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Food deprivation results in metabolic, structural, and functional changes in the small intestine that
influences gut mucosal integrity, epithelial cell proliferation, mucin synthesis, and other processes.
The underlying mechanisms are still unclear, which lead to the study of molecular effects of short-
term and long-term starvation in the intestine of mice. A comparative proteomics approach, combining
two-dimensional gel electrophoresis with matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry, was used to identify intestinal proteins whose expression is changed under different
starvation conditions (0, 12, 24, and 72 h). In total, the expression levels of 80 protein spots changed
significantly between the different groups. The results demonstrate that after 12 h of starvation, mainly
proteins involved in glycolysis and energy metabolism show decreased expression levels. Starvation
for 24 h results in a down-regulation of proteins involved in protein synthesis and amino acid
metabolism. Simultaneously, proteins with a protective role, e.g., reg | and I, glutathione peroxidase
3, and carbonic anhydrase 3, are clearly up-regulated. The last starvation phase (72 h) is characterized
by increased ezrin expression, which may enhance villus morphogenesis critical for survival. Together,
these results provide novel insights in the intestinal starvation response and may contribute to improved

nutritional support during conditions characterized by malnutrition.
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Introduction

Alterations in nutritional status have an impact on metabolic
pathways in the human body. Malnutrition and starvation
generate a number of adaptive biochemical, physiological, and
molecular responses that lead to a reduction in body weight
and visceral organ mass, immune dysfunction, inhibition of
reproduction, etc. According to the main energy sources
available and the associated loss in body weight, the starvation
response in mammals is characterized by consecutive phases.
Phase I is the postabsorptive phase characterized by glyco-
genolysis. During phase II, energy requirements are mostly
derived from fat oxidation leading to depletion of lipid stores.
Phase III is characterized by increased protein utilization as a
substitute fuel.!

The small intestine, the primary organ for nutrient diges-
tion and absorption, undergoes dramatic structural and func-
tional changes when deprived of food. Adaptive mechanisms
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following starvation influence gut mucosal integrity leading
to increased mucosal permeability.? Other processes such
as epithelial cell proliferation and mucin synthesis are in-
hibited, and apoptosis is induced, however this seems to be
dependent on the length of the starvation period.*>=> Food
intake regulates gastrointestinal hormones that are important
for growth and repair, including gastrin, epidermal growth
factor, and insulin-like growth factor-I, which interact with gut
mucosal receptors to stimulate regeneration and function of
enterocytes.®

Currently, the molecular mechanisms underlying the effects
of food deprivation in the intestine are unclear. Hence, we used
a proteomics approach to determine starvation-induced ad-
aptations at the molecular level and to discriminate between
the effects of short-term (12 h) and long-term starvation (24
and 72 h) on the mouse intestine. In mice, glycogen stores are
maximally reduced after 12 h of starvation, which should
correspond to a shift from phase I to I1.7 The transition between
phase IT and III occurs probably after 48 h of fasting.! A further
understanding of molecular adaptive responses to food restric-
tion in the intestine may lead to an improved nutritional
support in conditions characterized by starvation and malnu-
trition, such as critical illness, surgery, sepsis, cancer, anorexia
nervosa, and malabsorption syndromes.
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Materials and Methods

Materials. Zirkonia-Silica beads (2.5 mm) were from BioSpec
Products (Bartlesville, OK, USA). CHAPS, DTT, goat anti-rabbit
Ig-alkaline phosphatase, and levamisole (Tetramisolehydro-
chloride) were obtained from Sigma (St. Louis, MO). NBT/BCIP
solution was from Roche Applied Science (Penzberg, Germany).
Urea and SYPRO Ruby Protein Stain were from Bio-Rad
Laboratories (Hercules, CA). Immobilized pH gradient (IPG)
strips (pH 3—11, nonlinear), IPG buffer, and a 2-D Clean-Up
kit were from Amersham Biosciences (Little Chalfont, England).

Animals and Tissue Collection. Male FVB mice, obtained
from Charles River (Maastricht, The Netherlands), were housed
per two in cages under controlled environmental conditions
(12-h light period, temperature of 20—22 °C, 50—60% humidity).
They had free access to food and water until six weeks of age.
At that time point, six mice per group were fasted for 0, 12, 24,
or 72 h. The 72-h-starved animals were housed in metabolic
cages and were kept warm with an infrared lamp.

Animals were killed by cervical dislocation. The small
intestine was removed immediately and made free of mesen-
tery, pancreas, and fat. Proximal and distal parts of the small
intestine were opened longitudinally, washed with phosphate-
buffered saline (PBS), and blotted dry. Tissues were snap frozen
in liquid nitrogen and stored at —80 °C.

The study was approved by the Animal Experiments Com-
mittee from the Academic Medical Center (Amsterdam, The
Netherlands) and was performed in accordance with the Dutch
guidelines for the use of experimental animals.

Protein Sample Preparation. Equal quantities of proximal
and distal parts of the intestine were pooled per mouse. Tissue
samples were homogenized in lysis buffer containing 6 M urea,
2 M thiourea, 30 mM DTT, 4% w/v CHAPS with a Biospec Mini-
beadbeater and centrifuged at 20 000 g for 30 min at 10 °C. A
2-D clean-up kit was used to remove nonprotein contaminants
of supernatants. Protein pellets were dissolved in lysis buffer
containing 0.5% v/v IPG buffer (pH 3—10, nonlinear). After
centrifuging protein samples at 8000 g for 10 min at 10 °C,
supernatants were stored at —80 °C until further analysis.
Protein concentration was determined using a Bradford-based
protein assay (Bio-Rad Laboratories).?

Two-Dimensional Gel Electrophoresis (2-DE). The 2-DE
procedure was performed as described.® Briefly, 100 ug of total
protein was separated by isoelectric focusing using IPG strips
(24 cm, pH 3—11, nonlinear) according to the following
protocol: 12h at30V,1hat500V,1h at 1000V, 3 h gradient
from 1000 to 8000 V, 30 kVh at 8000 V. Strips were equilibrated
and placed onto 12.5% SDS-polyacrylamide gels for protein
separation in the second dimension. Gels were stained with
SYPRO Ruby Protein Stain, and proteins were visualized by
scanning gels with the Molecular Imager FX (Bio-Rad Labora-
tories). To reduce technical variability, 12 IPG strips and 12 gels
were run simultaneously using an IPGphor isoelectric focusing
system (Amersham Biosciences) and a Protean Dodeca Cell
electrophoresis chamber (Bio-Rad Laboratories). The six bio-
logical replicates per condition were evenly distributed between
the two runs.

