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Metabolic Endotoxemia Initiates Obesity and Insulin

Resistance
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Diabetes and obesity are two metabolic diseases character-
ized by insulin resistance and a low-grade inflammation.
Seeking an inflammatory factor causative of the onset of
insulin resistance, obesity, and diabetes, we have identified
bacterial lipopolysaccharide (LPS) as a triggering factor.
We found that normal endotoxemia increased or decreased
during the fed or fasted state, respectively, on a nutritional
basis and that a 4-week high-fat diet chronically increased
plasma LPS concentration two to three times, a threshold
that we have defined as metabolic endotoxemia. Impor-
tantly, a high-fat diet increased the proportion of an LPS-
containing microbiota in the gut. When metabolic
endotoxemia was induced for 4 weeks in mice through
continuous subcutaneous infusion of LPS, fasted glycemia
and insulinemia and whole-body, liver, and adipose tissue
weight gain were increased to a similar extent as in high-
fat-fed mice. In addition, adipose tissue F4/80-positive
cells and markers of inflammation, and liver triglyceride
content, were increased. Furthermore, liver, but not whole-
body, insulin resistance was detected in LPS-infused mice.
CD14 mutant mice resisted most of the LPS and high-fat
diet-induced features of metabolic diseases. This new find-
ing demonstrates that metabolic endotoxemia dysregulates
the inflammatory tone and triggers body weight gain and
diabetes. We conclude that the LPS/CD14 system sets the
tone of insulin sensitivity and the onset of diabetes and
obesity. Lowering plasma LPS concentration could be a
potent strategy for the control of metabolic diseases.
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he outbreak of a fat-enriched diet in Western
countries is becoming a problem of the utmost
importance. Obesity is the result of a complex
interaction between genetic and environmental
factors. Among the latter, changes in eating habits to
increase fat intake are involved in the increased occur-
rence of metabolic diseases, such as obesity and diabetes,
which are bearing features of the metabolic syndrome.
The major metabolic consequence of a high-fat diet is that
insulin action and the regulatory mechanisms of body
weight are impaired through a well-described lipotoxic
effect (1). In addition, it has been recently determined that
obesity and insulin resistance are associated with low-
grade chronic systemic inflammation (2). In models of
diet-induced and genetic obesity, the adipose tissue pre-
sents increased expression and content of proinflamma-
tory cytokines such as tumor necrosis factor (TNF)-a
(3,4), interleukin (IL)-1 (3,4), and IL-6 (4). This cytokine
production is then deleterious for muscle insulin action;
for example, TNF-a has been shown to cause insulin
resistance by increasing serine phosphorylation on insulin
receptor substrate-1 (5), leading to its inactivation. The
consequent insulin resistance will favor hyperinsulinemia
and excessive hepatic and adipose tissue lipid storage.
However, while extensive research is dedicated to the
effects of an inflammatory reaction on energy metabolism,
the triggering factor linking inflammation to high-fat diet—
induced metabolic syndrome remains to be determined.
Recently, it has been shown that nutritional fatty acids
activate toll-like receptor-4 (TLR4) signaling in adipocytes
and macrophages and that the capacity of fatty acids to
induce inflammatory signaling in adipose cells or tissue
and macrophages is blunted in the absence of TLR4 (6).
Furthermore, adipose tissue lipolysis, from hypertrophied
adipocytes, could serve as a naturally occurring ligand for
TLRA4 to induce inflammation (7). In addition, TLR4 mRNA
concentration was induced during adipocyte differentia-
tion, further enhancing free fatty acid-induced inflamma-
tion (8).

A very encouraging and innovative hypothesis has re-
cently been proposed whereby the microbial ecology in
humans could be an important factor affecting energy
homeostasis (i.e., individuals predisposed to obesity may
have gut microbial communities that would favor the
occurrence of the metabolic diseases) (9-11). Although
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the proposed mechanism was to promote a more efficient
extraction and/or storage of energy from a given diet, the
impact of microbiota on the occurrence of a low-tone
inflammatory status was not determined. However, an-
other study recently showed that antibiotic treatment
partially protects against type 1 diabetes in a diabetes-
prone rat developing insulitis (12). The authors proposed
that altering the gut microbiota composition by antibiotic
treatment had reduced the antigenic load and hence the
inflammatory reaction that had potently led to pancreatic
B-cell destruction. In that respect, we have been looking
for a factor of microbial origin that would trigger and
maintain a low-tone continuous inflammatory state when
feeding on a high-fat diet. We hypothesized that the
bacterial lipopolysaccharide (LPS) from the Gram-nega-
tive intestinal microbiota would fulfill all the prerequisites
to be eligible. Thus, endogenous LPS is 1) continuously
produced in the gut by the death of Gram-negative bacteria
and physiologically translocated into intestinal capillaries
through a TLR4-dependent mechanism (13); 2) trans-
ported from the intestine toward target tissues by a
mechanism facilitated by lipoproteins, notably chylomi-
crons freshly synthesized from epithelial intestinal cells in
response to a high-fat diet (14); and 3) triggers the
secretion of proinflammatory cytokines when it binds to
the complex of mCD14 and the TLR4 at the surface of
innate immune cells (15,16). Therefore, we aimed to
demonstrate that LPS would be an early factor in the
triggering of high-fat diet-induced metabolic diseases.

