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Lack of enteral feeding, with or without parenteral nu-
tritional support, is associated with increased intestinal
permeability and translocation of bacteria. Such trans-
location is thought to be important in the high morbid-
ity and mortality rates of patients who receive nothing
by mouth. Recently, Paneth cells, important constitu-
ents of innate intestinal immunity, were found to be
crucial in host protection against invasion of both com-
mensal and pathogenic bacteria. This study investigates
the influence of food deprivation on Paneth cell func-
tion in a mouse starvation model. Quantitative PCR
showed significant decreases in mRNA expression of
typical Paneth cell antimicrobials, lysozyme, cryptdin,
and Regllly, in ileal tissue after 48 hours of food depri-
vation. Protein expression levels of lysozyme and
Regllly precursor were also significantly diminished, as
shown by Western blot analysis and IHC. Late degener-
ative autophagolysosomes and aberrant Paneth cell
granules in starved mice were evident by electron mi-
croscopy, Western blot analysis, and quantitative PCR.
Furthermore, increased bacterial translocation to mes-
enteric lymph nodes coincided with Paneth cell abnor-
malities. The current study demonstrates the occur-
rence of Paneth cell abnormalities during enteral
starvation. Such changes may contribute to loss of epi-
thelial barrier function, causing the apparent bacterial
translocation in enteral starvation. (4m J Pathol 2011,
179:2885-2893; DOI: 10.1016/j.ajpath.2011.08.030)

The intestine is challenged with the task of protecting the
body’s internal milieu against bacterial invasion. To this end,

the gut is equipped with an epithelial lining connected by
tight junctions, a mucus layer, gut-associated lymphoid tis-
sue, and Paneth cells. Paneth cells are highly specialized
epithelial cells located in the crypts of the small intestine,
and play an important role in gut innate immunity.' These
cells sense bacterial presence and secrete granules con-
taining antimicrobial peptides, including lysozyme, Regllly,
and cryptdins (the murine counterparts of human a-de-
fensins) both constitutively and in response to activation by
bacteria or their products.? Using a murine cell ablation
model, Paneth cells were shown to be crucial in host pro-
tection against invasion of both commensal and pathogenic
microbiota.® In addition, our group has recently shown the
additive importance of Paneth cells in preventing bacterial
translocation in situations of physical intestinal barrier loss.*

Enteral starvation and total parenteral nutrition, as ap-
plied to critically ill patients, are reported to result in
increased gut wall permeability, a compromised immune
system, and bacterial translocation.®>'° Because au-
tophagy, a process induced on starvation,’'® influ-
ences the generation of Paneth cell granules,'* we hy-
pothesize that enteral starvation impairs Paneth cell
function, contributing to starvation-associated gut com-
promise.

In this study, the effects of food deprivation on Paneth cell
function were investigated using a mouse starvation model.
We provide evidence that lack of enteral feeding results in
Paneth cell autophagy, decreased expression of antimicrobial
products (ie, lysozyme, cryptdin, and Regllly), and the pres-
ence of atypical secretory granules. Our results propose com-
promised Paneth cells to be involved in the reduced protection
against bacterial translocation in enteral starvation.

Materials and Methods

Materials

The following primary antibodies were used: rabbit anti-
mouse Regllly (provided by Dr. Lora V. Hooper, The
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Howard Hughes Medical Institute, University of Texas,
Southwestern Medical Center, Dallas, TX), rabbit anti-
mouse lysozyme antiserum (provided by Dr. Tomas
Ganz, David Geffen School of Medicine at UCLA, Los
Angeles, CA), rabbit anti-rat PAP-III,'® mouse anti-rat
LC83 (Cosmo Bio Co, Tokyo, Japan), and mouse anti—-—
actin (Sigma, St Louis, MO). The horseradish peroxidase
(HRP)-conjugated secondary antibodies goat anti-rabbit
and rat anti-mouse were obtained from Jackson (West
Grove, PA), Alexa 488-conjugated goat anti-rabbit was
obtained from Invitrogen (Carlsbad, CA), and biotin—con-
jugated secondary swine anti-rabbit and streptavidin—
biotin HRP complex were obtained from DakoCytomation
(Glostrup, Denmark). The bicinchoninic acid protein as-
say kit and Supersignal West Pico were from Thermo
Fisher Scientific Inc. (Rockford, IL), Moloney murine leu-
kemia virus reverse transcriptase was from Life Technol-
ogies (Paisley, UK), and Colombia Il blood agar base
plates and Chocolate PolyviteX agar plates were from
BioMérieux (Marcy L’Etoile, France). All other reagents
were obtained from Sigma, unless otherwise mentioned.

