-256 tumor supplemented with 2% L-glutamine (TWG). n = 8 rats per group.

Jejunum area (cm?) Correction factors lleum area (cm?) Correction factors
(o3 113.7+3.5 Standard 113.6+2.9 Standard
CG 110.2+6.0 0.969 110.64 £ 5.1 0.974
TW 76.7 £ 3.9*% 0.675 90.7 £ 2.6* 0.799
TWG 80.5+4.6*% 0.701 100.8 £+ 2.2* 0.887

Data are expressed as mean + SEM.
* represents significant difference (p < 0.001) compared with control group according to ANOVA (two way) followed by Tukey's post hoc test.

doi:10.1371/journal.pone.0162998.1002

experimental groups (CG, TW, and TWG) and in the control group (Table 2) and was applied
to correct the results of the quantitative analysis [39, 40]. Therefore, only the corrected neuro-
nal density data are presented.

Statistical Analysis

Statistical analysis was performed using Statistica 7.0 (StatSoft) and GraphPad Prism 6.0 soft-
ware. (GraphPad Software)The data were presented as the mean * standard error of the mean
(SEM). Analysis of variance (two-way ANOVA) was employed for all data. The Tukey’s post-
hoc test was applied whenever ANOV A indicated a significant difference. The unpaired Stu-
dent’s t-test was employed for comparisons between two groups. The significance level was
defined as p < 0.05.

Results
Physiological Parameters

Subcutaneous implantation of Walker 256 tumor cells promoted cachexia due to growth of a
solid tumor in the right flank in the TW group (Table 3). Significant evidence of cachexia
included a total body weight decrease of 9% in the TW group compared to in the control group
(p = 0.0288; Table 3). Dietary L-glutamine (2%) supplementation (TWG group) had a positive
effect on this parameter, preventing the decrease in the average total body weight (TWG vs.

Table 3. Physiological parameters assessed in experimental groups. Final weight body (FW), food intake (FI), tumor mass (TM), weight variation (WV).
Experimental groups: control (C), control supplemented with L-glutamine (CG), Walker 256 tumor (TW) and Walker 256 tumor supplemented with L-gluta-
mine (TWG). n = 8 rats per group.

FW (9) FI T™ (9) Cl (%) WV(g)
c 287.0+5.5 8.1+ 0.2
CG 285.7+6.9 8.1+0.3
T™W 259.9 +5.2% 8.4+0.3 33.4+38 17.8+1.6 +30.1+3.8
TWG 276.1 £ 4.0%* 7.7+0.3 28.0+4.9 12.6+1.8% +46.4+ 4.0%

Values expressed as mean expressed as mean + SEM

ClI (%) = (initial body mass—final body mass + tumor mass + weight body mass gain of control)/(initial body mass + body mass gain of control)] x 100% [5]
FI = g/100g weight body/day

* represents positive weight variation

* Indicates a significant difference when compared with C group (p < 0.05) by analysis of variance (two-way ANOVA) followed by Tukey's post hoc test

** Indicates a significant difference from TW group (p < 0.05) determined by ANOVA (two-way) followed by Tukey's post hoc test

# Indicates a significant difference from TW group (p < 0.05) according student t test

doi:10.1371/journal.pone.0162998.1003
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Table 4. Neuronal density of myenteric neurons (neurons/cm?) in the jejunum and ileum. Experimental groups: control (C); control supplemented with
2% L-glutamine (CG); Walker-256 tumor (TW); and Walker-256 tumor supplemented with 2% L-glutamine (TWG). HuC/D-IR population (neurons/cm?),
CHAT-immunoreactive subpopulation (neurons/cm?).

Experimental Groups

c CG ™™ TWG
Jejunum HuC/D 14986.3 + 499.92 16216.5 + 393.52 10379.9 + 319.4° 10822.9 + 276.6°
CHAT 11233.9 + 483.42 12130.7 + 225.32 7050.2 +212.7° 7807.7 + 350.4°
lleum HuC/D 20843.9 + 835.4° 21353.0 + 459.72 17225.4 + 676.6° 20839.9 + 472,52
CHAT 15270.9 + 606.12 15900.5 + 517.8% 13151.5+ 415.4° 15213.8 + 574.8°

The results are expressed as mean + SEM (n = 8).
Different letters in the same row indicate significant difference (p<0.05) according to ANOVA (two-way) followed by Tukey's post hoc test.

doi:10.1371/journal.pone.0162998.t004

TW; p =0.0399; Table 3) and maintaining these values close to those measured in groups C
and CG (p = 0.1927; Table 3). The tumor mass was substantial in animals from the TW and
TWG groups, accounting for 13% and 10%, respectively, of total body weight in these groups.
L-glutamine did not favor tumor growth, but rather decreased tumor growth by approximately
16%, although the difference was not statistically significant (TW vs. TWG; p = 0.3946;

