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Abstract

Enteral administration of lipid-enriched nutrition effectively attenuates inflammation via a cholecystokinin (CCK)-mediated vagovagal anti-inflammatory
reflex. Cholecystokinin release and subsequent activation of the vagus are dependent on chylomicron formation and associated with release of additional gut
peptides. The current study investigates the intestinal processes underlying activation of the CCK-mediated vagal anti-inflammatory pathway by lipid-enriched
nutrition. Rats and mice were subjected to hemorrhagic shock (HS) or endotoxemia, respectively. Prior to the experimental procedures, animals were fasted or
fed lipid-enriched nutrition. Pluronic L-81 (L-81) was added to the feeding to investigate involvement of chylomicron formation in activation of mesenteric
afferent fibers and the immune-modulating potential of lipid-enriched nutrition. Ob/Ob mice and selective receptor antagonists were used to study the role of
leptin, glucagon-like peptide 1 and peptide YY in activation of the nutritional reflex. Electrophysiological analysis of mesenteric afferents in mice revealed that
lipid-enriched nutrition-mediated neural activation was abrogated by L-81 (Pb.05). L-81 blunted the beneficial effects of lipid-enriched nutrition on systemic
inflammation and intestinal integrity in both species (all parameters, Pb.01). Ob/Ob mice required a higher dose of nutrition compared with wild-type mice to
attenuate plasma levels of TNF-α and ileum-lipid binding protein, a marker for enterocyte damage (both Pb.01), suggesting a higher stimulation threshold in
leptin-deficient mice. Administration of a glucagon-like peptide 1-receptor antagonist, but not leptin or peptide YY antagonists, suppressed the effects of lipid-
enriched nutrition. These data indicate that chylomicron formation is essential and activation of the glucagon-like peptide 1-receptor is involved in activation of
the nutritional anti-inflammatory pathway by lipid-enriched nutrition.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Ingestion of nutrients triggers a multitude of regulatory functions
in the digestive tract to maintain metabolic homeostasis [1,2].
Nutrient sensing and intestinal feedback require release of neuropep-
tides from entero-endocrine cells and activation of neural pathways.
The vagus nerve in particular plays a prominent role in regulation of
food intake and digestive capacities of the gastrointestinal tract via
the so-called gut–brain axis [3,4].

Recently, our group described a novel feature of the gut–brain axis.
Enteral administration of lipid-enriched nutrition attenuated local
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and systemic inflammation and prevented tissue damage via the
vagus nerve [5–7]. The luminal presence of lipid-enriched nutrition
triggers the brain via cholecystokinin (CCK)-mediated activation of
CCK-1 receptors on afferent vagal fibers [8]. In turn, release of
cytokines is inhibited through activation of nicotinic receptors on
inflammatory cells via efferent vagal fibers [7].

CCK release following food intake is an important component
in activation of the nutritional anti-inflammatory reflex [8].
However, little is known about the mechanisms that result in
release of CCK and subsequent activation of afferent vagal fibers.
Release of CCK from enterocrine-I cells is dependent on the
intestinal processing of lipids, resulting in formation of chylomi-
crons [9,10]. In line, chylomicrons have been shown to inhibit
gastric emptying via a CCK-1 receptor-mediated duodenal afferent
pathway [9,10]. In addition to CCK, glucagon-like peptide 1 (GLP-
1) and protein YY (PYY), and the adipokine leptin are involved in
meal-induced activation of afferent vagal fibers [1,11] and inhibit
food intake in conjunction with CCK [12–14]. The current study
aimed to reveal the intestinal processes triggered by lipid-enriched
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nutrition that result in activation of the CCK-mediated nutritional
anti-inflammatory reflex.

2. Materials and methods

2.1. Animals and experimental groups

Male Sprague-Dawley rats, weighing 300–350 g, and C57bl6 mice and obese Ob/Ob
mice, both 10–12 weeks old, were purchased from Charles River Laboratories
(Maastricht, The Netherlands) and housed under controlled conditions of temperature
and humidity. Prior to the experiments, the animals were fed standard rodent chow ad
libitum and had free access to water. The experimental protocols were approved by the
Animal Ethics Committee of the Maastricht University Medical Centre+.