Animals and Tissue Collection

Male C57BL/6 mice (15 per group), obtained from
Charles River (Maastricht, The Netherlands), were
housed (three mice per cage) under controlled environ-
mental conditions, with free access to food and water
until the age of 12 weeks. At this point, mice were housed
separately in metabolic cages to prevent coprophagia
and were fasted for 48 hours. The unfasted control group
was similarly housed. The ambient temperature was 21°C.
After 24 hours, food—-deprived animals were warmed by
infrared light,'® keeping the ambient temperature at 24°C
to 25°C. During the experiment, all animals had free ac-
cess to water. All animals survived 48 hours of food
restriction. Fasted mice lost approximately 25% of their
initial body weight, whereas control mice maintained a
constant weight of approximately 25 g. Mice were anes-
thetized with 100 mg/kg ketamine and 10 mg/kg xylazine
and sacrificed by bleeding. Mesenteric lymph nodes
(MLNs) and the ileum were instantly harvested. The ex-
periments were approved by the Animal Care Committee
of Maastricht University, Maastricht (permit no. 2008-163).

IHC

lleum samples for immunohistochemistry (IHC) were
fixed immediately in 4% formaldehyde and embedded in
paraffin, after which tissue sections (3 um thick) were cut.
These sections were stained using H&E or immuno-
stained for Paneth cell marker lysozyme. Oligosaccha-
rides in Paneth cell granules were stained using lectin
Triticum vulgaris. After deparaffination, endogenous per-
oxidase was quenched with 0.3% H,O, in methanol. For
oligosaccharide staining, antigen retrieval was obtained
in citrate buffer (Dako REAL Target Retrieval Solution;
DakoCytomation). Sections were blocked in 5% bovine
serum albumin, and biotin-conjugated lectin T. vulgaris
was incubated overnight at 4°C. For lysozyme staining,
after blocking nonspecific antibody binding with 5% bo-

vine serum albumin, sections were incubated with spe-
cific antibodies to mouse lysozyme at room temperature
for 60 minutes. Next, an appropriate biotin-conjugated
secondary antibody was applied. Immunoreaction was
detected using the streptavidin-biotin HRP system and
3,3'-diaminobenzidine tetrahydrochloride (DakoCytomation)
and 3-amino-9-ethylcarbazole for oligosaccharides and
lysozyme, respectively. Nuclei were counterstained with
hematoxylin. Stained sections were mounted in aqueous
mounting medium (DakoCytomation). No significant
staining was detected in sections incubated with control
rabbit serum instead of the primary antibody. The histo-
logical features shown are representative of all tissue
samples studied.

For quantification of the number of Paneth cells, sec-
tions of all test and control mice were stained with H&E,
and cells were counted in 20 crypts in representative
microscopic fields (original magnification, X200) (n = 15
per group). Villus and crypt lengths were measured in
H&E-stained sections of all control and starved mice. Per
group, 15 villi and 15 crypts were measured in digitized
images at X200 magnification.

Immunofluorescence

Immunofluorescence was performed as adapted from
Matsumoto et al.’® In short, ileum samples were fixed
immediately in 4% formaldehyde and embedded in par-
affin, after which tissue sections (3 um thick) were cut.
After deparaffination, antigen retrieval was obtained in
citrate buffer (Dako REAL Target Retrieval Solution,
DakoCytomation). Sections were blocked in 5% bovine
serum albumin and incubated with anti-PAPIII antibody
overnight. Next, an Alexa 488-conjugated secondary
antibody was applied, and nuclei were visualized with
DAPI. Sections were mounted using fluorescent mount-
ing medium (DakoCytomation). Images shown are repre-
sentative for all tissue samples studied.

