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 INTRODUCTION 
 In Crohn ’ s disease a hypertrophy of the mesenteric fat adjacent 

to the inflamed intestinal segments represents a pathognomonic 

finding. Although in this tissue a decreased adipocyte size is 

accompanied by an increase in number and changes in the local 

pattern of soluble mediators, its biological significance has not 

been revealed yet. 1  In addition, bacterial translocation to the 

mesenteric adipose tissue is increased. 2,3  We aimed to under-

stand whether intestinal inflammation  per se  leads to transloca-

tion of live bacteria into mesenteric fat, and to dissect mesenteric 

fat tissue functions in intestinal inflammation and its possible 

role in the control of bacterial translocation. 

 Work from the last decade indicates that adipose tissue can 

regulate immune responses and suggests a link between the 

endocrine and the immune system. 4  Adipose tissue has been 

identified as a potent producer not only of adipokines such as lep-

tin but also of cytokines and chemokines, such as interleukin-6 

(IL-6) and the monocyte chemoattractant protein-1 (MCP-1). 4 – 6  

Leptin, increased in the mesenteric fat of Crohn ’ s disease 

patients, is involved in T-cell polarization and reactivity of the 

innate immune system. 4  Pleiotropic IL-6 induces C-reactive 

protein, proliferation, and expression of adhesion molecules on 

a multitude of target cell types. 7  High IL-6 serum concentrations 

in obesity are derived from visceral adipose tissue. 8  The chem-

okine MCP-1, the murine equivalent to the human C – C motif 

ligand 2 mediates monocyte migration. 9  Interestingly, produc-

tion of these factors is increased in the mesenteric fat of Crohn ’ s 

disease patients. 10  

 Production of these mediators can be induced by bacterial 

products, resulting in Toll-like receptor (TLR)-dependent 

stimulation of adipocytes and preadipocytes. TLR4 was the 

first innate receptor shown to be expressed on the preadipocyte 

cell line 3T3L1. 11  Own studies with primary preadipocytes and 

adipocytes from mesenteric fat tissue indicated the expression 
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of functional TLR1 – TLR9 as well as of the intracellular pat-

tern recognition receptors nucleotide oligomerization domain 

1 and 2 and altered production of cytokines following their spe-

cific stimulation. 12,13  This suggests that bacteria invading the 

mesenteric adipose tissue in the course of colitis could affect 

the local release of mediators by adipocytes and preadipocytes. 

Interestingly, mutations in the numerous genes critical for the 

innate immune response, for example nucleotide oligomeriza-

tion domain 2 and ATG16L1, have been identified to confer 

susceptibility to Crohn ’ s disease. 14  Hence, the increased pres-

ence of live bacteria could be linked to defects in local defense 

mechanisms. 

 To define the immunological function of the mesenteric 

fat tissue adjacent to the inflamed intestine murine models of 

acute and chronic intestinal inflammation were applied and 

the colonic bacterial load, the bacterial translocation as well 

as the local response to bacterial antigens were evaluated. To 

understand the role of the innate immune system in the control 

of bacterial translocation, mice deficient for MyD88, an adap-

tor protein with a key role in TLR-dependent signaling, were 

included. 15    

 RESULTS  
 Translocation of peptides and bacteria 
 To evaluate small peptide translocation from the gut and their 

presentation particularly in the mesenteric fat tissue, fluores-

cent ovalbumin peptide (FOva) was administered orally to 

wild-type (WT) mice. The relevance of intestinal inflamma-

tion in this process was delineated by comparing healthy WT 

mice to mice suffering from dextran sulfate sodium (DSS) 

colitis. FOva translocation and consecutive major histocom-

patibility complex (MHC)II-dependent presentation as deter-

mined by FOva     +      MHCII     +      cells after 3   h was frequent even 

in healthy mice and not altered by intestinal inflammation 

( Figure 1 ). Remarkably, percentages of FOva     +      MHCII     +      cells 

resulting from peptide translocation were as common in the 

mesenteric fat as in mesenteric lymph nodes, peyer ’ s patches, 

and the spleen, suggesting that ingested peptides typically reach 

mesenteric adipose tissue. 

 Beside nutritional components, the intestine harbors a mul-

titude of colonizing bacteria with colonic bacterial flora being 

altered in intestinal inflammation. 16  To understand if alterations 

of the gut flora are linked to the incidence of bacterial transloca-

tion, we induced colitis and studied both, gut flora dynamics as 

well as bacterial translocation in the course of intestinal inflam-

mation in acute and chronic colitis with increasing periods of 

treatment (3, 4, or 5 cycles of DSS application in the drinking 

water,  Figure 2 ). 

 Bacterial translocation did not occur in healthy mice and 

was negligible in acute DSS colitis ( Table 1 ). However, chronic 

colitis as induced by three, four, or five cycles of DSS facilitated 

bacterial translocation. Mesenteric fat tissue, mesenteric lymph 

node, and liver harbored the highest percentages of samples with 

live bacteria (up to 40 % ). Interestingly, bacterial translocation 

as present after three cycles of DSS treatment did not further 

increase with prolonged chronic colitis ( Figure 3a ). 

 The total luminal bacterial load was significantly decreased 

after three cycles of DSS and increased back to baseline after 

five cycles. When focusing on the composition of bacterial spe-

cies,  Escherichia coli  and  Bacteroides  /  Prevotella  spp .  increased 

in DSS-treated mice, with a maximum after four and five cycles, 

respectively. In contrast,  Lactobacillus  and Gram-positive cocci 

decreased, and only for lactobacilli a partial recovery could be 

observed ( Figure 3b ). 

