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Abstract

The ability of fat tissue cells to produce proinflammatory cytokines and the concept that obesity
represents a low-grade inflammatory response have been well documented during the past decade.
The effects of fat-mediated inflammation on metabolic pathologies have also been drawing
increasing interest, However, very little is known on the potential effects of adipose tissue in the
pathophysiology of gastrointestinal diseases with an inflammatory component, such as
Inflammatory Bowel Disease (IBD). The development of large fat masses around the inflamed
intestine during Crohn’s disease makes this tissue a candidate for more intense investigation in
studies aiming to gain insights in the pathogenesis and progress of the disease. Furthermore,
neuropeptides act in many cases in a proinflammatory manner and are shown to participate in the
pathogenesis of intestinal inflammation in animal models of IBD However, the potential of these
molecules to interact with fat cells in the context of IBD has not been investigated. In this review
we describe our most recent data related to the effects of neuropeptides on non-inflammatory fat
tissue components. In addition, we include discussion to associate neuropeptide-induced, adipose
tissue-mediated responses with the generation of intestinal inflammatory conditions such as
Crohn’s disease.
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Multiple lines of evidence have now demonstrated that adipose tissue is metabolically
active, and a source of a number of hormones and cytokines that are integral parts of
numerous physiological processes, as well as several disease states. Such observations have
identified fat as candidate tissue for research on therapies, especially of diseases with an
inflammatory component. Several prominent intestinal pathologies, such as inflammatory
bowel disease (IBD), involve a strong inflammatory reaction and recent observations
associating fat tissue with innate immunity suggest a possible link between increased
adipocity and gut inflammation. Although there is no direct link between obesity and IBD,
increased inflammatory infiltrate as well as enhanced proinflammatory/proangiogenic
adipokine production in obese patients may create favorable pathophysiological conditions
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for the overall progression of intestinal inflammation [1-4]. Perhaps the strongest support of
this hypothesis is the observation of the development of a large fat mass that envelopes the
intestine during Crohn’s colitis. This mass, named wrapping or “creeping” fat, derives from
mesenteric fat depots and might play an important role in the development of the disease.
Despite the occurrence of such dramatic changes in fat depots during Crohn’s disease, very
little research has been performed to allow characterization of this tissue and examine its
potential involvement in intestinal inflammation. One such study is by Desreumaux and
colleagues demonstrating increases in the cytokines TNFa and IL-6 in “creeping* fat of
patients with Crohn’s disease [5]. Interestingly, such increases were also observed in fat
hypertrophy and obesity [6-8].

Additional lines of evidence suggesting an association between fat tissue and intestinal
inflammation comes from studies demonstrating the importance of fat-derived molecules
(adipokines), such as leptin and adiponectin, in the development of such conditions. Leptin
levels correlate with levels of adipocity, and this appetite-regulating hormone appears is
strongly associated with the generation and progress of intestinal inflammation in two
mouse IBD models of colitis, DSS and TNBS [9-11], as well as with the Clostridium
difficile toxin A acute enteritis model [12]. Adiponectin, on the other hand, has strong anti-
inflammatory properties [13-16] and its levels are inversely related to adipocity. It is
noteworthy that the levels of this anti-inflammatory adipokine are also increased in the
“creeping” fat of Crohn’s disease patients [17] indicating a potential role in the healing
phase of the disease. Studies with adiponectin deficient mice in models of colitis, however,
demonstrated conflicting results, indicating that this adipokine might stimulate
proinflammatory, as well as anti-inflammatory responses in IBD colitis models [18] [19]. It
is also possible that secretion of these molecules is related to the physiological state of the
cells in this tissue, a subject on which very little is known given the plasticity in properties
that fat cells demonstrate between different depots in the body [20, 21]. Finally, another
interesting example is that of calprotectin, the levels of which are associated with obesity
[22, 23] and at the same time is a marker for intestinal inflammation and a life style risk
factor for colorectal cancer [24]. Collectively, these pieces of evidence suggest a strong
possibility of mesenteric fat tissue participation in either or both the generation and
progression of intestinal inflammation.