RESEARCH DESIGN AND METHODS

Twelve-week-old male C57bl6/J mice (Charles River, Brussels, Belgium) and
CD14 mutant male mice bred in a C57bl6 background (Jackson Laboratory,
Bar Harbor, ME) were housed in a controlled environment (inverted 12-h
daylight cycle, lights off at 10:00 a.m.) with free access to food and water. All
of the following animal experimental procedures were validated by the local
ethical committee of the Rangueil Hospital and by the Université catholique de
Louvain Animal Ethical Committee.

Mice were fed a control (A04, Villemoisson sur Orge, France) or a high-fat,
carbohydrate-free diet for 2 or 4 weeks following protocols. The diet con-
tained 72% fat (corn oil and lard), 28% protein, and <1% carbohydrate as
energy content (17). In a subset of mice, obesity and diabetes were induced by
a high-fat diet and mice killed after 4 or 24 weeks.

Energy intake measurements. Energy intake was recorded twice weekly
for 4 weeks, two mice per cage. Pellets and spillage were weighed separately.
The mean value for the weekly assessment was calculated. This method was
performed similarly for all assessments.

Surgical procedures, infusions, and isotope measurements. Mice were
implanted subcutaneously with an osmotic minipump (Alzet Model 2004; Alza,
Palo Alto, CA) as previously described (17). The pumps were filled either with
NaCl (0.9%) or LPS (from Escherichia coli 055:B5; Sigma, St. Louis, MO) to
infuse 300 ug - kg ' - day ' for 4 weeks. For the clamp studies, an intrafemoral
catheter was indwelled as previously described (18). Insulin sensitivity was
assessed by the euglycemic-hyperinsulinemic clamp as described (19). Briefly,
6-h-fasted mice were infused with insulin at a rate of 18 (pharmacological, to
assess whole-body insulin sensitivity) or 1 (physiological, to assess the effect
of insulin on the inhibition of endogenous glucose production) mU + kg™ ! -
min~! for 3 h. For glucose turnover measurements, p-(*H)3-glucose (Perkin
Elmer, Boston, MA) was simultaneously infused at rate of 30 wCi/kg, as
described (17). p-(°H-3)-glucose enrichments were determined from total
blood after deproteinization by a Zn(OH), precipitate, as described (19). To
assess whether CD14 mice were sensitive to LPS-induced inflammation, fasted
mice were continuously infused with LPS (0.5 mg - kg~' - h™!) for 3 h. Liver
and white adipose tissue were collected and frozen at —80°C.

Glucose and LPS tolerance tests. Intraperitoneal or oral glucose tolerance
tests were performed as follows: 6-h—fasted mice were injected with glucose
into the peritoneal cavity (1 g/kg glucose, 20% glucose solution) or by gavage
(3 g/kg glucose, 66% glucose solution). Blood glucose was determined with a
glucose meter (Roche Diagnostics) on 3.5 pl blood collected from the tip of
the tail vein. A total of 20 pl blood was sampled 30 min before and 15 or 30 min
after the glucose load to assess plasma insulin concentration. An LPS
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tolerance test was performed as follows. Fasted mice were gavaged by LPS
(300 pg/kg) diluted in water or corn oil (100 wl) or without LPS. Blood was
collected from the tip of the tail vein before and 30 min after gavage. Plasma
was separated and frozen.

Microbial enumeration in intestinal content by fluorescent in situ
hybridization. The caecal contents collected post mortem from mice were
stored at —80°C. Samples were thawed on ice and diluted 1:10 in sterile
ice-cold 0.1 moVl/1 PBS, pH 7.0. The suspension was homogenized by pipetting
and centrifuged at 3,500g for 15 min to remove particulate matter. The
supernatant containing the bacterial cells was fixed overnight in 4% (wt/vol)
paraformaldehyde. The bacterial cells were then washed and resuspended
twice in sterile PBS and finally stored in 50% ethanol in PBS at —20°C until
hybridization with appropriate molecular probes targeting specific regions of
16S rRNA. The probes used were EREC 482, Bac303, MIB 661, Lab158, Bif164,
SRB 687, and probe D specific for the FEubacterium rectale/Clostridium
coccoides group, Bacteroides species, mouse intestinal bacteria, Lactobacilli/
Enterococci, Bifidobacterium species, sulfate-reducing bacteria, and the
Enterobacteriaceae, respectively. The nucleic acid stain DAPI (4”6-diamidino-
2-phenylindole) was used for total bacterial counts. The DNA probes were
tagged with the Cy3 fluorescence dye so that the hybridized samples could be
examined using fluorescence microscopy, as described previously (20). Re-
sults were expressed as log,, (bacterial cells per gram caecal content wet
weight).

