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Abstract

Background and Aims: Abdominal radiotherapy (RT) causes harm to the mid gastrointestinal
mucosa by release of pro-inflammatory cytokines and promotes autophagic changes in tumor cells. This
study was aimed to measure the effect of glutamine administration on markers of inflammation and
autophagy in cancer patients treated with RT.

Methods: In this double-blind, randomized, controlled pilot trial 43 patients under abdominal RT
diagnosed of pelvic or abdominal malignancies receiving glutamine (30 g/d) or placebo (casein, 30 g/d).
Patient recruitment took place in the Complejo Asistencial Universitario of Leon (CAULE), Spain.
Patient evaluation took place at three different time points during the study: before RT (pre-treatment),
in the middle of the RT period (mid-treatment), and after finishing RT (post-treatment). Data were
compared by analysis of variance and the Newmann Keuls test. Significance was accepted at p < 0.05.

Results Abdominal RT increased whole blood mRNA levels of inflammatory and autophagic markers,
but glutamine administration showed significantly lower expression of toll-like receptor 4 (TLR4),
CD36, interleukin-1 (IL-1B), tumor necrosis factor-alpha (TNF-a), cyclooxygenase-2 (COX-2), and
matrix metalloproteinase-9 (MMP-9). Moreover, glutamine reduced the expression of the transcription
factors nuclear factor kappa B (NF-kB) and activator protein 1 (AP-1). Glutamine also inhibited the
autophagic response, with changes in expression of beclin-1, UV radiation resistance associated gene
(UVRAG), autophagy-related protein-5 (Atg5), protein 1 light chain 3 (LC3), sequestosome |1
(p62/SQSTMI) and lysosome-associated membrane protein (LAMP)-1.

Conclusions Findings provide evidence that glutamine decreases the inflammatory response and
abolishes the changes of the autophagy machinery in patients receiving abdominal RT. The protective
effect of glutamine must continue being investigated to disclose further molecular pathways.
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Introduction
Inflammatory effects significantly contribute to  development of RT-induced  gastrointestinal
the disorders associated with abdominal radiotherapy =~ mucositis [2]. Many inflammatory responses,

(RT) for malignant diseases. Different studies have
shown that after the administration of RT,
inflammatory cytokines including IL-18, TNF-a, and
IL-6, are released from the epithelium and the
adjacent connective tissue [1], playing a key role in the

particularly in the gut, are mediated by the activation
of transcription factors nuclear factor kappa B (NF-kB)
and activator protein 1 (AP-1) [1]. NF-xB is a key
factor in the inducible expression of many
pro-inflammatory genes, which is known to be
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activated by RT and may play a role in the
development of radioresistance [3].

Autophagy is an evolutionary conserved
response to metabolic stress that recycles cellular
proteins and organelles [4] and has a controversial
role in relation to stress induced by radiation in tumor
cells. Up-regulation of autophagic genes induced by
radiation has been considered a cytotoxic mechanism
which contributes to cancer cell death [5]. However, it
is known that autophagy inhibition increases cancer
cell sensitivity to chemotherapy or radiation [6], and it
has been reported that the combination of autophagy
inhibition with radiation therapy would enhance the
efficiency of anti-tumor treatment [7].

Glutamine is ubiquitous, being the main source
of amino acids for the intestinal mucosa. Glutamine is
largely metabolized by enterocytes and immunocytes
[8]. This amino acid has been used in many clinical
conditions with high nitrogen losses, trauma, burns,
prolonged fasting, chemotherapy, etc. [9]. Glutamine
may be beneficial in RT-treated patients. A
retrospective research has reported its efficacy in the
prevention of acute radiation induced esophagitis
[10]. In patients with enteritis due to abdominal and
pelvic RT, a previous study has observed lower rates
of acute and chronic diarrhea [11], while in a more
recent randomized clinical trial no apparent beneficial
effects were reported in terms of stool frequency [12].
It is also known that patients with esophageal cancer
receiving a combination of omega-3 fatty acids,
glutamine, and arginine show reduced levels of
inflammatory cytokines [13].

This double blind, placebo controlled pilot study
was aimed to investigate whether the wuse of
glutamine prevented the inflammatory response and
the autophagic process in cancer patients treated with
abdominal radiotherapy.