Electron Microscopy

For electron microscopy (EM), ileal tissue was im-
mersed in 3% glutaraldehyde fixative buffered in 0.09
mol/L KH,PO, at pH 7.4 and supplemented with 1.4%
sucrose. Next, samples were washed in 0.09 mol/L
KH,PO, buffer containing 7.5% sucrose and trans-
ferred to a 1% OsO, fixative solution buffered with
veronal acetate buffer (pH 7.4) plus 1.5% ferrocyanide.
After washing in veronal acetate buffer plus 7% su-
crose for 5 minutes at 4°C, dehydration was performed in
graded ethanol series, followed by embedding in Epon
(Burlington, VT). Semithin sections (1 wum thick) were
stained with toluidine blue for Paneth cell localization. Tis-
sue sections were examined with a Philips CM 100 electron
microscope (Philips, Eindhoven, The Netherlands) at an
accelerating voltage of 80 KV.

In Vivo Intestinal Permeability Assay

Thirty minutes before sacrifice, animals were anesthetized
to perform the in vivo intestinal permeability assay, as



adapted from Costantini et al.’” In short, a midline laparot-
omy was performed, and a 5-cm segment of distal ileum
was isolated between silk ties. Fluorescein isothiocyanate
(FITC)-dextran (4.4 kDa), 25 mg, in a solution of 125 mg/mL
PBS was injected intraluminally. The intestine was returned
to the abdominal cavity, and the skin was closed. Thirty
minutes after injection, blood was obtained through vena
cava puncture. The FITC-dextran concentration in the
plasma was analyzed using a Spectramax M2 fluorescence
spectrophotometer (Molecular Devices, Sunnyvale, CA). A
standard curve was obtained by serial dilutions of FITC-
dextran in mouse plasma.

Western Blot Analysis

Dissected ileal segments were immediately snap frozen
in liquid nitrogen and stored at —80°C until further pro-
cessing for Western blot analysis. Tissue samples were
homogenized in lysis buffer containing 200 mmol/L NaCl,
10 mmol/L Tris buffer, 5 mmol/L EDTA, 10% glycerol, and
1% NP-40 using a mini—-bead beater (Biospec, Bartles-
ville, OK). Samples were centrifuged at 18,000 X g for 15
minutes at 4°C. The protein concentration of superna-
tants was determined using a bicinchoninic acid protein
assay kit. For Western blot analysis of lysozyme and
Regllly, 10 ug of protein was heated at 100°C for 5
minutes in a reducing SDS sample buffer, separated by
SDS-PAGE on a 15% polyacrylamide gel, and transferred
onto a polyvinylidene fluoride membrane (Immobilon P;
Millipore, Bedford, MA). After the transfer of proteins,
blocking and antibody incubation of the membrane were
performed in Tris-buffered saline-0.05% Tween supple-
mented with 5% and 3% nonfat dry milk, respectively.
Primary antibody incubation occurred overnight at 4°C
with anti-lysozyme (which recognizes mouse lysozymes
P and M) or anti-mouse Regllly. To confirm equal protein
loading and transfer, membranes were reprobed with
anti-B-actin antibodies. For LC3, 10 ug of protein was
heated and separated on a 4% to 20% gradient gel
(Biorad, Hercules, CA) and transferred onto a polyvi-
nylidene fluoride membrane. Blocking and antibody in-
cubation were performed in TBS-0.1% Tween supple-
mented with 3% nonfat dry milk. Mouse anti-rat LC3
antibody was incubated for 1 hour at room temperature.
After washing with Tris-buffered saline-0.05% Tween,
membranes were incubated with an appropriate HRP-
conjugated secondary antibody for 90 minutes at room
temperature. Signals were captured on blue X-ray film
(SuperRX; Fuji, Tokyo, Japan) using the chemilumines-
cent substrate Supersignal West Pico. The band intensity

Table 1. Primers Used for qPCR Assays

Starvation Compromises Paneth Cells 2887
AJP December 2011, Vol. 179, No. 6

was semiquantitatively analyzed using Quantity One
(Biorad). No signal was detected in membranes incu-
bated with control serum instead of the primary anti-
body. Figures shown are representative for all tissue
samples studied.

Quantitative PCR

RNA was extracted from snap frozen ileal tissue using
TRI reagent, according to the manufacturer’s protocol.
The RNA concentration was determined by Nanodrop
(Thermo Fisher Scientific Inc.), and 1 ug of RNA was
used as a template for reverse transcription using oligo
dT primer and Moloney murine leukemia virus reverse
transcriptase in a cDNA synthesis reaction. Quantitative
real-time PCR (gqPCR) was performed using the MylQ
System (Biorad). Gene expression levels of lysozyme,
cryptdin, and Regllly were determined using 1Q5 soft-
ware (Biorad) with a AC; relative quantification model.
The geometric mean of the expression levels of two ref-
erence genes, cyclophilin A and B2-microglobulin, was
calculated and used as a normalization factor. Used
primers are depicted in Table 1.