Table 3). Based on the cachexia evaluation criteria of weight variation (WV), the TW and
TWG groups showed positive variation in this parameter. However, compared to each other,
the L-glutamine-supplemented group showed a 54% greater weight variation compared to the
non-supplemented tumor-bearing group (TWG vs. TW; p = 0.0106; Table 3). The results for
the cachexia index calculated for both groups (TW and TWG) revealed that dietary supple-
mentation with L-glutamine significantly decreased this index by 5.1% (p = 0.0479; Table 3).
There was no statistically significant difference in food intake (g/100 g body mass/day) among
the groups (p = 0.4468; Table 3).

Neuronal Quantitative Analysis

A significant decrease in the small intestine area was observed in the experimental model ani-
mals with cancer cachexia (TW and TWG groups). We took this change in area into account
when assessing changes in neuron numbers. The correction of neuronal density is required to
minimize errors and biases, including normalization by the size of the tissue or organ [40].
After the correction factor was applied, neuronal density was expressed as neuron number per
square (Tables 4 and 5). The neuronal density (uncorrected data) of myenteric and submucosal
plexuses in the jejunum and ileum can be found in S1 and S2 Tables.

Table 5. Neuronal density of submucous neurons (neurons/cm?) in the jejunum and ileum. Experimental groups: control (C); control supplemented
with 2% L-glutamine (CG); Walker-256 tumor (TW); and Walker-256 tumor supplemented with 2% L-glutamine (TWG). HuC/D-IR population (neurons/cm?)
and VIP-immunoreactive subpopulation (neurons/cm?) densities.

Experimental Groups

c CG T™W TWG

Jejunum HuC/D 9451.1 + 154.3? 9900.6 + 249.7° 6546.2 + 158.1° 6599.8 + 118.5°
VIP 4234.9+121.12 4567.9 + 86.3% 3512.4+79.8° 3411.3+97.2°

lleum HuC/D 8738.6 + 268.5° 8744.1+216.6% 7836.5 + 176.0° 6954.2 + 183.7°
VIP 3985.6 + 78.2% 4018.4 +88.4% 3429.9 +97.0° 3246.2 + 93.6°

The results are expressed as mean + SEM (n = 8).
Different letters indicate significant difference (p<0.05) according to ANOVA (two-way) followed Tukey's post hoc test.

doi:10.1371/journal.pone.0162998.1005
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Neuronal Density in the Myenteric Plexus: HuC/D-IR Neurons

All experimental groups were compared with each other using double immunostaining prepa-
rations for HuC/D-IR and CHAT-IR neurons in the ileum (Fig la-1d) and jejunum (Fig le-
1h). The myenteric plexus data indicated a significant decrease in the density of HuC/D-IR
neurons in both the jejunum (30.7%, p = 0.0002, Table 4) and ileum (17.3%, p = 0.0017,

Table 4) 14 days after inoculation of Walker 256 carcinosarcoma cells (TW vs. C; Table 4).
Supplementation with L-glutamine (TWG group) did not prevent the decrease in neuronal
density in the jejunum (TWG vs. TW; p = 0.7905; Table 4). However, in the ileum, L-glutamine
supplementation maintained neuronal density values very close to those observed in the C and

Hu/ChAT Hu/ChAT

Fig 1. Representative images of Hu/CHAT myenteric neurons. Double immunostaining of HuC/D and
CHAT myenteric neurons of ileum (a-d) and jejunum (e-h). Experimental groups: control (C); control
supplemented with 2% L-glutamine (CG); Walker-256 tumor (TW); and Walker-256 tumor supplemented with
2% L-glutamine (TWG). These images are composites of merged images taken separately from red (CHAT)
and green (HuC/D) fluorescent channels. Scale Bar 50 pm.

doi:10.1371/journal.pone.0162998.g001

PLOS ONE | DOI:10.1371/journal.pone.0162998 September 16,2016 9/283



@’PLOS ‘ ONE

Cachexia and Enteric Nervous System

CG groups (p = 1.000 and p = 0.9207; Table 4). No change was detected in the CG group com-
pared with the C group in neuronal density for HuC/D-IR (p = 0.0775 and p = 0.9282; Table 4)