Image Analysis. Examination of differentially expressed
proteins was performed using PDQuest 7.3 (Bio-Rad Labora-
tories). Gels from samples with the same treatment formed one
replicate group with average normalized spot intensities. A spot
was regarded as significantly differentially expressed between
groups (0, 12, 24, and 72 h starvation) if the average spot
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intensity differed 2-fold or more and if p < 0.05 (Student’s
t-test) for at least one comparison. Changed spots were excised
from the gels with a Spot Cutter (Bio-Rad Laboratories).

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight
Mass Spectrometry (MALDI-TOF MS) and Protein Identifica-
tion. Excised protein spots were subjected to tryptic in-gel
digestion and MALDI-TOF MS (Waters, Manchester, UK),
generating peptide mass fingerprints with MassLynx 4.0.5
(Waters) as described.!® Protein identification was performed
as described.® Taxonomy was set to Mus musculus, and Mascot
probability scores (http://www.matrixscience.com) were cal-
culated using 30 mass peaks or less with the highest signal
intensity; trypsin and keratin peaks were excluded. Protein
identifications with a score greater than 54 and at least four
matched peptides were considered significant (p < 0.05).

Data Analysis. GenMAPP and MAPPFinder (version 2.0)
(Gladstone Institute, San Fransisco, CA) were used to analyze
data of identified changed protein spots in response to starva-
tion and to explore biological processes altered at the protein
level under these conditions.!!2

Immunohistochemistry. Intestinal samples, fixed overnight
in 4% formaldehyde, were embedded in paraffin, sectioned
at 6 um, and stained immunohistochemically according to
the following procedure. The slides were boiled in 10 mM
Na-—citrate (pH 6.0) for 10 min to retrieve epitopes and
inactivate endogenous alkaline phosphatase and blocked for
30 min at room temperature in Teng-T (10 mM TrisHCl with
pH 8.0, 5 mM EDTA, 150 mM NacCl, 0.25% w/v gelatin, and
0.05 v/v Tween-20) containing 10% normal goat serum (NGS).
Subsequently, the slides were incubated overnight with the
polyclonal anti-ornithine aminotransferase (OAT) antibody
(kindly provided by dr. T. Matsuzawa'®) diluted in Teng-T/
10%NGS. Sections were thoroughly washed in PBS and incu-
bated with goat anti-rabbit Ig-alkaline phosphatase diluted 1:40
in Teng-T/10%NGS. Antibody-bound alkaline phosphatase
activity was visualized by incubation in NBT/BCIP solution
1:50 in 100 mM TrisHCI, pH 9.5, 100 mM NaCl, 50 mM MgCl,,
1 mM levamisole for 30 min.

Results

Starvation-Induced Effects on the Proteome of Mice In-
testine. Male FVB mice were deprived of food for 0, 12, 24, or
72 h, and changes in the protein profiles were determined by
a 2-DE approach. Approximately 1500 spots were detected per
gel within a pH range of 3—11 and a molecular mass range of
10—100 kDa. Differentially expressed protein spots (73) (=2-
fold change, p < 0.05) were found when 2-D patterns of the
control group (0 h starvation) were compared to 2-D patterns
of the experimental groups (12, 24, or 72 h starvation). Figure
1 shows the number of changed protein spots per time point.
Compared to the fed condition, 36, 58, and 27 protein spots
were changed at 12, 24, and 72 h of fasting, respectively.
Comparing the three experimental groups with each other
resulted in 7 additional changed protein spots.

Differentially expressed proteins (62 of the 80) were identified
with MALDI-TOF MS corresponding to 46 unique protein
entries, as some proteins were present as more than one spot
due to protein processing or modification. Figure 2 shows a
representative 2-D gel indicating the identified protein spots.
A list of the same proteins together with their change in
expression during starvation is displayed in Table 1.

Biological Pathways Changed during Starvation. Data of
differentially expressed protein spots were analyzed using
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Figure 1. Venn diagram of 73 differentially expressed protein
spots (12, 24, or 72 h fasting compared to control group). The
intersections indicate the spots that are changed at more than
one time point.

GenMAPP and MAPPFinder software to explore biological
processes which are changed during starvation. Results ob-
tained for the “local MAPPS” in GenMAPP point to the
glycolysis and gluconeogenesis pathway. In total, six proteins
(represented by eight protein spots) of this pathway signifi-
cantly changed their expression levels in response to starvation
(Figure 3).

Most of these protein spots showed decreased expression
levels during starvation compared to the fed condition, and
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they were identified as fructose-bisphosphate aldolase B,
glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate
mutase 1, lactate dehydrogenase A, and cytoplasmic malate
dehydrogenase. Triosephosphate isomerase displayed an in-
creased expression level during starvation. Another protein spot
identified as triosephosphate isomerase showed a decrease in
expression levels after 12 and 24 h, but only for 1.6- and 1.9-
fold (p < 0.05), respectively (data not shown).

Functional Characteristics of Proteins with Changed Ex-
pression Levels during Different Phases of Starvation. Next
to glycolysis proteins, we found other proteins that differed in
expression level after a certain starvation period. These are
grouped according to their functional characteristics (spot
mixtures with two identified proteins are excluded). Data of
mRNA levels (mentioned below) are available for several
changed proteins and these data were obtained by microarray
technology as described by Sokolovi¢ et al. (submitted).

Proteins Involved in Energy Metabolism. Expression levels
of ubiquinol-cytochrome-c reductase complex core protein I,
ATP synthase beta chain, nucleoside diphosphate kinase B, and
creatine kinase B were reduced in response to a 12-h fasting
period. A C-terminal part of the ATP synthase beta chain was
up-regulated in response to fasting at all time points.

Alcohol-Metabolizing Enzymes. Alcohol dehydrogenase
[NADP+] and aldehyde dehydrogenase 1 family member B1
showed reduced expression levels after 12 h of fasting.

