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Abstract

Chronic inflammation and increased visceral adipose tissue (VAT) are key elements of the metabolic syndrome. Both are considered to
play a pathogenic role in the development of liver steatosis and insulin resistance. The aim of the present study was to investigate the
hypothesis that an inflamed intestine, induced both by diet and chemical irritation, could induce persistent inflammation in VAT. Female
C57BL/6JOlaHsd mice were used. In study I, groups of mice (n = 6 per group) were given an obesity-inducing cafeteria diet (diet-induced
obesity) or regular chow only (control) for 14 weeks. In study II, colitis in mice (n = 8) was induced by 3% dextran sulfate sodium in tap
water for 5 days followed by 21 days of tap water alone. Healthy control mice (n = 8) had tap water only. At the end of the studies, all mice
were killed; and blood and tissues were sampled and processed for analysis. Body weight of diet-induced obese mice was greatly increased,
with evidence of systemic inflammation, insulin resistance, and liver steatosis. Tissue inflammation indexed by proinflammatory cytokine
expression was recorded in liver, mesenteric fat, and proximal colon/distal ileum, but not in subcutaneous or perigonadal fat. In dextran
sulfate sodium—induced colitis mice, mesenteric fat was even more inflamed than the colon, whereas a much milder inflammation was seen
in liver and subcutaneous fat. The studies showed both diet- and colitis-initiated inflammation in mesenteric fat. Fat depots contiguous with
intestine and their capacity for exaggerated inflammatory responses to conditions of impaired gut barrier function may account for the

particularly pathogenic role of VAT in obesity-induced metabolic disorders.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Chronic low-grade systemic inflammation is a feature of
established obesity and is now considered by many as a key
feature of the metabolic syndrome, at least when indexed by
circulating cytokines and inflammatory markers [1-4].
Biomarkers of inflammation, such as circulating C-reactive
protein, are now widely accepted as an indicator of
cardiovascular risk in the context of the metabolic syndrome
[5-7]. The source of these circulating factors is becoming
clearer. White adipose tissue (WAT) is no longer recognized
as a passive storehouse of excess energy, but also an active
endocrine and secretory organ and a major contributor to the
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elevated levels of a number of inflammatory proteins. The
role of adipose in inflammation has been extensively
reviewed recently [8-10].

Different depots of WAT play diverging roles in the
obesity-related inflammation and in energy metabolism [11].
Visceral, but not subcutaneous (SC), fat is strongly associated
with the metabolic syndrome [11]. Indeed, abdominal obesity
is a required criterion in the most recent consensus definition
of metabolic syndrome [12]. Visceral adipose tissue (VAT) is
generally found to be more inflamed than SC, producing more
monocyte chemotactic protein—1, tumor necrosis factor
(TNF)-a, and interleukin (IL)-6, and less adiponectin than
SC and thus has been presumed as the key regulator of
systemic inflammation in obesity [11,13-15]. Visceral adipose
tissue is also strongly associated with nonalcoholic fatty liver
disease including simple steatosis and nonalchoholic steato-
hepatitis, which may progress to fibrosis, cirrhosis, and
carcinoma. In addition, VAT is thought to provide an
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immediate source of free fatty acid and proinflammatory
cytokines, such as TNF-o, IL-6, and IL-1p, to the liver via the
portal vein, which may initiate hepatic inflammation [16,17].

It is unclear why and how enlarged VAT depots become
especially pathogenic. It has been suggested that WAT-
secreted cytokines are closely associated with a number of
gastrointestinal diseases, such as Crohn disease, functional
bowel disorders, and gastrointestinal cancers [18,19]. The
hypertrophied mesenteric adipose tissue in inflammatory
bowel diseases was presumed to be a major contributor of the
increased circulating proinflammatory cytokines and stea-
tosis seen in these patients [20]. This link between VAT and
intestinal inflammation was also observed by Schiffler and
his colleagues [21,22]. They found a pronounced infiltration
of macrophages along with up-regulated cytokines in the
creeping fat of patients with Crohn disease and proposed that
hypertrophic mesenteric fat could be a cause of or a
consequence of intestinal inflammation.