Methods

Study patients and experimental design

Forty three patients >18 years with
abdominal/pelvic cancer planned to abdominal RT
were included. Previous therapeutic actions (surgery,
chemotherapy, brachytherapy), were admitted for the
trial. Patient recruitment took place in the Complejo
Asistencial Universitario of Leén (CAULE). Exclusion
criteria included life expectancy <1 year, relevant
intestinal diseases (celiac disease, inflammatory bowel
disease, Whipple disease), intestinal failure or short
bowel syndrome of any etiology, moderate or severe
chronic kidney disease, or inability to receive oral
medication or to understand the provided
information. Included patients signed informed
consent. Patients were randomly allocated for double

blind pilot study in a 1:1 ratio using computer
generated  randomization  (Figure 1). The
randomization code was broken after the completion
of statistical analysis. Patient evaluation took place at
three different time points during the study: before
abdominal RT (pre-treatment), in the middle of the
abdominal RT period (mid-treatment), and after
finishing abdominal RT (post-treatment).

The glutamine group received 30 g/d of oral
glutamine (Glutamina NM; Nutricion Médica,
Madrid, Spain). This dose of glutamine was selected
following previous studies [12, 14]. The placebo group
was given 30 g/d of pure whole casein (Proteina NM;
Nutricién Médica). Both glutamine and placebo were
administered in nonlabeled sachets containing 10 g of
product. 3 sachets/d, were prescribed from 3 days
before starting abdominal RT until the end of
treatment. Each sachet was dissolved in 200 mL of
water and administered postprandially. Glutamine
and placebo were identical in taste, texture and color
before and after dissolution. The level of compliance
was evaluated by counting the empty sachets
retrieved from patients.

The same dose of abdominal RT was given to
both groups over 50 days (glutamine Md [IQR] = 51.0
[28.0] Gy; placebo Md [IQR] = 50.4 [29.0] Gy; P = .636),
the fractionation dose being 1.8 (IQR) = 0.1)
Gy/session for patients receiving glutamine and 1.9
(IQR) = 0.1) Gy/session for those who received
placebo (P = .745).

Ethics statement

The study followed the Declaration of Helsinki,
was evaluated by the Research Ethics Committee of
the Complejo Asistencial Universitario of Ledn
(CAULE) (March 29, 2011; reference number 1128),
and was registered with Clinical Trials (ref. no.
NCT00828399). All patients received verbal and
written information about the purpose and
methodology of the research and were included after
signing the informed consent document.

Analytical methods

Venous blood samples (15 mL) were taken using
EDTA as an anticoagulant at each visit using
Vacutainer (BD, Franklin Lakes, NJ) system from
brachiocephalic vein. Total RNA was isolated from
whole blood using a RiboPureTM-Blood Kit (Ambion,
Paisley, UK) and quantified by spectrophotometry
(Nanodrop 1000, Thermo Scientific, Waltham, MA,
USA). DNase I (RNase-free) (Ambion, Paisley, UK)
was used to remove residual genomic DNA.
First-standard complementary DNA (cDNA) was
synthesized using High-Capacity cDNA Archive Kit
(Applied Biosystems®, Paisley, UK) and then, it was
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amplified using TagMan® Universal PCR Master Mix
(Applied Biosystems®) on a StepOnePlus Real-Time
PCR System (Applied Biosystems®). TaqMan®
probes (Table 1) were derived from the commercially
available TagMan®  Assays-on-Demand Gene
(Applied Biosystems®). Relative changes in gene
expression levels were determined using the 2-AACT
method. The cycle number at which the transcripts
were detectable (CT) was normalized to the cycle
number of GAPDH detection, referred to as ACT
described previously [15].

Statistical analysis

Results were expressed as mean values and
SEM. Data were compared by analysis of variance and
the Newmann Keuls test. Significance was accepted at
p < 0.05. Values were analyzed using SPSS version
19.0 (IBM Corp, Armonk, NY, USA).

Results

Patients

Final analysis was carried out in forty three
patients out of the patients included for the pilot trial.
Eleven patients dropped out (five glutamine, six
placebo). The two groups did not significantly differ
in terms of patient characteristics (Table 2). No

glutamine related toxicity was reported by any
patient included in the study. No difference in body
weight change was observed among glutamine and
placebo groups.

Table 1. TagMan probes and GenBank accession numbers of
inflammatory and autophagic genes.