Intestinal inflammation and mesenteric fat depots

Prompted by the evidence discussed above we examined whether acute intestinal
inflammation elicit changes in the underlying mesenteric fat depot [25]. We induced TNBS
colitis in CD1 mice, and the mesenteric fat depot as well as a part of the colon were removed
and observed under the light microscope. Increased colonic macroscopic damage score and
histological scores in TNBS-treated mice was accompanied with increased inflammatory as
well as histological changes such as venular dilatation and congestion, neutrophil
margination and diapedesis and perivascular accumulation of neutrophils in the mesenteric
fat depots from the same animals (Fig. 1). In addition, TNBS-treated mice also exhibited
increased mRNA transcriptions of several proinflammatory cytokines such as TNFa, IL-6,
MCP-1 and KC (IL-8 in humans) in these fat depots [25]. Indeed, in a recent study Gambero
et al have also demonstrated increased TNFa, leptin and adiponectin levels after chronic
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TNBS administration [26]. Furthermore, this study also provides the first insight on the
morphology (reduced diameter) of “creeping fat” adipocytes. Since the TNBS mouse model
of colitis resembles the intestinal changes in Crohn’s disease, these observations suggest o
role for mesenteric depots in the generation of inflammatory responses via release of
proinflammatory cytokines, and that fat hypertrophy and wrapping of the bowel may be
involved in the development and/or progression of Crohn’s disease [5, 27].

A potential role for SP in mesenteric fat induced inflammation

The involvement of neuropeptides in the pathogenesis of IBD as well as the prominent role
of SP in intestinal inflammation prompted us to investigate the expression of NK-1R (high
affinity receptor for SP) in mesenteric fat and for changes in its expression during colonic
inflammation [25]. In the same study, we have demonstrated that NK-1R is expressed in
mesenteric fat and that its levels increase during TNBS colitis in the same tissue. This
observation is consistent with previous studies showing increased expression of NK-1R in
tissues with intestinal inflammation both in animals and humans [28-33]. Since fat depots
are known to contain other cell types among which are macrophages [34] (which express
functional NK-1R when activated [35]) we also isolated primary human mesenteric
preadipocytes (fat cell precursors) and showed that they express functional NK-1R and, after
SP stimulation, can release IL-8 in an NF-xB-dependent manner [25]. The abundance of
preadipocytes in fat depots [36] along with the ability of SP to induce proinflammatory
responses in these cells may produce favorable conditions for the recruitment of other
inflammatory cells which will then be a source that exacerbates the intestinal inflammation.
A potential mechanism for this may be triggered by a sequence of events that involve the
presence of increased amounts of SP during intestinal inflammation through sensory neurons
that innervate the intestine along with the subsequent NK-1R upregulation and increased
IL-8 production. These changes in turn may lead to increased neutrophil infiltration and
production of macrophage inflammatory protein- 1 alpha (MIP-1a) which promotes the
recruitment of macrophages into the fat depot (perhaps facilitated by ICAM-1 molecules on
the surface of preadipocytes). Macrophages can then produce a host of proinflammatory
molecules, including TNFa, and thus create a new cycle of cellular activation (including
preadipocytes) and inflammatory molecule production with the anticipated consequences.
More studies are needed in order to clarify the overall effects of SP on mesenteric fat
derived inflammation since even the source for this neuropeptide in fat tissue is yet to be
identified.

SP and the generation of “creeping fat” during IBD

In Crohn’s fat tissue hyperplasia correlates with the extent of transmural inflammation [37-
39] and is used for the radiographic identification of inflamed bowel segments during
surgery. Current evidence suggests that circulating factors and neuronal inputs as well as
paracrine/autocrine signals are among the factors that influence preadipocyte proliferation
[40, 41]. Such factors are secreted from the various cell types within adipose tissue and their
variations between sites may contribute to regional differences in the metabolic and
developmental characteristics of different fat depots which receive both sensory and
sympathetic innervation [41]. The identification of the neuropeptide substance P (SP) in fat
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depots [41-43], was the initial indirect proof for adipose tissue sensory innervation which
was also suggested to play a role in brown adipose tissue trophic responses [44, 45]. In
addition, significant reductions in epididymal and retroperitoneal adiposity were observed
after capsaicin-induced sensory neuron desensitization [46]. These observations led us to
investigate whether SP has any direct effects in the generation of the mesenteric “creeping”
fat phenotype in patients with Crohn’s disease.

