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Loss of intestinal integrity has
been implicated in the develop-
ment of inflammatory compli-
cations, including respiratory

dysfunction, organ damage, and sepsis

(1– 4). Based on these experimental
findings, preservation of gut wall integ-
rity is considered a potential target for
therapies aimed at preventing excessive
inflammation in surgical and critical
care settings.

Increased gut wall permeability, en-
terocyte damage, and local intestinal in-
flammation are regarded as crucial inter-
related events that transform the
intestine into a proinflammatory organ
(5). A growing number of studies demon-
strate that a decrease in gut barrier func-
tion occurs also in several patient groups
(6 –10). Furthermore, the associations
that were established between the level of
enterocyte damage in septic patients and
poor clinical outcome indicate that
events in the gut wall may be of extra-
intestinal significance (11, 12). Recently,
evidence was provided that intestinal ep-
ithelial damage is an early event in sur-
gical and trauma patients that is related
to the subsequently developing systemic
inflammatory response and the occur-

rence of complications (13, 14). These
clinical observations support the impor-
tance of preserving early intestinal integ-
rity under certain surgical conditions as a
potential target for antiinflammatory
therapies. To test the direct effects of
novel therapies on various aspects of in-
testinal integrity and local inflammation,
animal models provide a straightforward
approach.

A novel and promising means to con-
trol the acute inflammatory response is
administration of lipid-rich enteral nutri-
tion. Previously, we showed that lipid-
rich nutrition activates the autonomic
nervous system through activation of
cholecystokinin-receptors (CCK-r) (15).
Cytokine release is subsequently inhib-
ited through activation of nicotinic re-
ceptors on inflammatory cells through
the vagus nerve (15–17). Also, several or-
gans, including the intestine, were
strongly protected after either pre- or
posttreatment with lipid-rich nutrition
(15, 18, 19).

*See also p. 1608.
From the Department of Surgery (JJDH, GT, TL, MH,

KR, EH, JWMG, WAB), Maastricht University Medical Cen-
ter & NUTRIM School for Nutrition, Toxicology and Me-
tabolism, Maastricht, The Netherlands; Department of
Surgery (EH), University Medical Center Groningen, Gro-
ningen, The Netherlands; and Department of Surgery
(JWMG), Atrium Medical Center, Heerlen, The Netherlands.

Supported by Danone Research, Centre for Spe-
cialized Nutrition, Wageningen, The Netherlands. TL
was granted AGIKO-stipendium 920-03-522 by The
Netherlands Organization for Health Research and
Development.

Drs. de Haan and Thuijls contributed equally to this
study.

The authors have not disclosed any potential con-
flicts of interest.

For information regarding this article, E-mail:
W.Buurman@ah.unimaas.nl

Copyright © 2010 by the Society of Critical Care
Medicine and Lippincott Williams & Wilkins

DOI: 10.1097/CCM.0b013e3181e2cd4d

Objective: Early gut wall integrity loss and local intestinal
inflammation are associated with the development of inflamma-
tory complications in surgical and trauma patients. Prevention of
these intestinal events is a potential target for therapies aimed to
control systemic inflammation. Previously, we demonstrated in a
rodent shock model that lipid-rich enteral nutrition attenuated
systemic inflammation and prevented organ damage through a
cholecystokinin receptor-dependent vagal pathway. The influence
of lipid-rich nutrition on very early intestinal compromise as seen
after shock is investigated. Next, the involvement of cholecysto-
kinin receptors on the nutritional modulation of immediate gut
integrity loss and intestinal inflammation is studied.

Design: Randomized controlled in vivo study.
Setting: University research unit.
Subjects: Male Sprague-Dawley rats.
Interventions: Liquid lipid-rich nutrition or control low-lipid

feeding was administered per gavage before hemorrhagic shock.
Cholecystokinin receptor antagonists were used to investigate
involvement of the vagal antiinflammatory pathway.