Real-time quantitative PCR. Total RNAs from liver, muscle, and white
adipose tissue were prepared using TriPure reagent (Roche, Basel, Switzer-
land) as described (21). PCRs were performed using an ABI PRISM 5700
Sequence Detection System instrument and software (Applied Biosystems,
Foster City, CA) as described (21). Primer sequences for the targeted mouse
genes are available upon request (E-mail: patrice.cani@uclouvain.be).
Western blots. One hundred milligrams of liver were homogenized in lysis
buffer, and the proteins were separated onto a polyacrylamide gel and
transferred to polyvinylidine fluoride membrane, as described (17). The
membranes were incubated overnight at 4°C with the indicated antibody of
nuclear factor kB-p65 (Cell signaling, Saint Quentin Yvelines, France) and
inhibitor of kB kinase B-P (Santa Cruz, Le Perray en Yvelines, France). The
binding of the specific primary antibody was quantified as described (17).
Adipose tissue morphometry and F4/80 staining. The mean relative
proportion of adipocytes was estimated by a point-counting technique, on
paraffin-embedded hematoxilin eosine staining counterstained sections of
subcutaneous tissue. The number of adipocytes per microscopical field
(density) was determined at a magnification of X200. Total count ranged from
2,300 to 6,600 cells per condition. The mean surface area of the adipocytes
(um?) was calculated using image analyzer software (Visilog 6, Courtaboeuf,
France). Each adipocyte was manually delineated, and 700-1,000 adipocytes
per condition were assessed. F4/80 staining was performed as follows.
Ethanol-fixed, paraffin-embedded adipose tissue sections were deparaffinized
and rehydrated. Sections were blocked in normal serum and incubated
overnight with primary rat anti-mouse F4/80 monoclonal antibody (1/1,000;
Serotec, Oxford, U.K.). Endogenous horseradish peroxidase activity was
quenched with incubation with 3% hydrogen peroxide for 20 min. Secondary
antibody staining was performed using goat anti-rat biotinylated Ig Ab (1/500,
30 min, room temperature) and streptavidin horseradish peroxidase conju-
gated (1/500, 30 min, room temperature) and detected with 3,3'-diaminoben-
zidine. Sections were counterstained with hematoxylin before dehydration
and coverslip placement. The number of F4/80-positive cells per microscopi-
cal field was calculated and divided by the total number of adipocytes in
sections. Twelve to 17 fields were counted per condition.

Liver histology. A fraction of the main liver lobe was fixed-frozen in
Tissue-tek in liquid nitrogen—cold isopentane. For the detection of neutral
lipids, frozen sections were sliced and stained with the oil red O, using 0.5% oil
red O dissolved in propylene glycol for 10 min at 60°C. The sliced sections
were then counterstained.

Biochemical analyses. Plasma LPS determinations in the mouse were
performed using a kit based upon a Limulus amaebocyte extract (LAL Kkit;
Cambrex BioScience, Walkersville, MD). Samples were diluted 1/40 to 1/80
and heated during 10 min at 70°C. Internal control of recovery calculation was
included in the assessment. Plasma insulin concentrations were determined in
5 wl of plasma using an enzyme-linked immunosorbent assay kit (Mercodia,
Upssala, Sweden), following manufacturer’s instructions. Liver triglyceride
was determined as follows: total neutral lipids were extracted from 30 to 50
mg liver in CHCI3-MeOH (2:1). The organic extracts were air dried, reconsti-
tuted in isopropanol, and assayed for triglycerides by measuring the glycerol
produced after enzymatic hydrolysis of triglycerides using a commercial kit
(Triglycerides GPO Trinder; Sigma, Lyon, France).

Statistical analysis. Results are presented as means * SE. Statistical
significance of differences was analyzed by one-way ANOVA followed by post
hoc (Bonferroni’s multiple comparison test) using GraphPad Prism version
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4.00 for Windows (GraphPad Software, San Diego, CA). Data with different
superscript letters and * or § are significantly different at P < 0.05, according
to the post hoc ANOVA statistical analysis.

RESULTS

High-fat diet increased endotoxemia. Because LPS is
an important component of lipoprotein (14), and dyslipi-
demia an important feature of metabolic disease, we
studied the high-fat diet—fed mouse to determine the effect
of a high-fat diet on the occurrence of plasma LPS con-
centration. We determined whether plasma LPS could be a
physiological regulating factor dependent on the feeding
status and measured the endotoxemia throughout the day.
Our data show the existence of diurnal variations of
plasma LPS concentration, which reaches a zenith at the
end of the dark, feeding period (Fig. 14). Furthermore, a
short time (4 weeks) of high-fat feeding caused a disrup-
tion of this cycle, with endotoxemia remaining high
throughout the whole day. This increase was still 10-50
times lower than values that could be reached during
septicemia or other infections (22). Hence, we defined it as
ametabolic endotoxemia. To determine whether a high-fat
diet could bring about a modification within the intestinal
microbiota, which might account for the observed in-
creased levels of plasma LPS and, thus, metabolic endo-
toxemia, we characterized and quantified the main
bacterial families of cecal microbiota in high-fat-fed and
control mice. Maintenance of the mice on a high-fat diet
for 4 weeks resulted in a significant modulation of domi-
nant bacterial populations within the intestinal micro-
biota. Numbers of the newly recognized Gram-negative
operating taxonomic unit, Bacteroides-like mouse intesti-
nal bacteria (covered by the MIB661 probe), which reside
within the Cytophaga-Flavobacter-Bacteroides phylum,
were significantly reduced in animals fed the high-fat diet.
These bacteria are closely related to the Bacteroides-
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FIG. 1. High-fat feeding increased endotoxemia and
changed intestinal microbiota. A: Plasma LPS concen-
tration (EU/ml) was assessed every 4 h throughout
the day in normal diet (CT; n = 9) (H) and 4-week
high-fat-fed (HF; n = 9) (O) mice. B: Groups of
bacteria in the caecal content of mice fed the normal
diet (CT; n = 8) or the high-fat diet (HF; n = 8) for 4
weeks. Bacterial numbers are expressed as log,,
(bacterial cells per gram caecal content wet weight).
*P < 0.05 vs. CT. C: Delta plasma LPS concentration
in (EU/ml) in mice before and 30 min after an oral
administration of LPS diluted in corn oil (n = 6)
(0il-LPS) or in water (n = 6) (H,O-LPS) or an
administration of oil alone (n = 6) (oil). *P < 0.05 vs.
H,O-LPS. Data are means *= SE.