Neuronal Density in the Myenteric Plexus: ChAT-IR Neurons

Quantitative analysis of the cholinergic subpopulation in the myenteric plexus showed that the
presence of cancer caused a marked decrease in the number of ChAT-immunoreactive cell
bodies compared to control in the jejunum (p = 0.0002; S2 Fig) and ileum (p = 0.0277; S1 Fig),
with values of 37.2% and 13.8%, respectively (Table 4). In the TWG group, a higher percentage
of ChAT-IR neurons per area was observed in the jejunum (11%) compared to the TW group.
However, this difference was not significant (p = 0.2930, Table 4). In the ileum, in contrast L-
glutamine prevented the decrease in ChAT-IR neuronal density (TWG vs. TW; p = 0.0332,
Table 4), with the density remaining similar to that observed in the C and CG groups
(p=10.9998 and p = 0.7538, Table 4). No change was detected in the CG group compared with
the C group for CHAT-IR neuronal density in the jejunum (p = 0.1700, Table 4) and ileum

(p =0.7993, Table 4). The ratio of ChAT-IR neurons to HuC/D-IR myenteric neurons was
75% and 74% in the jejunum for C and CG groups, respectively, and decreased to approxi-
mately 68% in TW group. During supplementation (TWG), L-glutamine prevented this reduc-
tion in ratio, which was 72% of the total neuronal population. In the ileum, the proportion of
ChAT-IR myenteric neurons was similar among all the groups, approximately 73% (C), 72.5%
(CG), 76% (TW), and 73% (TWG).

Neuronal Density in the Submucosal Plexus: HuUC/D-IR Neurons

Double immunostaining for HuC/D and VIP were used for submucous neuronal localization
and morphoquantitative analysis in the jejunum (Fig 2a-2d) and ileum (Fig 2e-2h) in all the
experimental groups. HuC/D-IR neuronal density was significantly reduced in the presence of
cancer (TW group) by 30.3% in the jejunum (p = 0.0002) and 9.9% in the ileum (p = 0.0486)
compared to the control group (Table 5). In the TWG group, the neuronal density decrease
was not prevented by L-glutamine supplementation in either of the intestinal segments exam-
ined (TWG vs. TW; jejunum; p = 0.9958 and ileum; p = 0.0552, Table 5). Specifically, in the
ileum, the TWG group displayed an 11.2% decrease in neuronal density compared to the TW
group (Table 5).

Neuronal Density in the Submucosal Plexus: VIP-IR Neurons

The VIPergic subpopulation in the submucosal plexus was 17.1% (p = 0.0002, Table 5) and
14.0% (p = 0.0023, Table 5) lower in the TW group than in the C group in the jejunum and
ileum, respectively. Very similar VIP-IR neuron proportions were observed for the jejunum
(44.8%) and ileum (45.6%) in control rats. Submucosal VIP-IR neurons in the TW group, only
in the jejunum, proportionally increased to approximately 54%, while in the ileum the propor-
tion was 44%. In the TWG group, for both intestinal segments, L-glutamine did not significantly
prevent the decrease in VIP-IR neuronal density when compared to the TW group (jejunum;

p = 0.8196 and ileum; p = 0.5259, Table 5). In this plexus, the ratio of VIP-IR neurons to HuC/
D neurons in TWG rats was 52% and 47%, respectively, for the jejunum and ileum.

Neuronal Cell Body Morphometric Analysis: HuC/D-IR and ChAT-IR
Myenteric Neurons

For both assessed segments, the average cell body area of HuC/D-IR neurons decreased in the
myenteric plexus because of the presence of the Walker 256 tumor (jejunum and ileum; TW
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Fig 2. Representative photomicrographs of Hu/VIP submucous neurons. Double immunostaining of
HuC/D and VIP submucous neurons of jejunum (a-d) and ileum (e-f) from experimental groups: control (C);
control supplemented with 2% L-glutamine (CG); Walker-256 tumor (TW); and Walker-256 tumor
supplemented with 2% L-glutamine (TWG). These images are composites of merged images taken
separately from red (VIP) and green (HuC/D) fluorescent channels. Scale Bar 50 pm.

doi:10.1371/journal.pone.0162998.g002

vs. G; p < 0.0001, Table 6). The neuronal body area decreased by approximately 15% and 13%
in the jejunum and ileum, respectively. L-glutamine (TWG) prevented the cell body area reduc-
tion of HuC/D-IR neurons in the jejunum and ileum (TWG vs. TW; p < 0.0001, Table 6). The
cell body area of ChAT-IR neurons in the jejunum decreased in TW rats compared to that in
control rats (TW vs. C; p < 0.0001, Table 6). After supplementation, ChAT-IR neurons in the
TWG group displayed a 28.5% larger average cell body area compared to that in the TW group
(p < 0.0001, Table 6). Their area was also larger than that observed in the C and CG groups

(p < 0.0001, Table 6). In the ileum, no difference was detected among the groups (p > 0.05,
Table 6) in the average cell body area of cholinergic neurons. In addition, the C and CG groups
showed no difference in morphometric analysis of both HuC/D-IR (jejunum; p = 0.0698 and

PLOS ONE | DOI:10.1371/journal.pone.0162998 September 16,2016 11/23
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Table 6. Neuronal morphometric analysis of myenteric plexus. Neuronal cell body area (um?) of Jejunum and ileum from groups: control (C); control
supplemented with 2% L-glutamine (CG); Walker-256 tumor (TW); and Walker-256 tumor supplemented with 2% L-glutamine (TWG).