M, (kDa)

10 1"

7 8 9

Figure 2. Example of a 2-D pattern of proteins extracted from a mouse small intestine (at 12 h of fasting). The gel was stained with
SYPRO Ruby Protein Stain. Expression levels of numbered protein spots were changed between the different conditions (0, 12, 24,

and 72 h of starvation), and their identity is depicted in Table 1.
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Table 1. Spot Numbers, Corresponding to Figure 2, and Identity of Changed Protein Spots During Starvation?

Lenaerts et al.

. Ohvs12h Ohvs24h Ohvs72h
spot Swiss-Prot
no. accession no. protein ID FC p-value FC p-value FC p-value
Glycolysis/gluconeogenesis
44 Q91Y97 fructose-bisphosphate aldolase B -2.5 0.000 -1.8 0.014 =14  0.071
45 Q91Y97 fructose-bisphosphate aldolase B —-22 0.009 -1.6 0.051 -1.2  0.527
38 Q91Y97 fructose-bisphosphate aldolase B —-2.0 0.007 -—1.7 0.011 1.2 0.546
41 P16858 glyceraldehyde-3-phosphate dehydrogenase -25 0.001 -2.6 0.001 -—-2.6 0.002
52 Q9DBJ1 phosphoglycerate mutase 1 -1.7 0.028 —-22 0.004 -16 0.135
46 P06151 L-lactate dehydrogenase A chain -1.6 0.046 —2.1 0.006 -—1.6 0.023
39 P14152 malate dehydrogenase? -2.0 0.019 -21 0001 -14 0.156
24 P17751 triosephosphate isomerase 2.0 0.010 2.5 0.001 1.9 0.017
Energy metabolism
7 Q9CZ13 ubiquinol-cytochrome-c reductase complex core protein I¢ —-22 0.022 —-13 0.398 -1.3  0.379
4 P56480 ATP synthase beta chain® -27 0.030 -21 0064 -1.0 0.961
17 P56480 ATP synthase beta chain®? 2.0 0.007 3.4  0.005 2.4  0.001
8 Q04447 creatine kinase B-type -2.8 0.032 2.1 0.105 —-1.2  0.640
58 Q01768 nucleoside diphosphate kinase B -1.6  0.009 —-2.0 0.001 —-1.6  0.055
Alcohol-metabolizing enzymes
37 Q9J1I6 alcohol dehydrogenase [NADP+] —-2.2 0.001 —2.7 0.001 —-1.6 0.119
32 gi|56270548  aldehyde dehydrogenase 1 family, member B1 -29 0009 -19 0056 -14 0.285
Protein folding and processing
27 P09103 protein disulfide-isomerase? 2.2 0.023 2.8 0.001 2.1 0.089
61 P17742 peptidyl-prolyl cis—trans isomerase A° 29 0.025 3.3 0.012 2.0 0.211
1 P14211 calreticulin 2.9 0.001 23 0.028 1.1 0.825
2 P14211 calreticulin 1.3 0.218 —-1.3 0.258 —-2.1 0.006
30 P11983 T-complex protein 1 subunit alpha b 1.4 0.082 2.8  0.002 2.7  0.009
49 P63017 heat shock cognate 71 kDa protein® 1.6 0.139 1.9  0.004 23  0.002
Protein synthesis
15 070251 EF-1-beta -13 0.298 —-2.1 0.006 -1.3 0.377
36 P58252 EF-24 —-1.5 0.044 —-2.2 0.001 —-2.0 0.003
Amino acid metabolism
33 P29758 OAT¢ -1.9 0.008 —-2.0 0.002 —-2.0 0.003
16 P29758 OATe4 —-1.2 0.406 —-2.3  0.002 -3.3 0.000
34 008691 arginase-2°¢ —-1.8 0.030 —-1.6 0.051 1.2 0.478
Extracellular space proteins
23 P46412 GPx-3 1.9 0.087 2.8 0.036 2.9  0.001
62 P43137 lithostathine 1/reg I 1.1 0.695 5.0 0.002 2.5 0.030
56 Q08731 lithostathine 2/reg II 1.7 0.126 4.4  0.000 3.6 0.049
51 P00688 pancreatic alpha-amylase® 1.9  0.052 2.6 0.003 2.7 0.108
40 P00688 pancreatic alpha-amylase® 1.4 0229 1.9 0.023 2.1  0.007
59 088312 anterior gradient protein 2 homolog/gob-4 protein -2.0 0.020 -21 0.008 -15 0.111
42 088310 intelectin-1a —-1.6 0.050 —-2.2  0.005 —2.1 0.010
18 P07724 serum albumin 4.4 0.005 6.5 0.004 5.9 0.000
13 P07724 serum albumin? 3.2 0.001 3.4 0.009 2.5 0.141
22 P07724 serum albumin® 1.7 0.017 1.3 0.270 —-1.6 0.058
Cytoskeleton-related proteins
5 P31001 desmin —-1.5 0.258 —-3.2 0.024 -1.3 0.522
12 62468 villin-14 -1.9 0.003 —-2.3 0.000 -1.3 0.198
25 Q62468 villin-1 (fragment) 2.1 0.003 2.7 0.009 2.8 0.090
29 P26040 ezrin —-1.4 0.265 1.1 0.556 2.1 0.034
11 P19001 keratin, type I cytoskeletal 19 -1.9 0.005 —-2.0 0.004 -—-1.7 0.007
48 P19001 keratin, type I cytoskeletal 19¢ 1.1 0.814 1.5  0.104 2.1 0.031
6 P11679 keratin, type II cytoskeletal 8 12 048 —15 0244 —-2.0 0.048
31 P11679 keratin, type II cytoskeletal 8 -3.4 0.008 -21 0.037 -13 0.300
47 P11679 keratin, type II cytoskeletal 8¢ -1.9 0.005 —22 0.001 —1.1 0.647
57 P37804 transgelin -13 0.203 —-2.0 0.003 —-1.7 0.037
19 Q99PT1 rho GDP-dissociation inhibitor 1 —-1.6 0.031 —-2.2  0.004 —1.0 0.930
35 P60710 actin, cytoplasmic 1 —-1.2 0.438 —1.5 0.090 —2.1 0.008
26 P60710 actin, cytoplasmic 14 1.7 0.066 2.7  0.004 2.8 0.016
10 P63268 actin, gamma-enteric smooth muscle 1.3 0.311 1.1 0.821 —-1.8 0.074
20 P63268 actin, gamma-enteric smooth muscle® 1.1 0.855 2.1 0.038 2.2 0.071
28 P63268 actin, gamma-enteric smooth muscle® 2.4 0.000 3.0 0.001 2.1 0.011
Ungrouped
54  P16015 carbonic anhydrase 3 22 0.053 24 0.004 2.2 0.017
9 Q9R111 guanine deaminase —-2.8 0.000 -24 0.000 -2.4 0.001
60 P55050 intestinal fatty acid-binding protein -1.6 0.000 —2.0 0.000 -1.3 0.030
43 Q9R1P4 proteasome subunit alpha type 1 -23 0.005 -2.1 0.006 -1.6 0.089
50 QIQWG7 sulfotransferase family cytosolic 1B member 1 -1.6 0.005 —-2.0 0.001 -—-13 0.281
55 088569 heterogeneous nuclear ribonucleoproteins A2/B1¢ -1.1 0376 —2.3 0.000 —2.1 0.000
21 Q9M14 5'(3")-deoxyribo-nucleotidase’ -1.9 0.007 -1.5 0.024 1.1 0.683
53 Q8ROF8 fumarylacetoacetate hydrolase domain containing protein1  —-2.1  0.012 —-3.5 0.003 —1.9 0.043
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. Ohvs12h Ohvs24h Ohvs72h