 Taken together, whereas translocation of small peptides is 

independent from colonic inflammation, chronic but not acute 

colitis favors bacterial translocation, but this is independent 

from the colonic bacterial load.   

 Defining the role of the mesenteric fat tissue during 
intestinal inflammation 
 Assuming that local adipose tissue participates in intestinal 

inflammation, we first analyzed the immune cell composi-

tion in the mesenteric fat as compared with subcutaneous fat. 

In subcutaneous fat of controls as well as colitic mice immune 

cells were virtually absent ( Figure 4a ). In the mesenteric fat 

from colitic mice an increase of both CD3     +      T cells and F4 / 80     +      

macrophages was present ( Figure 4b ), leading to the overall 

rise in local immune cells ( Figure 4c ). To further character-

ize the immune cell subpopulations within the mesenteric fat 

tissue, cellular infiltrates of healthy and diseased mice were 
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  Figure 1             Translocation of small peptide antigen. FOva was 
administered orally (1   mg per mouse) to WT mice. After 180   min, cells 
from different organs were isolated and MHCII-bound FOva was 
assessed by flow cytometry. ( a ) Representative FOva-specific staining 
of mesenteric fat cells of healthy mice with or without feeding of FOva. 
( b )  In-vivo  binding of FOva to MHCII     +      cells of organs as indicated from 
healthy mice or mice with acute DSS colitis was determined. Mean 
values ± s.e.m. of eight mice per group. DSS, dextran sulfate sodium; 
FOva, fluorescent ovalbumin peptide; MHCII, major histocompatibility 
complex II; WT, wild type.  
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compared by flow cytometry ( Table 2 ). Remarkably, no changes 

in the overall composition of T vs. B cells or macrophages were 

observed by flow cytometry, with exception of the frequency 

of Gr-1     +      macrophages that increased significantly during DSS 

colitis. Immunohistochemical staining of samples of colon and 

mesenteric fat for macrophage subsets using inducible nitric 

oxide synthase and Ym-1 to distinguish between macrophages 

polarized to the M1 and M2 type, respectively, revealed an over-

all increase in macrophages including M2 cells in mesenteric 

fat in colitis ( Supplementary Figure 1 online ). Although the 

cellular composition of local immune cell subsets was hardly 

affected by disease, the increase in infiltrating cells was striking 

( Figures 4b and c ). 

 Earlier work identified functional TLR on adipocytes as well 

as preadipocytes and altered mediator production following 

stimulation with bacterial products. 12  As altered cytokine pro-

duction could consequently be an indirect indicator of bacterial 

antigens, we assessed the local cytokine milieu in mesenteric 

adipose tissue from colitic and healthy WT mice. To gain infor-

mation about the levels of responsiveness in these tissues, sam-

ples were additionally stimulated with lipopolysaccharide (LPS) 

 in vitro . 

 In colitis, MCP-1 and IL-10 production were significantly 

increased in the mesenteric, but not in the subcutaneous fat 

( Figure 5a ). LPS stimulation  in vitro  further upregulated the 

b

a

4

Colon
length

Colon length

Histological
score

Histological score

Cycles DSS

IL-6
production

IL-6 production

Clinical
score

Clinical score

– DSS

– 3

– DSS – DSS – DSS

S
co

re

S
co

re

ng
 p

er
 c

ol
on

tis
su

e

ng
 p

er
 c

ol
on

tis
su

e

cm
3

2

1

0000

4

S
co

re

3

2

1

0

4

6

S
co

re

100

2

0

5

10

cm

0

5

10

*****

**

**

*****

*** ***

*** ***

*

9 100

6

3

80
60
40
20

4 5

Cycles DSS

– 3 4 5

80
60
40
20
0

  Figure 2             Clinical parameters in DSS colitis. Acute ( a ) or chronic ( b ) 
colitis were induced in WT mice by either one cycle or by repeated 
cycles of DSS, respectively. To confirm colonic inflammation, the clinical 
and histological score, colon length as well as production of IL-6 by the 
excised colon were evaluated at various time points. Bars represent 
mean values ± s.e.m. of 10 mice per time point and group.  *  P     <    0.05; 
 *  *  P     <    0.01; and  *  *  *  P     <    0.005 by Kruskal – Wallis with Dunn ’ s post test. 
DSS, dextran sulfate sodium; WT, wild type.  

  Table 1     Bacterial translocation in acute DSS colitis   

    Tissue  
  Samples with live bacteria ( %  of all 

samples)  

      Controls ( n =14)    DSS colitis ( n =14)  

