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Abstract
AIM: To investigate the possible biological outcome 
and effect of glutamine depletion in neonatal mice and 
rodent intestinal epithelial cells. 

METHODS: We developed three kinds of artificial milk 
with different amounts of glutamine; Complete amino 
acid milk (CAM), which is based on maternal mouse 
milk, glutamine-depleted milk (GDM), and glutamine-
rich milk (GRM). GRM contains three-fold more glu-
tamine than CAM. Eighty-seven newborn mice were 
divided into three groups and were fed with either of 
CAM, GDM, or GRM via  a recently improved nipple-bot-
tle system for seven days. After the feeding period, the 
mice were subjected to macroscopic and microscopic 
observations by immunohistochemistry for 5-bromo-2’- 
deoxyuridine (BrdU) and Ki-67 as markers of cell prolif-
eration, and for cleaved-caspase-3 as a marker of apop-
tosis. Moreover, IEC6 rat intestinal epithelial cells were 
cultured in different concentrations of glutamine and 
were subject to a 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazolio]-1,3-benzene disulfonate cell prolifera-
tion assay, flow cytometry, and western blotting to ex-
amine the biological effect of glutamine on cell growth 
and apoptosis. 

RESULTS: During the feeding period, we found colonic 
hemorrhage in six of 28 GDM-fed mice (21.4%), but not 
in the GRM-fed mice, with no differences in body weight 
gain between each group. Microscopic examination 
showed destruction of microvilli and the disappearance 
of glycocalyx of the intestinal wall in the colon epithe-
lial tissues taken from GDM-fed mice. Intake of GDM 
reduced BrdU incorporation (the average percentage of 
BrdU-positive staining; GRM: 13.8%, CAM: 10.7%, GDM: 
1.14%, GRM vs GDM: P < 0.001, CAM vs GDM: P < 0.001) 
and Ki-67 labeling index (the average percentage of Ki-
67-positive staining; GRM: 24.5%, CAM: 22.4% GDM: 
19.4%, GRM vs  GDM: P = 0.001, CAM vs  GDM: P = 
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0.049), suggesting that glutamine depletion inhibited cell 
proliferation of intestinal epithelial cells. Glutamine de-
privation further caused the deformation of the nuclear 
membrane and the plasma membrane, accompanied by 
chromatin degeneration and an absence of fat droplets 
from the colonic epithelia, indicating that the cells under-
went apoptosis. Moreover, immunohistochemical analysis 
revealed the appearance of cleaved caspase-3 in colonic 
epithelial cells of GDM-fed mice. Finally, when IEC6 rat 
intestinal epithelial cells were cultured without gluta-
mine, cell proliferation was significantly suppressed after  
24 h (relative cell growth; 4 mmol/L: 100.0% ± 36.1%, 
0 mmol/L: 25.3% ± 25.0%, P < 0.05), with severe cellu-
lar damage. The cells underwent apoptosis, accompanied 
by increased cell population in sub-G0 phase (4 mmol/L:  
1.68%, 0.4 mmol/L: 1.35%, 0 mmol/L: 5.21%), where 
dying cells are supposed to accumulate. 

CONCLUSION: Glutamine is an important alimentary 
component for the maintenance of intestinal mucosa. 
Glutamine deprivation can cause instability of the intes-
tinal epithelial alignment by increased apoptosis.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION
Amino acids have various roles in the living body; how-
ever, their cytobiological functions associated with cell 
proliferation or immune responses have not been fully 
elucidated. Among them, glutamine, which is the most 
abundant amino acid in the human body, has been rec-
ognized as a conditional essential amino acid in critical 
illness, stress, and injury[1-4]. Glutamine also has a key role 
in intermediary metabolism for rapidly dividing cells, such 
as enterocytes and cells of  the immune system[1,5]. Indeed, 
the small intestine accounts for the largest uptake of  glu-
tamine of  any organ, absorbing this amino acid from the 
lumen of  the gut, as well as from the bloodstream[6]. Ill-
ness or injury can lead to a significant decrease in plasma 
levels of  glutamine, and when this decrease is severe, it 
correlates with increased mortality[7,8]. Several studies have 
demonstrated the efficacy of  either enteral or parenteral 

glutamine in adults and infants with a variety of  condi-
tions, such as bone marrow transplantation, critical illness, 
burns, trauma, surgically treated patients, and very low 
birth weight infants[9,10]. Thus, glutamine appears especially 
important for susceptible individuals who are in high 
stress conditions. 