In rats, a non-lethal hemorrhagic shock (HS) model was used, as previously
described [5]. In short, rats were anesthetized with isoflurane and the femoral artery
was cannulated. At time of shock, 2.1 ml of blood per 100 g body weight was
withdrawn. In all experiments, rats were fasted overnight (18 h) or fed lipid-enriched
nutrition by oral gavage at −18 h (3 ml), −2 h (0.75 ml) and −45 min (0.75 ml) prior
to HS (Fig. 1).

In mice, systemic inflammation was induced by intraperitoneal injection of
2 mg/kg lipopolysaccharide (LPS derived from Escherichia coli 055;B5, Sigma, St.
Louis, MO, USA) in sterile phosphate-buffered saline (PBS; pH 7.4). Prior to
endotoxemia, C57bl6 and Ob/Ob mice were fasted or fed lipid-enriched nutrition by
oral gavage at −18 h (0.3 ml), −2 h (0.2 ml) and −45 min (0.2 ml). Next to this
dose, a separate group of Ob/Ob mice received a higher dose (−18 h: 0.4 ml; −2 h:
0.3 ml; and −45 min: 0.3 ml). The amount of nutrition administered to C57/bl6 and
Ob/Ob mice was based on daily energy expenditure (DEE). The energy provided by
the standard dose approximates 7% DEE in both strains, while the high dose
supplied 10% DEE [15]. All animals were killed at 90 min following either HS or LPS
administration (Fig. 1).

The liquid lipid-rich diet contained 50.4 energy percent (en%) fat (30 en% are
phospholipids), 8.7 en% protein and 40.9 en% carbohydrates. The lipid source was
lecithin. Omega 3 and omega 6 fatty acids constituted less than 5 wt% (b5 g/100 ml).
Proteins were derived from lean milk powder, containing 80% casein and 20% whey
protein. The carbohydrate source was a mixture of sucrose and maltodextrins
(Glucidex 19DE).

2.2. Prevention of chylomicron formation

The formation of chylomicrons was prevented by adding Pluronic L-81 (6 mg/ml;
kindly provided by BASF, Brussels, Belgium) to the lipid-enriched nutrition. L-81 is a
hydrophobic surfactant that inhibits the formation of chylomicrons, without affecting
digestion, uptake or reesterification of absorbed lipid. Pluronic L-62D (BASF;
comparable to Pluronic L-63), which is chemically similar to L-81, but does not
prevent chylomicron formation, served as control [9].

2.3. Quantification of plasma triglycerides

The concentration of circulating triglycerides was measured in arterial plasma of
rats collected at time of shock (t=0) and venous plasma of mice at time of sacrifice
(t=90 min) using a triglyceride determination kit (Sigma) following the manufac-
turer's instructions (Fig. 1).

2.4. Receptor antagonists

Lipid-enriched nutrition-fed rats were treated with antagonists to the Y2-receptor
(BIIE 0246 formate; 2 mg/kg in PBS) and GLP-1 receptor (exendin-3; 500 μg/kg in 30%
polyethylene glycol saline solution; both Tocris Bioscience, Ellisville, MO, USA) 30 min
Fig. 1. Experimental protocol. All animals were deprived of food 18 h prior to HS or LPS administ
−45 min) in the fed groups. L-81 or L-62D was added to the lipid-enriched nutrient to inv
inflammatory reflex. In rats, 30–40% of the circulating volume was withdrawn at t=0 to indu
received an intraperitoneal bolus of LPS (2 mg/kg) at t=0. All animals were killed at 90 min,
prior to shock to investigate the involvement of PYY and GLP-1 release, respectively, in
activation of the nutritional anti-inflammatory pathway.

2.5. Leptin receptor-specific nanobody

Mice were injected intraperitoneally with a blocking nanobody directed against
the leptin receptor on two consecutive days prior to endotoxemia to delineate
involvement of leptin in the anti-inflammatory potential of lipid-rich nutrition. The
leptin receptor-specific nanobody was generated by immunization of lamas with the
extracellular part of the mouse leptin receptor. It was genetically fused to a nanobody
directed against mouse serum albumin to prolong the half-life in vivo. This bi-specific
nanobody was produced in E. coli and purified up to 95% purity. LPS contamination was
less than 0.1 EU/mg protein as measured using the amoebocyte lysate in combination
with a chromogenic substrate (Cambrex, New Jersey, NY, USA). This nanobody acts as
a potent leptin receptor antagonist both in vitro and in vivo (Zabeau et al., manuscript
in preparation).