Prevotella group but are not enumerated by the Bacte-
roides probe Bac303. Bacteria enumerated by the MIB661
probe are the most numerous Gram-negative bacteria
within the mouse intestinal tract and, together with the
FEubacterium rectale-Clostridium coccoides group, con-
stitute the dominant members of the mouse intestinal
microbiota (23). Numbers of the FEubacterium rectale-
Clostridium coccoides group and bifidobacteria were also
significantly lower in animals fed the high-fat diet com-
pared with controls (Fig. 1B). Interestingly, these bacterial
families are predominantly Gram positive. Second, we
assessed whether exogenous LPS could be absorbed by a
high-fat diet. We orally administered LPS diluted in oil or
water to mice and found that endotoxemia rose after the
LPS-oil mixture administration only (Fig. 1C). In addition,
administration of oil alone also tended to increase endo-
toxemia. Therefore, both sets of experiments suggested
that exogenous and endogenous LPS origin participate
toward increased endotoxemia in the presence of a lipid-
rich diet.

Chronic experimental metabolic endotoxemia in-
duces obesity, diabetes, and liver insulin resistance.
Therefore, to causally link high-fat diet-increased plasma
LPS concentration to metabolic disease, we mimicked the
metabolic endotoxemia obtained during a 4-week high-fat
feeding by implanting a subcutaneous osmotic minipump
and performing a chronic continuous subcutaneous infu-
sion of LPS for 1 month (Fig. 2A). A 72% high-fat—enriched
diet increased endotoxemia 2.7-fold when compared with
control fed mice. Interestingly, this increase was modest
1.4-fold when the mice were fed with a 40% high-fat—
enriched diet. Therefore, we performed all studies with the
72% high-fat—enriched diet. Fasted glycemia was higher in
chronic LPS-infused compared with saline-infused mice
(Fig. 2B). Similarly, 15 min following oral glucose chal-
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FIG. 2. Chronic experimental metabolic endotoxemia induces obesity and diabetes. A: Plasma endotoxin concentration (EU/ml) in WT mice
infused with saline (CT; n = 18) or LPS (n = 18) for 4 weeks using subcutaneous osmotic pumps and compared with mice fed a high-fat diet for
4 weeks (HF; n = 18). B: Plasma glucose (mmol/l) following an oral glucose load (3 g/kg) in control (CT; n = 24), LPS (n = 13), or high-fat diet
(HF; n = 24) mice. The inset represents the area under curve for each group. *P < 0.05 vs. CT; §LPS vs. CT; #HF vs. LPS. C: Plasma insulin (pmol/l)
concentrations 30 min before (—30) and 15 min after (15) an oral glucose load in control (CT; n = 24), LPS (n = 13), or high-fat diet-fed (HF;
n = 24) mice. D: Hepatic glucose production and whole-body glucose turnover rates (mg - kg~! - min™!) in control (CT; n = 5), LPS (n = 5), or
high-fat diet-fed (HF; n = 5) mice. E: Body weight (g) before (day 0) and after a 28-day treatment period (day 28) and body weight gain (A) in
control (CT; n = 26), LPS (n = 21), or high-fat diet-fed (HF; n = 34) mice. F: Visceral and subcutaneous adipose tissue weight (percentage of
body weight) in control (CT; n = 26), LPS (n = 21), or high-fat diet-fed (HF; n = 34) mice. G: Liver weight (percentage of body weight) in control
(CT; n = 26), LPS (n = 21), or high-fat diet-fed (HF; n = 34) mice. H: Liver triglycerides (pmol/liver) in control (CT; rn = 12), LPS (n = 9), or
high-fat diet-fed (HF; n = 11) mice. I: Mean energy intake (kcal - day ' - mouse™!) in control (CT; n = 18), LPS (n = 18), or high-fat diet-fed (HF;
n = 18) mice. Data are means = SE. Data with different superscript letters are significantly different at P < 0.05, according to the post hoc ANOVA

statistical analysis.

lenge, blood glucose concentration was higher in LPS-
than in saline-treated mice (Fig. 2B). Similar data were
obtained in 4-week high-fat diet—fed mice for the fasted
and 15-min time points (Fig. 2B). However, the blood
glucose concentration remained higher in the high-fat
diet—fed mice compared with control and LPS-infused
mice. The area under curves were higher in the LPS and
high-fat diet—fed mice when compared with control mice
(Fig. 2B 1inset). Furthermore, fasted insulinemia was
higher in LPS- and high-fat-treated mice than in control
mice. However, glucose-induced insulin secretion was
normal in the chronic LPS-infused animals and was lower
than control mice in high-fat diet-fed mice (Fig. 20C).
Increased fasted plasma glucose and insulin levels were
associated with liver but not with whole-body insulin
resistance in chronic LPS-infused, whereas high-fat
diet—fed mice were characterized with whole-body, but
not liver, insulin resistance (Fig. 2D).

In addition, the 4-week LPS infusion increased body
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weight to the same extent as a 4-week high-fat diet
regimen (Fig. 2E). The visceral and subcutaneous adipose
depots were similarly increased (Fig. 2F). This increase
was more pronounced in the high-fat diet-fed mice. Liver
weight was higher in the LPS-infused than in control and
high-fat diet—fed mice (Fig. 2G). Liver triglyceride content
was increased in both LPS-infused and high-fat diet-fed
mice when compared with control mice, whereas signifi-
cance was reached in the high-fat diet—fed group only (Fig.
2H). Energy intakes were quantified and found to be
increased in the high-fat diet—fed group only when com-
pared with control mice (Fig. 21).