Gene GenBank accessionno.  Probe

AP-1 NM_002228.3 Hs01103582_s1
Atg5 NM_004849.2 Hs00169468_m1
beclin-1 NM_003766.3 Hs00186838_m1
CD36 NM_000072.3 Hs01567186_m1
COX-2 NM_000963.2 Hs00153133_m1
GAPDH NM_002046.4 Hs99999905_m1
IL-1B NM_000576.2 Hs01555410_m1
LAMP-1 NM_005561.3 Hs00174766_m1
LC3-11 NM_003766.3 Hs00917683_m1
MMP-9 NM_004994.2 Hs00234579_m1
p50 NM_001113511.1 Hs00388776_m1
P65 NM_001165412.1 Hs00765730_m1
p62/SQSTM1 NM_001142298.1 Hs01061912_m1
TLR4 NM_003266.3 Hs00370853_m1
TNF-a NM_000594.3 Hs00174128_m1
UVRAG NM_003369.3 Hs00163433_m1

Abbreviations: AP-1, activator protein 1; Atg5, autophagy-related protein-5;
COX-2, cyclooxygenase-2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
IL-1B, interleukin-1p, LAMP-1, lysosome-associated membrane protein; LC3-1I,
protein 1 light chain 3; MMP-9, matrix metalloproteinase-9; p50 and p65 subunits of
the nuclear factor kappa B (NF-«B); p62/SQSTM1, sequestosome 1; TLR4, toll-like
receptor 4; TNF-a, tumor necrosis factor-alpha; UVRAG, UV radiation resistance
associated gene.

- —
- -

Figure 1. Trial profile; screening, randomization and study completion. RT, radiotherapy.
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Table 2. Patients data

Glutamine Placebo p-value
(n=22) (n=21)
Age, mean (SD) 66.21 (1.71) 68.95(1.75)  0.505
Male sex, % 89.5 90.9 0.857
Pathology %
Prostate cancer 68.4 59 0.112
Rectal cancer 31.6 41 0.156
Stage, % 0.594
I 0 9.1
I 68.3 54.5
111 26.3 36.4
v 54 0
Chemotherapy, % 26.3 31.8 0.756
Previous surgery, % 48.1 50.1 0.862

Abbreviations: SD, Standard Deviation.

Effects of abdominal RT and glutamine on
markers of the inflammatory response

The effect of abdominal RT and glutamine
treatment on mRNA levels of inflammatory markers
in whole blood is depicted in Figure 2. TLR4, CD36,
IL-18, TNF-a, COX-2, and MMP-9 expression
increased significantly from the period before
treatment to mid-treatment in the placebo group.
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Transcripts levels decreased significantly following
treatment and those of TLR4, CD36, IL-13, TNF-a, and
MMP-9 did not differ from values prior to abdominal
RT. In the group receiving glutamine, mRNA levels
for the different pro-inflammatory genes were
significantly lower compared with the placebo group
during the mid-treatment period. Consistent with
these data, expression of CD36, IL-1B, TNF-a, and
COX-2 did not differ significantly from the period
before abdominal RT. During the post-treatment
period, mRNA levels of TLR4 were significantly
lower in the glutamine group compared with placebo

group.

Effects of abdominal RT and glutamine on
NF-xB and AP-1 transcription factors

Results from the patients in the placebo group
showed that abdominal RT enhanced the expression
of the transcription factors NF-xB (p50 and p65) and
APl in the mid-treatment period, with values
returning to normal after treatment (Figure 2).
Moreover, mRNA levels were significantly lower in
the glutamine group compared with placebo during
mid-treatment.

D Placebo

250 - B Glutamine

150 .
100 o

50 o

Relative IL-1 mRNA expression (%)

o
@
©
=3
T ©
o

b
a
a
a
100 - e .
80
60
40
20 A
0
p post

mid-tr p it mid: post p it mid ent p

g z g
< 250 - £ 300 - 5 250 4
g b § b @ b
5’._"; 200 é 250 4 g 200 A
= c 3
g =3 c )
< 150 2 " g 10
Z a % 4 a [ a é a
x a a a Z 150 A a 5 a a
= 100 4 = T 100 1
& % 100 A =
= Q =
2 50 A o 50 E 50
= . @
£ 2 5
¢ o % 0 2 o

pre-treatment mid-treatment post-treatment L pre-treatment mid-treatment post-treatment pre-treatment mid-treatment post-treatment
e\3140 9 b g 180 4 b § 180 4 b
g 120 | , . 5 160 5 160 A
% 100 a a 140 A 5 2 140 1 a a 8
£ o 1201 2 > 120 4 a n
S g - < .
< < 100 1 < 100 A
% 60 - Z 80 A % 80 4
2 40 - "oc’L 60 T 601
= 40 - < 40
2z 20 A =
£ & 20 £ 20
g 0 o 0 3 0