spot Swiss-Prot

no. accession no. protein ID FC p-value FC p-value FC p-value
Mixtures

3 P56480 ATP synthase beta chain® —2.6 0.016 —2.5 0.018 -1.7 0.074
P20029 78 kDa glucose-regulated protein? —2.6 0.016 —2.5 0.018 -1.7 0.074
14 P63268 actin, gamma-enteric smooth muscle® 1.5 0.118 1.2 0.548 —1.7 0.077
P31001 desmin? 1.5 0.118 1.2 0.548 -1.7 0.077

@ The expression fold change (FC) and the t-test p-value were calculated for each comparison with control (0 h of starvation). Values are indicated in bold
when the spot intensity of the groups differed 2-fold or more and p < 0.05. ? Cytosolic. ¢ Mitochondrial. ¢ C-terminal fragment. ¢ N-terminal fragment.

Protein Folding and Processing. After 12 and 24 h of
starvation, peptidyl-prolyl cis—trans isomerase A (N-terminal
part) and protein disulfide-isomerase (C-terminal part) were
up-regulated. Full-length peptidyl-prolyl isomerase cis—trans
isomerase A was decreased (p < 0.05) after 24 and 72 h of
starvation but not 2-fold (data not shown). Calreticulin (spot
2, Figure 2, Table 1) was up-regulated upon starvation for 12
and 24 h. Another spot identified as the same protein (spot 1,
Figure 2, Table 1) was down-regulated after 72 h. Microarray
data showed comparable findings for calreticulin mRNA that
was up-regulated after 12 h of starvation and down-regulated
after 72 h of starvation. After 24 and 72 h of starvation,
T-complex protein 1 subunit alpha B showed increased expres-
sion levels. Heat shock cognate 71-kDa protein (N-terminal
part) was up-regulated after 72 h of starvation.

Proteins Involved in Protein Synthesis. Elongation factor
1-beta and 2 (EF-1-beta and EF-2) showed decreased expres-
sion levels upon 24 h of starvation, EF-2 remained down-
regulated after 72 h of starvation (see Figure 4). EF-2 mRNA
levels were shown to be increased at all time points of
starvation. The discrepancy between mRNA and protein levels
of EF-2 was already demonstrated before in liver and muscle
of 48-h-starved mice.!

Proteins Involved in Amino Acid Metabolism. Expression
levels of OAT and its C-terminal part were reduced after 24
and 72 h of starvation. This finding was confirmed with
immunohistochemical staining of OAT protein in intestinal
sections after 0 and 72 h of starvation. OAT levels are clearly
reduced after starvation, especially at the tips of the villi (Figure
5). Microarray data showed also a down-regulation of OAT
mRNA levels after 12, 24, and 72 h of starvation of 2.4-, 1.5-,
and 4.1-fold, respectively. For arginase-2, a 2-fold significant
increase (p = 0.020) was found comparing the 72-h-starved
group with the 12-h-starved group.

Proteins with a Role in the Extracellular Space. Glutathione
peroxidase 3 (GPx-3) protein expression was gradually in-
creased with prolonged fasting periods (significant from 24 h),
whereas mRNA levels were increased after 12 and 24 h (2.3-
and 1.7-fold, respectively). Lithostathine 1 and 2 were strongly
up-regulated after 24 h of fasting. They remained up-regulated
after 72 h of fasting (see Figure 6). Expression levels of
pancreatic alpha-amylase (N-terminal part) were also increased
compared to control levels (spot 51 after 24 h and spot 40 after
72 h, Figure 2, Table 1). Proteins with significantly decreased
expression levels upon starvation are anterior gradient protein
2 homolog (after 12 and 24 h) and intelectin-1a (after 24 and
72 h). Fragments of serum albumin were up-regulated (spot
18, all time points; spot 13, 12, and 24 h).

Cytoskeleton-Related Proteins. Expression levels of desmin,
transgelin, villin-1 (C-terminal part), and rho GDP-dissociation
inhibitor 1 decreased after 24 h of starvation whereas ezrin was

up-regulated after 72 h of starvation. Cytoplasmic actin was
down-regulated after 72 h of starvation whereas its C-ter-
minal part was up-regulated after 24 and 72 h of starva-
tion. Gamma-enteric smooth muscle actin (N-terminal part)
was up-regulated and full-length keratin type I cytoskeletal 19
and type II cytoskeletal 8 were down-regulated in response to
starvation.

Ungrouped Proteins. Proteins down-regulated upon 24 h
of starvation are intestinal fatty acid-binding protein and sul-
fotransferase family cytosolic 1B member 1. Fumarylacetoace-
tate hydrolase domain-containing protein 1 was down-reg-
ulated after both 12 and 24 h of fasting. After 24 and 72 h of
fasting, protein levels of proteasome subunit alpha type 1 and
the N-terminal part of heterogeneous nuclear ribonucleopro-
teins A2/B1 were decreased and levels of carbonic anhydrase
3 was increased. Guanine deaminase showed reduced expres-
sion levels during the whole starvation period.