Measurements and Main Results: Gut permeability to horse-
radish peroxidase increased as soon as 30 mins postshock and

was prevented by lipid-rich nutrition compared with low-lipid
(p < .01) and fasted controls (p < .001). Furthermore, lipid-rich
nutrition reduced plasma levels of enterocyte damage marker
ileal lipid binding protein at 60 mins (p < .05). Early gut barrier
dysfunction correlated with rat mast cell protease plasma con-
centrations at 30 mins (rs � 0.67; p < .001) and intestinal
myeloperoxidase levels at 60 mins (rs � 0.58; p < .05). Lipid-rich
nutrition significantly reduced plasma rat mast cell protease (p <
.01) and myeloperoxidase (p < .05) before systemic inflammation
was detectable. Protective effects of lipid-rich nutrition were
abrogated by cholecystokinin receptor antagonists (horseradish
peroxidase; p < .05 and rat mast cell protease; p < .05).

Conclusions: Lipid-rich enteral nutrition prevents early gut
barrier loss, enterocyte damage, and local intestinal inflammation
before systemic inflammation develops in a cholecystokinin re-
ceptor-dependent manner. This study identifies activation of the
vagal antiinflammatory pathway with lipid-rich nutrition as a
potential therapy in patients prone to develop a compromised gut.
(Crit Care Med 2010; 38:1592–1597)
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The current study investigates the im-
pact of lipid-rich enteral nutrition on the
condition of the intestine early after hem-
orrhagic shock. For this, a rodent model
was used in which previously early dis-
ruption of epithelial cell cytoskeleton and
tight junctions was reported (20). Next,
the involvement of the CCK-r-mediated
vagal antiinflammatory pathway in the
effects of lipid-rich nutrition on early in-
testinal compromise was determined.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats,
weighing 300–350 g, were purchased from
Charles River Laboratories (Maastricht, The
Netherlands) and housed under controlled
conditions of temperature and humidity. Be-
fore the experiments, rats were fed standard
rodent chow ad libitum and had free access to
water. The experimental protocols were ap-
proved by the Animal Ethics Committee of the
Maastricht University Medical Center.

Experimental Design and Procedures.
Nonlethal hemorrhagic shock was induced as
previously described (18). In short, rats were
anesthetized with isoflurane (induction 4%,
maintenance 1.5% until kill) and bupivacaine
was used for analgesia. Anesthetized animals
were placed on a heating pad (Gaymar, New
York, NY) to maintain body temperature at
37°C. The femoral artery was cannulated with
polyethylene tubing (PE-10) containing hepa-
rinized saline (10 IU/mL), which was con-
nected to a computer-assisted external pres-
sure transducer (Kent Scientific, Torrington,
CT). After 30 mins of acclimatization, 2.1 mL
blood/100 g of body weight was withdrawn
(representing 30–40% of the circulating vol-
ume) at a rate of 1 mL/min.

The severity of shock was reflected by pro-
found alterations in mean arterial pressure
(99 � 4 mm Hg vs. 28 � 2 mm Hg at 10 mins
postshock) and heart rate (383 � 11 beats/min
vs. 240 � 14 beats/min). These changes were
comparable with our previous studies with the
shock model (20, 21). No differences were ob-
served between fasted animals and interven-
tion groups. Animals were killed at 30, 60, or
90 mins after shock (Fig. 1). Each study group
consisted of six animals. To determine pre-
shock values of intestinal integrity and inflam-
mation, fasted or fed groups were killed with-
out operative procedures.

Before shock, rats were either fasted over-
night or received liquid lipid-rich or low-lipid
feeding (both 1.3 kcal/mL) per gavage at time
points displayed in Figure 1. The lipid-rich
diet contained 50.4 energy percent (en%) fat,
of which 30% constituted of phospholipids,
8.7en% protein, and 40.9en% carbohydrates.
The low-lipid control nutrition contained
16.0en% fat, 8.7en% proteins, and 75.3en%
carbohydrates. The protein and carbohydrate
composition of the two feedings was identical.