2.6. Cytokine and ileum-lipid binding protein analysis

IL-6 and TNF-α concentrations in arterial blood were measured using standard
ELISAs for rat IL-6 and rat and mouse TNF-α (all BD Biosciences, Franklin Lakes, NJ,
USA). Murine ileum-lipid binding protein (I-LBP) was determined in plasma using a
specific ELISA (Hycult Biotech, Uden, The Netherlands).

2.7. Intestinal permeability assay and bacterial translocation

Intestinal permeability for macromolecules was assessed by measuring transloca-
tion of the 44-kD enzyme horseradish peroxidase (HRP) by the everted gut sac method
[8]. Bacterial translocation (BT) to distant organs was determined as previously
described [7,8]. In short, mesenteric lymph nodes, spleen and a segment of liver were
collected aseptically. Tissue fragments were homogenized and transferred to agar
plates (Columbia III blood agar base supplemented with 5% vol/vol sheep blood; BBL,
Franklin Lakes, NJ, USA) and Chocolate PolyviteX agar (BioMérieux, Marcy l'Etoile,
France). After 48 h of incubation, colonies were counted, determined using
conventional techniques, adjusted to tissue weight and expressed as number of CFU
per gram of tissue.

2.8. Mesenteric afferent discharge

Mice were killed by cervical dislocation in accordance with the UK Animals
Scientific Procedures Act (1986). Intestinal tissue was prepared for nerve recording as
previously described [15]. In short, proximal jejunal segments (2–3 cm) were dissected
so that a non-bifurcating mesenteric bundle could be identified. The isolated segments
were placed in oxygenated Krebs solution at 34°C. A single nerve bundle was drawn
into a suction electrode for afferent recording. The jejunumwas cannulated at each end
and intraluminal pressure was recorded via a pressure recorder. The lumen was
perfused with saline at 0.2 ml/min except during distension, when the outlet tap was
closed allowing pressure to rise up to 55 mmHg and released by opening the tap.

Following a 60-min stabilization period, intestinal segments were distended at 15-
min intervals and mean afferent firing rate (spikes per second) was displayed as peri-
stimulus rate histogram. Once reproducible responses were obtained, the effect of
nutrient was tested by switching luminal perfusion to lipid-enriched nutrition alone or
to lipid-enriched nutrition with 3% L-81 (both 1 ml) with free drainage. The nutrient
remaining within the lumenwas trapped for 15min following closure of the outlet port
with termination of the continuous perfusion of saline. One period of distension was
achieved by perfusion with saline, which also served to flush out luminal contents
when the outlet tap was opened. Saline perfusion and repeat distensions at 15 min
continued until the response had recovered to baseline.
ration. A liquid lipid-enriched diet was administered at three time points (−18 h,−2 h,
estigate involvement of chylomicron formation in activation of the nutritional anti-
ce HS. In the withdrawn blood, plasma triglyceride (TG) levels were determined. Mice
at which time the plasma TG levels in mice were analyzed.
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2.9. Statistical analysis

All experimental groups consisted of eight animals, unless otherwise indicated. A
Mann–Whitney U test was used for between-group comparisons. Whole nerve afferent
discharge was calculated from the number of spikes crossing a preset threshold and
expressed as spikes per second. Baseline discharge was calculated as the mean firing in
the 1-min period preceding distension. Discharge during distension was expressed as
increase above baseline, calculated as the mean firing frequency in 5-s periods at each
level of distending pressure. Low-threshold nerve afferent discharge was expressed as
the difference between the baseline discharge and discharge at the 20 mmHg of the
distending pressure. Data are expressed as mean±S.E.M. Data were compared
statistically using repeated measure ANOVA with Dunnett post-test analysis. Prism
5.02 for Windows (GraphPad Software, Inc., San Diego, CA, USA) was used for
computations. Differences were considered statistically significant at Pb.05.