pr mid- post. pri it mid post-treat t pre-treatment mid-treatment post-treatment

Figure 2. Effect of abdominal RT and treatment with glutamine on mRNA levels of genes related to inflammation in whole blood from cancer patients. Levels of
mRNA were analyzed by real-time PCR assays. Data, normalized against GAPDH, are presented as percentage change from pre-treatment values. Means and SEM. a
p<0.05, compared with placebo group, same period. b p<0.05, compared with pre-treatment, same group. ¢ p<0.05, compared with placebo and pre-treatment

group, same period.
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Effects of abdominal RT and glutamine on
markers of autophagic response

Finally, mRNA expression of different markers
of autophagy was measured in whole blood from both
placebo and glutamine groups (Figure 3). In the
placebo group transcript levels of beclin-1, UVRAG,
Atg5, LC3-1I, p62 and LAMP-1 were significantly
higher in the mid-treatment period compared with
the period prior to treatment. Following abdominal
RT mRNA levels of beclin-1, UVRAG, Atgb and
LC3-II have returned to pre-treatment levels. When
patients were given glutamine, the different
autophagy genes showed lower transcript levels
compared with the placebo group during the
mid-treatment period. P62 and LAMP-1 expression
was also significantly lower in glutamine groups
compared with placebo group following abdominal
RT.

Discussion

When glutamine falls markedly over time in
patients with cancer, glutamine-dependent organs
and tissues may be impaired. The extent of radiation
damage may be partially prevented in presence of
normal glutamine stores. Recent reports indicate that

induced by chemo-radiotherapy in cancer patients
with head and neck cancer [8, 17]. Glutamine is
essential to maintain a normal gut under radiation.
An early inflammatory phase may induce the
pathologic progression of radiation toxicity in many
tissues. For this reason, a first objective of the present
study was to assess the efficacy of oral glutamine in
the prevention of radiation-induced inflammation in
patients with abdominal cancer.

Subsequent inflammation following
microcirculatory breakdown are major features of RT
side effects [18]. Early activation of cytokine cascades
following radiation triggers different cell responses
[19]. Activation of the pro-inflammatory cytokine
network by radiation is responsible of multiple
symptoms, fatigue, pain, local inflammation, etc, in
cancer patients [20]. In our research, expression of the
inflammatory markers TLR4, CD36, IL-1, TNF-a and
COX-2 increased significantly in the course of
abdominal RT, and gene up-regulation was
significantly prevented by glutamine administration.
These results support previous data indicating that in
patients with esophageal cancer immunonutrition
with a combination of omega-3 fatty acids, glutamine,
and arginine during concurrent chemoradiotherapy,
results in reduced levels of inflammatory cytokines
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Figure 3. Effect of abdominal RT and treatment with glutamine on mRNA levels of genes related to autophagy in whole blood from cancer patients. Levels of mRNA
were analyzed by real-time PCR assays. Data, normalized against GAPDH, are presented as percentage change from pre-treatment values. Means and SEM. a p<0.05,
compared with placebo group, same period. b p<0.05, compared with pre-treatment, same group. c p<0.05, compared with placebo and pre-treatment group, same

period.
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NF-«B and AP-1 are transcription factors which
play critical roles in the generation of cytokines and
other molecules involved in the inflammatory
response. Activation of NF-xB pathway by irradiation
is known to stimulate inflammatory cytokine
expression, whereas activation of AP-1 pathway
promotes MMP production [21]. Elevated levels of
pro-inflammatory cytokines following RT correlate
with histological evidence of intestinal mucositis and
peak expression of NF-kB [22], while antioxidants
inhibit irradiation-induced inflammatory cytokine
and MMP production by suppressing the NF-kB and
AP-1 signaling [23]. Moreover, it is known that
activation of the TLR4/NF-«B signaling pathway may
contribute to radiation resistance, while sensitivity is
boosted by the combination of radiotherapy with
NF-xB activity-inhibiting drugs [24]. In our study,
activation of both AP-1 and NF-kB resulting from
abdominal RT was significantly abolished by
glutamine administration, in parallel to TLR4, CD36,
MMP-9, and cytokine down-regulation. Taken
together data obtained indicate that the application of
glutamine could be useful for the weakening of
inflammation associated to abdominal RT in cancer
patients.