Experimental Groups

Jejunum HuC/D
CHAT
lleum HuC/D
CHAT

C CG TW TWG

327.3+4.4% 340.9+4.5° 283.8+4.2° 304.6 +4.7°
284.5+4.4% 280.1 +4.5° 254.5+4.7° 327.1+4.2°
305.1 +4.0° 298.9+4.7° 269.6+3.8° 298.8+4.8°
293.5+4.2% 290.2 +3.9° 307.7+4.2% 294.3+4.5°%

All the values are expressed as mean + SEM. n = 8 animals per group.
Significant differences are represented by different letters in same row (p < 0.001) have been obtained with the two-way ANOVA followed by Tukey's post

hoc test.

doi:10.1371/journal.pone.0162998.1006

ileum; p = 0.7475, Table 6) and ChAT-IR neurons in the two segments (jejunum; p = 0.8695
and ileum; p = 0.9494, Table 6).

Neuronal Cell Body Morphometric Analysis: HuC/D-IR and VIP-IR
Submucous Neurons

Surprisingly, in the submucosal plexus, cachexia caused an increase in the cell body area of
HuC/D-IR neurons in the jejunum (TW vs. C; p < 0.0001, Table 7), while, in the ileum, no sig-
nificant difference was observed among the groups (p > 0.05, Table 7). In the jejunum of the
TWG group, the neuron cell body area (HuC/D) was larger than that of the TW group, with -
glutamine supplementation displaying no preventative effect (TWG vs. TW; p < 0.0001,
Table 7).

The average area of the VIP-IR neuron subpopulation in the submucosal plexus of the TW
group was significantly larger than that of the C group for both intestinal segments (p <
0.0001, Table 7). In the TWG group, L-glutamine prevented the increase in neuronal cell body
area in this subpopulation (TWG vs. TW; p < 0.0001, Table 7) and maintained neuron size
both in the jejunum (TWG vs. C; p = 0.4984, Table 7) and in the ileum (TWG vs. C; p =
0.8576, Table 7), similar to those of the control group. No difference was observed for the C
and CG groups (jejunum; p = 0.0951 and ileum p = 0.1695, Table 7).

Morphometric Analysis of Myenteric CGRP-IR and VIP-IR Varicosities

In both the jejunum and ileum of TW rats, the areas of VIP-IR (Fig 3a-3h) and CGRP-IR (Fig
3i-3p) myenteric nerve fibers varicosities increased (TW vs. C; p < 0.0001, Table 8). L-glutamine

Table 7. Neuronal morphometric analysis of submucosal plexus. Neuronal cell body area (um?) of jejunum and ileum from groups: control (C); control
supplemented with 2% L-glutamine (CG); Walker-256 tumor (TW); and Walker-256 tumor supplemented with 2% L-glutamine (TWG).

Jejunum HuC/D
VIP

lleum HuC/D
VIP

Experimental Groups

C CG T™W TWG

284.6 + 3.4° 274.7+3.7° 299.2 + 3.6° 314.7+3.2°
291.6+3.3% 279.9+2.9° 336.1+4.6° 284.5+3.2°
276.8 +4.0° 273.3+3.7° 265.9+3.7% 267.5+3.5°
301.2+4.8%° 289.1+3.7% 328.7 £ 4.4° 305.8 + 3.6°

All the results are expressed as mean + SEM (n = 8 animals per group).
Means followed by different letters in the same row are significantly different according to ANOVA (two-way) followed Tukey's post hoc test (p < 0.001).

doi:10.1371/journal.pone.0162998.t007
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Fig 3. Representative images of the myenteric varicosities nerve fibers. Myenteric VIP-IR and CGRP-IR varicosities of
the jejunum: (a-d) VIP-IR nerve fiber and (i-l) CGRP-IR nerve fiber. lleum: (e-h) VIP-IR nerve fiber and (m-p) CGRP-IR
nerve fiber. Experimental groups: control (C); control supplemented with 2% L-glutamine (CG); Walker-256 tumor (TW);
and Walker-256 tumor supplemented with 2% L-glutamine (TWG). (g-x) representative images of the submucous CGRP-IR
varicosities nerve fibers of the jejunum (g-t) and ileum (u-x) from experimental groups (C, CG, TW and TWG). All enlarge
images on the top right of each image with white arrows indicate examples of immunoreactive varicosity (a'-x'). Scale Bar
25 um.