The amount of fat in the control nutrition was
isocaloric to that present in standard rodent
chow and the lipid-rich nutrition was isoca-
loric and isonitrogenous to the control nutri-
tion. In both feeding regimens, animals re-
ceived a total of 5.9 kcal, which is equivalent
to 10–12% of their daily caloric intake. The
response to shock of animals with unrestricted
access to standard rodent chow is comparable
with animals receiving low-lipid nutrition per
gavage (not shown).

To investigate CCK-r involvement in the
nutritional effects on early intestinal compro-
mise, antagonists to the CCK-1 receptor,
Devazepide, and the CCK-2 receptor, L365,260
(both 500 �g/kg), were administered intra-
peritoneally 25 mins before shock induction in
lipid-rich-fed animals. Devazepide and
L365,260 (kind gifts from ML Laboratories
PLC, Nottingham, UK) were dissolved in 90%
saline, 5% Tween 20, and 5% DMSO.

Intestinal Permeability. Intestinal perme-
ability was assessed by an ex vivo everted sac
method. Segments of 8 cm terminal ileum
(distal end is located at 5 cm of the ileocecal
valve) were washed, everted, and filled with 1
mL of Tris buffer (125 mmol/L NaCl, 10
mmol/L fructose, 30 mmol/L Tris; pH 7.5) and
ligated at both ends. The filled segments were
incubated in Tris buffer containing 40 �g/mL
of the 44 kD enzyme horseradish peroxidase
(HRP) (Sigma, St Louis, MO). After incubation
at room temperature for 45 mins, ileal content
was carefully collected. HRP activity was mea-
sured spectrophotometrically at 450 nm after
addition of tetramethylbenzidine as a substrate.

Western Blot. The amount of protein in
extracts from isolated rat esophagus, stomach,
jejunum, ileum, colon, liver, spleen, kidney,
heart, and lung was determined with the Brad-
ford method (Biorad, Hercules, CA). Next, ali-
quots with equal protein amounts were made.
Aliquots were heated at 100°C for 5 mins in
sodium dodecyl sulphate sample buffer, sepa-
rated on sodium dodecyl sulphate–polyacryl-
amide gels, and transferred to polyvinylidene
fluoride membrane (Immobilin P; Millipore,
Bedford, MA). After transfer of proteins, a
blocking step was performed in Tris-buffered
saline with 5% nonfat dry milk and 0.05%

Tween. Membranes were probed with 1 �g/mL
rabbit antihuman ileal lipid-binding protein
(ILBP) that crossreacts with rat (22) in Tris-
buffered saline 0.05% Tween. After incubation
with 0.1 �g/mL goat antirabbit HRP-conju-
gated secondary antibody (Hycult Biotech,
Uden, The Netherlands), the signal was de-
tected by chemiluminescence on film.

Immunohistochemistry. Localization of
ILBP was investigated by immunohistochem-
istry performed on 3-�m paraffin sections of
esophagus, stomach, jejunum, ileum, colon,
liver, spleen, kidney, heart, and lung. Slides
were deparaffinized and blocked for endoge-
nous peroxidases. Nonspecific binding sites
were blocked with 5% bovine serum albumin.
All incubation steps were performed at room
temperature. Sections were incubated for 50
mins with 1 �g/mL rabbit antimouse ILBP
crossreacting with rat (Hycult Biotech).
Thereafter, sections were incubated for 30
mins with 2 �g/mL biotin-labeled swine anti-
rabbit IgG conjugate (Dako, Glostrup, Den-
mark) followed by 30 mins incubation with
AB-complex and 3-amino-9-ethylcarbazole
staining. Nuclear staining was performed with
hematoxylin. Pictures were taken using the
Metasystems Image Pro System (black and
white charge-coupled device camera; Metasys-
tems, Sandhausen, Germany) mounted on a
Leica DM-RE microscope (Leica, Wetzler, Ger-
many). Images were taken at equal time expo-
sures after being normalized to negative control
sections without primary antibody to exclude for
nonspecific binding of the secondary antibody or
autofluorescence. At least 25 microscopic fields
for each tissue section were examined.

