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Figure 5. Glutamine depletion decreases the autophagy response to
heat stress by the activation of p38 MAP kinase. (4) Decreased auto-
phagy response to heat stress in glutamine-deprived cells. [EC-18 cells
were incubated with 0.7 mmol/L. glutamine (3 feft lanes) or without
glutamine (3 right lanes) for 24 hours followed by heat shock at 42°C for
30 minutes. Cells were collected before, immediately after, and 90
minutes after heat shock, and analyzed by Western blotting. Images are
representative of 3 separate experiments. Densitometric values were
obtained using Imaged software and normalized to B-actin, set to 1 for
unstimulated conditions in 0.7 mmol/L glutamine. Data are shown as
means + SE. *P < .05 and **FP < .01 compared with unstimulated
conditions and 0.7 mmoV/L glutamine by ANOVA using a Bonferroni
correction. (B) Inhibition of p38 MAP kinase restores the normal auto-
phagy response to heat stress in glutamine-deprived cells. IEC-18 cells
were incubated in glutamine-deprived media without SB203580 (3 feft
fanes) or with 5 umol/L. SB203580 (3 right lanes) for 24 hours followed
by heat shock at 42°C for 30 minutes. Cells were collected before,
immediately after, and 90 minutes after heat shock, and analyzed by
Western blotting. Images are representative of 3 separate experiments.
The ratio of LC3-1l to p-actin density was calculated using ImageJ
software, and set to 1 for unstimuiated conditions without glutamine
and SB203580. Data are shown as means = SE. *P < .05 compared
with unstimulated conditions, 0 mmol/L giutamine, and no SB203580
by ANOVA using a Bonferroni correction.

determine the involvement of mTOR and p38 MAP kinase,
glutamine-depleted cells were treated with rapamycin or
SB203580 (100 nmol/L or § umol/L, respectively) for 24
hours. Both rapamycin and SB203580 inhibited the forma-
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tion of cleaved caspase-3 and PARP under glutamine-de-
prived, heat-stressed conditions (Figure 6, 2 right lanes).
Thus, these inhibitors restore the autophagy response even
under glutamine-deprived conditions, supporting the no-
tion of a balance between the autophagy and apoprotic
responses in IBC-18 cells that is dependent on glutamine
and regulation of mTOR and p38.

Discussion

The gur mucosa contnually faces physiologic
stresses, including large changes in luminal pH and osmo-
larity, luminal bacteria, and physiologic state of immune
and inflammatory activation.?? Several factors are impor-
tant in maintaining gut homeostasis. Glutamine, for exam-
ple, may regulate proliferation of intestinal epithelial cells
by modulating responsiveness to growth factors.2324 Small
intestinal mucosa becomes atrophic when the gut is de-
prived of glutamine, as occurs during total parenteral nu-
trition.?S Glutamine depletion can increase permeability of
the gut, which promotes translocation of luminal bacteria
and rtoxins.?® Glutamine has been shown to protect intesti-
nal epithelial cells during physiologic scress because it is
required for stress-induced Hsp expression.2728 It also has
been shown rto artenuare cytokine expression as well as
nuclear factor B activation,?®-3! enhance glutachione syn-
thesis,®2 and prevent apoprosis,3-35

Autophagy generally is considered a survival process dur-
ing periods of metabolic stress.?¢#” However, more re-

30 min Heat shock + 1 hour Recovery

Glutamine 0.7 07 0 0 0 (mM)
Inhibltor - 3MA - Rap SB

LC3-i »
LC3-1i >

- Procaspase-3

Caspase-3
Cleaved
caspase-3
< PARP
PARP <t Cleaved-large
< Cleaved-small
p-actin T TR

Figure 6. Enhanced autophagy decreases apoptosis in IEC-18 cells.
IEC-18 cells were incubated in 0.7 mmol/L glutamine-supplemented
media without or with 3-methyladenine (3 Ma; 10 mmol/L) for 24 hours
(2 left lanes), or incubated in glutamine-deprived media without or with
rapamycin (Rap; 100 nmoVl/L) and SB203580 (sB; 5 rumol/L) for 24 hours
(3 right lanes). The cells were heat shocked at 42°C for 30 minutes,
followed by a 1-hour recovery, and analyzed by Western blotting. Im-
ages are representative of 3 separate experiments. 3-actin was used as
a loading control.
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cently, its role as a survival pathway under other forms of
stress, including oxidative and toxic (anticancer drug), has
become increasingly recognized.23® Autophagy also plays a
role in clearing intracellular microbes and bacterial tox-
ins.?%% Polymorphisms of 2 related autophagy genes,
ATG16L1 and IRGM, were shown to be associated with an
increased risk for inflammartory bowl diseases.*!-* When
ATG16L1 and IRGM expression were silenced by siRINA,
cellular ability to form autophagosomes was compromised,
as was autophagic clearance of Salmonella typhimurinm and
Mycobacteria, respectively.*2#+ In this study, we show that
gluramine is essential for autophagy in intestinal epithelial
cells. Glutamine depletion, on the other hand, compromises
this process, both under basal and stressed conditions, and,
in the latter case, cell fate defaults to apoptosis.