Discussion

The gastrointestinal tract is a metabolically active organ
consuming considerable amounts of energy.’> When food
supply, and thereby energy supply, is restricted, structural and
functional changes occur rapidly and energy-saving mecha-
nisms are initiated resulting in a decline in metabolism.! It was
shown, however, that the basic morphology of the mouse
intestine remained unaffected, even after 72 h of starvation.
The enterocytes and the smooth muscle cells represented
approximately 71 and 24% of the intestinal tissue, respectively.
Goblet cells were also visualized, and none of the mentioned
cell types showed a significant change in its contribution to
the entire small intestine during fasting (Sokolovi¢ et al.,
submitted).

Using a proteomics approach, we showed here that early in
the starvation period several proteins involved in glycolysis are
down-regulated. This is in agreement with starvation-induced
decreases in the activity of some glycolytic and citric acid-cycle
enzymes in the intestine.'® Furthermore, the down-regulation
of glyceraldehyde-3-phosphate dehydrogenase and aldolase B
can be explained by lysosomal proteolysis as both are sub-
strates for chaperone-mediated autophagy, a process activated
during nutrient limitation,!” and probably also during starva-
tion. We speculate that the reduction in the level of glycolytic
enzymes is a direct effect of the diminished glucose supply to
the intestine.

Another mechanism involved in energy supply is ATP
generation via oxidative phosphorylation. First, ubiquinol-
cytochrome-c reductase complex core protein I, a constituent
of the mitochondrial electron transport chain complex III, and
ATP synthase beta chain, a subunit of the catalytic portion F,
of the ATP synthase complex, are more than 2-fold reduced.
The energy derived from the passage of electrons through
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Figure 4. (A) Examples of differentially expressed protein spots (spot 15 and 36 in Figure 2). Both spots, identified as EF-1-beta and
EF-2, respectively, show a decrease in intensity after 24 h of starvation, which remains significant for EF-2 after 72 h of starvation. (B)
Graphical presentation of the expression patterns of spots depicted in A. The relative spot intensity of the control condition is set to
100. Values are means + SD of six biological replicates, * and # indicate significant differences compared to control group with p <

0.01 and p < 0.005, respectively (obtained from Student’s t-test).

Figure 5. Immunohistochemical staining of OAT in section of
the small intestine of fed (0 h) and 72-h-starved mouse (10x
magnification).

complexes I, III, and IV of the respiratory chain is coupled to
the synthesis of ATP. Mitochondrial ATP synthase catalyzes the
ATP synthesis in the presence of a proton gradient across the
inner mitochondrial membrane. Thus, the observed changes
in protein expression in response to fasting indicate a decrease
in ATP synthesis. A similar process has been described in the
liver of 18-h-starved rats, where a 40% decrease in expression
of the beta-F, subunit of ATP synthase was shown.!® Finally, a
reduced expression level of creatine kinase B-type was observed
in the early phase of the starvation response. This enzyme
catalyzes the reversible reaction of creatine and ATP forming
phosphocreatine and ADP and plays a significant role in energy
homeostasis of cells. As the ATP levels decrease, no excess ATP
is available to be stored as phosphocreatine and consequently
the enzyme levels decrease.

Another protein with reduced expression levels after 12 h of
starvation is anterior gradient protein 2 homolog, also known
as AG-2 or gob-4 protein, which is expressed in the goblet cells
of the intestine. Goblet cells secrete mucus that covers the

absorptive surface of the intestine, and gob-4 protein is
suggested to have a role in the mucus-secreting function.!® The
mucus layer acts as a barrier between the luminal contents and
the absorptive cells of the intestine and comprises the first line
defense against exogenous or endogenous luminal pathogens
and irritants. Hence, decreases in proteins involved in this
mucus secretion, like gob-4 expression during fasting, could
have adverse effects on the intestinal mucus layer and its
protective function.

Fragments of serum albumin are increased in response to
starvation. Albumin is known to be synthesized by the liver;
however, a recent study showed that nonhepatic tissues have
also this capacity and that albumin is expressed in the intestine
of bovine.?® Accordingly, intestinal albumin synthesis may be
up-regulated when mice are subjected to starvation. Although,
another explanation may be an increase in serum albumin
catabolism, because only fragments of this protein were up-
regulated.?!

In the subsequent phase of starvation (24 h), the change in
protein expression particularly directs to protein and amino
acid metabolism and cellular protection mechanisms. We
observed a down-regulation of two key players involved in
protein translation, EF-1-beta and EF-2, which suggests inhibi-
tion of protein synthesis during starvation.?? Translation re-
quires high amounts of metabolic energy and a known regu-
latory pathway inhibiting this process is via ATP depletion
associated with fasting, resulting in an increased AMP/ATP ratio
which consecutively results in AMPK activation. AMPK directly
phosphorylates EF-2 kinase, which in turn inactivates EF-2 by
phosphorylation.?? In this manner, AMPK and EF-2 kinase may
provide an important link between cellular energy status and
the inhibition of protein synthesis, which seems a reasonable
way to preserve energy during starvation.
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In response to a 24-h-starvation period, we also found a
down-regulation of nucleoside diphosphate kinase B, which
suggests a decrease of synthesis of nucleoside triphosphates
other than ATP, such as GTP, that is involved in many
metabolic and cellular processes such as protein synthesis and
G-protein signaling.?

With respect to amino acid metabolism, OAT was found to
be down-regulated. This key enzyme is present predominantly
in the small intestine and is involved in the conversion of
glutamine to ornithine. Ornithine is a precursor for polyamines,
known for their involvement in cell proliferation, cell dif-
ferentiation, and repair for intestinal cells.?> The decrease of
this ornithine-synthesizing protein might be a glutamine-
preserving mechanism, which adversely affects the intestinal
integrity during starvation. Although arginase-2 is not differ-
entially expressed in the 24-h-starvation response, the protein
is discussed here because of its role in ornithine metabolism.
The enzyme catalyzes the hydrolysis of arginine to ornithine
and urea and is highly expressed in the small intestine of mice.
It is co-localized with OAT and ornithine decarboxylase,
suggesting a role in the synthesis of proline and polyamines.?¢
Arginase-2 shows a biphasic response, and the levels gradually
increase in the period after 12 h of starvation. This might be a
secondary response to the decreased OAT levels, which restores
ornithine concentrations in the intestinal cells.