Bacterial Translocation

Translocation of luminal bacteria was assessed as previ-
ously described."® In brief, MLNs were collected asepti-
cally in 2 mL of preweighed thioglycolate broth tubes
(Becton Dickinson Microbiology Europe, Maylan,
France). After weighing, tissue specimens were homog-
enized and subsequently transferred onto both Columbia
Il blood agar base plates supplemented with 5% v/v
sheep blood (duplicate plates) and Chocolate PolyviteX
agar plates. After 48 hours of incubation, colonies were
counted, adjusted to tissue weight, and calculated as num-
ber of colony-forming units per gram of tissue. Colonies
were identified to the species level using conventional tech-
niques to discriminate between gut and skin flora.

Statistical Analysis

Statistical analysis was performed using Prism 5.02 for
Windows (GraphPad Software Inc., San Diego, CA).
Gaussian distribution was tested using the Kolmogorov-
Smirnov test. A two-tailed Student’s t-test was used for
between-group comparisons when groups were distrib-
uted normally. Otherwise, a two-tailed Mann-Whitney
U-test was used. Data are represented as mean =

Gene product Forward primer

Reverse primer

Lysozyme 5'-GGATCAATTGCACTGCTCTG-3’
Cryptdin 5'-TGAAGACACTAATCCTCCTCTCTGC-3’
Regllly 5'-GTATGATGCAGATATGGCCTG-3’

LC3 5'-AAGATCCCAGTGATTATAGAGCGA-3'
5'-TTCCTCCTTTCACAGAATTATTCCA-3’
5'-CTTTCTGGTGCTTGTCTCACTGA-3’

Cyclophilin A
B2-Microglobulin

5'-CAGTTCCGAATATACTGGGAC-3'
5'-GCTCCTCAGTTTTAGTCTCTTCATCTGTA-3'
5'-ATATTGGCCACTGTTACCAC-3'
5'-ATTGCTGTCCCGAATGTCTC-3'
5'-CCGCCAGTGCCATTATGG-3'
5'-GTATGTTCGGCTTCCCATTCTC-3’
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Figure 1. Morphological and functional changes in the starved intestine. A: H&E staining of ileum from control (left panel) and starved (right panel) mice
showed no apparent changes in intestinal architecture. B: Villus length and crypt depth were similar in the ileum of starved mice compared with controls. C:
Assessment of ileal permeability demonstrated a significant increase in plasma 4.4-kDa FITC-dextran of starved mice compared with controls. *P < 0.05. The
histological features are representative for all tissue samples studied (7 = 15 per group).

SEM. Differences were considered statistically signifi-
cant at P < 0.05.

Results

Morphological and Functional Changes in the
Starved Intestine

First, the overall effects of enteral starvation on intestinal
morphological characteristics and integrity were as-
sessed. H&E staining of ileal sections showed no appar-
ent changes in small-intestinal structure after 48 hours of
food deprivation (Figure 1A). Villus length and crypt
depth did not differ between control and starved mice
(Figure 1B). However, the intestinal permeability of
starved mice, as assessed by measuring the systemic
plasma concentration of intraluminally injected 4.4-kDa
FITC-dextran, was significantly increased compared with
controls (Figure 1C, P < 0.05).

Decreased mRNA and Protein Expression of
Paneth Cell Antimicrobials in Response to
Starvation