doi:10.1371/journal.pone.0162998.9g003

supplementation efficiently prevented the increase in the area of fiber varicosities (VIP-IR and
CGRP-IR) in both segments (TWG vs. TW; p < 0.0001, Table 8). Compared to the C and CG
groups, there was no significant difference in the areas of VIP-IR (C vs. CG; p = 0.1262, Table 8)
and CGRP-IR (Cvs. CG; p = 0.2328, Table 8) varicosities in the jejunum. However, in the ileum,
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Table 8. Morphometric analysis of VIP-immunoreactive and CGRP-immunoreactive varicosities areas (um?) in the myenteric plexus in the intesti-
nal regions (jejunum and lleum). Experimental groups: control (C); control supplemented with 2% L-glutamine (CG); Walker-256 tumor (TW); and Walker-
256 tumor supplemented with 2% L-glutamine (TWG).

Experimental Groups

c CG ™ TWG

Jejunum CGRP 2.8+0.12 2.9+0.12 3.1+0.1° 2.9+0.12
VIP 2.6+0.12 2.7+0.12 43+0.1° 3.3+0.1°

lleum CGRP 1.9+0.12 21+0.1° 2.6+0.1° 22+0.1°
VIP 2.8+0.12 3.2+0.1° 3.7+0.1° 3.3+0.1°

All the values are expressed as mean + SEM (n = 8 animals per group).
Different letters in the same row indicate significantly different (p < 0.001) according to ANOVA (two-way) followed Tukey's post hoc test.

doi:10.1371/journal.pone.0162998.t008

the difference between the two groups was significant (C vs. CG; p < 0.0001, Table 8), highlight-
ing the effect of L-glutamine in increasing the areas in the varicosities in the CG group.

Morphometric Analysis of Submucosal CGRP-IR Varicosities

In the submucosal plexus, the areas of CGRP-immunoreactive varicosities increased in the TW
group (TW vs. C, p < 0.0001, Table 9) in both the jejunum (Fig 3q-3t) and ileum (Fig 3u-3x).
Dietary L-glutamine supplementation to tumor-bearing rats (TWG) was effective in preventing
an increase in the size of the varicosities of this plexus in the jejunum (TWG vs. TW, p =
0.0002, Table 9) and ileum (TWG vs. TW, p < 0.0001, Table 9). In the jejunum, the area of
CGRP-IR varicosities of the CG group increased compared to that in the control group

(p =0.0002 Table 9). However, in the ileum, there was no significant difference in the areas (C
vs. CG, p = 0.7410, Table 9).

Western Blot Analysis of ChAT Enzyme and VIP and CGRP
Neuropeptide Expression

The results indicated a decreased expression of the ChAT enzyme in the TW group in the jeju-
num (29.8%) compared to that in the C group (p = 0.0390, Fig 4a). In the TWG group, L-gluta-
mine prevented the decreased of the ChAT enzyme (TWG vs. TW; p = 0.0002, Fig 4a).

In the ileum samples, no significant difference was detected among groups (CG, TW, TWG
vs. G; p > 0.05, Fig 4b). Neuropeptide VIP levels in TW group samples from both the jejunum
(p =0.0390, Fig 4c) and ileum (p = 0.0410, Fig 4c) were significantly higher than that in the
control group. L-glutamine decreased VIP expression to levels similar to those in the control
group in the jejunum (p = 0.1667 Fig 4c), while in the ileum, a 25% decrease in VIP expression
with supplementation was observed. However, the difference was not statistically significant

Table 9. Morphometric analysis of CGRP-immunoreactive varicosities areas (um?) in the submucosal plexus in the jejunum and lleum from the fol-
lowing groups: control (C); control supplemented with 2% L-glutamine (CG); Walker-256 tumor (TW); and Walker-256 tumor supplemented with
2% L-glutamine (TWG).