In the past, it was difficult to identify the roles played 
by these amino acids in vivo. Past studies involved the 
evaluation of  immunological effects of  amino acids by the 
administration of  a diet rich or deficient in each amino 
acid (glutamine, arginine, etc.) by means of  total parenteral 
nutrition or stomach tubing[11]. However, no such study in 
newborn mice has yet been reported. The lack of  such a 
study in newborn mice is attributable to the fact that it is 
quite difficult to develop a method of  alimentation or to 
prepare a diet for neonatal mice. To overcome these is-
sues, Yajima et al[12] have recently developed artificial milk 
for mice with a composition very close to that of  mouse 
maternal milk. Subsequently, artificial milk for mice with 
all of  the proteins broken down into amino acids was 
developed. We expected that the use of  this milk would 
make it possible for us to feed newborn mice with milk 
either deficient or enriched in certain amino acids. In ad-
dition, Hoshiba established and reported a new system 
for the artificial alimentation of  rats and mice immediately 
after birth[13]. With this system, it is possible to administer 
certain nutrients orally to newborn mice and rats and to 
evaluate the effects of  these nutrients directly.

In this study, we utilized the above improved special 
milk and feeding device to achieve the following scientific 
aims: (1) to explore what happens when newborn mice 
are fed with glutamine-devoid milk; and (2) to dissect the 
physiological mechanism of  glutamine deprivation-orient-
ed events.

MATERIALS AND METHODS
Bottle-nipple system
The nursing bottle and nipple, which were made by 
Hoshiba[13], were used to feed the newborn mice. The 
nursing bottle has three tubes (a filling tube, an outlet 
tube, and a ventilation tube) and the nipples are made of  
a silicone rubber. The nipple consists of  inner and outer 
parts, and a stopper devised to control the pressure as well 

as to avoid milk leakage.

Animals and study design
Specific-pathogen-free Jcl:ICR pregnant mice were pur-
chased from Charles River Laboratories (Yokohama, 
Japan). They were maintained under the following environ-
mental conditions: lighting, 12:12-h light:dark cycle; tem-
perature, 22 to 25℃; air changes, 12 to 14 times per hour; 
and humidity, 40% to 50%. Newborn pups were separated 
from each dam immediately after birth. They were reared 
with artificial milk from the nursing bottle four times per 
day (09:00, 12:30, 16:00, and 20:00) for seven days and sac-
rificed on day eight. Body weights of  the pups were mea-
sured before and after feeding, and the difference between 
them was represented the quantity of  feeding.
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Milk formula
Artificial milk was purchased from Meiji Dairies Corpora-
tion (Odawara, Japan). The amino acid composition of  
the milk is shown in Table 1. The composition of  the 
milk was made as similar as possible to mouse maternal 
milk. Table 2 shows the composition of  mouse milk and 
artificial amino acid milk. The artificial amino acid milk 
showed an extremely high osmotic pressure compared to 
that of  mouse maternal milk, because the proteins in the 
milk used in this study were in the form of  amino acids 
with a low amount of  fat. Thus, 10% lipid microsphere 
Intralipid (Nihon Pharmaceutical Co. Ltd., Tokyo, Japan) 
was added to this artificial amino acid milk at a ratio of  1:1 
to yield the complete amino acid milk, thus the amount of  
amino acid contained in this milk was 50% of  the initial 
amount with 16% fat, similar with that of  mouse milk 
(22%). We named this milk complete amino acid milk 
(CAM). Furthermore, glutamine rich milk (GRM) had 
three-fold more glutamine than CAM, whereas glutamine-
depleted milk (GDM) contained no glutamine. 

Histological study
Resected tissues from the mice were fixed in 10% forma-
lin, embedded in paraffin, and cut at a thickness of  5 µm. 
Sections were deparaffinized, rehydrated, and stained with 
hematoxylin and eosin. On day eight, the animals were 
perfused with 2% glutaraldehyde (5 mL) and fixed, fol-
lowed by the removal of  each organ for subsequent thin 
slicing and observation under an electron microscope.