   Blood  0  0 

   MLN  0  14 

   Spleen  0  10 

   Mesenteric fat  0  14 
     Abbreviations: DSS, dextran sulfate sodium; WT, wild type.   
     Acute DSS colitis was established in WT mice and live bacteria were evalu-
ated by cultural analysis of the respective samples from these mice and from 
healthy controls. Given for each tissue are the percentages of samples tested 
that harbored living bacteria.   
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   Figure 3             Colonic bacteria and translocation of bacteria in chronic 
DSS colitis. Chronic colitis was established in WT mice by repeated DSS 
cycles. Live bacteria were evaluated by cultural analysis of the respective 
samples from these mice and from healthy controls. ( a ) For each group 
the percentages of samples harboring live bacteria were calculated. 
Mean values ± s.e.m. of 7 – 12 mice per group. ( b ) Amounts of total 
bacteria and defined bacterial subgroups were determined from colonic 
content. Median values of 7 – 12 mice per group.  *  P     <    0.05.  *  *  P     <    0.01, and 
 *  *  *  P     <    0.005 by Mann – Whitney  U -test. DSS, dextran sulfate sodium; WT, 
wild type.  
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     Figure 4             Infiltrating immune cells in adipose tissue. ( a ) Fat from healthy WT mice and mice with DSS colitis were stained with hemaotoxylin for the 
presence of infiltrating cells. ( b ) Samples of mesenteric fat were stained for the presence of CD3     +      T cells or of F4 / 80     +      macrophages. Representative 
samples for all groups at 100-fold magnification are shown. Arrowheads point to positive cells in the fat tissue. ( c ) Comparative cell counts of immune 
cells per high-power field (hpf) in mesenteric fat and subcutaneous fat of healthy and colitic mice.  *  *  P     <    0.01 by Student ’ s  t -test. DSS, dextran sulfate 
sodium; WT, wild type.  
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expression of tumor necrosis factor- � , IL-10, MCP-1, and IL-6 

significantly in most cultures. These LPS-induced cytokine 

profiles reflected those spontaneously released  ex vivo  from 

mesenteric fat of colitic mice. In cultures from subcutaneous fat 

all mediators increased following LPS stimulation accordingly, 

but unlike in samples of mesenteric fat, cytokine production in 

 ex vivo  isolated samples was not significantly different in tissues 

from controls and DSS-exposed animals. These observations 

support that in colitis cytokine production in the mesenteric fat 

is increased, which might be linked to translocation of bacterial 

products such as LPS to this site. 

 Earlier reports have documented that the 3T3L1 preadipocyte 

cell line is capable of phagocytosis. 17  To understand whether 

mesenteric murine preadipocytes are efficient in the uptake of 

bacterial products as well, the phagocytosis of different anti-

gens by preadipocytes initially isolated from the mesenteric fat 

of mice was assessed, using bone marrow-derived dendritic 

cells as well as bone marrow-derived macrophages as a refer-

ence for professional phagocytes. As shown in  Figures 5b and c  

preadipocytes were competent in the phagocytosis of a broad 

range of antigens. Thus, phagocytosis represents one defense 

mechanism that bacteria have to face when they translocalize 

into mesenteric fat. However, unlike macrophages preadipocytes 

do not express MHCII on their surface ( Supplementary Figure 2 

online ), indicating that preadipocytes do not function as antigen-

presenting cells (APCs) in the fat tissue.   

 Innate immune system as critical regulator of bacterial 
translocation 
 Our results indicated that live bacteria are present in     <    20 %  of 

mice with colonic inflammation. To study the impact of innate 

immunity on bacterial translocation, we subjected MyD88     −     /     −      

mice to chronic colitis. As described previously, 18,19  MyD88     −     /     −      

mice were more susceptible to DSS, indicated by a significantly 

increased mortality over a 30-day experimental time course 

( Figure 6a ). Remarkably, even in healthy MyD88     −     /     −      mice bac-

teria translocated to all tissues analyzed ( Figure 6b ). The inci-

dence was comparable to WT mice suffering from chronic DSS 

colitis and was about 2-fold increased in MyD88     −     /     −      mice with 

intestinal inflammation. 

 To understand underlying mechanisms we compared the 

functionality of the epithelial barrier of MyD88     −     /     −      mice to 

WT littermates ( Figures 7a and b ). The transmural and epithe-

lial electrical resistance, as well as the membrane permeability 

for mannitol, were decreased in colon samples of MyD88     −     /     −      

mice ( Figure 7c ). However, when normalized for the increased 

surface area of the colon in MyD88     −     /     −      mice where we noticed 

increased crypt height and number ( Figure 7d ), all differences 

in these parameters became negligible, suggesting that increased 

bacterial translocation in MyD88     −     /     −      mice is not due to aug-

mented epithelial permeability. 

 Next, tissue-specific chemokine and cytokine responses were 

evaluated in WT and MyD88     −     /     −      mice suffering from chronic 

DSS colitis. The production of tumor necrosis factor- � , MCP-1, 

and IL-6 was significantly upregulated in colon supernatants 

from WT mice suffering from chronic DSS colitis. Although 

baseline levels of these molecules were lower in colon superna-

tants of MyD88     −     /     −      mice, all mediators tested including IL-10 

were upregulated in the colon cultures of diseased MyD88     −     /     −      

mice as well even though this did not reach significance ( Figure 

8a ). In the mesenteric fat production of tumor necrosis factor-

 �  and IL-10 was low in healthy mice but increased in tissue 

from colitic mice. Interestingly, MCP-1 was upregulated in the 

mesenteric fat tissue upon disease in WT mice and was sig-

nificantly higher than in samples from colitic MyD88     −     /     −      mice 

where no such increase occurred. In addition, the IL-6 release 

of the mesenteric fat was independent of colitis but higher 

in WT than in MyD88     −     /     −      mice ( Figure 8b ). Additional 

  Table 2     Immune cells infiltrating adipose tissues in chronic DSS colitis   

      Mesenteric fat    Subcutaneous fat    Spleen  

       —     DSS     —     DSS     —     DSS  

   Ratio:  %  B and T cells  0.6 ± 0.1  0.6 ± 0.1  0.4 ± 0.1  0.3 ± 0.1  2.5 ± 0.2  2.3 ± 0.2 