Enzyme-Linked Immunosorbent Assay.
Intestinal cell damage was detected by mea-
suring levels of ILBP (synonym, I-BABP) in
arterial blood using a standard enzyme-linked
immunosorbent assay (ELISA) for rat ILBP
(Hycult Biotech). Mast cell degranulation was
assessed in plasma with a Rat Mast Cell Pro-
tease II (RMCP II) ELISA (Moredun, Mid-
lothian, UK). Myeloperoxidase (MPO) was as-
sessed as described previously (18). Systemic
inflammation was determined by measuring
tumor necrosis factor-� (TNF-�) and interleu-
kin-6 (IL-6) concentrations in arterial blood
using standard ELISA for rat TNF-� and rat

Figure 1. Experimental design. Rats were food-deprived (FD) 18 hrs before induction of shock and
killed at 30, 60, or 90 mins postshock. A liquid lipid-rich or low-lipid enteral nutrition was adminis-
tered at �18 hrs, �2 hrs, and �45 mins. Cholecystokinin receptor antagonists (CCK-ra) were given
25 mins before shock.
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IL-6 (R&D Systems, Minneapolis, MN). Detec-
tion limits for TNF-� and IL-6 were 30 pg/mL
and 10 pg/mL, respectively.

Statistical Analysis. For between-group
comparisons, a two-tailed Mann-Whitney U
test was used. Differences were considered sta-
tistically significant at p � .05. The results of
the HRP permeability test and ILBP ELISA are
represented as median, 25th percentile, and
75th percentile. For RMCP II and MPO con-
centrations and data obtained with CCK-r an-
tagonists, also the range is displayed. The me-
dian, 25th percentile, and 75th percentile of
TNF-� and IL-6 are given in the text. Spear-
man’s correlation was used to assess the asso-
ciation between intestinal permeability and lo-
cal intestinal inflammation. Prism 5.02 for
Windows (GraphPad Software, San Diego, CA)
was used for computations.

RESULTS

Rapid Increase of Ileal Permeability
After Hemorrhagic Shock Is Prevented by
Lipid-Rich Nutrition. As soon as 30 mins
after shock, a significant increase of HRP
leakage was observed compared with pre-
shock conditions (p � .01; Fig. 2). Gut
permeability further increased at 60 mins
(p � .01). Lipid-rich nutrition reduced
ileal leakage of HRP in comparison with
low-lipid nutrition (p � .01) and fasted
animals (p � .001) at 30 mins postshock.
Also, low-lipid nutrition reduced ileal
barrier loss compared with fasting (p �
.05). In all intervention groups, gut wall
permeability further increased at 60 mins
after shock. Also at this time point, gut
permeability to HRP was decreased in lip-
id-rich-treated animals compared with
low-lipid (p � .01) and fasted controls
(p � .001).

Lipid-Rich Nutrition Reduces Shock-
Induced Enterocyte Damage. A specific
marker for ileal cell damage in humans is
ILBP (23). We investigated the expression
of ILBP in the digestive tract, liver,
spleen, kidneys, heart, and lungs of
healthy rats. Western blot analysis
showed selective presence of ILBP in il-
eum, whereas the protein was not de-
tected in the other organs (Fig. 3A). The
specific localization of ILBP in ileum was
confirmed by immunohistochemistry
(Fig. 3C; other organs not shown). The
presence of ILBP was restricted to the
upper part of the villi; no expression was
observed in crypts or muscular layers.
These findings identify ILBP as a specific

marker of differentiated ileal enterocytes
in rats.

After onset of shock, ILBP plasma con-
centrations remained close to preshock
levels at 30 mins (Fig. 3B). A significant
increase of ILBP in plasma was observed
at 60 mins vs. preshock values (p � .01).
Elevated plasma ILBP levels coincided
with a decreased ILBP expression in rat
ileal enterocytes (Fig. 3B–C).