The present studies were aimed to study the cross impact
between metabolic disorders and intestinal inflammation. We
hypothesized that diet-induced obesity is an inflammatory
condition in intestine, adipose, and liver, which shares
metabolic features with induced gastrointestinal inflamma-
tion. To test this hypothesis, we studied the expression of
inflammatory markers in different tissues in diet-induced
obese (DIO) mice, especially to see if inflammation occurred
in the intestinal tissues of the obese animal. To get perspective
on the degree and nature of the inflammation in DIO mice, we
compared it with the most commonly used gastrointestinal
inflammatory model, that is, dextran sulfate sodium (DSS)
colitis [23]. In the mouse strain used herein (C57BL/
6JOlaHsd), DSS causes an acute disease that progresses
into severe chronic colitis characterized by highly elevated
plasma levels of acute phase proteins and elevated levels of
cytokines in colon [24]. In addition to inflammatory end
points measured in colon and plasma, we also studied how
adipose and liver reacted to the DSS-induced inflammation in
the intestinal mucosa and compared the pattern of inflamma-
tion markers with that observed in the DIO model.

2. Materials and methods
2.1. Animal experiments

Female C57BL/6JOlaHsd mice (Harlan, Horst, the
Netherlands), 8 to 10 weeks old and weighing around
18 g, were used in the studies. The animals were kept in
Macrolon 2L cages (Scanbur A/S, Karslunde, Denmark;
6-8 mice per cage) in rooms with regulated temperature
(18°C-22°C), humidity (about 50%), and 12-hour/12-hour
light-dark cycle. The mice had free access to regular chow
pellets (R3; containing 5% fat, 52% carbohydrate, and 21%
protein; Lactamin, Vadstena, Sweden) and tap water. They
were allowed at least 1 week of acclimatization before study
initiation. The local Animal Research Ethics Board Com-
mittee (Goteborg) approved these studies.

2.1.1. Study 1

One group of 6 mice was given cafeteria diet, including
cheese (containing 38% fat, 1% carbohydrate, and 20%
protein; Arla Ost, Vistervik, Sweden), chocolate (containing
32% fat, 58% carbohydrate, and 6% protein; Marabou, Kraft
Foods, Upplands Visby, Sweden), nougat (containing 39%
fat, 47% carbohydrate, and 6% protein; Odense Marcipan,
Odense, Denmark), and chocolate/cocoa pastry (containing
31% fat, 52% carbohydrate, and 5% protein; Delicatoboll,
Delicato, Huddinge, Sweden), together with regular chow
for 14 weeks and was named as DIO. Regular chow—fed
mice (n = 6) served as age-matched lean controls.

2.1.2. Study 2

Mice were given regular chow pellets. One group of mice
(n = 8) was given tap water with 3% (wt/vol) DSS ( 45 kd;
TdB Consultancy, Uppsala, Sweden) for 5 days, followed by
tap water only for further 21 days. The 5-day DSS exposure
is sufficient to induce a chronic phenotype of colitis 3 weeks
later, as previously described [23,24]. The control group (n =
8) was given tap water throughout the study.

Body weights (BWs) were recorded weekly in both studies.
Atthe end of the studies, the plasma glucose level of mice, in an
awake and fed state, was measured by ACCU-CHEK Compact
Plus Blood Glucose Meter (Roche Diagnostics, Mannheim,
Germany) between 12:00 PM and 3:00 PM (6-9 hours after light
on). The mice were then killed under deep isoflurane
anesthesia. During anesthesia, retroorbital blood was sampled
using an EDTA-containing capillary tube. The plasma was
separated and stored at —20°C until analysis. The whole liver,
total mesenteric fat, perigonadal fat, and abdominal SC fat, as
well as the proximal colon, were removed, weighed, frozen in
liquid nitrogen, and stored in —80°C until analysis.