3. Results

3.1. Pluronic L-81 decreases plasma triglyceride levels after ingestion of
lipid-enriched nutrition

First, we verified the effectiveness of L-81 to prevent chylomicron
formation in rats and mice by measuring postprandial plasma
concentrations of triglycerides. Ingestion of lipid-enriched nutrition
resulted in increased circulating triglycerides in rats and mice
compared with fasted animals (both Pb.01; Fig. 2A and B). Addition
of L-81 to the lipid-enriched nutrition reduced the amount of plasma
triglycerides in both species compared with lipid-enriched nutrition
plus control Pluronic L-62D (both Pb.01), indicating that chylomicron
formation is successfully prevented by L-81 in both species.

3.2. The inhibitory effect of lipid-enriched nutrition on systemic
inflammation and loss of gut barrier is abrogated by Pluronic L-81

To investigate the role of chylomicron formation in activation of
the anti-inflammatory pathway of lipid-enriched nutrition, we
Fig. 2. L-81 prevents lipid-enriched nutrition-induced rise in plasma triglycerides.
Ingestion of lipid-enriched nutrition increases plasma levels of triglycerides. Supple-
mentation of the nutrient with L-81 reduces the amount of circulating triglycerides
compared with control (Pluronic L-62D) in both rats (A) and mice (B). Data are
represented as median, range and interquartile range. ⁎Pb.05 compared with fasted,
⁎⁎Pb.05 compared with L-62D.
subjected rats to HS. Hemorrhagic shock resulted in markedly
elevated plasma levels of TNF-α and IL-6, as well as increased ileal
permeability and BT. These shock-induced changes were significantly
attenuated by lipid-enriched nutrition, conform previous findings
(Fig. 3) [7]. Prevention of chylomicron formation using Pluronic L-81
reduced the effect of lipid-enriched nutrition on plasma levels of TNF-
α and IL-6 compared with vehicle (both Pb.01; Fig. 3A and B).
Moreover, L-81 reversed the protective effect of lipid-enriched
nutrition on ileal leakage of HRP and BT compared with vehicle
(both Pb.05; Fig. 3C and D). These findings indicate that formation of
chylomicrons is vital to activate the nutritional anti-inflammatory
pathway in rats.

3.3. Prevention of chylomicron formation inhibits activation of
mesenteric afferents and anti-inflammatory potential of lipid-enriched
nutrition in mice

In order to investigate the role of chylomicron formation in
activation of the autonomic nervous system by lipid-enriched
nutrition, we determined mesenteric afferent discharge in response
to lipid-enriched nutrition. First, we verified that L-81 inhibited the
anti-inflammatory actions of lipid-enriched nutrition in mice similar
to rats. Administration of lipid-enriched nutrition prior to LPS
challenge attenuated plasma levels of TNF-α and I-LBP compared
with fasted controls (both Pb.01; Fig. 4A and B). L-81 abrogated the
effect of lipid-enriched nutrition on systemic inflammation and
enterocyte damage compared with vehicle (both Pb.01), indicating
that chylomicron formation also plays a crucial role in mice.

Next, we investigated firing of jejunal mechanosensitive afferents
in response to lipid-enriched nutrition. The intrajejunal presence of
lipid-enriched nutrition (treatment) enhanced vagal afferent dis-
charge in response to luminal distension compared to the discharge
before treatment and after treatment (both Pb.05 from 8 to 55
mmHg; Fig. 5A). Addition of L-81 suppressed the increase in afferent
discharge associated with lipid-enriched nutrition (Fig. 5B). Since
previous studies demonstrated that low-threshold afferents prefer-
entially project via vagal pathways [16], we specifically quantified the
increase in afferent firing rate over the pressure range from 0 to 20
mmHg. Lipid-enriched nutrition enhanced afferent discharge to
distension compared with the discharge before treatment and after
treatment (Pb.001; Fig. 5C). In the presence of L-81, the increase in
afferent discharge triggered by lipid-enriched nutrition was pre-
vented (Fig. 5D). Furthermore, L-81 reduced the discharge compared
with the increase of lipid-enriched nutrition alone (treatment group
in 5C; Pb.05), indicating that chylomicron formation is an essential
step in the lipid-enriched nutrition-mediated activation of vagal
afferents.