Enterocyte damage was significantly
reduced by lipid-rich nutrition at 60 mins
postshock compared with fasted animals
(p � .05) and a protective trend was seen
in comparison with low-lipid feeding
(p � .07; Fig. 3B). Immunohistochemis-
try showed that decreased ILBP plasma

Figure 3. Early ileal cell damage is prevented by lipid-rich nutrition. A, Western blot revealed presence
of ileal lipid binding protein (ILBP) in ileum and absence in other segments of the gastrointestinal
tract. Furthermore, ILBP was not detected in liver, spleen, kidney, heart, or lung. B, Plasma ILBP
levels representing epithelial damage in ileum were strongly increased at 60 mins after shock
compared with preshock. Lipid-rich feeding significantly reduced circulatory ILBP levels compared
with fasting. †p � .01 compared with preshock and #p � .05 vs. fasting. C, Staining of ILBP (red) in
ileum of healthy animals indicated presence specifically at the location of maturated enterocytes,
whereas ILBP was not observed in crypts and submucosa. Nuclei were stained with hematoxylin (blue).
Preserved enterocyte ILBP expression was observed in terminal ileum of lipid-rich-treated animals
compared with fasted animals at 60 mins.

Figure 2. Intestinal barrier dysfunction develops
rapidly after shock and is prevented by lipid-rich
feeding. At 30 and 60 mins postshock, ileal per-
meability to horseradish peroxidase (HRP) was
significantly elevated compared with preshock
values. Pretreatment with lipid-rich nutrition
significantly reduced HRP leakage compared
with low-lipid and fasted animals at both time
points. †p � .01 vs. preshock, *p � .01 vs. with
low-lipid feeding, #p � .05 vs. fasting.
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values in lipid-rich treated rats paralleled
the prevention of ILBP loss in ileal en-
terocytes in comparison with fasted con-
trols (Fig. 3C).

Early Progress of Local Inflammation
Is Reduced By Lipid-Rich Nutrition. Mast
cell-derived RMCP II, a protease abun-
dantly expressed in intestinal mucosal
mast cells (24), is undetectable in plasma
under physiological circumstances. As
early as 30 mins after shock, enhanced
RMCP II levels were detected in fasted
animals (Fig. 4A). Treatment with lipid-
rich feeding decreased RMCP II levels sig-
nificantly (p � .01). Also low-lipid nutri-
tion lowered mast cell degranulation
compared with fasting (p � .05). At 60
mins, circulating RMCP II values of all
groups had returned to preshock concen-
trations (data not shown).

Ileal tissue levels of MPO were used as
a measure for neutrophilic granulocyte
infiltration. Although traces of MPO can
also be found in monocytes and specific
resident macrophages (25), an increase of
tissue MPO levels is considered represen-

tative of neutrophil influx (26). MPO con-
centrations were undetectable in healthy
animals and at 30 mins (data not shown).
At 60 mins, a strong increase of ileal MPO
was observed in fasted animals (Fig. 4B).
Treatment with lipid-rich feeding signif-
icantly reduced MPO levels compared
with fasted animals (p � .05).

Gut Barrier Loss Early After Shock Is
Related to the Development of Local In-
testinal Inflammation. The crosstalk be-
tween loss of barrier integrity resulting in
penetration of luminal contents and the
early local inflammatory response is con-
sidered to contribute cumulatively to the
development of systemic inflammation
(5). We studied the relation between gut
wall permeability to HRP and markers of
local inflammation. At 30 mins, HRP
leakage and RMCP II plasma levels corre-
lated positively (rs � 0.67, p � .001; Fig.
5A). In addition, a correlation was found
between ileal permeability and MPO lev-
els in ileum at 60 mins (rs � 0.58, p �
.05; Fig. 5B).