Metabolic endotoxemia triggers the expression of
inflammatory factors similarly to high-fat diet: a
CD14-dependent mechanism. We determined the ex-
pression pattern of the main inflammatory factors involved
in metabolic diseases, after 2 and 4 weeks of a high-fat diet
or subcutaneous chronic LPS infusion. The mRNA concen-
trations of TNF-«, IL-1, IL-6, and plasminogen activator
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FIG. 3. Metabolic endotoxemia triggers the expression of inflammatory factors similarly to high-fat feeding. TNF-«, IL-1, IL-6, and PAI-1 mRNA
concentrations (A, E, and I) in liver (B, F, and J), visceral adipose tissue (C, G, and K), subcutaneous adipose tissue (D, H, and L), and muscle
in normal diet—fed (n = 8) ([J]) or high-fat diet-fed (n = 8) (M) mice for 2 weeks (A-D) and 4 weeks (n = 8) (E-H) and in LPS-infused mice (n =

5) (I-L). Data are means * SE. *P < 0.05 vs. normal chow-fed mice.

inhibitor (PAI)-1 were generally increased in various com-
binations in the liver, as well as in the visceral and
subcutaneous depots, and in muscle of high-fat diet—fed
and LPS-infused mice (Fig. 3). Interestingly, liver cyto-
kines were increased as early as 2 weeks after commence-
ment of the diet (Fig. 34), which could also be related to
the early augmentation of plasma LPS concentration
(34 = 0.3 EU/ml, compared with Fig. 24). From these
data, we can conclude that LPS mimics, to some extent,
high-fat diet-induced inflammation and could be respon-
sible for impaired metabolism.

To demonstrate the causal link between LPS and obesi-
ty/diabetes, we studied CD14 mutant mice. In wild-type
(WT) mice, the acute 3-h intravenous LPS infusion mark-
edly increased IL-6, PAI-1, and IL-1 mRNA concentrations
in the subcutaneous adipose depot, whereas this increase
was dramatically blunted in CD14 mutant mice (Figs. 44
and B). Furthermore, the concentration of phosphorylated
nuclear factor-kB and IKK forms were increased in the
liver of WT mice and unchanged in CD14 mutant mice (Fig.
4C). We then quantified the effect of the chronic LPS
infusion in WT and CD14 mutant mice. The data showed
that body weight gain and visceral and subcutaneous
adipose depot weights were increased in WT but un-
changed in CD14 mutant mice (Figs. 5A and B). Further-
more, fasted and glucose-stimulated glycemias were
augmented in WT-LPS-infused mice when compared with
WT-CT mice (Fig. 5C). This observation was not apparent
when CD14 mutant mice were infused with LPS. The area
under the curve was increased in response to LPS infusion
in the WT mice only (Fig. 5C, inset). Plasma insulin
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concentrations were similar in the basal and glucose-
stimulated conditions for all groups (Fig. 5D). Chronic LPS
infusion increased liver weight in the WT mice only (Fig.
bFE). Triglycerides were increased by 30% in the liver of
LPS-infused WT mice but did not reach statistical signifi-
cance when compared with all other conditions (Fig. 5F).
All together, these data confirm that LPS is directly
implicated in the alterations of body weight and glucose
metabolism observed in Figs. 1 and 2 in the previous
experiments.

CD14: the main LPS receptor sets the tone of insulin
sensitivity and the occurrence of obesity and diabe-
tes. We found that CD14 mutant mice are hypersensitive
to insulin, as determined by the euglycemic-hyperinsuline-
mic clamp (Fig. 6A). These data show that CD14 itself can
affect the basal physiological state of insulin sensitivity.
Therefore, we challenged the mutant mice with a high-fat
diet to delineate the relevance of hypersensitivity to
insulin. We found that hypersensitivity to insulin allows
the mutant mice to delay, without totally preventing, the
occurrence of pathological insulin resistance and in-
creased body weight (Fig. 6B) when fed a high-fat diet.
Liver weight progressively increased and reached statisti-
cal significance after 24 weeks of a high-fat diet in WT
mice (Fig. 6C). This increase was prevented in CD14
mutant mice. Similarly, liver triglyceride concentration
was increased after only 4 weeks of a high-fat regimen
(Fig. 6D). This was totally blunted in the CD14 mutant
mice. Similarly, oil red O staining showed that lipid
accumulation was blunted in the CD14 mutant fed a
high-fat diet or infused with LPS (Fig. 6E). WT and CD14
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mutant mice both became glucose intolerant after 24
weeks of high-fat diet (Fig. 6F). In addition, WT high-fat
diet-fed (WT-HF) but not CD14 mice became hyperinsu-
linemic after 24 weeks of a high-fat diet (Fig. 6G).