2.2. Analysis of triglyceride, haptoglobin, insulin, leptin,
and alanine aminotransferase

Liver tissues (50 mg/mL isopropanol in Lysing Matrix D
tubes) were homogenized in a FastPrep FP120 (Qbiogene,
Illkirch Cedex, France). The samples were centrifuged at
1300g (4°C) for 5 minutes, and the supernatants were used to
determine liver triglyceride (TG) levels. The TG concentra-
tions in the plasma and liver were measured (catalog no.
A11A01640; ABX Diagnostics, Montepellier, France) and
expressed as millimoles per liter and grams per 100 g,
respectively (assay coefficient of variation [CV], 3%). The
plasma levels of haptoglobin (Phase Range, catalog no.
TP801; Tridelta Development, Maynooth, Ireland; assay CV,
8%), leptin (catalog no. 90030; Christal Chemical, Downers
Grove, IL; assay CV, 10%), and insulin (catalog no. R1-13K;
Linco Research, St Charles, MO; assay CV, 7%) were
measured; and results were expressed as grams per liter,
nanograms per milliliter, and nanomoles per liter, respec-
tively. Alanine aminotransferase (ALAT) activities were
determined with an enzymatic colorimetric assay (REF
AL7904; Randox Laboratories, Crumlin, United Kingdom;
assay CV, 8%) and expressed as microkatals per liter. The
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assays were performed by using a Cobas Mira analyzer
(Roche Diagnostica, Basle, Switzerland).

2.3. Analysis of cytokines in the tissues

Dissected tissue pieces were put in Lysing Matrix D tubes
and homogenized in phosphate-buffered saline supplemented
with protease inhibitor (Complete Mini, Roche Diagnostics), at
250 mg tissue per milliliter, on a FastPrep FP120 (Qbiogene).
The homogenates were then centrifuged at 5000g (4°C) for 5
minutes. The supernatants were transferred to new tubes and
centrifuged once more at 10 000g (4°C) for 10 minutes. The
final supernatants were stored at —80°C until analysis.

The cytokines including IL-14, IL-6, IL-12p40, and TNF-o
(assay CVs, 10%-15%) in liver, proximal colon, and
mesenteric and SC adipose depots were determined by using
bead-based multiplex suspension array kits (Bio-Rad, Her-
cules, CA) with the Luminex technology and BioPlex Manager
4.0 software (Bio-Rad) on a BioPlex following the manufac-
turer’s instructions. The results are expressed as picograms per
milligram protein.

2.4. Statistics

Results are expressed as mean + SEM and were
statistically evaluated using Student ¢ test for the median
because of the skewed data sets. Differences were considered
to be significant at a P value less than .05.

3. Results
3.1. Study 1: DIO mice

3.1.1. Body and tissue weights
The DIO mice gained more weight than controls during
the feeding protocol (Fig. 1A, B). They were significantly
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heavier by week 2; and by the end of 14 weeks, BW in DIO
mice was double that of the control (46 + 0.8 g vs 23.2 +
0.3 g, P <.001). The weights of whole liver, total mesenteric
fat, and a depot of abdominal SC fat in DIO mice were 2- to
5-fold higher than corresponding tissues in lean mice, all at
P less than .001 (Fig. 1B).

3.1.2. Plasma and liver biochemistry

In DIO mice, plasma haptoglobin was 7-fold and leptin
was 5-fold higher than those in lean mice (both P <.001).
Plasma insulin was significantly elevated in DIO compared
with lean mice (Fig. 1C, P <.01), as was plasma glucose
(Fig. 1D, P<.001). In DIO mice, liver TG concentration was
8-fold higher than that in lean mice (Fig. 1D, P <.01); and
the plasma ALAT was also significantly elevated (Fig. 1C,
P <.001). However, the plasma TG in DIO mice was only
slightly elevated (Fig. 1C, not significant).

3.1.3. Cytokines in tissues

Concentrations of IL-6 and TNF-o in both liver and
mesenteric adipose of DIO mice were significantly
increased in comparison with those of lean mice (Fig. 2;
IL-6 elevated 193% in liver [P < .05] and 609% in
mesenteric fat [P <.05], TNF-o increased 222% in liver [P <
.01] and 426% in mesenteric fat [P < .05]). Interleukin-
12p40 levels did not differ between groups in either tissue.
Interleukin-1f levels were increased 233% in DIO mice in
mesenteric fat (Fig. 2B, P <.05), but not liver. In contrast, in
the proximal colon of DIO mice, IL-15 levels were
significantly higher than those of lean mice (Fig. 2C;
259% increased, P <.01), as was IL-12p40 (Fig. 2C; 162%
increased, P <.05), whereas IL-6 and TNF-a did not differ.
The cytokine levels in SC fat were not significantly different
between DIO and lean mice (Fig. 2D), and the same was
true for perigonadal fat (Fig. 2E).
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Fig. 1. Body and tissue weights, and plasma biochemistry in DIO and lean mice. (A) The BW in the mice given cafeteria diet was significantly higher than that in
mice given regular chow by 14-week measurements after diet treatment (P <.05 to P <.001). (B) Weights of whole liver, whole mesenteric fat, and a depot of SC fat
in DIO and lean mice. (C and D) Plasma chemical analysis in DIO and lean mice at the end point of experiment (mean + SEM, n = 6 per group; *P <.05, **P <.01,
**%pP <.001). Note that, for the BW, the error bars are very small and obscured by the symbols. Groups differed significantly in BW from the second week of diet.
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Fig. 2. Inflammation indexed by cytokine concentrations in liver, proximal colon, and mesenteric and SC adiposes of DIO and lean mice (mean + SEM, n = 6 per