Immunohistochemistry
To detect cells synthesizing DNA, 5-bromo-2’-deoxy-
uridine (BrdU) was injected (100 mg/kg i.p.) 1 h before 
sacrificing the animals. The organs were then placed in 4% 
paraformaldehyde for 48 h prior to paraffin embedding. 
BrdU incorporation in colon sections was determined 
by immunohistochemical staining. Briefly, sections were 

deparaffinized with xylene (Mallinckrodt Baker, Paris, Ken-
tucky) and taken through a graded series of  alcohol/water 
mixtures to rehydrate the tissue. To retrieve the antigen, 
sections were incubated with 2 mol/L HCl for 30 min and 
then incubated with 0.1 mol/L Na2VO4O7 at room tem-
perature for 30 s. Sections were exposed to rat anti-BrdU 
monoclonal antibodies (OBT, Oxford, UK) for 60 min at 
room temperature. Peroxidase-conjugated anti-mouse IgG1 
antibody (DAKO, Carpinteria, CA) was then applied, and 
3,3’-diaminobenzidine chromogen was added as the per-
oxidase substrate. A light counterstain of  modified Mayer’s  
hematoxylin (Muto Pure Chemicals, Tokyo, Japan) was 
then applied so that unlabeled nuclei could be easily iden-
tified. Immunostaining for Ki-67 and cleaved caspase-3, 
the biological markers for cell proliferation and apoptosis, 
respectively, used a rabbit anti-Ki-67 monoclonal antibody 
(Ylem, Rome, Italy) and a rabbit anti-cleaved caspase-3 
polyclonal antibody (Cell Signaling Technology, Beverly, 
MA, USA), respectively.

Cell culture and treatments
There was no commercially available mouse intestinal 
epithelial cell line; therefore, we used IEC6 rat intestinal 
epithelial cells, which were obtained from Dainippon 
Pharmaceutical Co. Ltd. (Tokyo, Japan), and maintained 
in dulbecco’s modified eagle medium (DMEM) with 10% 
FBS and 4 mmol/L L-glutamine for 24 h. Cells were in-
cubated in DMEM with 0, 0.4, or 4 mmol/L L-glutamine 
without FBS for the indicated time periods (0, 3, 6, 12, 24 
and 48 h). 

Proliferation assay
The number of  surviving cells was measured by the 
4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate (WST-1) assay (Roche, Indianapolis, 
USA) for the indicated time periods after plating. 

Immunoblot analysis of caspase-3
Cells were lysed in 1 × sodium dodecyl sulfate (SDS) sample 
buffer (62.5 mmol/L Tris-HCl (pH 6.8 at 25℃), 2% w/v  
SDS, 10% glycerol, 50 mmol/L dithiothreitol, and 0.01% 
w/v bromophenol blue or phenol red) and centrifuged at 
4℃. The sample viscosity was reduced by pipetting. The 
samples were then boiled for 5 min and cooled on ice. The 
samples were separated by SDS-poly-acrylamide gel elec-
trophoresis on 12% polyacrylamide gels, transferred onto a 
polyvinylidene difluoride membrane, immunoblotted with 
Rabbit anti-caspase-3 polyclonal antibody (Upstate Cell 
Signaling Solutions, Charlottesville, VA) and Rabbit anti-
cleaved caspase-3 polyclonal antibody (Millipore corpora-
tion, Bedford, MA) followed by anti-rabbit immunoglobulin 
G-horseradish peroxidase (GE, Piscataway, NJ). Immuno-
reactive proteins were visualized using an Enhanced Chemi-
Luminescence kit according to the manufacturer’s protocol 
(GE, Piscataway, NJ). 

Cell cycle analysis
Cell cycle analysis was performed by propidium iodide (PI) 
staining. Briefly, IEC6 cells were first seeded into 10-cm 
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Table 1  Amino acid components of complete amino acid milk

Amino acid mg/100 mL of milk1

Valine 0.60 ± 0.02
Leucine 1.06 ± 0.04
Isoleucine 0.48 ± 0.04
Lysine 0.88 ± 0.06
Threonine 0.47 ± 0.02
Methionine 0.34 ± 0.04
Histidine 0.25 ± 0.03
Phenylalanine 0.51 ± 0.16
Tryptophan 0.19 ± 0.01
Alanine 0.40 ± 0.00
Arginine 0.32 ± 0.01
Glutamine 2.09 ± 0.20
Proline 0.74 ± 0.15
Cystine 0.08 ± 0.00
Tyrosine 0.56 ± 0.05
Asparagine 0.91 ± 0.07
Glycine 0.19 ± 0.00
Serine 0.53 ± 0.01