With respect to cellular protection, we observed a gradual
increase of GPx-3 protein expression associated with increasing
fasting times (24 and 72 h). This protein is responsible for the
protection of cells against oxidative damage by catalyzing the
reduction of hydrogen peroxide and lipid peroxides by glu-
tathione and is an important reactive oxygen species scaveng-
ing enzyme. The mouse small intestinal epithelial cells syn-
thesize GPx-3 and secrete it in the extracellular space.?’” Higher

2120 Journal of Proteome Research « Vol. 5, No. 9, 2006

levels of oxidized glutathione were detected in the gut mucosa
of 72-h-starved rats compared to controls, resulting from
starvation-induced oxidative stress.? Another up-regulated
protein with a role in oxidative stress handling is carbonic
anhydrase 3.2 Up-regulating the expression of GPx-3 and
carbonic anhydrase 3 in the small intestine coinciding pro-
longed fasting could play a role in the local antioxidant defense
of intestinal cells.

Our data suggest that cellular protection coincides with
preservation of intestinal integrity during later phases of
starvation, as lithostathine 1 and 2 (also called reg I and reg II)
are strongly up-regulated after 24 h starvation. They belong to
the regenerating gene (reg) family within the superfamily of
C-type lectin. The regeneration of pancreatic beta-cells seems
to be mainly regulated by the expression of the reg I gene and
led to the protein name “reg protein”.?® More research sup-
ported the hypothesis that reg protein has a trophic effect on
islet cells.® In the rat stomach reg protein has been localized
mainly in enterochromaffin-like cells. Levels are increased
during regeneration of gastric mucosal cells, and the protein
has a trophic effect on gastric epithelial cells.?"* The reg protein
is expressed in human small intestinal cells localized in the
crypts of Lieberkuhn and not in mature villous cells.®® There-
fore, reg protein may be associated with growth and could have
a role early in the differentiating process of intestinal epithe-
lium.3* The protein acts as an autocrine/paracrine growth factor
for beta-cell regeneration via a cell surface reg receptor, and
this receptor is also found in the gastric fundic mucosa and
many more tissues of rat, including the small intestine.?>2¢
Several factors have been shown to enhance reg gene expres-
sion, for example gastrin in normal gastric mucosa and
proinflammatory cytokines after gastric mucosal injury.3237 Reg
II has only been described in mice.® We now identified
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starvation as a potent inducer of reg I and reg II protein
expression and postulate a protective effect of these proteins
in the fasting gut.

Intelectin and some cytoskeleton-related proteins are down-
regulated upon starvation and may be involved in the detri-
mental effects of fasting. Intelectin is a member of the lectin
family and is expressed in the small intestine, colon, heart, and
thymus. In the small intestine, the expression of intelectin is
restricted to the Paneth cells that are located in the lowest
region of the crypts and may play a role in the defense against
microorganisms.®® Human intelectin has been proposed to play
arole in the innate immune response to microbes containing
the bacterium-specific carbohydrate galactofuranose.*’ A de-
creased intelectin expression, accompanied with starvation,
may count partly for the increased susceptibility to infections
during such stressful conditions.*!

Expression of ezrin, a component of the microvilli of intesti-
nal epithelial cells, is induced by prolonged starvation (72 h).
Ezrin-deficient mice revealed that ezrin functions to organize
the apical terminal web and associated apical junctions that
mediate cell—cell communication during villus morphogenesis.
This leads to incomplete villus segregation and abnormal villus
morphology.*? The up-regulation of ezrin in the last starvation
phase (phase III) might be an adaptive response to sustain villus
function. In that phase of the starvation, an increase in mucosal
mass and a decrease in apoptosis is observed in rats.® It is
hypothesized to be a reaction to permit rapid food assimilation
immediately after refeeding and thus, the restoration of the
whole body condition.> This might be essential for survival
since animals have reached a critical depletion level in their
lipid reserves and body proteins.

Conclusion

Our results point to an adaptation of the intestine to the
absence of nutrients supply during the early phase of starvation.
In the first 12 h, mainly proteins involved in glycolysis and
energy metabolism are decreased. This is followed by a down-
regulation of proteins involved in protein synthesis and amino
acid metabolism during 24 h. Simultaneously, the stressful
conditions in the intestine seems counteracted by up-regulation
of proteins with a protective role such as reg I and II, GPx-3,
and carbonic anhydrase 3. The last starvation phase is char-
acterized by increased ezrin expression, which may enhance
villus morphogenesis critical for survival. In conclusion, our
results contribute to a further understanding of the molecular
events in the mouse intestine during starvation. This may
benefit nutritional support during conditions characterized by
malnutrition.

Abbreviations: IPG, immobilized pH gradient; PBS, phos-
phate-buffered saline; 2-DE, two-dimensional gel electrophore-
sis; MALDI-TOF MS, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry; OAT, ornithine aminotrans-
ferase; EF, elongation factor; GPx-3, glutathione peroxidase 3.

Acknowledgment. We thank Dr. C. Evelo and Dr. R. van
Haaften (BiGCaT Bioinformatics, Maastricht University) for
help with GenMAPP analysis. This work was supported by the
Dutch Ministry of Economic Affairs through the Innovation
Oriented Research Program on Genomics: IOP Genomics
IGEO01016.

Note Added after ASAP Publication: This paper was orig-
inally published on the Web (08/08/2006) with the authors in
an incorrect order. The correct version was posted to the Web
08/10/2006.

research articles

Supporting Information Available: Detailed protein
identification characteristics. This material is available free of
charge via the Internet at http://pubs.acs.org.

References

(1) Wang, T.; Hung, C. C.; Randall, D. J. The Comparative Physiology
Of Food Deprivation: From Feast to Famine. Annu. Rev. Physiol.
2006, 68, 223—251.

Boza, J. J.; Moennoz, D.; Vuichoud, J.; Jarret, A. R.; Gaudard-de-

Weck, D.; Fritsche, R.; Donnet, A.; Schiffrin, E. J.; Perruisseau,

G.; Ballevre, O. Food deprivation and refeeding influence growth,

nutrient retention and functional recovery of rats. J. Nutr. 1999,

129 (7), 1340—1346.