group except for the mesenteric fat, n = 4; *P <.05, **P <.01, ***P <.001).

3.2. Study 2: DSS-treated mice

3.2.1. Body and tissue weights

The BW of the mice with DSS-induced colitis began to
decrease at 4 days after the initiation of DSS treatment,
with the lowest BW being approximately 1 week after the
cessation of DSS (16.1 £ 0.9 g at day 11, loss of 3.5 g)
(Fig. 3A, B). The BW of the DSS group then gradually
increased to 19.6 £ 0.7 g at the end of the experiment,
close to that of healthy control (HC) mice (20.9 = 1.0 g).
In comparison with HC mice, the weight of SC fat in
DSS-treated mice was significantly reduced, whereas
mesenteric fat remained unchanged. In contrast, the liver
weight of the DSS-treated mice was significantly elevated
(Fig. 3B).

3.2.2. Plasma and liver biochemistry

Plasma haptoglobin in DSS-treated mice was signifi-
cantly elevated in comparison with that in HC mice (2.0 £+
0.3 vs 0.05 £ 0.01g/L) (Fig. 3C, D). Plasma glucose and
insulin levels were not different between HC and DSS-
treated mice. Plasma levels of leptin, TG, and ALAT were
also slightly lower in DSS-treated mice than in HC mice, but
liver TG concentration in DSS-treated mice was significantly
reduced compared with that in HC mice.

3.2.3. Cytokines in tissues

In DSS-treated mice, the concentrations of cytokines in
the proximal colon, including IL-1p5, IL-6, IL-12p40, and
TNF-o, were all significantly elevated (by 4858%, 1471%,
209%, and 321%, respectively; all P <.01) in comparison
with those in HC mice (Fig. 4A-D). In liver, mesenteric fat,
and SC fat, only IL-15 and IL-12p40 were significantly
higher in DSS-treated mice compared with HC mice (IL-1J
increased by 3437% in mesenteric and 415% in SC fat, both
P < .01; IL-12p40 increased by 661% in mesenteric and
254% in SC fat, both P <.05).

4. Discussion

The connection between high-fat diet (HFD)—induced
obesity, insulin resistance, and circulating markers of
inflammation in rodents has been reported in a number of
studies [25-27]. Increased expression of cytokines in white
adipose occurs even within 2 days of initiation of HFD
feeding in mice [26]. After a longer period of HFD feeding
(6-20 weeks), inflammation has been observed not only in
adipose [26-28]; but it is present also in liver, muscle [25],
and hypothalamus [29]. This widespread tissue inflammation
suggests the development of a chronic low-grade, but
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Fig. 3. Body and tissue weights, and plasma biochemistry in DSS-induced colitic and HC mice. (A) Development of BW in DSS-induced colitic and HC mice
during entire experimental period. (B) Weights of whole liver, whole mesenteric fat, and a depot of SC fat in colitis and HC mice. (C and D) Plasma chemical
analysis in colitic and HC mice at the end point of experiment (mean + SEM, n = 8 per group; *P <.05, **P <.01, ***P <.001).

systemic inflammation with higher dietary fat intake.
Although the initial increased level of cytokines might
presumably come directly from adipocytes or vascular
endothelial cells residing in adipose [26], more recent
evidence has demonstrated that the chronic inflammation
in HFD or genetically obese animals is associated with the
infiltration of monocytes and macrophages [30-33].