1The amount of each amino acid is presented as average ± SE (mg/100 mL 
of milk).
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dishes at a cell density of  5 × 105. After further culture for 
48 h and 96 h, the cells were trypsinized and harvested in 
phosphate buffered saline (PBS) followed by resuspension 
in PBS at 1-2 × 106/mL. Finally, the cells were stained 
with 0.5 mL of  PI staining solution (3.8 mmol/L sodium 
citrate, 50 mg/mL PI in PBS) for 1 h at room temperature 
to analyze cell cycle distribution by FACSCalibur (Becton 
Dickinson Immunocytometry Systems, San Jose, CA) ex-
citation at 488-nm. The DNA-linked red fluorescence (PI) 
was measured through a 600-nm wavelength filter. This 
experiment was performed three times.

Statistical analysis
For in vivo experiments, the significance of  differences 
between the control and test values was determined by 
Tukey’s test using JMP 6.0.3 software (SAS Institute, Cary, 
NC). P < 0.05 was considered statistically significant.

RESULTS
Mice fed with GDM display colonic hemorrhage
Newborn mice were assigned to three groups (GRM, 
CAM, and GDM) and were fed four times a day according 
to the above-mentioned schedule. During the observation 
periods, the mice gained weight regardless of  the amount 
of  glutamine, and there were no significant differences 
between the groups (data not shown). 

We measured the glutamine concentration in serum 
taken from each mouse fed with different types of  milk. 
As expected, the GRM-mouse serum contained the high-
est amount of  glutamine (7.53% of  total amino acids), 
while the GDM-mouse serum had the lowest amount of  
glutamine (4.92% of  total amino acids) in circulation. The 
CAM-mice maintained less glutamine in serum (5.74% 
of  total amino acids) than the dam-reared mice (6.44%). 
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Table 2  Nutrient composition of mouse milk and artificial amino acid milk

Mouse milk Artificial amino acid milk CAM1 GDM GRM

Osmotic pressure (mOsm/kg) 300 1800 1161 ND ND
Glutamine (g/L) ND          24.23          12.12   0      36.35
Fat (%)   22     10     16 16 16

1Emulsified fat was added to artificial amino acid milk at a ratio of 1:1 to yield complete amino acid milk (CAM), because the proteins in the milk used in 
this study were in the form of amino acids, resulting in a very high osmotic pressure with a low amount of fat. As a result, the amount of amino acid con-
tained in the CAM is 50% of the initial amount. GDM: Glutamine-deleted milk; GRM: Glutamine-rich milk; ND: Not determined.
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These data suggested that the amount of  glutamine in the 
milk fed to the pups did affect the concentration of  gluta-
mine circulating in the animal body.

When the mice were sacrificed on day eight, we found 
a pool of  blood in the colons of  the GDM-fed mice ac-
companied by melena (Figure 1A-C). In addition, the entire 
bowel of  these mice showed a massive edematous change, 
accompanied by wall thickening, redness, and dilatation of  
the small intestine (Figure 1D). No macroscopic changes 
were observed in mice fed with glutamine-containing milk, 
except for one mouse fed with CAM (Figure 1A-D). These 
events were observed in six of  28 GDM-fed mice (21.4%) 
and one CAM-fed mouse (3.3%), and started on days five 
to seven (one mouse on day five, four mice including the 
mouse fed with CAM, on day six, and two mice on day 
seven) (Figure 1E). No mice fed with GRM developed 

melena during the observation period. The incidence of  
melena was significantly higher in the GDM group com-
pared to the other groups (Figure 1E), suggesting that 
glutamine depletion must affect the maintenance of  the 
neonatal gastrointestinal tract. 

Glutamine depletion reduces cell proliferation and 
increases apoptosis in the colonic epithelium
Histological observation by hematoxylin-eosin staining re-
vealed the destruction of  the villous structure, wall thicken-
ing with edematous dilatation of  the submucosal layer, and 
inflammatory cell infiltration around the hemorrhage site of  
the colons in the mice fed without glutamine (Figure 2A).  
In addition, a reduction of  goblet cells was noted in this 
group, suggesting a disorder of  cell maturation. Interest-
ingly, the intestinal mucosa of  the GRM-fed mice were 
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higher than those of  the CAM-fed mice (Figure 2A).
We then assessed cell proliferation in colonic epithelial 