Chaudhary, M.; Mandir, N.; FitzGerald, A. J.; Howard, J. K,; Lord,

G. M,; Ghatei, M. A;; Bloom, S. R.; Goodlad, R. A. Starvation, leptin

and epithelial cell proliferation in the gastrointestinal tract of the

mouse. Digestion 2000, 61 (4), 223—229.

Iwakiri, R.; Gotoh, Y.; Noda, T.; Sugihara, H.; Fujimoto, K.; Fuseler,

J.; Aw, T. Y. Programmed cell death in rat intestine: effect of

feeding and fasting. Scand. J. Gastroenterol. 2001, 36 (1), 39—47.

Habold, C.; Foltzer-Jourdainne, C.; Le Maho, Y.; Lignot, J. H.

Intestinal apoptotic changes linked to metabolic status in fasted

and refed rats. Pflugers Arch. 2006, 451 (6), 749—759.

Ziegler, T. R.; Evans, M. E.; Fernandez-Estivariz, C.; Jones, D. P.

Trophic and cytoprotective nutrition for intestinal adaptation,

mucosal repair, and barrier function. Annu. Rev. Nutr. 2003, 23,

229-261.

Chen, C.; Williams, P. F.; Cooney, G. J.; Caterson, L. D.; Turtle, J.

R. The effects of fasting and refeeding on liver glycogen synthase

and phosphorylase in obese and lean mice. Horm. Metab. Res.

1992, 24 (4), 161—166.

Bradford, M. M. A rapid and sensitive method for the quantitation

of microgram quantities of protein utilizing the principle of

protein-dye binding. Anal. Biochem. 1976, 72, 248—254.

Lenaerts, K.; Mariman, E.; Bouwman, F.; Renes, J. Glutamine

regulates the expression of proteins with a potential health-

promoting effect in human intestinal Caco-2 cells. Proteomics

2006, 6 (8), 2454—2464.

(10) Bouwman, F.; Renes, J.; Mariman, E. A combination of protein
profiling and isotopomer analysis using matrix-assisted laser
desorption/ionization-time of flight mass spectrometry reveals
an active metabolism of the extracellular matrix of 3T3-L1
adipocytes. Proteomics 2004, 4 (12), 3855—3863.

(11) Dahlquist, K. D.; Salomonis, N.; Vranizan, K.; Lawlor, S. C;
Conklin, B. R. GenMAPP, a new tool for viewing and analyzing
microarray data on biological pathways. Nat. Genet. 2002, 31 (1),
19-20.

(12) Doniger, S. W.; Salomonis, N.; Dahlquist, K. D.; Vranizan, K;
Lawlor, S. C.; Conklin, B. R. MAPPFinder: using Gene Ontology
and GenMAPP to create a global gene-expression profile from
microarray data. Genome. Biol. 2003, 4 (1), R7.

(13) Kasahara, M.; Matsuzawa, T.; Kokubo, M.; Gushiken, Y.; Tashiro,
K; Koide, T.; Watanabe, H.; Katunuma, N. Immunohistochemical
localization of ornithine aminotransferase in normal rat tissues
by Fab'-horseradish peroxidase conjugates. J. Histochem. Cy-
tochem. 1986, 34 (11), 1385—1388.

(14) Yoshizawa, F.; Miura, Y.; Tsurumaru, K,; Kimata, Y.; Yagasaki, K;
Funabiki, R. Elongation factor 2 in the liver and skeletal muscle
of mice is decreased by starvation. Biosci. Biotechnol. Biochem.
2000, 64 (11), 2482—2485.

(15) Cant, J. P.; McBride, B. W.; Croom, W. J., Jr. The regulation of
intestinal metabolism and its impact on whole animal energetics.
J. Anim. Sci. 1996, 74 (10), 2541—2553.

(16) Budohoski, L.; Challis, R. A.; Newsholme, E. A. Effects of starvation
on the maximal activities of some glycolytic and citric acid-cycle
enzymes and glutaminase in mucosa of the small intestine of
the rat. Biochem. J. 1982, 206 (1), 169—172.

(17) Majeski, A. E.; Dice, J. F. Mechanisms of chaperone-mediated
autophagy. Int. J. Biochem. Cell Biol. 2004, 36 (12), 2435—2444.

(18) Vendemiale, G.; Grattagliano, I.; Caraceni, P.; Caraccio, G;
Domenicali, M.; Dall'Agata, M.; Trevisani, F.; Guerrieri, F.; Ber-
nardi, M.; Altomare, E. Mitochondrial oxidative injury and energy
metabolism alteration in rat fatty liver: effect of the nutritional
status. Hepatology 2001, 33 (4), 808—815.

(19) Komiya, T.; Tanigawa, Y.; Hirohashi, S. Cloning of the gene gob-
4, which is expressed in intestinal goblet cells in mice. Biochim.
Biophys. Acta 1999, 1444 (3), 434—438.

(2

—

3

=

4

(5

=

6

=

(7

—

8

(€]

=

Journal of Proteome Research « Vol. 5, No. 9, 2006 2121



research articles

(20)

21)

(22)

(23)

(24)

(25)

(26)

27)

(28)

(29)

(30)

(€2Y)

(32)

2122

Shamay, A,; Homans, R.; Fuerman, Y.; Levin, I; Barash, H.;
Silanikove, N.; Mabjeesh, S. J. Expression of albumin in nonhe-
patic tissues and its synthesis by the bovine mammary gland. J.
Dairy Sci. 2005, 88 (2), 569—576.

Yedgar, S.; Carew, T. E.; Pittman, R. C.; Beltz, W. F.; Steinberg, D.
Tissue sites of catabolism of albumin in rabbits. Am. J. Physiol.
1983, 244 (1), E101—-107.

Riis, B.; Rattan, S. I; Clark, B. F.; Merrick, W. C. Eukaryotic protein
elongation factors. Trends. Biochem. Sci. 1990, 15 (11), 420—424.
Browne, G. J.; Finn, S. G.; Proud, C. G. Stimulation of the AMP-
activated protein kinase leads to activation of eukaryotic elonga-
tion factor 2 kinase and to its phosphorylation at a novel site,
serine 398. J. Biol. Chem. 2004, 279 (13), 12220—12231.
Lacombe, M. L.; Milon, L.; Munier, A.; Mehus, J. G.; Lambeth, D.
O. The human Nm23/nucleoside diphosphate kinases. J. Bioenerg.
Biomembr. 2000, 32 (3), 247—258.