Our recent data demonstrate that exposure of primary mesenteric preadipocytes to SP,
increases their viability by increasing proliferation and blocking apoptosis in these cells
[Gross et. al. JBC, in revision). In the same study we have shown that SP activates both
PKCO and Akt/PKB kinases, two molecules known to be involved in the induction of
replication in many other cell types [47], and that SP-induced human mesenteric
preadipocyte replication is dependent upon this activation. This notion is further supported
by our findings demonstrating that SP increases cyclin D1 expression, thus potentially
promoting progression into the cell cycle. In addition, activation of p70 S6 kinase and 4E-
BP1 (two molecules that increase translational efficiency) by SP, provides further evidence
to that direction. Interestingly, activation of the latter two molecules is also implicated in
promotion of adipogenesis in 3T3-L1 mouse preadipocytes [48]. The well documented
involvement of IGF-1R and its downstream effector PI-3 kinase in adipocyte proliferation
[49, 50] along with the synergistic action of IGF-1R and SP in the promotion of epithelial
cell proliferation through entry into the cell cycle [51] led to investigate the effects of SP
treatment of human mesenteric preadipocytes on the activation state of these two molecules.
Indeed, we have also shown that, in addition to the activation of both IGF-1R and P13
kinase, SP exposure leads to the activation of EGFR, another molecule that promotes
preadipocyte replication [52]. Finally, we demonstrate SP-induced PARP and caspase-7
cleavage as well as reduction of caspase-3 activation as potential pathways for the rescue of
preadipocyte apoptosis in response to FasL-.

Collectively our data implicate SP as a potential inducer of “creeping” fat formation,
through a combined effect on preadipocyte proliferation and apoptosis. The presence of SP
along with its ability to simultaneously increase cell addition while decreasing removal from
the overall population may be central to the ability of mesenteric fat depots to expand in
such a dramatic fashion during Crohn’s disease.

Neurotensin, fat tissue and intestinal inflammation

Expression of neurotensin (NT) and its receptor NTR1 has been observed in the colonic
mucosa of rats and mice and it is modulated during immobilization stress and during both
acute and chronic experimental colitis [53-55]. However, the expression of NT and NTR1 in
adipose tissue (including the mesenteric fat depot) has not been investigated. Recent studies
in our laboratory indicate increased NT and NTR1 mRNA in mesenteric fat depots of mice
with TNBS-induced colitis (Koon et al. Gastroenterology, submitted), that persisted
throughout the duration of the study (9 days). As in our previous study [25], inflammation in
the form of PMN infiltration, and venular dilatation, was present in the mesenteric fat depots
of these mice and accompanied by higher gross colitis scores, on day 2 and was partially
resolved by day 9 when signs of recovery became evident. In the same study, the use of NT-
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null mice provided the first evidence for direct involvement of NT in the generation of
experimental colitis and the associated mesenteric fat inflammation. These animals also
showed diminished inflammatory responses, in both the intestine and mesenteric fat depots,
after TNBS administration when compared to wild-type littermates. In addition, NT-
knockout (KO) mice also exhibited reduced immunostaining for the p65 subunit of NF-xB
and reduced macrophage infiltration in response to TNBS. Levels of the cytokine IL-6, an
important component of colitis in mouse models, were also decreased during TNBS colitis
in both the colon and mesenteric fat of NT-KO mice. When 3T3-L1 mouse preadipocytes
were used we observed that the secretion of this cytokine was induced by NT through
protein kinase C (PKC) & and NF-kB-dependent activation pathways. Further experiments
directly demonstrated that both IL-6 transcription as well as NF-xB activation in response to
NT required the initial activation of PKCS. Finally, experiments using Boyden chambers
showed that NT can induce the migration of macrophages through effects on preadipocytes
and that this response involves release of IL-6.

Collectively our data provides strong evidence on neuropeptide —induced effects of
mesenteric fat depots associated with the generation and progression of intestinal
inflammation relevant to Finally, our results point to the ability of neuropeptides, such as
NT to recruit macrophages into the adipose tissue, a response that has been also observed in
models of obesity [1, 2].