Autophagy is a dynamic pathway responsible
for the degradation of organelles and proteins which
affects cell metabolism in two opposite ways: either
protecting the cell or killing it [4]. Many anticancer
agents, tamoxifen, arsenic trioxide, rapamycin,
temozolomide, histone deacetylase inhibitors,
radiation, vitamin D analogues, and etoposide have
been reported to induce autophagy. However, it is
highly controversial whether autophagy has a
positive effect in cancer therapy [25]. Autophagy acts
in two ways in tumor cells. It may act as a tumor
suppressor mechanism, promoting cancer cell
proliferation and tumorigenesis, but it may also favor
cell survival under oxygen/nutrient deprivation or in
response to deleterious effects by chemotherapeutic
drugs or ionizing radiation [26].

The role of autophagy in the resistance of cancer
cells to RT is still controversial. Nevertheless, it has
been shown that pharmacological and/or genetic
inhibition of autophagy favors the lethal effects of
tumor cells in several therapeutic circumstances. This
suggests that intervention in the autophagic pathway
may be an alternative in cancer treatment [27].
Inhibition of autophagy has been recently shown to
significantly increase both in vitro and in vivo the
radiosensitivity of esophageal squamous cell
carcinoma [28]. In this context, new autophagy
inhibitors that are anticipated to have superior
pharmacokinetic properties as well as clinical efficacy
are currently under development [29].

Although with the limitation of being a pilot
study, this is the first human research to examine the
impact of the use of glutamine on autophagy in cancer
patients treated with RT. The autophagosome is a
double-membrane-bound vacuole which engulfs
fractions of the cytoplasm through different
autophagy adaptors, such as p62/SQSTM1. This
mechanism results in the autophagic degradation of
ubiquitinated protein aggregates in lysosomes. The
first step in the autophagic process, the nucleation of
the autophagosomal membrane, is under the control
of a molecular complex containing beclin-1. Several
interacting proteins participating in this complex
include positive factors such as UVRAG. The
elongation step requires two distinct ubiquitin-like
conjugation systems. The first system involves
conjugation of Atgl2 to Atgb. In the second
conjugation  system LC3-I conjugates  with
phosphatidylethanolamine to LC3-II, which localizes
to the autophagosomal membrane [4]. Data from the
present study indicate that RT coursed with an
increase in beclin-1 mRNA levels in parallel to
changes in both ubiquitine systems (Atg and LC3-II).
This effect was associated with an increased
expression of UVRAG, which interacts with beclin-1
in the early steps. Autophagosome maturation would
subsequently activate autophagy.

These results should be analyzed with caution.
LC3 protein may accumulate as a result of either
higher autophagic flux by increased formation and
processing of autophagosomes or blocking of
autophagy = caused by an  absence  of
autophagolysosomal processing [30]. In the present
research the lysosomal marker LAMP-1 was also
increased by abdominal RT, which suggests reduced
lysosomal consumption. In addition, the higher
expression of p62/SQSTM1 could be associated to
deceleration of recycling of the major carrier of
material to autophagosomes and a lower autophagic
degradation of ubiquitinated protein aggregates in
lysosomes [31]. In any case, all the described effects of
abdominal RT on the different autophagy markers
were significantly abrogated by glutamine. These
open the possibility to further studies aimed to
investigate whether glutamine actions on autophagy
induced by radiation can be of therapeutic benefit.

Conclusions

In summary, the present results shed new light
into the role of glutamine in human, indicating that it
decreases the expression of inflammatory mediators
during abdominal RT-induced healing response and
abolishes autophagic changes associated with RT.
Identification of glutamine actions may contribute to a
better understanding of its use in cancer patients.
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AP-1: Activator protein 1, Atg5: Autophagy-
related protein-5; COX-2: Cyclooxygenase-2; IL-1f:
Interleukin  1B; LAMP-1: Lysosome-associated
membrane protein; LC3: Protein 1 light chain 3;
MMP-9: Matrix metalloproteinase-9; NF-«B: Nuclear
factor kappa B; p62/SQSTM1: Sequestosome 1; RT:
Radiotherapy; = TLR4:  Toll-like  receptor 4;
TNF-a: Tumor necrosis factor-alpha; UVRAG: UV
radiation resistance associated gene.
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