cells by immunostaining for BrdU and Ki-67, which are 
markers for DNA synthesis and cell proliferation, respec-
tively (Figure 2A). BrdU incorporation was significantly 
decreased in colonic epithelial cells of  the GDM-fed mice 
compared to those of  CAM-mice and GRM-mice (average 
percentage of  BrdU-positive staining per 1000 cells; GRM: 
13.8%, CAM: 10.7%, GDM: 1.14%, Tukey test; GRM vs 
GDM, P < 0.001; CAM vs GDM, P < 0.001) (Figure 2B). 
Ki-67-positive staining was also significantly decreased in 
the colonic epithelia of  the GDM-fed mice (average per-
centage of  Ki-67-positive staining; GRM: 24.5%, CAM: 
22.4%, GDM: 19.4%, Tukey test; GRM vs GDM, P = 0.001; 
CAM vs GDM, P = 0.049) (Figure 2C). These data indi-

cated that glutamine deprivation strongly diminished cell 
growth of  the intestinal epithelium.

We further examined the damaged colonic mucosa 
under the electron microscope. Figure 3A-F shows rep-
resentative pictures of  colonic epithelia from each group. 
Glutamine deprivation caused deformation of  the nuclear 
membrane and the plasma membrane, accompanied by 
the destruction of  microvilli and the disappearance of  gly-
cocalyx, resulting in nuclear deformation and chromatin 
degeneration. Fat droplets, which were seen in the colons 
of  the mice fed with the glutamine-containing milk, were 
absent in the GDM Group. Furthermore, a partial loss 
of  colonic epithelial cells was noted in the GDM Group, 
indicating that glutamine deprivation promotes cell death. 
To confirm glutamine deprivation-induced cell death, 
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cleavage of  caspase-3 was assessed by immunohistochem-
istry. As shown in Figure 3G-I, there was a remarkable 
number of  cleaved caspase-3-positive stained cells in the 
glutamine-deprived mucosa, suggesting that a lack of  
glutamine induces colonic epithelial cell death, possibly 
through the process of  apoptosis.

Glutamine depletion reduces cell proliferation in IEC6 
rat intestinal cells
To clarify the effect of  glutamine depletion on intestinal 
epithelial cell growth, IEC6 rat intestinal epithelial cells 
were cultured in the presence of  varying concentrations 
of  glutamine. Microscopic observation showed that glu-
tamine depletion damaged cell morphology and reduced 
cell density (Figure 4A). As shown in Figure 4B and C, 
glutamine depleted conditions significantly suppressed 
IEC6 cell growth after 24 h (4 mmol/L: 100.0 ± 36.1,  
0 mmol/L: 25.3 ± 25.0, P < 0.05), while there was no ap-
parent difference between 4 mmol/L and 0.4 mmol/L 
after 24 h (4 mmol/L: 100.0 ± 36.1, 0.4 mmol/L: 107.4 ± 
15.4, P = 0.7614), or after 48 h (4 mmol/L: 100.0 ± 14.0, 
0.4 mmol/L: 77.4 ± 6.9, P = 0.0659). We further assessed 
the inhibitory effect on cell proliferation by cell cycle 
analysis, using flow cytometry (Figure 5A and B). We did 
not observe significant cell growth arrest at the G1 or G2 
phase; however, an increased cell population at the sub-G0 
phase was observed within 48 h of  glutamine depletion  
(4 mmol/L: 1.68%, 0.4 mmol/L: 1.35%, 0 mmol/L: 5.21%, 
Figure 5B), which is consistent with the observation in the 
animal model that glutamine-depletion seemed to be lethal 
to intestinal epithelial cells.

Finally, we determined whether glutamine depletion-
mediated cell death in cultured IEC6 cells occurs due to 

induction of  apoptosis. Cells cultured with a complete 
depletion of  glutamine showed a time-dependent decrease 
in caspase-3 expression, accompanied by cleavage of  cas-
pase-3 within 24 h (Figure 5C). These data support our 
finding in the animal study that a lack of  glutamine affects 
the maintenance of  intestinal epithelial cells, suppresses 
cell growth and induces apoptosis, resulting in melena.