Melanin Concentrating Hormone (MCH), fat tissue, and intestinal

inflammation

MCH is expressed primarily in the hypothalamus and is involved in the regulation of
appetite and energy balance. Very little is known about the potential effects of MCH on
intestinal inflammation, apart from early evidence indicating its expression in the intestine
[56] and expression of its MCHR1 receptor in lymphocytes [57]. We recently demonstrated
the involvement of MCH signaling in the development of experimental colitis (Kokkotou et.
al. PNAS, in revision). In these studies anti-MCH antibodies and MCHRZ1-null mice were
used to neutralize MCH-related signaling, resulting in protection of mice from TNBS-
induced colitis, suggesting a proinflammatory role for this peptide in intestinal
inflammation. In addition, MCH and MCHR1 levels were elevated in epithelial cells
isolated by Laser Capture Microdissection from mucosal biopsies of IBD patients. In
agreement with its role in the intestine, MCH also increased expression of IL-8 and MCP-1
in primary human mesenteric preadipocytes (Kokkotou et. al. Abstract. Gastroenterology
128, A: 98, 2005) providing another neuropeptide link in the involvement of fat in the
generation of inflammatory processes in the intestine.

RELEVANCE TO HUMAN DISEASE

The relevance of these studies in human disease originates from the fact that they implicate
fat as new active component in the development or progression of intestinal inflammatory
conditions, such as IBD. Such new data implicate adipose tissue as a potentially novel target
tissue for studies investigating for factors that influence IBD-related processes, including
Crohn’s disease. In combination with observations by other groups of pericardial fat tissue
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expansion in other conditions with an inflammatory component, such as atherosclerosis, our
studies point to this tissue as a significant participant in the maintenance of intestinal
physiology and pathophysiology that was not previously recognized. The importance of fat
is widely accepted in maintenance of energy homeostasis and metabolic diseases such as
insulin resistance and the development of type 11 diabetes. Our recent findings implicate
several neuropeptides as key components in the regulation of adipose tissue-derived effects
on intestinal inflammation. Overall, such observations provide important evidence for novel
therapeutic strategies against intestinal inflammatory conditions, such as IBD. Considering
the ability of fat tissue to produce a series of proinflammatory as well as anti-inflammatory
molecules, along with the plasticity in the numbers and phenotype of its cellular
components, the physiology of fat depots as it relates to different pathological conditions has
received limited attention to date. Based on this evidence further investigation of the
potential involvement of pre-existing, hypertrophic visceral fat depots, such as in the case of
obesity, in the progression of Crohn’s disease merits consideration. Such studies could
provide significant insights in an important and previously not well-recofnized research area
that may influence the development and outcome of inflammatory conditions of the gut.
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Figure 1. TNBS-induced colitisresultsin increased inflammation in the mesenteric fat depots of
CD1 mice

Male CD1 mice received a single intra-colonic dose of TNBS, sacrificed after 48 hrs and
mesenteric fat depots proximally to the inflamed intestine were removed for observation
under a light microscope. (A) Mesenteric fat depot removed from a control mouse (received
a single mock injection of ethanol) showing normal blood vessels without the presence of
inflammatory infiltrate. (B) Mesenteric fat depot from a TNBS-treated mouse showing
inflammatory changes in this tissue evident by the venular dilatation and congestion,
neutrophil margination and diapedesis as well as perivascular accumulation of neutrophils
(from Karagiannides et al. 2006. Proc Natl Acad Sci U SA. 103: 5207-5212, by
permission).
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Figure 2. Schematic representation of the Substance P- and Neurotensin-induced inflammatory
changesin mesenteric fat depots

Interaction of both SP and NT with their receptors on mesenteric preadipocytes leads to
activation of NF-kB subunit p65 and release of IL-8 and IL-6 respectively. IL-8 acts as a
chemotactic agent to attract neutrophils into the fat depot which in turn are capable of
releasing a number of chemokines that may lead to increases in mesenteric fat macrophages.
Mesenteric fat depot macrophage numbers may also increase via the NT-induced IL-6
release and possibly other mechanisms described previously. Such fat depot inflammatory
changes may participate in the development of Crohn’s Disease or even in the healing
process of this condition.
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