Systemic Inflammation Develops at a
Later Stage. TNF-� and IL-6 were mea-
sured to confirm that early loss of intes-
tinal compromise precedes the develop-
ment of systemic inflammation. Whereas
TNF-� and IL-6 could not be detected at
30 mins, concentrations surpassed the
detection limit in 17% (four of 18) and
56% (ten of 18) of the animals at 60 mins,
respectively. Conforming with previous
findings, at 90 mins, lipid-rich nutrition
significantly reduced inflammation com-
pared with low-lipid (66 [range, 49–72]
pg/mL vs. 101 [range, 83–124] pg/mL,
p � .05) and fasted animals (272 [range,
214–315] pg/mL, p � .01) (15). Similar
data were obtained with IL-6 (lipid-rich:
43 [range, 32–54] pg/mL vs. low-lipid:
104 [range, 89 –119] pg/mL, p � .05
and fasted: 164 [range, 139–176] pg/mL,
p � .01).

Cholecystokinin Receptors Mediate
the Early Gut-Preserving Effects of Lipid-
Rich Nutrition. Antagonists to CCK-r
were administered to investigate the in-
volvement of the vagal antiinflammatory
pathway in the preservation of gut ho-
meostasis in the early phase after shock.
The protective effects of lipid-rich nutri-
tion on intestinal permeability to HRP at
30 mins were abrogated by CCK-r antag-
onists (p � .05; Fig. 6A). In line, CCK-r
blockage prevented the decrease of mast
cell degranulation observed in lipid-rich-
treated animals (p � .05; Fig. 6B).

DISCUSSION

Experimental and clinical findings
identified preservation of intestinal integ-
rity as a potential target for interventions
directed at control of excessive inflamma-
tion and improvement of clinical out-
come after major surgery or severe
trauma (1–4, 13, 14). We provide evi-
dence that lipid-rich enteral nutrition
limits the development of enterocyte
damage, ameliorates gut barrier function,
and reduces local intestinal inflammation
shortly after shock.

Splanchnic hypoperfusion is consid-
ered to be crucial in the development of
intestinal compromise (11, 13, 27).
Therefore, in the current study, a model
of hemorrhagic shock was selected in
which perfusion of mesenteric organs is
known to be severely restricted (27, 28).
Previously, in this model, early disrup-
tion of the enterocyte cytoskeleton and
interconnecting tight junctions was
shown (20). Because an intact epithelial
lining is vital for gut barrier maintenance

Figure 4. Mast cell degranulation and neutrophil influx occur early postshock and are suppressed by
lipid-rich nutrition. A, Administration of lipid-rich feeding reduced mast cell degranulation assessed
as plasma rat mast cell protease (RMCP) II at 30 mins compared with fasting. Also, low-lipid feeding
significantly reduced mast cell degranulation. B, Tissue myeloperoxidase levels in ileum were signif-
icantly decreased at 60 mins after shock in lipid-rich treated animals compared to fasted controls. #p �
.05 vs. fasting.

Figure 5. Early loss of gut barrier function correlates with development of local inflammation. A,
Horseradish peroxidase (HRP) leakage through ileal wall and rat mast cell protease (RMCP) II levels
in plasma correlate positively at 30 mins after shock (rs � 0.67, p � .001). B, At 60 mins after
hemorrhage, gut wall permeability correlates with myeloperoxidase concentrations in ileum (rs �
0.58, p � .05).
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(29), gut wall integrity loss and intestinal
inflammation were assumed to develop
early after shock.

In line with clinical studies showing
rapid development of intestinal cell dam-
age after severe trauma and nonabdomi-
nal surgery (13, 14), in the current study,
ileal cell damage was detected within 1 hr
after shock. Enterocyte damage was de-
fined as increased plasma levels of ILBP,
an ileum-specific bile acid transporter
confined to mature enterocytes (22, 23,
30). Next to epithelial cell damage, also
gut wall permeability increased rapidly
after shock. Loss of intestinal integrity
may result in increased exposure of the
immune apparatus to endogenous and
exogenous proinflammatory signals, thus
contributing to a local inflammatory re-
sponse (1, 29). In accordance, we demon-
strate a correlation between intestinal
barrier dysfunction and increased levels
of local inflammatory markers before sys-
temic inflammation developed.