3.4. Leptin is not involved in the nutritional anti-inflammatory pathway

Leptin is known to activate afferent vagal fibers and reduce food
intake in combination with CCK [17]. Here, we investigated the
involvement of leptin in activation of the anti-inflammatory reflex
by lipid-enriched nutrition in Ob/Ob mice. Administration of the
standard dose of lipid-enriched nutrition did not affect the
endotoxin-induced systemic inflammatory response and enterocyte
damage in Ob/Ob mice (Fig. 6A), indicating a potential role for leptin
in activation of the nutritional anti-inflammatory pathway. However,
providing a more potent stimulus via administration of a higher dose
of lipid-enriched nutrition resulted in attenuated plasma levels of
TNF-α (Pb.01) and I-LBP (Pb.01; Fig. 6B).

To further elucidate the role of leptin, we blocked the leptin
receptor in wild-type mice using blocking nanobodies directed
against the leptin receptor. Pretreatment of wild-type mice with
nanobodies did not affect the anti-inflammatory potential of lipid-
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Fig. 4. Prevention of chylomicron formation blunts the anti-inflammatory and gut-
protective potential of lipid-enriched nutrition in endotoxemic mice. Intraperitoneal
administration of endotoxin results in marked systemic levels of TNF-α and I-LBP. The
systemic inflammation and enterocyte damage were effectively reduced by lipid-
enriched nutrition. L-81 abrogates the inhibitory effect of lipid-enriched nutrition on
plasma levels of TNF-α and I-LBP, while supplementation with L-62D did not affect the
anti-inflammatory response. Data are represented as median, range and interquartile
range. ⁎Pb.05 compared with fasted, ⁎⁎Pb.05 compared with L-62D.

Fig. 3. Lipid-enriched nutrition-induced chylomicron formation is critical to reduce shock-induced inflammation and loss of intestinal integrity in rats. Hemorrhagic shock results in
systemic inflammation and loss of intestinal integrity. Pretreatment with lipid-enriched nutrition attenuates systemic plasma levels of TNF-α (A) and IL-6 (B). Furthermore, lipid-
enriched nutrition reduced ileal leakage of HRP (C) and BT (D). Addition of L-81 to lipid-enriched nutrition reduced the inhibitory effect of lipid-enriched nutrition on systemic
inflammation and loss of intestinal integrity, while L-62D did not affect these parameters. Data are represented as median, range and interquartile range. ⁎Pb.01 compared with fasted,
⁎⁎Pb.01 compared with lipid-enriched nutrition plus L-62D.
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enriched nutrition compared with vehicle treatment (Fig. 6C),
indicating that activation of the nutritional anti-inflammatory
pathway is independent of leptin receptors.

3.5. GLP-1 receptor antagonists reduce the immuno-modulatory
properties of lipid-enriched nutrition

The intestinal peptides GLP-1 and PYY inhibit food intake in
response to luminal fat and their release has been related to CCK
release [14,18]. In rats, pretreatment with the GLP-1 receptor
antagonist exendin-3 suppressed the effects of lipid-enriched
nutrition on TNF-α, IL-6, leakage of HRP and BT to a limited extent
(all parameters, Pb.05; Fig. 7A and B). These findings suggest that
activation of the GLP-1 receptor by lipid-enriched nutrition is
involved in the vagal anti-inflammatory reflex. In contrast, adminis-
tration of the selective antagonist to the PYY receptor failed to reduce
the inhibitory actions of lipid-enriched nutrition on HS-induced
plasma levels of TNF-α [64 (31 to 87) pg/ml vs. vehicle: 62 (38 to 95)
pg/ml] and IL-6 [23 (17 to 53) pg/ml vs. vehicle: 30 (16 to 53) pg/ml].
Furthermore, loss of intestinal permeability [HRP: 2.4 (2.0 to 4.2) μg/
ml vs. vehicle: 3.2 (1.9 to 3.8) μg/ml] and BT [38 (14 to 42) CFU/g
tissue vs. vehicle: 33 (37 to 42) CFU/g tissue] were not affected,
indicating that activation of the PYY receptor is not involved in the
nutritional anti-inflammatory reflex.