Experimental Groups

c CG T™W TWG
Jejunum CGRP 1.7+0.1% 1.8+0.1° 2.1+0.1° 1.9+0.1°
lleum CGRP 1.4+0.12 1.4+0.1°2 1.6+0.1° 1.5+0.1°

All the values are expressed as mean + SEM (n = 8 animals per group).
Different letters in the same row are significantly different (p < 0.001) according to ANOVA (two-way) followed Tukey's post hoc test.

doi:10.1371/journal.pone.0162998.t009
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Fig 4. Effect of supplementation of L-glutamine and cachexia on proteins (CHAT, VIP and CGRP)
expression from jejunal and ileal samples of each experimental group. Groups: control (C); control
supplemented with 2% L-glutamine (CG); Walker-256 tumor (TW); and Walker-256 tumor supplemented with
2% L-glutamine (TWG). (a) Jejunum CHAT expression and representative bands (on the top). (b) lleum
CHAT expression and representative bands (on the top). (c) Jejunum VIP expression and representative
bands (on the top). (d) lleum VIP expression and representative bands (on the top). (e) Jejunum CGRP
expression and representative bands (on the top). (f) lleum CGRP expression and representative bands (on
the top). Bars represent means + SEM of samples from four animals. The data are presented as percentage
arbitrary units (% of control) after normalization (GAPDH). * indicates significant difference (p < 0.05) versus
control group.

doi:10.1371/journal.pone.0162998.9004

(p = 0.1412, Fig 4d). Significantly increased levels of CGRP were observed in the TW group for
the jejunum (p = 0.0023, Fig 4e) and ileum samples (p = 0.0245, Fig 4f). However, in the sup-
plemented group (TWG), these levels remained similar to those in the control group (jejunum;
p = 0.2879 and ileum; p = 0.2202, Fig 4e and 4f) for both intestinal segments.

Discussion
Cachexia Parameters

After a 14-day experimental period, a cachexia condition in Walker 256 tumor-bearing rats
was confirmed by changes in pathophysiological parameters. Cachexia is a typical occurrence
in this experimental model, and our results are consistent with those of other studies using this
model [5, 34]. As cancer develops, the demand for several nutrients increases; this is particu-
larly seen for L-glutamine, which is highly metabolized by cancer cells during rapid cell prolif-
eration [11, 41]. Supplying TW rats with L-glutamine may have influenced tumor growth and
worsened the cachectic condition, as several cancer cell types depend on this amino acid [10,
11]. However, the supplementation had no effect on tumor mass and showed consistent results
with previous reports regarding L-glutamine use on cachexia, muscle damage and weight loss
prevention [10, 30, 41].
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Cachexia, Small Intestine Size, and Correction of Neuronal Density

Neoplastic cachexia caused a decrease in the total area of the intestinal segments, that is, 33%
for the jejunum and 20% for the ileum. Consistent with this, two studies reported a 18% and
15% decrease, respectively, in the length of the small intestine and a 26% decrease in the villus
height in Walker tumor model, indicating the consequences of cachexia [11, 42]. This decrease
may be an adaptation to the pathogenic factors of cachexia, functionally altering the organ and
its neural components.

Changes in total area of the small intestine may reflect apparent estimations of the neuronal
density and to minimize this effect a correction factor proportional to the segment intestine
shortening was applied [40]. This effect can be handled by determining an estimate total num-
ber of neurons within an organ, by measures such as neurons per ganglion or per ganglionic
area, and by determining a size correction factor for any gut regions [40]. Whereas the first two
approaches are quite problematic [40], we adjusted neuronal density for each intestinal seg-
ment as previously described [39, 40, 43, 44]. The behavior of corrected neuronal density indi-
cate a decrease in neurons number in cancer cachexia.

Alterations in Enteric Neurons from Cancer-Related Cachexia

Walker 256 tumor has been used as cachexia experimental model and has shown all features
that are commonly seen in cachectic patients [34], including both the presence of inflammatory
mediators [45] and oxidative stress markers [27]. In this model some studies have pointed to
systemic [28] and tissue localized oxidative stress [5], including in several neural tissues in the
central nervous system (CNS) [27, 46]. Taken together this evidence suggests that extra-
tumoral tissues may also be affected by tumor-derived factors [16], which may damage neural
components within the intestine. The mechanism behind the neuronal damage is probably
related to mediated oxidative stress, since it plays a pivotal role in neuronal injury in the ENS
[6]. Several previous studies in different experimental models of pathological conditions [31,
33, 38, 47], have associated the decrease of neuronal density in the ENS with oxidative damage.
Therefore, in the current study the decrease in neuronal density of the pan neuronal population
(HuC/D-IR) and ChAT-IR and VIP-IR subpopulations may result from systemic effects of
cachexia, mediated by oxidative stress. Therefore, oxidative stress methods are suitable for
investigating this condition within the ENS in this experimental model.