To investigate the influence of starvation on Paneth cells,
the expression of Paneth cell antimicrobials in the mouse
ileum was assessed at both transcriptional and transla-
tional levels. First, IHC data showed intense staining for
lysozyme in Paneth cell granules of control mouse ileum,
whereas reduced Paneth cell lysozyme staining was ob-
served in the ileum of starved mice (Figure 2A). These
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results were confirmed by Western blot analysis (Figure
3, A and B), in which constitutive expression of lysozyme
was observed in ileum of unfasted mice. In contrast, food
deprivation led to a significantly decreased lysozyme
expression (P < 0.01). Corresponding results were ob-
tained by gPCR, which also showed significant reduction
in lysozyme mRNA expression in starvation (Figure 3C,
P < 0.01). In mice, two forms of lysozyme are expressed,
one being specific for the intestine and, in particular, the
Paneth cell (lysozyme P) and the other being expressed
in neutrophils and macrophages (lysozyme M)."92° The
antibody used was generated against lysozyme P but
cross-reacts with lysozyme M.2° However, the results
obtained by Western blot and gPCR analyses reflect
changes in Paneth cell-produced lysozyme because no
difference in PMN or macrophage presence was de-
tected, as illustrated by the IHC data on lysozyme. To
gain more insight into this changed lysozyme expression
in Paneth cells, the number of Paneth cells in crypts of
starved mice was compared with the number of Paneth
cells present in crypts of control mice. Quantification of
Paneth cells revealed equal numbers in the ileum of both
starved and control groups (Figure 2B), excluding the
possibility that the observed decrease in lysozyme ex-
pression in Paneth cells was caused by reduced cell
numbers. Next, we investigated the expression of other
important antimicrobial proteins expressed by Paneth
cells. Western blot data for Regllly, which is represented
by two bands on Western blot analysis (a high-molecular-
weight precursor form of approximately 16.5 kDa and a
functionally active low-molecular-weight form of 15 kDa),?’
showed that expression of the inactive precursor form

150 Figure 2. Starvation results in decreased ly-
sozyme expression in Paneth cells. A: THC for
lysozyme in ileum from control (left panel)
versus starved (right panel) mice showed re-
duced expression of lysozyme in Paneth cells
from fasted animals. Insets: Magnifications of
single crypts from both control and starved
mice. B: The number of Paneth cells per crypt in
50 the ileum of starved and control mice showed
no difference. The histological features are rep-
resentative for all tissue samples studied (2 = 15
per group).
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Figure 3. Protein and mRNA levels of Paneth cell antimicrobial proteins are
decreased after 48 hours of starvation. A: Western blot analysis showed
decreased band density for lysozyme (15 kDa) and the precursor (P) form of
Regllly (16.5 kDa) in the ileum of starved mice compared with control mice,
whereas no change was observed in the active form (A) of Regllly (repre-
sentative bands of three mice per group are shown). B-Actin was used to
correct for equal protein loading (12 = 12 per group). B: Quantification of
Western blots demonstrated a significant decrease in both lysozyme (*P <
0.01) expression and expression of the precursor form of Regllly (**P <
0.05). C: qPCR analysis showed a 2.5-fold decrease in lysozyme gene ex-
pression (*P < 0.01), a 2.7-fold decrease in gene expression of Regllly (*P <
0.05), and a twofold decrease in cryptdin (**P < 0.05) gene expression after
starvation (z = 15 per group). D: Immunofluorescence for Regllly in ileum
from control (left panel) versus starved (right panel) mice showed an
overall reduced expression of Regllly in fasted animals, as well as in Paneth
cells specifically. Insets: Magnifications of single crypts from both control
and starved mice. The histological features are representative for all tissue
samples studied (7 = 15 per group).

was significantly reduced on fasting (P < 0.05), whereas
expression of the active form remained unaffected (Fig-
ure 3, A and B). gPCR results showed lowered mRNA
transcription of the Regllly gene (P < 0.05), confirming
decreased Regllly protein levels. To relate Regllly results
to Paneth cells, as it is also expressed by other entero-
cytes, we performed immunofluorescent staining (Figure
3D). The ileum from control mice showed expression of
Regllly in both enterocytes, at the transition of crypt to
villus, and Paneth cells. In starved mice, the expression of
Regllly was reduced in all cells expressing this protein.
Finally, we assayed the expression of cryptdin, which is
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exclusively produced by Paneth cells. gPCR analysis of
cryptdin showed significantly decreased mRNA expression
(P < 0.05) after 48 hours of starvation (Figure 3C). Together,
these findings signify an inability of Paneth cells to maintain
antimicrobial levels during starvation.

Autophagy and Granule Abnormalities in Paneth
Cells of Starved Mice

Because starvation is associated with the occurrence of
autophagy, a process that is involved in the formation of
Paneth cell secretory granules,® we next studied Paneth
cells by EM, the gold standard to assess autophagy. EM
revealed the presence of dark c-shaped structures in the
cytoplasm, corresponding to late degradative au-
tophagolysosomes (Figure 4A).23 Similar structures were
occasionally seen in control mice but at a much lower
abundance. Furthermore, enhanced mRNA levels of LC3
(P < 0.01), important in the formation of the autophago-
somes, and a trend toward an increase in the ratio be-
tween phosphatidylethanolamine-conjugated LC3 (LC3-
[I) and LC3-I (P = 0.10) confirmed this result (Figure 4, B
and C).