4. Discussion

The current study provides insight into themechanisms that occur
at the level of the intestine, resulting in activation of the CCK-
mediated nutritional anti-inflammatory reflex. First, we demonstrate
that formation of chylomicrons induced by absorption of lipid-
enriched nutrition plays a vital role in activation of the autonomic
nervous system and the anti-inflammatory pathway in both rats and
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Fig. 5. Activation of mesenteric afferent fibers is dependent on chylomicron formation. Lipid-enriched nutrition enhances the afferent discharge of mesenteric afferents to distension
(A). Prevention of chylomicron formation with L-81 abrogates the increased firing of mesenteric afferents by lipid-enriched nutrition (B). Lipid-enriched nutrition augmented
mesenteric afferent discharge in a low-threshold experiment (C), whereas L-81 prevented this activation (D). Data represented as mean±S.E.M. ⁎Pb.05 compared with control, n=6.
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mice. Second, we show that the intestinal peptide GLP-1, in addition
to CCK, is involved in the immune-modulating properties of lipid-
enriched nutrition.

Absorption of luminal nutrients exposes the host to antigenic
components, which are able to activate the immune system [19,20].
Postprandial chylomicron formation and subsequent systemic dis-
semination have been shown to lead to an inflammatory response,
due to their high affinity for dietary antigens, such as endotoxin [20,
21]. Additionally, prevention of chylomicron formation attenuates LPS
release from enterocytes and avoids postprandial endotoxemia [22].
Interestingly, we reveal that assembly and secretion of chylomicrons
are important steps in the activation of the nutritional anti-
inflammatory vagovagal reflex. The formation of chylomicrons,
induced by ingestion of long-chain fatty acids and phospholipids,
has been shown to activate the autonomic nervous system in a CCK-
dependent manner [10,23,24]. Using a preparation of murine
jejunum, we ascertained that lipid-enriched nutrition enhanced
mesenteric afferent discharge to distension. Co-administration of L-
81 reduced mesenteric afferent firing in the low-threshold range,
providing evidence that activation of afferent vagal fibers depends on
chylomicron formation [16]. It is noteworthy that this effect was
observed within 15 min of exposure to L-81, suggesting that
chylomicron assimilation rapidly leads to afferent activation.

As established in previous studies [5–7,15], lipid-enriched
nutrition reduced inflammation and preserved intestinal integrity.
Prevention of chylomicron formation reduced the effects of lipid-
enriched nutrition on systemic inflammation and intestinal integrity
in both HS rats and endotoxemic mice. These findings indicate that
intestinal uptake and intracellular processing of lipids are important
steps in initiation of the nutritional anti-inflammatory reflex in
rodents. Previously, our group demonstrated that bile duct ligation
(BDL) did not affect the anti-inflammatory potential of lipid-
enriched nutrition, suggesting that uptake of lipids is not essential
[25]. However, BDL does not completely obstruct lipid uptake.
Specifically, the uptake of linoleic acid, which is a strong inducer of
chylomicron formation and potent CCK secretagogue, remains
largely unaffected [26–28]. Since CCK release and activation of
vagal afferents are dependent on absorption of lipids and chylomi-
cron formation [23,29], it is likely that the remaining lipid uptake in
BDL rats results in sufficient chylomicron formation and CCK release
to activate the anti-inflammatory pathway. Taken together, our data
demonstrate that the intracellular processing of lipids plays a
dominant role in activation of the anti-inflammatory reflex, since
L-81 blocks assembly and secretion of chylomicrons, but does not
affect lipid uptake [30]. Moreover, these data implicate that the
nutritional compositions, aimed at modulating the immune re-
sponse, should be rich in long-chain fatty acids and phospholipids. As
reviewed by Calder [31] in detail, dietary supplementation with
specific fatty acids, such as long-chain n-3 polyunsaturated fatty
acids, results in profound immune-modulating effects by influencing
metabolic processes, such as eicosanoid production and other as of
yet unidentified mechanisms. In addition, our data indicate that
enteral nutrition enriched with lipids directly activates an anti-
inflammatory reflex.

Previous findings from our group demonstrated that the immuno-
modulatory effects of lipid-enriched nutrition are dependent on CCK
receptors, suggesting that the pathway is largely CCK driven [6,7].
However, this does not exclude a role for other intestinal peptides.
CCK has been termed “gatekeeper of the afferent vagus,” and
nutrient-induced release of several intestinal peptides depends on
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Fig. 6. Leptin lacks involvement in the nutritional anti-inflammatory reflex.
Endotoxemia results in marked systemic inflammation and enterocyte damage in
Ob/Ob mice. Administration of lipid-enriched nutrition did not reduce plasma levels of
TNF-α and I-LBP (A). Increasing the dose of lipid-enriched nutrition from 0.9 kcal
(standard dose) to 1.3 kcal (high dose) attenuated plasma levels of TNF-α and I-LBP
(B). The anti-inflammatory potential of lipid-enriched nutrition was unaffected in
wild-type mice treated with leptin receptor blocking nanobodies (C). Data are
represented as median, range and interquartile range. ⁎Pb.01 compared with fasted.