We performed a closer analysis of these mice after 4

weeks of a high-fat diet, when insulin resistance is already
present in WT but not in CD14 mutant mice. After only 4
weeks of high-fat diet, the CD14 mutant mice had normal
fasted glycemia, remained normally tolerant to glucose
(Fig. 7A), and did not become hyperinsulinemic (Fig. 7B)
in the fasting state when compared with WT mice. Visceral
adipose depot weight was increased in WT but not in CD14
mutant mice fed a high-fat diet (Fig. 7C), whereas subcu-
taneous adipose depot was increased in both genotypes
during high-fat diet (Fig. 7C). Furthermore, TNF-a and
PAI-1 mRNA concentrations were both increased by the
high-fat diet in WT mice, whereas this increase was totally
blunted in the CD14 mutant mice (Fig. 7D). In the liver, a
similar tendency was observed as in the adipose depot,
showing that in absence of CD14 a high-fat diet could not
induce inflammation (Fig. 7F). Although, PAI-1 mRNA
levels are significantly elevated in CD14 high-fat-fed mice
relative to controls.
CD14 mutant mice resist high-fat diet-induced adi-
pose depot macrophages infiltration and partly re-
duce adipocyte hypertrophy. Adipose cell size was
increased in WT-HF mice when compared with WT-CT
mice and to a lower extent in CD14 mutant mice (Figs. 84,
C, and D). Conversely, the mean adipocyte size was
reduced in WT-LPS infused but not in CD14 mutant mice
(Figs. 8B-D). These changes in adipocyte size were ac-
companied with variations in F4/80-positive cells present
in the subcutaneous adipose depots (Fig. 8E). High-fat
feeding and LPS increased the number of F4/80-positive
cells in WT mice. This was totally abolished in CD14
mutant mice (Fig. 8F).

DISCUSSION

We report here for the first time that high-fat feeding aug-
ments plasma LPS at a concentration sufficient to increase
body weight, fasted glycemia, and inflammation. LPS infu-
sion in normal diet—fed mice causes a metabolic response
similar, to some extent, to high-fat feeding. LPS receptor—
deleted mice (i.e., CD14 mutants) are hypersensitive to
insulin, and the occurrence of insulin resistance, obesity, and
diabetes is delayed in response to high-fat feeding. Hence, we
conclude that the LPS/CD14 system sets the threshold at
which high-fat diet-induced metabolic disease occurs.
Central to metabolic diseases is insulin resistance asso-
ciated with a low-grade inflammatory status. In our quest
to determine a triggering factor of the early development
of metabolic disease, we looked for a molecule involved
early in the cascade of inflammation and identified LPS as
a good candidate. Furthermore, LPS is a strong stimula-
tory of the release of several cytokines that are key
inducers of insulin resistance. The concept of dietary
excess is essentially linked to high-fat feeding—induced
inflammation (24). As we identified here, LPS as a putative
factor for the triggering of metabolic diseases. We needed
to challenge our hypothesis within a pathological context.
We fed mice a high-fat diet for a short period of 2-4 weeks
and showed that high-fat diet increases the circulating
concentration of plasma LPS. Hence, we defined this
increase in plasma LPS concentration induced by high-fat
feeding as metabolic endotoxemia. It is noteworthy that
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the endotoxemia reached was 10-50 times lower than that
obtained during septic shock (22,25). The mechanisms
allowing enteric LPS absorption are unclear but could be
related to an increased filtration of plasma LPS into lymph
with fat absorption (26). Endogenous LPS is continually
produced within the gut by the death of Gram-negative
bacteria (27) and is absorbed into intestinal capillaries
(28,29) to be transported by lipoproteins (14,15). There-
fore, we assessed whether a high-fat diet changed intesti-
nal microbiota and showed that among the dominant
members of the intestine the Gram-negative Bacteroides-
related bacteria MIB were significantly reduced in the
high-fat diet—fed animals compared with control animals.
However, numbers of the dominant Gram-positive group,
the Eu. rectale-Cl. coccoides group, were also reduced, as
were numbers of bifidobacteria, a group of bacteria that
have been shown to reduce intestinal endotoxin (LPS)
levels in mice and improve mucosal barrier function
(30,31). Supporting our conclusion, apart from further
evidence from the literature, was the result that an acute
ingestion of LPS, diluted in oil, reproduced high-fat diet—
increased plasma LPS concentration. Furthermore, oil by
itself can acutely increase endotoxemia. We could there-
fore suggest that plasma LPS levels depends on feeding
status and are physiologically regulated nutrients. We
challenged this hypothesis in mice assessing endotoxemia
throughout the day and showed that plasma LPS concen-
tration increases progressively over the feeding period
(night in the mouse). As the daily endotoxemia cycle was
totally disrupted during high-fat feeding, our data showed
that the fat content in food is an important regulator of
plasma LPS concentration. In light of the changes ob-
served in the microbiota of high-fat diet—fed mice, one
could suggest that an increased continuous intestinal
absorption of LPS could maintain steady and elevated the
endotoxemia. Such a conclusion is also supported by our
epidemiological study in humans in which healthy patients
feeding on a fat-enriched diet were characterized by a
higher fasting endotoxemia (data not shown).

To assess whether a two- to three-times—increased daily
endotoxemia could be considered as a physiological reg-
ulator, glucose metabolism was assessed in mice in which
we continuously infused a very low rate of LPS. We found
that the body and adipose depot weights and fasted
glycemia were increased to the same extent as during
high-fat feeding. Furthermore, the chronic LPS infusion
induced liver insulin resistance and was associated with
fasted hyperinsulinemia. As whole-body insulin resistance
was not induced by the LPS infusion, our data showed the
liver as a first target of LPS-induced insulin resistance. The
role of LPS as a regulator of energy metabolism has been
proposed previously (32,33). In most of the studies that
described the anorectic and metabolic effects of LPS,
endotoxemia was very elevated or given as single shot and
witnessed a state of acute phase infection. Here, we
showed that the chronic infusion of a very low rate of LPS
increased body weight. However, this increase was not
due to an excessive energy intake.