In the myenteric plexus of the rat small intestine, cholinergic neurons constitute the major
subpopulation, comprising 75% of the total [15] according to the present study and others [47,
48]. The proportional decrease of ChAT-containing neurons in this plexus was followed by
somatic atrophy and a decrease in ChAT expression due to cachexia. These changes may be
explained by neuronal plasticity resulting in downregulation of ChAT following general reduc-
tion of enteric neurons. Adaptive changes in the proportions of the different neuronal popula-
tions occur as a result of intestinal dysfunction following injury [49, 50]. To date, similar
studies on enteric innervation under cachexia are rare. Therefore, we have examined innerva-
tion in other pathological conditions for interpretation of the present results. Neuronal atro-
phy, including in ChAT-IR neurons as a result of oxidative injury, has been reported in other
disease states [38, 47]. In human pancreatic cancer a reduction in pancreatic cholinergic inner-
vation was reported, associated with visceral neuropathy due to invasion by cancer cells [51].
In the present study, submucous CHAT-containing neurons could not be assessed because of
the lack of appropriate samples.

Hypertrophy of remaining VIP-containing submucous neurons and myenteric varicosities
was associated with higher expression of VIP in cancer cachexia. Plastic neuronal changes are
common, especially for VIP-IR neurons and nerve fibers in the plexus under damage
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conditions such as intestinal inflammatory diseases in patients, and in experimental models
[50, 52]. Therefore, this plasticity may be linked to the neuroprotective effect of VIP arising
from its antioxidant, anti-inflammatory, and mucosa protective effects [24, 25, 52]. However,
defects in axonal transport of VIP, common in neurodegenerative processes [52], may be pres-
ent in cachexia and lead to accumulation of this neuropeptide in varicosity. A study has shown
an increase in the density of VIP-expressing myenteric fibers in experimental colorectal carci-
noma, highlighting their cytotoxic effect against tumor cells, but with no accompanying
changes in neuronal density [19]. Other studies have reported a decrease in VIP expression by
nerve fibers, while VIPergic neurons showed no changes in density in human colon cancer
[18]. Changes in VIP-expressing neural elements may alter motility and absorption in the
small intestine [14, 18, 25] and result in intestinal obstruction, a common and severe complica-
tion of inflammatory and neoplastic diseases in the gastrointestinal tract [50].

CGRP neuropeptide participates in sensory reflexes of the intestinal wall [14, 17]. CGRP-
containing nerve fibers arise from myenteric and submucous neurons and from afferent sen-
sory neurons, whose cell bodies are extrinsically located [23, 53]. In addition to acting as a
vasodilator [14], CGRP also possesses anti-inflammatory [54] and antioxidant properties [55].
As for VIP-IR varicosities, hypertrophic CGRP-containing varicosities were associated with
higher CGRP expression, implying an adaptive response to systemic effects of cachexia. In this
study, the analysis methods do not allow differentiation between intrinsic and extrinsic
CGRP-IR nerve fibers. Contrary to our findings, a study revealed a decrease in CGRP-IR neu-
rons and nerve fibers in human carcinoma, and tumoral invasion was indicated to be the cause
of this neurodegeneration [17]. On the other hand, another study has suggested that the tumor
promotes CGRP overproduction, working as a growth factor that stimulates angiogenesis and
lymphangiogenesis, favoring cancer progression [56]. In addition, upregulation of CGRP
expression has been observed in tumor-bearing mice in which blocking of CGRP production
was associated with the reduction of tumor growth following denervation [57].

L-Glutamine Effects on Enteric Neurons

Most of the effects of L-glutamine on nerve cells are due to its conversion into glutathione
which exerts an antioxidant effect through various mechanisms [8, 33, 58], comprising modu-
lation in calcium homeostasis, apoptosis, and the intestinal immune system [10, 41]. L-gluta-
mine also has been shown to have antioxidant effects [59] through influencing mechanisms of
GSH synthesis and recycling, improving the availability of GSH [60, 61]. In addition, several
studies have highlighted r-glutamine neuroprotective effects [59, 62], even in the enteric ner-
vous system [31], preventing the shrinkage and myenteric neuronal loss in several intestinal
segments [31, 32, 35]. We observed a protective effect on neuronal density only in the ileal seg-
ment. Similar results regarding its lack of effect in the jejunum were described for both the
myenteric and submucosal plexuses in a recent study involving experimental DM [33], while
another study described the neuroprotective effect of L-glutamine in the ileum [31]. In another
report, the authors described the preservation of myenteric neurons in the duodenum,
although not in the cecum after supplementation with L-glutamine [32]. These observations
suggest that each intestinal segment utilizes distinct intrinsic mechanisms when subjected with
the same treatment under conditions of injury.