                

   Ratio:  % T cells and  % M Ø   3.8 ± 1.1  4.3 ± 1.2  3.7 ± 2.2  0.8 ± 0.2  19.2 ± 2.4  12.4 ± 2.2 

                

   CD4     +      T cells ( % )  52.5 ± 3.9  55.3 ± 2.6  51.5 ± 1.6  50.2 ± 2.6  52.2 ± 1.1  50.3 ± 1.2 

                

   CD69     +      CD4     +      T cells ( % )  23.8 ± 3.2  19.9 ± 2.0  21.5 ± 2.7  26.0 ± 2.6  9.1 ± 1.7  7.1 ± 0.9 

                

   MHCII     +      cells ( % )  28.5 ± 3.6  32.7 ± 2.4  18.4 ± 1.6  17.1 ± 1.1  65.4 ± 1.4  63.4 ± 1.3 

                

   GR-1     +      M Ø  ( % )  3.8 ± 0.8  11.5 ± 2.4*  15.8 ± 3.5  16.8 ± 3.0  14.8 ± 3.8  8.7 ± 1.7 
     Abbreviations: DSS, dextran sulfate sodium; MHC, major histocompatibility complex; WT, wild type.   
     Mononuclear cells were isolated from mesenteric or subcutaneous adipose tissue and from spleens of mice with or without DSS colitis. Frequencies of CD19     +      B 
cells, subsets of CD3     +      T cells, and of MOMA-2     +      macrophages as well as CD4-, CD69-, MHCII-, and Gr-1-positive cells were assessed by fl ow cytometry. Data 
represent mean values ± s.e.m. of six independent experiments.   
     * P     <    0.05 compared with the control group without DSS colitis.   
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 in vitro  experiments revealed that LPS-induced IL-6 production 

in preadipocytes disappears if LPS is withdrawn. The respon-

siveness of preadipocytes persists even if they are stimulated 

repeatedly ( Supplementary Figure 3 online ). 

 Leptin has been identified to aggravate intestinal inflam-

mation. 20 – 22  Its production was significantly upregulated in 

supernatants of tissues from WT animals suffering from chronic 

DSS colitis, an effect that was evident in both, mesenteric and 
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   Figure 5             Phagocytosis by preadipocytes and cytokine production by whole adipose tissue of WT mice. ( a ) Whole adipose tissue samples 
from healthy mice or mice with acute DSS colitis were incubated  in vitro  with 1    � g   ml     −    1  LPS for 20   h. Cytokine responses were assessed from the 
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subcutaneous fat. However, local leptin production was not 

affected by chronic colitis in the mesenteric fat of MyD88     −     /     −      

mice ( Figure 8c ).    

 DISCUSSION 
 Bacterial translocation during chronic intestinal inflammation, 

in particular in Crohn ’ s disease, is well accepted. Considering 

that in these patients the mesenteric fat is hypertrophied and 

wraps around the inflamed intestinal segments, this might be 

of particular interest, as the function of this creeping fat has not 

been elucidated at this point. Here, we aimed to characterize 

the role of mesenteric adipose tissue in the control of bacterial 

translocation. Our data indicate that mesenteric adipose tissue is 

involved in intestinal inflammation with regard to local cytokine 

release and cellular composition. Even though live bacteria were 

rarely detected, colonic inflammation was always accompanied 

by immune cell infiltration and increased local cytokine pro-

duction in the adjacent mesenteric fat in WT mice. As excised 

adipose tissue exerts similar cytokine responses when stimulated 

with the TLR4 ligand LPS, one can assume that, bacterial prod-

ucts invade adipose tissue in the course of colitis. Additional 

 in vitro  studies indicated a persisting LPS responsiveness of 

preadipocytes even after repetitive stimulation. These data sug-

gest that the enhanced cytokine production in the mesenteric fat 

of mice with experimental colitis is an indicator for the presence 

of bacterial antigens. In summary, the local cytokine responses, 

as well as the ability of preadipocytes to function as phagocytes, 

are sufficient to control bacterial translocation in acute colitis. 

However, only chronic colitis favored bacterial translocation in 

WT mice. This might be linked to an impaired innate receptor 

response in chronic inflammation, since in MyD88     −     /     −      mice 

bacterial translocation into the mesenteric fat occurs even in 

health and is further enhanced in intestinal inflammation. 

 Translocation of oligopeptides from the intestine into the 

body occurs naturally. 23  To characterize whether translocation 

of nutritional antigens into the mesenteric fat is a common inci-

dent, presentation of FOva by MHCII     +      cells was assessed by a 

highly sensitive method, allowing to detect     <    100 peptide mole-

cules per cell — the physiological threshold for the activation of 

T cells. 24,25  Remarkably, peptide translocation into the 

mesenteric fat tissue was seen in health and not altered by intesti-

nal inflammation. Since the ileum not only takes up single amino 

acids and dipeptides but also larger peptides, 23  the main propor-

tion of the peptide used might have been absorbed in the ileum 

and thus the rate of translocation was not affected by colonic 

inflammation. In contrast to peptides, bacterial translocation 

to the mesenteric fat and other organs increased significantly in 

chronic colitis. Importantly, this did not reflect a simple increase 

in colonic bacterial load as the rate of bacterial translocation did 

not mirror the changes in the total amount of colonic bacteria 

that accompanied colitis. Why is bacterial translocation relevant 

to Crohn ’ s disease? Early data describe a loss of tolerance to the 

habitual intestinal flora in inflammatory bowel disease and sug-

gest a critical role of the barrier. 26,27  In addition, the epithelial 

barrier has been found dysfunctional in patients with Crohn ’ s 

disease. 28  Bacterial adhesion to and invasion of the mucus and 

wall of the intestinal tract is increased in colitis and in animal 

models of disease. 29 – 33  A leaky barrier allowing for an enhanced 

translocation of bacteria leads to the central question of this 

work, the action and reaction of the adjacent mesenteric fat 

tissue. 