We then studied the CD14 mutant mice, in which the
expression of the protein is suppressed by a point muta-
tion (34). CD14 is a key molecule in innate immunity (35).
It is a multifunctional receptor phosphatidylinositol phos-
phate—anchored glycocoprotein of 55 kDa constitutively
expressed in considerable amounts on the surface
(mCD14) of mature monocytes, macrophages, and neutro-
phils (36,37). The binding of LPS to the complex of mCD14
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FIG. 6. CD14: the main LPS receptor sets the tone of insulin sensitivity and hepatic steatosis. A: Glucose turnover (mg - kg™! - min—') in WT mice
or CD14 mutant fed a normal diet (CT) or fed a high-fat diet (HF) for 4 (n = 8) or 24 (n = 8) weeks (wks). B: Body weight gain (g) in WT or CD14
mutant fed a normal diet (CT) for 4 (n = 8) or 24 (n = 8) weeks or fed a high-fat diet (HF) for 4 (n = 8) or 24 (n = 8) weeks. C: Liver weight
(percent of body weight) in WT or CD14 mutant mice fed a normal diet (CT) for 4 (n = 8) or 24 (n = 8) weeks or fed a high-fat diet (HF) for
4 (n = 8) or 24 (n = 8) weeks. D: Liver triglycerides (jmolliver) in WT or CD14 mutant mice fed a normal diet (CT) for 4 (n = 6) or 24 (n =
5) weeks or fed a high-fat diet (HF) for 4 (n = 5) or 24 (n = 5) weeks. Data are means = SE. *P < 0.05 vs. CT; §P < 0.05 vs. WT. E: Representative
oil red O liver staining in 4-week-treated mice. F (see next page): Plasma glucose following an intraperitoneal glucose load (1 g/kg) in WT mice
fed a normal diet (WT-CT; n = 8) or a high-fat diet (WT-HF; n = 8) for 24 weeks and CD14 mutant mice fed a normal diet (CD14-CT; n = 8) or
fed a high-fat diet (CD14-HF; n = 8). The inset represents the area under curve of the same groups. G (see next page): Fasting plasma insulin
(pmol/1) in WT or CD14 mutant mice fed a normal diet (CT) for 4 (n = 6) or 24 (n = 5) weeks or fed a high-fat diet (HF) for 4 (n = 5) or 24 (n =
5) weeks. Data are means + SE. *P < 0.05 vs. CT; §P < 0.05 vs. WT. Data with different superscript letters are significantly different at P < 0.05,
according to the post hoc ANOVA statistical analysis.

and TLR4 at the surface of the innate immune cells (15) proinflammatory cytokines when stimulated with LPS
triggers the secretion of proinflammatory cytokines (16), (38). We have shown here that CD14 mutant mice fed a
consequently affecting insulin action. Mice depleted of the normal diet were hypersensitive to insulin. Therefore,
CD14 gene lack the innate immune response to bacterial CDI14 could clearly be an early modulator of insulin
LPS, and CDI14-deficient macrophages do not secrete sensitivity and, indeed, when challenged by a high-fat diet
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for 1 month the insulin-hypersensitive CD14 mutant mice
did not become insulin resistant, glucose intolerant, or
diabetic. However, after long-term feeding (24 weeks), the
CD14 mutant mice did become insulin resistant and gained
weight. Furthermore, hepatic steatosis, as reflected by the
triglyceride content, was totally prevented in CD14 mu-
tants during long-term high-fat feeding. Hepatic steatosis
is an early event because only 4 weeks of high-fat feeding
were sufficient to increase the triglyceride content of
wild-type mice. This could be mimicked by a 4-week LPS
infusion. Again, hepatic steatosis was totally blunted in
CD14 mutant fed a high-fat diet or infused with LPS. We
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could conclude that the LPS-CD14 system sets a threshold
at which metabolic diseases occur. Moreover, and relevant
to our findings, epidemiological data from the literature
showed statistical relationships between CD14 (39,40)
inflammation, obesity, and insulin resistance in humans.
LPS-treated mice developed inflammation, as the ex-
pression of genes coding for cytokines, IL-6, TNF-o, IL-1,
and PAI-1 were increased in adipose depots, liver, and
muscle. Importantly, these features occurred similarly in
high-fat diet—fed mice. Interestingly, liver cytokines were
increased as early as after 2 weeks of high-fat feeding,
suggesting that the liver was most likely the first organ
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FIG. 7. CD14 mutant mice resist high-fat diet-induced glucose intolerance, inflammation, and increased visceral fat mass. A: Plasma glucose
(mmol/1) following an intraperitoneal glucose load (1 g/kg) in WT mice fed a normal diet (WT-CT; n = 6) (H) or a high-fat diet (WT-HF; n = 6)
(A) for 4 weeks and CD14 mutant mice fed a normal diet (CD14-CT; n = 5) (@) or fed a high-fat diet (CD14-HF; n = 5) ([JJ). The inset represents
the area under curve of the same groups. B: Plasma insulin concentration (pmol/1) 30 min before (—30) and 30 min after (30) intraperitoneal
glucose administration in WI-CT (n = 6) ((J), WI-HF (n = 6) (), CD14-CT (n = 5) (&), and CD14-HF (n = 5) (N) mice. C: Visceral and
subcutaneous adipose tissue weight (percent of body weight) in WT-CT (n = 6) ((J), WI-HF (n = 6) (H), CD14-CT (n = 5) (#), and CD14-HF
(n = 5) (N) mice. Adipose tissue (D) and liver (E) mRNA concentrations of TNF-a, IL-1, IL-6, and PAI-1 in WT-CT (n = 6) ([J), WT-HF (n = 6)
(W), CD14-CT (n = 5) (#Z), and CD14-HF (n = 5) (N) mice. Data are means + SE. Data with different superscript letters are significantly different
at P < 0.05, according to the post hoc ANOVA statistical analysis.
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n = 750) (W) and CD14 mutant mice infused with saline (CD14-CT; rn = 1,032) (Z) or LPS (CD14-LPS; n = 585) (N) for 4 weeks using
subcutaneous osmotic pumps. C: Adipocyte mean area (pm?) in WI-CT (n = 765), WI-HF (n = 661), WT-LPS (n = 750), CD14-CT (n = 1,032),
CD14-HF (n = 729), or CD14-LPS (n = 585) mice. D: Representative adipose tissue staining in 4-week-treated mice. E: F4/80-positive cells (+
cells/total cells) of all above groups. Data are means = SE. Data with different superscript letters are significantly different at P < 0.05, according
to the post hoc ANOVA statistical analysis.