DISCUSSION
Until recently, it was quite difficult to study the physi-
ological and cytobiological effects of  amino acids in vivo, 
especially for neonatal animals, because of  the lack of  
methods of  alimentation or of  preparing a diet for neo-
natal mice. In this study, using a totally new milk feeding 
system and amino acid milk, we successfully observed 
the physiological effects of  glutamine depletion in new-
born mice. Interestingly, a significantly high incidence of  
colonic hemorrhage occurred in mice fed with GDM, 
compared to the CAM or GRM groups. We had one 
CAM-fed mouse that had a similar colonic hemorrhage 
on day six. This mouse might have had a genetic/physi-
ological susceptibility to the event. It could also have 
been caused by the fact that the amount of  amino acid 
contained in the CAM was 50% of  the ordinary amount 
because emulsified fat was added to the artificial amino 
acid milk at a ratio of  1:1 to yield CAM. The proteins in 
the milk used in this study were in the form of  amino 
acids, resulting in a very high osmotic pressure with a low 
amount of  fat (Table 2). If  the artificial amino acid milk 
is applied directly to newborn mice without adding fat, 
which is a major nutrient for them, a fat deficiency might 
occur. Therefore, the melena that occurred in the CAM-
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Figure 4  Glutamine depletion suppresses cell proliferation of cultured intestinal epithelial cells. A: IEC6 rat intestinal epithelial cells were treated with media con-
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fed mouse may be explained by an insufficient intake 
of  glutamine. Meanwhile, no animal developed colonic 
hemorrhage in the GRM Group; thus, we assume that the 
glutamine level in this milk was high enough to maintain 
the intestinal epithelium. 

Other macroscopic findings in the hemorrhagic in-
testines of  the GDM-fed mice were the apparent inflam-
matory changes of  the entire intestine, with intestinal 
wall thickening by edema. Microscopic observations sup-
ported these findings, with infiltration of  inflammatory 
cells in and around destroyed colonic mucosa at the site 
of  the hemorrhage. On the other hand, the height of  the 
colonic mucosa of  GRM-fed mice was well conserved 
and was higher than that of  the CAM mice. In addition, 
as more glutamine was administered, more positive-stain-
ing cells for BrdU and Ki-67 appeared, suggesting that 
glutamine is a critical nutrient for the proliferation of  in-
testinal cells. Moreover, both electron microscopic obser-
vations and immunohistochemistry for cleaved caspase-3 

reflected an increased incidence of  apoptosis induced 
by glutamine depletion. However, no exact intracellular 
mechanism has been identified for the destruction of  the 
nuclear membrane and microvilli, or the disappearance 
of  glycocalyx, which were induced by GDM. Clarifying 
the molecular/biophysical mechanism of  this glutamine 
depletion-mediated event will be crucial to understanding 
the intrinsic functions of  glutamine or other amino acids. 

Experimental data from cultured IEC6 cells supported 
the findings of  the animal experiments, with the reduced 
cell proliferation, accumulation of  a cell population in 
the sub-G0 phase, and the cleavage of  caspase-3 under 
glutamine-depleted culture conditions. According to these 
results, glutamine depletion induces cell death of  colonic 
mucosa, presumably due to an acute induction of  apopto-
sis, followed by the destruction of  mucosa maintenance, 
which eventually leads to colonic hemorrhage. 

In the present study, it was remarkable that colonic 
hemorrhage could be induced simply by removing one 

0       200     400      600      800    1000

Co
un

ts

FL2-A

0 
  
   1

00
  
 2

00
  
30

0 
   

40
0 

  5
00

M1 M2

M3
M4

0       200     400     600        800  1000
Co

un
ts

FL2-A
0 

  
   1

00
  
  2

00
  
 3

00
  
 4

00
    

50
0

M1 M2

M3
M4

0        200      400      600      800    1000

Co
un

ts

FL2-A

0 
  
   1

00
  
  2

00
  
 3

00
  
 4

00
    

50
0

M1 M2

M3
M4

4 mmol/L 0.4 mmol/L 0 mmol/L

Glutamine concentrationA

6

4

2

0
4 mmol/L 	      0.4 mmol/L          0 mmol/L

%
 o

f 
su

b-
G

0 
ce

ll 
po

pu
la

tio
n

Glutamine concentration

B

Cleaved caspase-3

Caspase-3

Time (h)

β-actin

0          3           6           12         24 0           3          6           12          24 0            3            6          12           24

GlutamineC

Figure 5  Potent antiproliferative effect of glutamine depletion results in increased cleavage of caspase-3. Cell cycle distribution under culture condition with 
different concentrations of glutamine was analyzed by flow cytometry (A) and cell populations at the sub-G0 phase were compared with each other (B); C: Immunob-
lotting for caspase-3 and cleaved caspase-3 revealed the induction of apoptosis in IEC6 cells after 24 h of culture without glutamine. Each experiment was indepen-
dently repeated three times and the representative data among the similar results are shown.