 Bacteria are present more frequently in the mesenteric fat tis-

sue of Crohn ’ s disease patients than in healthy controls. 3  How 

does the fat tissue respond? A simple approach is to analyze 

infiltrating cell populations. In obese patients, it has been 

suggested that increased numbers of macrophages in their 

visceral fat contribute to chronic inflammation. 34,35  In our 

colitis models, the main difference between healthy and diseased 

animals was the increase in immune cells present in the mesenteric 

fat with minor changes in the macrophage subset composition, 

suggesting a pro-inflammatory milieu similar to the before 

mentioned state of obesity. 

 Leading to the question what further lines of defense exist 

within the mesenteric adipose tissue? 
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 Tissue cultures of mesenteric fat indicated strong chemokine 

and cytokine responses in intestinal inflammation; e.g., produc-

tion of the MCP-1 was significantly upregulated in colitic mice. 9  

In our work, fat tissue of diseased mice or LPS-stimulated fat tis-

sue of healthy mice released substantial amounts of this chemok-

ine, suggesting that bacterial products induce MCP-1 expression 

by resident cells preceding the before mentioned infiltration of 

macrophages. The upregulated expression of IL-10 in fat tissue of 

colitic mice could represent another anti-inflammatory pathway. 

In addition, similar to the creeping fat of patients with Crohn ’ s 

disease, 36  the adipokine leptin is upregulated in mesenteric fat 

tissue of mice suffering from chronic intestinal inflammation. 
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    Figure 7             Analysis of epithelial barrier defects in MyD88     −     /     −      mice. Colon specimens were mounted in Ussing chambers. ( a ) Representative 
Nyquist diagram of original impedance locus plots of the ohmic component ( Z  real ) and the reactive component ( Z  imaginary ) for WT and MyD88     −     /     −      mice. 
( b )  R  e ,  R  sub , and  R  t  values of mouse colon as measured with impedance spectroscopy and ( c ) unidirectional mucosal-to-serosal fluxes of [ 3 H]mannitol 
with surface corrections for  R  e  and mannitol fluxes. ( d ) Colonic sections stained with hematoxylin / eosin were analyzed to determine the crypt number 
and height as well as the ratio of the mucosal to serosal surface area. Mean values ± s.e.m. of five independent samples.  *  P     <    0.05 by Student ’ s  t -test. 
WT, wild type.  



588 VOLUME 5 NUMBER 5 | SEPTEMBER 2012 | www.nature.com/mi

ARTICLES

Although leptin exerts a pro-inflammatory role in models of 

intestinal inflammation, 20 – 22  it is prerequisite for appropriate 

T-cell and innate immune responses. 37,38  Thus, changes in the 

local levels of these cytokines might be essential for efficient 

blockage of bacterial translocation. But what might orchestrate 

cytokine production in adipose tissue? 

 Adipocytes and preadipocytes express functional innate 

receptors including TLR and nucleotide oligomerization 

domain. 11 – 13,39  Indeed,  in vitro  stimulation of tissue samples 

with the TLR-ligand LPS favored increased production of 

cytokines that are equally upregulated in the mesenteric fat of 

colitic mice. This altered cytokine response present in mesenteric 

fat of colitic mice even in the absence of live bacteria is most 

likely induced by bacterial products. And the absence of living 

bacteria could be the evidence that the anti-bacterial activity 

within the mesenteric fat is efficient. 

 To further explore the role of innate stimulation in bacte-

rial translocation MyD88     −     /     −      mice were used in the studies. 

For these a high susceptibility to bacterial translocation had 

already been reported. 18  Indeed, only in MyD88     −     /     −      mice, bacte-

rial translocation to mesenteric fat and further tissues occurred 

even in health. 

 In our experiments, MyD88     −     /     −      but not WT mice died as 

a consequence of DSS treatment. The protective role of TLR-

dependent signaling for colonic repair might be one reason for 

the increased mortality. 40  MyD88 deficiency has also been asso-

ciated with a decreased host defense against  Citrobacter roden-

tium  partially mediated by an impaired epithelial integrity. 41,42  
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Our analysis of the epithelial barrier revealed that differences 

between WT and MyD88     −     /     −      tissues concerning flux rates 

and epithelial resistance were dependent on diverse epithelial 

structure and not attributed to impaired epithelial integrity in 

MyD88     −     /     −      mice. 

 As for the cytokine response of the intestinal wall as well as 

of the mesenteric fat tissue in diseased and healthy MyD88     −     /     −      

mice, there was no significant increase of any mediator produced 

in either colon or fat tissue cultures when comparing healthy and 

colitic mice. Thus, increased cytokine production within the adi-

pose tissue in intestinal inflammation depends on intact innate 

receptor responses. This is of particular interest as mutations in 

a variety of genes including nucleotide oligomerization domain 

2 and ATG16L1 that are involved in innate immune responses 

including uptake and processing of bacteria as well as cytokine 

production confer an increased susceptibility to Crohn ’ s dis-

ease. 14,43  It is tempting to speculate that our experimental model 

of DSS colitis in MyD88     −     /     −      mice mimics impaired immunity in 

Crohn ’ s disease patients and that in these individuals similarly 

live bacteria are more common in mesenteric adipose tissue due 

to impaired local immune response. 