L-glutamine supplementation did not provide preventive effect on submucosal neuronal
densities (HuC / D-IR and VIP-IR). This lack of effect in this plexus has been previously
reported during the development of the diabetic enteric neuropathy [33]. Another recent study
also revealed that L-glutamine exerted a differential neuroprotective effect in experimental dia-
betes that depend on the type of neurotransmitter analyzed [63].

PLOS ONE | DOI:10.1371/journal.pone.0162998 September 16,2016 17/23



@’PLOS ‘ ONE

Cachexia and Enteric Nervous System

The preventive effects of L-glutamine on hypertrophy of the VIP-containing neurons and
fibers have been previously reported [25, 33]. In addition the upregulation of VIP expression
was also prevented. Therefore, L-glutamine is expected to exert neuroprotective effects during
the development of cancer-related neuropathy and, with greater circulating antioxidant avail-
ability [58, 59, 61], enteric neurons will not need to express large amounts of VIP, thus main-
taining normal neuron and varicosity size.

L-glutamine prevented the changes in size of CGRP-IR varicosities in this study. Although
there is no study available on this issue, it is likely that this effect may occur also through miti-
gation of CGRP release by glutathione [64]. However, there have been isolated cases in which
an unexpected abnormal neuron hypertrophy and a slight increase in the size of VIP- and
CGRP-containing varicosities were noted when the diets of healthy or cachexia rats were sup-
plemented with L-glutamine. Previous studies have suggested a possible toxic effect induced by
excessive release of L-glutamate, produced as a consequence of excess L-glutamine or glutathi-
one due to metabolic defects, leading to cellular edema and resulting in varicose hypertrophy
[8, 33]. As these changes were not followed by overexpression of the peptides, it also suggests
an causal effect that may even reflect an improvement in VIP and CGRP signaling in neurore-
gulatory functions [23, 25], since L-glutamine also has a trophic effect on the mucosa and sub-
mucosa [65].

Conclusion

In conclusion, we determined that cancer cachexia severely affects the ENS in the jejunum and
ileum to various degrees. However, there is a neuroplastic response to this injury, highlighted
by the higher neuropeptide expression. L-glutamine was beneficial both for physiological
parameters as well as for preventing neuronal density reduction, specifically in the myenteric
plexus of the ileum. Moreover, L-glutamine prevented morphometric changes (atrophy and
hypertrophy) in neurons and nerve fibers in the myenteric and submucosal plexuses of the seg-
ments investigated. As proposed in this and other studies, we suggest that L-glutamine has pro-
tective effects on the ENS under cancer-related cachexia.

Supporting Information

S1 Fig. Representative images of myenteric neurons of ileum from experimental groups:
control (C); control supplemented with 2% L-glutamine (CG); Walker-256 tumor (TW);
and Walker-256 tumor supplemented with 2% L-glutamine (TWG). (a-d) ChAT-IR subpop-
ulation (red). Magnification images (x 6) of the isolated ChAT-IR (a'-d’) myenteric neurons
are shown on the top left of each image. Scale Bar 50 pum.

(TIF)

S2 Fig. Representative images of myenteric neurons of jejunum from experimental groups:
control (C); control supplemented with 2% L-glutamine (CG); Walker-256 tumor (TW);
and Walker-256 tumor supplemented with 2% L-glutamine (TWG). (a-d) ChAT-IR subpop-
ulation (red). Magnification images (x 6) of the isolated ChAT-IR (a'-d) myenteric neurons
are shown on the top left of each image. Scale Bar 50 um.

(TIF)

S1 Table. Neuronal density (uncorrected) of myenteric neurons (neurons/cm?) in the jeju-
num and ileum. Experimental groups: control (C); control supplemented with 2% L-gluta-
mine (CG); Walker-256 tumor (TW); and Walker-256 tumor supplemented with 2% L-
glutamine (TWG). Uncorrected HuC/D-IR population (neurons/cm”), CHAT-immunore-
active subpopulation (neurons/cm?). The results are expressed as mean + SEM (n = 8).
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Means followed by different letters in the same row are significantly different (p < 0.05)
according to ANOVA (two-way) followed Tukey's post hoc test.
(PDF)

S2 Table. Neuronal density (uncorrected) of submucous neurons (neurons/ cm?) in the jeju-
num and ileum. Experimental groups: control (C); control supplemented with 2% L-gluta-
mine (CG); Walker-256 tumor (TW); and Walker-256 tumor supplemented with 2% L-
glutamine (TWG). Uncorrected HuC/D-IR population (neurons/cm?) and VIP-immunore-
active subpopulation (neurons/cm”) densities. The results are expressed as mean + SEM

(n = 8). Means followed by different letters in the same row are significantly different

(p < 0.05) according to ANOVA (two-way) followed Tukey's post hoc test.

(PDF)
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