Several cell signaling pathways are involved in the regu-
lation of autophagy, which are cell type-specific and signal-
dependenc.*> mTOR is involved in the negative control of
autophagy and has been proposed as a nutrient sensor,
alchough the way by which amino acids, leucine in partic-
ular, modulare mTOR activity is not fully understood.?° In
rat hepatocytes, glutamine is able to activate p70 S6K, a
downstream target of mTOR, alone or in combination with
leucine.*¢ By contrast, glutamine reverses the activation of
p70 S6K induced by leucine in IEC-18 cells.*” Antagonistic
effects of leucine and glutamine on the mTOR pathway also
have been reported in myogenic C,Cy, cells.*® Likewise,
glutamine’s effects on p38 MAP kinase vary depending on
the cell type. Gluramine induces p38 MAP kinase activation
in rat heparocytes,® but in IEC-18 and Caco-2ppg cells, it
inhibits p38 MAP kinase activity. The role of the p38 MAP
kinase as a negative regulator of autophagy also has been
described in hepatocytes after stimulation by insulin, etha-
nol, and amino acids such as glutamine and glycine,*® and
induction of autophagy by inhibition of the p38 MAP
kinase pathway recently was reported in colorectal cancer
cells.50

We believe our study has several important clinical im-
plications. Under conditions of critical illness, postsurgical
stress, chronic inflammation, or starvarion, glutamine is
depleted rapidly from the body.*s Organs such as the gas-
trointestinal trace, which are highly dependent on glu-
tamine as a fuel source, are particularly susceptible to injury
under these conditions. If sustained, glutamine depletion
could impair the gut’s ability to mount an autophagic
response. Thar would have at least 2 porential complica-
tions. First, the inability to mount an autophagic response
could increase mucosal injury to stress (heat {fever], oxidant
[ischemia-reperfusion], and so forth), resulting in increased
cellular apoptosis, enhanced mucosal permeability, and dys-
function of transport mechanisms. This could explain the
observed transmigration of luminal organisms and micro-
bial-derived products such as lipopolysaccharide and pepti-
doglycan. Second, impairment of autophagy could impair
normal clearance of intracellular organisms or enterotoxins,
particularly opportunistic infectious pathogens. #4244 We

GLUTAMINE INCREASES AUTOPHAGY IN IECS 931

speculate that this may contribute to the poor outcomes
and increased susceptibility of malnourished populations
during epidemics of infectious diarrheal diseases.

In summary, we report that gluramine is essential for
maintaining autophagy and mounting an autophagic re-
sponse under conditions of stress in intestinal epithelial
cells. A model for glutamine regulation of autophagy is
shown in supplementary Figure 3 (see supplementary ma-
terial online at www.gastrojournal.org). Under conditions of
glutamine depletion, IECs are unable to mount an autoph-
agic response to stress, resulting in apoptosis. Glutamine
contributes to cell survival during physiologic stress by
induction of autophagy through its regulation of the
mTOR and p38 MAP kinase pathways.

Supplementary Data

Note: To access the supplementary marerial
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2008.12.002.
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Supplementary Figure 1. Leucine antagonizes glutamine’s en-
hancement of autophagy in IEC-18 and Caco-2gge cells. (4) IEC-18
cells were incubated with O mmol/L glutamine or 0.7 mmoV/L glutamine
and designated concentrations of leucine for 24 hotirs, and analyzed by
Western blotting. (B8) Caco-2gze cells were incubated with O mmol/L
glutamine or 0.7 mmolL glutamine and designated concentrations of
leucine for 24 hours, and analyzed by Western blotting. The ratio of
LC3-Ito p-actin density was calculated using Imaged software, and set
to 1 for 0.7 mmol/L glutamine and 0.8 mmol/L leucine. Images are
representative of 3 separate experiments. Data are shown as means =
SE. *P < .05 compared with 0.7 mmoV/L glutamine and 0.8 mmol/L
leucine by ANOVA using a Bonferroni correction.
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Supplementary Figure 2. Glutamine depletion decreases the auto-
phagy response to oxidative stress by the activation of p38 MAP kinase.
(A) Decreased autophagy response to H;O:-induced oxidative stressin
glutamine-deprived cells. IEC-18 cells were incubated with 0.7 mmol/L
glutamine (4 feft lanes) or without glutamine (4 right lanes) for 24 hours.
Cells subsequently were treated with 500 pwmol/L. H2O,, collected at
designated times and analyzed by Western blotting. Images are repre-
sentative of 3 separate experiments. Densitometric values were ob-
tained using ImageJ software and normalized to 3-actin, set to 1 for
unstimulated conditions in 0.7 mmol/L. glutamine. Data are shown as
means * SE. *P < .05 and **P < .01 compared with unstimulated
conditions and 0.7 mmol/L glutamine by ANOVA using a Bonferroni
correction. (B) Inhibition of p38 MAP kinase restores the normal auto-
phagy response to H:O--induced oxidative stress in glutamine-de-
prived cells. IEC-18 cells were incubated in glutamine-deprived media
without SB203580 (4 left lanes) or with 5 umol/L SB203580  right
fanes) for 24 hours. Cells subsequently were treated with 500 pmol/L
H,0,, collected at designated times and analyzed by Western blotting.
Images are representative of 3 separate experiments. The ratio of LC3-1l
to B-actin density was calculated using Imaged software, and set to 1
for unstimulated conditions without glutamine and SB203580. Data are
shown as means = SE. *P < 05 and **P < .01 compared with un-
stimulated conditions, O mmol/L glutamine, and no SB203580 by
ANOVA using a Bonferroni correction.
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Supplementary Figure 3. Model of glutamine regulation of autoph-
agy. (A) Glutamine inhibits the activity of mTOR and p38 MAP kinase,
which are negative regulators of autophagy. Hence, the presence of
glutamine inhibits 2 inhibitory pathways of autophagy, resutting in in-
creased autophagy. Inhibition of mMTOR and p38 MAP kinase (ie, rapa-
mycin and SB203580) mimics glutamine’s effect by suppressing these
negative regulators of autophagy. {B) in the absence of glutamine,
mTOR and p38 MAP kinase are activated, thereby suppressing atito-
phagy.
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