 But why are live bacteria so rarely present in adipose tissue 

even in colitic WT mice? Cytokine production following contact 

with bacterial products is not the sole mechanism of defence 

cells from adipose tissue. The preadipocyte cell line 3T3L1 had 

already been described to phagocyte yeast cells. 17  We extend this 

by testing the phagocytic activity of primary preadipocytes as 

compared with bone marrow-derived dendritic cells and macro-

phages. Our preadipocytes proved to be as efficient phagocytes 

as these professional phagocytes and ingested a broad range of 

antigens. It is tempting to conclude that  in vivo  similar effects 

occur in the mesenteric fat, i.e., translocating bacteria are not 

only confronted with increased cytokine levels, but also resident 

cells of the fat might already phagocyte these bacteria and thus 

prevent the body from their further dissemination. However, 

owing to the lack of MHCII expression on preadipocytes, they 

do not serve as APCs. 

 In summary, our data provide evidence that the mesenteric fat 

tissue protects the host from systemic bacterial distribution after 

translocation from the intestine. Phagocytosis by the fat cells is 

one mode of action to prevent bacterial translocation. In addi-

tion, translocalizing bacteria and bacterial fragments stimulate 

production of leptin, IL-10, and MCP-1. These mediators not 

only help to control the adjacent intestinal inflammation, but 

also facilitate infiltration of immune cells into the mesenteric fat 

tissue allowing for a successful defense. At this point one cannot 

exclude an additional pro-inflammatory effect of the mesenteric 

fat thus enhancing intestinal inflammation. Recent reports of 

mesenteric fat being a major source of C-reactive protein with 

production possibly linked to increased bacterial translocation 

in Crohn ’ s disease patients, as well as the increased expression of 

anti-inflammatory genes at this site further support the hypoth-

esis that mesenteric fat has an active role in both, the control of 

bacterial translocation and nearby inflammation. 44 – 46  Thus, the 

mesenteric adipose tissue can be considered as a second barrier 

that is, similar to the epithelial barrier, strongly regulated by the 

innate immune system. As a consequence the hypertrophy of 

the mesenteric fat in Crohn ’ s disease could represent a defense 

mechanism to protect the body from infiltrating bacteria.   

 METHODS     
  Mice   .   Six- to eight-week-old female WT C57Bl / 6 and C57Bl / Ks mice, 
and MyD88     −     /     −      mice on the C57Bl / 6J background were obtained from 
Harlan Winkelmann (Borchen, Germany) or bred at the Institutes for 
Experimental Medicine (Charit é , Berlin, Germany). Animal protocols 
were approved by the Regional Animal Study Committee.   

  Acute and chronic DSS-induced colitis, clinical assessment, and his-
tological scoring   .   Acute colitis was induced by feeding 4 %  DSS (molecu-
lar weight 40   kDa; MP Biomedicals, Illkirch, France) dissolved in sterile, 
distilled water  ad libitum  from day 1 to 8, followed by 1 day of regular 
drinking water. For chronic DSS colitis, mice were exposed to three –
 five cycles consisting of 6 days of 3 %  DSS followed by 6-day intervals of 
distilled water. Clinical assessment of colitis and histological scoring of 
excised coli were assessed as described previously. 20  In brief, body weight, 
rectal bleeding, and stool consistency were determined daily. Weight 
changes were calculated in relation to the weight at baseline (100 % ). Stool 
consistency was scored as follows: 0, well-formed pellets; 2, pasty and 
semi-formed stools; and 4, liquid stools. Rectal bleeding was scored as fol-
lows: 0, no blood using hemoccult (Hemocare; Care Diagnostica, Voerde, 
Germany); 2, positive hemoccult; and 4, gross bleeding. Colon length 
was measured at the end of experiment. Postmortem of 4 – 6 colon seg-
ments were fixed in buffered formalin (4 % ; Sigma Aldrich, Taufkirchen, 
Germany) for evaluation of DSS colitis by hematoxylin / eosin staining. 
Histological signs of inflammation were assessed as a combined score 
of inflammatory cell infiltration (0 – 3) and tissue damage (0 – 3). In the 
resulting score ranging from 0 to 6, 0 represented no signs of inflamma-
tion and 6 maximum disease damage.   