Lipid-rich nutrition significantly pre-
vented the development of barrier dys-
function and enterocyte damage. Previ-
ously, lipid-rich nutrition was identified
as a potent stimulator of the autonomic
nervous system through activation of
CCK-r (15). In accordance, the protective
impact of lipid-rich nutrition can be
mimicked by administration of pegylated
CCK (31). We show, using CCK-r antag-
onists, that the vagus-mediated pathway
underlies the effects of lipid-rich nutri-
tion on early gut compromise before sys-
temic inflammation develops. The cur-
rent study indicates that the intestine
may be an early and vital target organ for
activation of the vagal pathway with lipid-
rich nutrition.

Enhanced plasma levels of mast cell
degranulation marker RMCP II were
shown rapidly after shock. An important

consequence of intestinal mucosal mast
cell activation is increased gut wall per-
meability (24, 32–34). Vice versa, the in-
flux of microbes and toxins as a result of
increased intestinal permeability may in-
duce mast cell activation (33). In line, the
current study shows that plasma RMCP II
levels correlate with early dysfunction of
the intestinal barrier. Another important
effect of mast cell degranulation is en-
hanced influx of neutrophils in damaged
tissue by vascular leakage (35). In this
study, neutrophil influx in ileum was ob-
served 1 hr after shock. Administration of
lipid-rich nutrition strongly decreased
mast cell activation and ileal levels of
MPO. Although mast cells are important
regulators of neutrophil influx, in the
current study, it could not be excluded
that lipid-rich nutrition reduced neutro-
phil influx also in a nonmast cell-
dependent manner. Apart from being a
marker for neutrophil influx, MPO is a
potent initiator and modulator of the lo-
cal inflammatory response itself (25, 36).
Local intestinal inflammation and gut
barrier integrity are supposed to be inter-
related (1, 5, 29), which conforms with
the correlation between ileal MPO levels
and gut wall permeability observed in this
study.

Lipid-rich nutrition inhibited early
shock-induced mast cell activation
through CCK-r activation, implicating an
important role for the vagal antiinflam-
matory pathway. This finding is sup-
ported by a previous study that showed
CCK-r involvement in the protective ef-
fects of lipid-rich nutrition on postoper-
ative ileus, a mast cell-dependent phe-
nomenon (26). Several lines of evidence
indicate that mast cell degranulation is
regulated by the vagus nerve, including a
close anatomic relation that was shown
between vagal nerve endings and intesti-

nal mucosal mast cells (37). A functional
link between the vagus nerve and mast
cells was provided by Stead et al (38), who
demonstrated profound alterations in
mast cell function after vagus stimulation
or vagotomy. Furthermore, it was shown
that nicotine and acetylcholine reduce
degranulation of bone marrow-derived
mast cells (39). Taken together, these
studies support activation of the CCK-r-
dependent vagal pathway as the underly-
ing mechanism of the decreased mast cell
activation reported here.

In the current study, nutritional inter-
vention was installed before induction of
shock. Previously, also postshock admin-
istration of lipid-rich nutrition was dem-
onstrated to attenuate inflammation and
preserve intestinal integrity (18), indicat-
ing that patients with ongoing inflamma-
tion or a compromised gut may benefit
from intervention with enriched nutri-
tion. Together, these data fit in the cur-
rent tendency toward more liberal fasting
guidelines preoperatively and rapid in-
stallation of enteral nutrition postopera-
tively (40–42). Because prevention of in-
flammation with lipid-rich nutrition
yields stronger protective effects than
posttreatment, in the clinical setting, nu-
tritional interventions should preferably
be oriented toward a pretreatment ap-
proach.

CONCLUSIONS

The present study demonstrates rapid
development of gut barrier loss, entero-
cyte damage, and local intestinal inflam-
mation after hemorrhagic shock. A small
quantity of lipid-rich enteral nutrition
strongly prevents early intestinal com-
promise before systemic inflammation
develops in a CCK-r-dependent manner.
This study identifies nutritional activa-
tion of the vagal antiinflammatory path-
way with lipid-rich feeding as a potential
therapy in patients prone to develop a
compromised gut.
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