affected by LPS treatment. Evidence from the literature

an increased intestinal permeability (42). Furthermore,
supports our hypothesis. It has been shown that LPS is a

polymyxin B treatment, which specifically eliminates

strong inducer of nonalcoholic hepatic steatosis (41),
another feature related to metabolic diseases. In addition,
genetically obese fa/fa rats and ob/ob mice quickly develop
steatohepatitis after exposure to low doses of LPS (41).
This is in agreement with a two- to four-times—increased
endotoxemia characterizing db/db and ob/ob mice due to
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Gram-negative bacterias and further quenches LPS, dimin-
ishes hepatic steatosis (43). Our data demonstrate that in
absence of CD14, a high-fat diet could not induce inflam-
mation as reflected by the total blunting of cytokine
expression augmentation in the liver and adipose depot.
Similarly, we recently reported that TLR4 mutant mice are
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protected against adipose tissue insulin resistance (44).
Our finding is complementary to recent data that showed
that free fatty acids can bind TLR4 to activate cells from
the innate immune system (6) leading to the secretion of
cytokines. This was totally blunted in TLR4 mutant mice.
Therefore, our data suggest that TLR4 requires CD14, as a
rate-limiting step, to mediate lipid-induced cytokine secre-
tion because in the absence of CD14 high-fat diet could not
induce inflammation in vivo; therefore, TLR4 is not suffi-
cient. Another difference between the TLR4 and CD14
mutant mice is that the former became obese and hy-
perphagic, whereas CD14 mice delay the occurrence of
obesity and showed no change in feeding behavior.

Furthermore, whereas macrophage infiltration was in-
creased in adipose tissue of wild-type mice fed a high-fat
diet and in mice infused with LPS, this effect was totally
blunted in absence of CD14. The mechanism involved in
the recruitment of macrophages in the adipose depot
seems to be different from the LPS coreceptor TLR4, as the
corresponding mutant mice were still characterized by a
high adipose tissue macrophage infiltration in response to
high-fat diet (7,45). Conversely, TLR4 overexpression led
to some extent of adipose insulin resistance (8). An
original observation from our present work was that LPS
increased the number of subcutaneous adipocytes of a
smaller size. This is opposite to what observed in high-fat
diet—fed mice. Again, CD14 mutant mice resist, to some
extent, the changes in adipocyte size and number in
response to high fat and LPS.

The origin of metabolic diseases due to high-fat-induced
metabolic endotoxemia in unclear but could be related to
the microbiota present in the digestive tract. Recently, an
original observation reported that young adult mice have
40% more total body fat than their germ-free counterpart
fed the same diet (10,46). Similarly, lean axenic mice
colonized with microbiota from ob/ob mice increased body
weight. The authors suggested that gut microbiota from
obese mice allows energy to be salvaged from otherwise-
indigestible dietary polysaccharides. This hypothesis was
further demonstrated by the fact that colonization in-
creases glucose uptake in the host intestine and produces
substantial elevations in serum glucose and insulin, both
factors being lipogenic. However, this hypothesis of mi-
crobiota-induced lipogenesis could not explain either the
inflammatory dimension of the mechanism linking dietary
excess to obesity/diabetes or the differential effect on body
weight of a high-fat diet versus a regular diet. However,
axenic mice fed a high-fat obesitogenic diet did not gain
weight, suggesting that, indeed, a bacterially related factor
is responsible for high-fat diet-induced obesity (11). We
suggest that LPS would be such a permissive factor that,
upon binding to CD14, could lead to obesity. Therefore,
lipids alone are not sufficient to promote obesity. Another
recent report (12) showed that antibiotic treatment pro-
tected against the occurrence of autoimmune diabetes.
The authors suggest that the gut microbiota generates
inflammation and makes the rats prone to becoming
diabetic. Hence, our data strongly support that metabolic
endotoxemia would mediate the well-characterized low-
tone inflammatory status of the metabolic disease. We
suggest that LPS would be a newly identified inflammatory
factor from microbiota, which upon binding to CD14
serves as vector for the triggering of obesity/insulin resis-
tance induced by high-fat feeding. Along the same line of
investigation, we previously reported that reducing the
Gram-negative bacterial content of the digestive track by
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the mean of dietary fibers was also associated with re-
duced body weight (17,47).

In conclusion, we demonstrate first that metabolic con-
centrations of plasma LPS are modulated by fat food
content. Second, we found that metabolic concentrations
of plasma LPS are a sufficient molecular mechanism for
triggering the high-fat diet-induced metabolic diseases
obesity/diabetes. Finally, the LPS receptor CD14, by con-
trolling insulin sensitivity, sets the threshold at which
metabolic diseases occur.
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