  Assessment of FOva presentation by MHCII   .   FOva presentation by 
MHCII was performed as described previously. 24,47  Briefly, modified 
ovalbumin peptides 323 – 339 (iSQAVHAAHAEINEAGRc; Institute for 
Biochemistry, Charit é , Berlin, Germany) was labeled using a 10-fold molar 
excess of fluorescein isothiocyanate isomer 1 (FITC, Sigma Aldrich). 
Unconjugated FITC was removed and the buffer exchanged for phosphate-
buffered saline (PBS) by gel filtration (Sephadex G10; GE Healthcare, 
Freiburg, Germany). Flow cytometric detection of FOva was assessed using 
magnetofluorescent liposomes (Cy5) generated and conjugated to sheep-
anti-Dig (Fab fragments; Roche, Roche Deutschland Holding GmbH, 
Grenzach - Whylen, Germany). FOva (1   mg) was administered orally, 
control mice received PBS only. After 3   h, cells from the spleen, mesenteric 
lymph nodes, Peyer ’ s patches, and mesenteric fat were isolated and washed 
twice with PBS with 0.1 %  bovine serum albumin (PAA Laboratories, 
Marburg, Germany). Single-cell suspensions were incubated with anti-Fc 
receptor antibody (20  � g   ml     −    1 ; Deutsches Rheuma-Forschungszentrum 
Berlin), Beriglobin (4   mg   ml     −    1 ; CSL Behring, Marburg, Germany), and rat 
immunoglobulin (0.1   mg   ml     −    1 ; Jackson ImmunoResearch, Suffolk, UK) 
for 30   min. Next, surface antigens (MHCII-PeCy7; 1:500; eBioscience, 
Frankfurt, Germany) were labeled. After washing, digoxigenin-labeled 
anti-FITC antibodies (1:1,000; a kind gift from Miltenyi Biotec, Bergisch 
Gladbach, Germany) were added and cells incubated for 10   min on 
ice. After washing, cells were incubated for 10   min on ice with the anti-
digoxigenin anti-biotin complex (1:2,000; a kind gift from Miltenyi 
Biotec). Next, biotinylated Cy5-labeled magnetofluorescent liposomes 
were added (1:200) for 45   min on ice. Samples were washed, and charac-
terized by flow cytometric analysis using a FACSCantoII and the FacsDiva 
software (BD Biosciences, Heidelberg, Germany). Propidium iodide stain-
ing and scatter properties were used to exclude dead cells.   

  Preparation of preadipocytes   .   Mesenteric fat tissue from C57Bl / 6 
mice was excised, minced, and washed in Hanks ’ s balanced salt 
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solution (PAA Laboratories). Tissue was incubated in digestion medium 
consisting of Hanks ’ s balanced salt solution supplemented with colla-
genase II (1.5   mg   ml     −    1 ), bovine serum albumin, (3.5 % ) and glucose 
(550    � mol   l     −    1 ) at 37 °    C for 25   min, mashed through a 100- � m nylon 
net (BD Biosciences) and centrifuged at 200    g  for 10   min. Pelleted cells 
were washed twice in a culture medium consisting of Dulbecco ’ s modi-
fied Eagle ’ s medium / HAMS F-12 medium (PAA Laboratories) supple-
mented 10 %  fetal calf serum (Linaris, Bettingen, Germany), penicillin 
(100   U   ml     −    1 ), and streptomycin (100    � g   ml     −    1 ) and seeded into 48-well 
plates (5 × 10 5    cells per well). The following day non-adherent cells were 
discarded, and adherent cells were propagated. Lineage commitment 
of the cells was confirmed by conversion to adipocytes in the presence 
of insulin (Aventis Pharma, Frankfurt, Germany) and hydrocortisone 
(Pharmacia, Karlsruhe, Germany) as described previously. 12    

  Bone marrow-derived dendritic cells and macrophages   .   To obtain 
dendritic cells or macrophages, bone marrow was flushed from bones 
of C57Bl / 6 mice using Dulbecco ’ s modified Eagle ’ s medium / HAMS-F12 
with 10 %  fetal calf serum (Linaris). Cells were washed twice and seeded 
in a culture medium supplemented with granulocyte macrophage-
colony stimulation factor or macrophage-colony stimulating factor 
(20   ng   ml     −    1 ; PeproTech, Hamburg, Germany) to induce maturation to 
either dendritic cells or macrophages. Non-adherent cells were cultured 
for 6 days and every other day half of the medium supplemented with 
the respective cytokines was replaced.   

  Immunohistochemistry   .   After heat-induced epitope retrieval, 2- � m 
sections of formalin-fixed tissue were blocked with avidin / biotin (Dako, 
Hamburg, Germany) and incubated with polyclonal rabbit anti-human 
CD3 antibody (1:20; Dako), rat anti-mouse F4 / 80 antibody (1:50; eBio-
science, San Diego, CA) or isotype control antibodies (Dianova, Hamburg, 
Germany) followed by biotinylated secondary antibodies (1:200; Invitrogen, 
Carlsbad, CA). For detection, the REAL Detection System with alkaline 
phosphatase / RED (Dako) was applied, and nuclei were counterstained with 
hematoxylin. Images were acquired using an AxioImager Z1 microscope 
(Carl Zeiss MicroImaging, Oberkochen, Germany). Positive cells were 
quantified and averaged from three high power fields (3 × 0.237   mm 2 ).   

  Flow cytometric characterization of adipose tissue cells   .   Cell suspen-
sions of mesenteric or splenic adipose tissue were washed twice in fluo-
rescence-activated cell sorting buffer consisting of PBS with 0.5 % . bovine 
serum albumin. The following fluorochrome-coupled anti-mouse anti-
bodies were applied: CD3-allophycocyanine (APCs), CD4-FITC, CD8 � -
phycoerythrin (PE), CD11b-PE, CD11c-indocyanine 7 (Cy7), CD25-PE, 
CD69-Cy7, CD86-FITC, F4 / 80-PE, MHCII-APCs, and NK1.1-PE (all 
obtained from eBiosciences), MOMA-2-FITC (Serotec, D ü sseldorf, 
Germany) and  �  � TCR-APCs (Caltag Laboratories, Hamburg, Germany). 
To exclude dead cells, propidium iodide staining was performed and 
cells were characterized by flow cytometry using a FACSCantoII and the 
FacsDiva software (BD Biosciences).   