4 mmol/L 	    			   0.4 mmol/L   			   0 mmol/L

Motoki T et al . Glutamine depletion induces neonatal melena



725 February 14, 2011|Volume 17|Issue 6|WJG|www.wjgnet.com

amino acid, glutamine. Glutamine has attracted close at-
tention as an amino acid nutrient and as an immunopo-
tentiating factor for intestinal cells[14-16]. However, no case 
of  intestinal hemorrhage induced by glutamine deficiency 
has been reported to date. Although glutamine is a non-
essential amino acid and can be produced in the living 
body, neonatal mice are actively growing and are very 
dependent on external alimentation due to a heavier con-
sumption of  nutrients, including glutamine, compared to 
adults[17]. It seems likely that the consumption of  gluta-
mine by these neonatal mice might exceed the amount of  
glutamine pooled and formed in the living body, leading 
to the emergent status of  glutamine deficiency. 

In terms of  molecular/biological effects of  gluta-
mine, there are outstanding several issues that remain to 
be clarified. One of  our interests is to explore the pos-
sible involvement of  certain signaling pathways. It has 
recently been unveiled that amino acids are involved in the 
control of  the mTOR signaling pathway[18]. We have also 
demonstrated previously that leucine activates the mTOR 
signaling pathway in a hepatocellular carcinoma cell line[19]. 
It has also been shown that leucine and arginine activate 
the mTOR signaling pathway in a small bowel epithelial 
cell line derived from rats[20]. We also found that gluta-
mine regulates the activation of  this pathway in the same 
cell line[21]. Therefore, future studies should focus on the 
mechanism for the induction of  colonic hemorrhage and 
how glutamine is involved in the intracellular signaling 
pathway, such as in mTOR[22-24].

In conclusion, we found that feeding neonatal mice 
with GDM induced a high incidence of  colonic hemor-
rhage within a week, and that this was due to an induction 
of  epithelial cell death. Further investigation is necessary 
to explore the biological mechanism.
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COMMENTS
Background
Glutamine, the most abundant amino acid in the human body, is conditionally 
essential, especially for susceptible individuals who are in high stress condi-
tions. A lack of glutamine correlates with increased mortality. 
Research frontiers
The small intestine accounts for the largest uptake of glutamine of any or-
gan, absorbing this amino acid from the lumen of the gut, as well as from the 
bloodstream. Past studies involved the evaluation of immunological effects of 
amino acids by the administration of a diet rich or deficient in each amino acid 
(glutamine, arginine, etc.) by means of total parenteral nutrition or stomach tub-
ing. However, no such study in newborn mice has yet been reported. The lack 
of such a study in newborn mice is attributable to the difficulty in developing a 
method of alimentation or preparing a diet for neonatal mice.

Innovations and breakthroughs
The authors developed three kinds of artificial milk with different amounts of 
glutamine. Using these amino acid milks and a recently improved nipple-bottle 
feeding system, they successfully fed the newborn mice with the new amino 
acid milk and observed colonic hemorrhage in mice fed without glutamine. It 
was remarkable that colonic hemorrhage could be induced simply by removing 
one amino acid, glutamine. In addition, glutamine deprivation can cause insta-
bility of intestinal epithelial alignment by increased apoptosis.
Applications
No exact intracellular mechanism has been identified for the destruction of the 
nuclear membrane and microvilli or the disappearance of glycocalyx, which were 
induced by glutamine depletion. Thus, we must explore the mechanism of the 
induction of colonic hemorrhage and investigate glutamine’s involvement in the 
intracellular signaling pathway, to better understand the intrinsic functions of gluta-
mine and other amino acids.
Peer review
The authors have described that glutamine depletion induces neonatal mice 
melena and apoptosis of intestinal epithelium in vivo and in vitro. The authors 
obtained good data allowing the conclusion that glutamine depletion induces 
neonatal mice melena and apoptosis of intestinal epithelium, using appropriate 
methods. An animal model was established for glutamine deprivation-induced 
destruction of the intestinal epithelium. It would also be meaningful to study the 
effects of glutamine-deprivation on human intestinal function.
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