Fig. 7. GLP-1 receptor is involved in the immuno-modulatory effects of lipid-enriched
nutrition. Pretreatment with the GLP-1 receptor antagonist exendin-3 reduced the
effect of lipid-enriched nutrition on shock-induced systemic inflammation (A) and
intestinal integrity (B). Data are represented as median, range and interquartile range.
⁎Pb.01 compared with vehicle.
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activation of CCK-1 receptors [11, 14]. Leptin, GLP-1 and PYY are
released in response to ingestion of dietary fat and function in
combination with CCK to regulate satiety via afferent vagal fibers
[14,18,32,33].

Involvement of leptin in the immune response was described
more than a decade ago [34–36]. In the current study, lipid-enriched
nutrition failed to reduce systemic inflammation and enterocyte
damage in Ob/Ob mice. Increasing the nutrient dose, which enhances
the anti-inflammatory potential [15], effectively reduced TNF-α and I-
LBP plasma levels, suggesting that Ob/Ob mice have a higher
stimulation threshold and implying a co-stimulatory role for leptin.
In line, leptin has been described to ameliorate the anti-inflammatory
and satiation potential of CCK [12,37]. However, a co-stimulatory role
of leptin could not be established, since pharmacologic inhibition of
leptin receptors in wild-type mice did not influence the effects of
lipid-enriched nutrition. Considering that a higher dose of nutrition
was needed in Ob/Ob mice, our data might indicate that the vagus
nerve is less sensitive to lipid-enriched nutrition. This is supported by
the fact that overfeeding, which is typical for leptin-deficient mice,
desensitizes the afferent vagal pathway, resulting in defective
intestinal lipid signaling [38,39]. To unravel these findings, future
studies are needed to evaluate the effect of long-term high-fat intake
on activation of the nutritional pathway.

There is little evidence thus far that GLP-1 and PYY are involved in
regulation of the inflammatory response [40, 41]. However, a role for
both peptides in nutrient-dependent activation of vagal afferents has
been clearly established [42]. Moreover, release of GLP-1 and PYY is
dependent on activation of CCK-1 receptors [14,18]. Here, we
demonstrate that activation of GLP-1 receptors by lipid-enriched
nutrition is involved in activation of the anti-inflammatory reflex.
Administration of a GLP-1 receptor antagonist suppressed the anti-
inflammatory potential of lipid-enriched nutrition, but did not abolish
the effect. A role for the PYY receptor could not be demonstrated, as
pretreatment with the Y2-receptor antagonist did not affect activa-
tion of the nutritional anti-inflammatory pathway. These findings are
supported by Raybould et al. [43,44], who demonstrated that PYY-
neutralizing antibodies do not affect lipid-induced gastric emptying,
which is known to be regulated by vagal afferents. Taken together, the
current findings suggest that activation of the GLP-1 receptor is
involved in nutritional activation of the CCK-mediated anti-inflam-
matory vagovagal reflex.

In surgical and critically ill patients, nutritional support is vital to
meet metabolic demand and prevent immunodeficiency [36,45].
Enteral administration of nutrients is preferred in these patient
groups, since enteral nutrition reduces morbidity and length of
hospital stay compared with parenteral nutrition [45,46]. The current
study demonstrates that enteral nutrition not only delivers essential
nutrients, but also triggers a potent intestinal immune feedback
system. We believe that this endogenous anti-inflammatory mecha-
nismevolved to counteract exposure of the interiormilieu to antigenic
substances, such as endotoxin, resulting in postprandial inflammation
and potentially aggravating chronic inflammatory conditions [20,21].
Development of specific nutritional compositions that effectively
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stimulate the vagovagal anti-inflammatory reflex, and well-timed
administration could result in promising interventions to control
inflammation and reduce organ damage during non-physiologic
inflammatory conditions, such as surgical interventions and sepsis.
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