In addition, ultrastructural analysis of Paneth cells by
EM also revealed abnormalities in the morphological
characteristics of Paneth cell granules. The peripheral
electron-lucent halo surrounding the electron-dense core
of granules in Paneth cells of starved mice differed from
granule conformation of control mice. In starved mice,
instead of the usually round delineated continuous halo
(Figure 5A), the halo was disturbed and often showed
interrupted droplet-like structures at the outer periphery
of the granules (Figure 5A). The peripheral halo of Paneth
cell granules mainly contains O-linked oligosaccharides
with N-acetyl-galactosamine and N-acetyl-p-glucosa-
mine residues and N-linked oligosaccharides with
N-acetyl-p-glucosamine residues, which are easily de-
tected by T. wulgaris lectin.?* Staining with this lectin
showed less intense staining and aberrant granule mor-
phological characteristics, suggesting alterations in the
oligosaccharide composition to be present in starved
mice compared with control mice (Figure 5B).

Increase in Bacterial Translocation to MLNs on
Starvation

Finally, considering the importance of Paneth cells in
the defense of the small intestine against bacterial
invasion,® we examined the consequences of starva-
tion on the occurrence of bacterial translocation. As
shown in Figure 6, a twofold increase in colony-forming
units per gram of MLN tissue (P < 0.01) was observed
in starved mice. These results indicate that, on Paneth
cell dysfunction, caused by starvation, bacteria are
able to invade host tissue.

Discussion

Paneth cells play an important physiological role in main-
taining the barrier of the small intestine. First, they are
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Figure 4. Autophagy in Paneth cells of starved mice. A: Electron microscopy showed the presence of late degradative autophagosomes (white arrowheads).
G, granule; L, lumen; N, nucleus. B: qPCR showed a significant increase in LC3 gene expression in the small intestine of starved mice. *P < 0.01. C: Quantification
of band density of phosphatidylethanolamine-conjugated LC3 (LC3-1D and LC3-1, as assayed by using Western blot analysis, revealed a trend for an increase in

the LC3-1I/LC-I ratio. P = 0.10.

indispensable in crypt survival, providing essential niche
signals to stem cells.?® Second, they are crucial in small-
intestinal immunity by sensing and responding to enteric
bacteria, protecting stem cells and limiting penetration of
the intestinal wall by both commensal and pathogenic
bacteria.® To this end, Paneth cells produce and secrete
cytoplasmic granules containing a battery of antimicro-
bial proteins.?®

Control

Because enteral starvation and the use of total paren-
teral nutrition result in bacterial translocation in critically ill
patients, ' we hypothesized that the absence of oral food
intake compromises Paneth cell functionality and its role
in gut protection. Our results, which demonstrate mor-
phological abnormalities in Paneth cells and a defect in
Paneth cell antimicrobial protein production, support this
hypothesis.

Starved

Starved

Figure 5. Granule morphological features and composition is aberrant in Paneth cells of starved mice. A: Electron microscopy revealed changes in the
electron-lucent halo of granules in Paneth cells of starved mice (right panel, magnification, black arrowheads) compared with control mice (left panel,
magnification, white arrowheads). The dashed lines demarcate Paneth cells. G, granule; L, lumen; N, nucleus (2 = 3 per group). B: Staining with lectin
T. vulgaris showed less intense staining and aberrant granule morphological features in Paneth cells of starved mice (1 = 15 per group). Images are representative

for all tissue samples studied.
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Figure 6. Enhanced bacterial translocation to the MLNs in starved mice.
Bacterial translocation to MLNs is significantly elevated in mice with de-
creased lysozyme staining after 48 hours of starvation compared with con-
trols [59.1 = 10.8 versus 125.1 £ 9.9 colony-forming units per gram (CFU/g)
of MLNs]. *P < 0.01 (n = 10 per group).