  Phagocytosis assay   .   Bone marrow-derived dendritic cells and mac-
rophages as well as preadipocytes were washed twice and adjusted to 
1 × 10 6    cells per ml. Cell suspensions (500    � l) were mixed with APC-
labeled ovalbumin (100 particles per cell), FITC-labeled latex beads 
(50 particles per cell), or FITC-labeled opsonized or non-opsonized 
 Staphylococcus aureus  (100 particles per cell; all obtained from Molecular 
Probes, Karlsruhe, Germany). Cells incubated under gentle shaking at 
37 °    C for 60   min or, as negative control, on ice, were subsequently washed 
three times with ice-cold fluorescence-activated cell sorting buffer and 
analyzed by flow cytometry. To determine phagocytic activity, the per-
centage of fluorescent cells in the negative control was subtracted from 
the percentage in the samples incubated at 37 °    C.   

  Cultural analyses for detection of live bacteria   .   Luminal contents 
from the colon were resuspended in PBS, weighed, and 100    � l aliquots 

of serial dilutions plated onto solid medium (Oxoid, Wesel, Germany). 
Bacteria were grown at 37 °    C for 2 days under aerobic or for 4 days under 
anaerobic conditions, and total numbers were determined by colony 
counting on Columbia blood agar (Merck, Darmstadt, Germany). Bile 
esculin, McConkey, Rogosa medium, and Columbia blood agar supple-
mented with haemin, kanamycin, and vancomycin (Merck) were used 
for quantitative identification of  Enterococci ,  Enterobacteria , lactic acid 
bacteria (mainly  Lactobacillus ), and  Bacteroides  /  Prevotella  spp., respec-
tively. The amounts of Gram-negative and Gram-positive bacteria were 
determined by counting of distinct colony morphotypes on Columbia 
blood agar. Bacteria were subcultivated and further investigated by Gram 
staining and by biochemical analysis with the API20E, API50CH, and 
API-Rapid-ID32A systems (BioM é rieux, N ü rtingen, Germany). Results 
were expressed as colony forming unit per g luminal colon content. Blood 
and tissue samples removed under sterile conditions were cultured in 
brain heart infusion and thioglycolate broths (Oxoid) for at least 1 week 
at 37 °    C, and bacterial growth was monitored by turbidity. Aliquots from 
turbid broths were cultivated on solid media under aerobic and anaero-
bic conditions, and the bacteria were identified microbiologically and 
biochemically as described above.   

  Cytokine detection in tissue culture supernatants   .   Colons cut open 
were washed with PBS and strips of 1   cm 2  were placed in RPMI 1640 with 
penicillin (100   U   ml     −    1 ) and streptomycin (100    � g   ml     −    1 ; PAA Laboratories). 
Fat tissue was cut into strips, weighed, washed, and cultured in a medium 
in 24-well plates. After 24   h at 37 °    C, culture supernatants were tested for 
IL-6, IL-10, IL-12p70, IFN � , tumor necrosis factor- � , and MCP-1 by the 
Mouse Inflammation Cytometric Bead Array (BD Biosciences). In subsets 
of samples specific enzyme-linked immunosorbent assays were applied to 
determine IL-6 (BD Biosciences) and leptin (R & D Systems, Wiesbaden, 
Germany) according to the manufacturer ’ s protocols.   

  Characterizing of the epithelial barrier   .   Colon specimens were mounted 
in a miniaturized Ussing chamber (exposed area 0.049   cm 2 ) as described 
previously. 48  To differentiate the epithelial and subepithelial portion of 
transmural resistance, impedance analysis was performed. 49  Briefly, 
48 discrete frequencies of an effective sine wave alternating current of 
35   mA   cm     −    2 , ranging from 1.3 to 65 kHz, were applied and changes in 
tissue voltage detected by phase-sensitive amplifiers (1,250 frequency 
response analyzer and 1,286 electrochemical interface; Solartron 
Schlumberger, Farnborough, Hampshire, UK). Complex impedance 
values were calculated and corrected for the resistance of the bath-
ing solution and the frequency behavior of the measuring device. The 
impedance loci were plotted in Nyquist diagrams fitted by least squares 
analysis. Transmural wall resistance ( R  t ) was obtained at low, and sub-
epithelial resistance ( R  s ) at high frequencies. Epithelial resistance ( R  e ) 
equals  R  t     −     R  s  paracellular permeability was determined by mannitol flux 
(mucosal-to-serosal). 48  Briefly, 10 7    c.p.m. [ 3 H]mannitol (specific activity 
20   Ci   mmol     −    1 ; ARC, St Louis, MO) was added to the mucosal side. After 
an equilibration period, a fraction of the serosal volume was sampled over 
three 15   min intervals and analyzed using a  � -counter.   

  Surface area of the colon mucosa   .   The surface area of the colon 
mucosa was assessed as the ratio of mucosal-to-serosal surface area from 
the lengths of apical epithelial as well as muscularis mucosae linings in 
equivalent fields of view of adjacent sections. Crypt height and density 
were determined from five sections per mouse, each  ~ 700    � m in width. 
Hematoxylin / eosin-stained colon sections were analyzed using the free-
hand line selection tool of Image J (Rasband, ImageJ, NIH, Bethesda, 
MD;  http://rsb.info.nih.gov/ij/ , 1997 – 2009).   

  Statistics   .   Significance was determined using the GraphPad PRISM soft-
ware (Version 4.00. for Windows; GraphPad Software, San Diego, CA).        

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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