The DIO mice in the present study showed a greatly
increased adiposity, liver steatosis, and evidence of insulin
resistance. Together with these typical metabolic disorders,
the mice manifested widespread inflammation shown by a
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high level of circulating haptoglobin and elevated cytokine
markers in liver and mesenteric fat. Furthermore, a
significant inflammation as indexed by the specific markers
for gut inflammation, IL-1 and IL-12p40, was found in the
proximal colon in the DIO mice. This finding is in line with a
human study showing a low-grade asymptomatic bowel
inflammation in obese subjects as measured by calprotectin
in feces [34]. Interestingly, in contrast, there was no evidence
of increased inflammation in SC adipose tissue.

Next, to find if mesenteric fat, which is contiguous to the
intestine, reacts to intestinal inflammation, we used a mouse
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Fig. 4. Inflammation indexed by cytokine concentrations in liver, proximal colon, and mesenteric and SC adiposes of colitic and HC mice (mean + SEM, n =8

per group; *P <.05, ¥*P < .01, ***P <.001).
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model of inflammatory bowel disease, the DSS-induced
colitis. As described previously [24,35], 3 weeks after DSS
treatment, a severe colitis, indexed by elevated IL-15 and IL-
12p40, was seen in the mice. Importantly, a more profound
inflammation was seen in the mesenteric fat than in colon
and also relative to the milder inflammation seen in liver and
SC fat. The chemical-induced inflammation produced by
DSS is somewhat different in pattern to that seen in DIO
obese mice. However, both models lead to inflammation in
the intestine-contiguous mesenteric fat of the DIO mice.

A key question is how the intestinal inflammation is
transferred from the gut to the mesenteric adipose tissue. A
salient possibility is an impaired gut barrier function and
increased bacterial translocation to the mesentery as shown
in experimental colitis [36]. Intraabdominal adipose tissue
plays an important role in immune defense by clearance of
bacteria from the peritoneal cavity [37], and a decreased
intestinal barrier function may lead to increased bacterial
load provoking an inflammatory defense response in
intraabdominal adipose tissue. Most likely, immune cells
including macrophages, plasma cells, and T cells present in
omental fat play important roles in the process [38-40]. A
recent study has demonstrated that intestinal permeability
and antigenic uptake in genetically induced obese mice (0b/
ob and db/db) are increased, which leads to increased portal
endotoxemia and inflammatory damage in the liver [41].
Extending these data, our studies indicate that the intestinal
mucosa itself is in an inflammatory state in HFD-derived
obesity and that inflammation in mesenteric fat can result
from the induced intestinal inflammation. We suggest that
the interaction of inflammation between mesenteric fat and
the intestinal mucosa could trigger and worsen to a persistent
inflammation in VAT. This would place VAT as a key
pathogenic tissue in obesity-induced metabolic disorders, as
is consistently observed, and suggest that it is the VAT
contiguous with the intestine that is most critical.

It must be emphasized that the DSS model is used here in
2 ways. The first is to demonstrate that the intestinal
inflammation induced by the HFD is really quite comparable
with that seen after a chemical insult used as an industry
standard mouse model of colitis. The second is to show that
this intestinal chemical insult results in inflammation not
only of the intestine, but also of the fat contiguous with it.
There is no intention to claim more than this in mechanistic
terms. Certainly, the data are consistent with, but in no way
prove, the fact that the mesenteric fat inflammation of diet-
induced obesity has its genesis in the intestinal tract.

The nature of the macronutrients in an obesogenic diet is
also likely to be important in the genesis and severity of the
inflammatory response. The harmful effect of HFD on
symptomatic bowel inflammation has been shown in patients
with Crohn disease [42]. The specific composition of fat is
also of critical importance as demonstrated previously where
the long-chain fatty acid oleate (18:1 n-9) increased
lymphocyte flux and enhanced its proliferative response in
intestinal lymph, an effect not seen with the medium-chain

fatty acid octanoate (8:0) [43]. Long-chain unsaturated fatty
acids are potent gene regulators [44], and the balance between
fatty acid subtypes in the intestinal inflammatory response to
obesogenic diets is an important area of investigation.

In conclusion, our studies showed diet-induced inflam-
mation both in intestine and in mesenteric fat. Fat depots
contiguous with intestine and their capacity for exaggerated
inflammatory responses to conditions of impaired gut barrier
function may help account for the particularly pathogenic
role of VAT in obesity-induced metabolic disorders.
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