Herein, we show that Paneth cells of starved mice
display aberrant granules, with changes in their compo-
sition. Recently, mice deficient in ATG16L1 or ATG5 pro-
tein, important in the formation and proper subcellular
localization of the autophagosome,?” showed substantial
structural abnormalities in Paneth cells and their gran-
ules. More specifically, the Paneth cell granule number
was decreased, and Paneth cells showed distorted pack-
aging and exocytosis of their granules. These results
suggest a specific physiological role for autophagy in
regulating the development and secretion of Paneth cell
granules.®® Apart from its physiological function, au-
tophagy can also be induced on starvation as an adap-
tive response that recycles macromolecules to provide
nutrients and energy essential for survival.''='3 Interest-
ingly, Paneth cells of starved mice showed increased
induction of autophagy. We hypothesize that the deviant
granules in Paneth cells of starved mice may be caused
by induction of autophagy on starvation in an attempt to
maintain vital cellular functions at the expense of the
physiological function of autophagy (namely, the regula-
tion of Paneth cell granule development). Starvation
could, however, also affect other players that are impor-
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tant in the maintenance of mucosal homeostasis and
Paneth cell physiological features. For example, com-
mensal bacteria and their products are shown to induce
a protective response to maintain epithelial homeosta-
sis.?® A change in microbial composition, as occurs in
starvation,?® could, therefore, reflect on the crucial bal-
ance maintained in the intestine and on Paneth cells
that are influenced by microbiota and their products.?
Finally, starvation-induced changes could be caused
by the loss of energy itself or the absence of nutritional/
bulk stimulation.

Next to changes in granule morphological character-
istics, our study revealed that protein expression of ly-
sozyme and the precursor form of Regllly were signifi-
cantly lowered in the mouse ileum after 48 hours of food
deprivation. However, the expression of the functionally
active form of Regllly did not differ between control and
starved mice. Because the precursor form showed re-
duced expression levels, prolonged starvation may also
exhaust the supply of active Regllly in this model. More-
over, mRNA expression of all three antimicrobials studied
was lowered in the ileum of the food-deprived group. In
addition, no difference in Paneth cell number was ob-
served in starved mice, demonstrating that the de-
creased expression of antimicrobial proteins was not
caused by reduced cell numbers. Although autophagy
generates new constituents to maintain cellular homeo-
stasis, the deficit may not completely be abrogated, re-
sulting, in this case, in hampered production of proteins
less important in cell survival. Altogether, these data in-
dicate that Paneth cells become dysfunctional during
fasting, with a reduced capacity to transcribe antimicro-
bial genes and, correspondingly, hampered production
of antimicrobial proteins. Next to Paneth cell malfunction,
through decreased expression of antimicrobial proteins,
we observed enhanced permeability, as assayed by
FITC-dextran and translocation of microbiota to MLNSs.
The former could be both a result of the enhanced trans-
location of bacteria and impaired Paneth cell a-defensin
release, resulting in IL-1B8-induced enhanced permeabil-
ity.3°732 We have previously shown the additive effect of
deviant Paneth cell function on the occurrence of bacte-
rial translocation in situations of physical intestinal barrier
loss.* These findings are in agreement with those of a
previous study on Paneth cell function in vivo, in which
Vaishnava et al® elegantly showed the crucial role of
Paneth cells in limiting translocation of commensal and
pathogenic bacteria across the intestinal barrier in a Pan-
eth cell ablation model. In addition, Nieuwenhuis et al®®
associated Paneth cell granule abnormalities with altera-
tions in the composition of the intestinal microbiota and
bacteria that moved into close proximity with epithelial
cells.

Although Paneth cells are the main producers of anti-
microbial proteins in the intestine, other cells and mech-
anisms contribute to the maintenance of the intestinal
barrier. Goblet cells also produce antibacterial products
and, more important, mucus. Even if no changes in num-
ber of goblet cells occurred in starvation,'®2* possible
compromised goblet cell protein production could still
contribute to starvation-associated changes. In addition,
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in line with our results, Goldberg et al showed a decrease
in alkaline phosphatase and a reduction in lipopolysac-
charide-dephosphorylating activity in the gut of mice
starved for 48 hours,3® showing that other factors aimed
at protecting the intestine from bacterial invasion are
compromised.

In conclusion, the current study demonstrates that,
during enteral starvation, Paneth cell function is compro-
mised, reflected by diminished antimicrobial protein pro-
duction and aberrant Paneth cell morphological features,
presumably because of the induction of processes aimed
at cell survival. This improved insight into the interaction
between starvation and the intestinal immune barrier sup-
ports the restricted use of a total parenteral nutrition reg-
imen in critically ill patients.
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