Luk, G. D.; Marton, L. J.; Baylin, S. B. Ornithine decarboxylase is
important in intestinal mucosal maturation and recovery from
injury in rats. Science 1980, 210 (4466), 195—198.

Yu, H.; Yoo, P. K.; Aguirre, C. C.; Tsoa, R. W.; Kern, R. M.; Grody,
W. W.; Cederbaum, S. D.; Iyer, R. K. Widespread expression of
arginase I in mouse tissues. Biochemical and physiological
implications. J. Histochem. Cytochem. 2003, 51 (9), 1151—1160.
Tham, D. M.; Whitin, J. C.; Kim, K. K,; Zhu, S. X.; Cohen, H. J.
Expression of extracellular glutathione peroxidase in human and
mouse gastrointestinal tract. Am. J. Physiol. 1998, 275 (6 Pt 1),
G1463—1471.

Raisanen, S. R.; Lehenkari, P.; Tasanen, M.; Rahkila, P.; Harkonen,
P. L.; Vaananen, H. K. Carbonic anhydrase III protects cells from
hydrogen peroxide-induced apoptosis. Faseb. J. 1999, 13 (3), 513—
522.

Terazono, K.; Yamamoto, H.; Takasawa, S.; Shiga, K.; Yonemura,
Y.; Tochino, Y.; Okamoto, H. A novel gene activated in regenerat-
ing islets. J. Biol. Chem. 1988, 263 (5), 2111—2114.

Watanabe, T.; Yonemura, Y.; Yonekura, H.; Suzuki, Y.; Miyashita,
H.; Sugiyama, K.; Moriizumi, S.; Unno, M.; Tanaka, O.; Kondo,
H.; et al. Pancreatic beta-cell replication and amelioration of
surgical diabetes by Reg protein. Proc. Natl. Acad. Sci. U.S.A. 1994,
91 (9), 3589—3592.

Asahara, M.; Mushiake, S.; Shimada, S.; Fukui, H.; Kinoshita, Y.;
Kawanami, C.; Watanabe, T.; Tanaka, S.; Ichikawa, A.; Uchiyama,
Y.; Narushima, Y.; Takasawa, S.; Okamoto, H.; Tohyama, M.;
Chiba, T. Reg gene expression is increased in rat gastric entero-
chromaffin-like cells following water immersion stress. Gastro-
enterology 1996, 111 (1), 45—55.

Fukui, H.; Kinoshita, Y.; Maekawa, T.; Okada, A.; Waki, S.; Hassan,
S.; Okamoto, H.; Chiba, T. Regenerating gene protein may

Journal of Proteome Research « Vol. 5, No. 9, 2006

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

Lenaerts et al.

mediate gastric mucosal proliferation induced by hypergastrine-
mia in rats. Gastroenterology 1998, 115 (6), 1483—1493.
Senegas-Balas, F. O.; Figarella, C. G.; Amouric, M. A.; Guy-Crotte,
0. M.; Bertrand, C. A; Balas, D. C. Imnmunocytochemical dem-
onstration of a pancreatic secretory protein of unknown function
in human duodenum. J. Histochem. Cytochem. 1991, 39 (7), 915—
919.

Bernard-Perrone, F. R.; Renaud, W. P.; Guy-Crotte, O. M.; Bernard,
P.; Figarella, C. G.; Okamoto, H.; Balas, D. C.; Senegas-Balas, F.
O. Expression of REG protein during cell growth and differentia-
tion of two human colon carcinoma cell lines. J. Histochem.
Cytochem. 1999, 47 (7), 863—870.

Kobayashi, S.; Akiyama, T.; Nata, K.; Abe, M.; Tajima, M.; Shervani,
N. J.; Unno, M.; Matsuno, S.; Sasaki, H.; Takasawa, S.; Okamoto,
H. Identification of a receptor for reg (regenerating gene) protein,
a pancreatic beta-cell regeneration factor. J. Biol. Chem. 2000,
275 (15), 10723—10726.

Kazumori, H.; Ishihara, S.; Fukuda, R.; Kinoshita, Y. Localization
of Reg receptor in rat fundic mucosa. J. Lab. Clin. Med. 2002,
139 (2), 101—-108.

Kazumori, H.; Ishihara, S.; Hoshino, E.; Kawashima, K.; Moriyama,
N.; Suetsugu, H.; Sato, H.; Adachi, K;; Fukuda, R.; Watanabe, M.;
Takasawa, S.; Okamoto, H.; Fukui, H.; Chiba, T.; Kinoshita, Y.
Neutrophil chemoattractant 2 beta regulates expression of the
Reg gene in injured gastric mucosa in rats. Gastroenterology 2000,
119 (6), 1610—1622.

Unno, M.; Yonekura, H.; Nakagawara, K.; Watanabe, T.; Miyashita,
H.; Moriizumi, S.; Okamoto, H.; Itoh, T.; Teraoka, H. Structure,
chromosomal localization, and expression of mouse reg genes,
reg I and reg II. A novel type of reg gene, reg II, exists in the
mouse genome. J. Biol. Chem. 1993, 268 (21), 15974—15982.
Komiya, T.; Tanigawa, Y.; Hirohashi, S. Cloning of the novel gene
intelectin, which is expressed in intestinal paneth cells in mice.
Biochem. Biophys. Res. Commun. 1998, 251 (3), 759—762.
Tsuji, S.; Uehori, J.; Matsumoto, M.; Suzuki, Y.; Matsuhisa, A.;
Toyoshima, K.; Seya, T. Human intelectin is a novel soluble lectin
that recognizes galactofuranose in carbohydrate chains of bacte-
rial cell wall. J. Biol. Chem. 2001, 276 (26), 23456—23463.
Hulsewe, K. W,; van Acker, B. A.; von Meyenfeldt, M. F.; Soeters,
P. B. Nutritional depletion and dietary manipulation: effects on
the immune response. World J. Surg. 1999, 23 (6), 536—544.
Saotome, [.; Curto, M.; McClatchey, A. L. Ezrin is essential for
epithelial organization and villus morphogenesis in the develop-
ing intestine. Dev. Cell 2004, 6 (6), 855—864.

PR060183+



