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Chronic exposure to Lowdose bacterial lipopolysaccharide inhibits leptin
signaling in vagal afferent neurons☆
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• Continuous low-dose LPS infusion induced leptin resistance in vagal afferent neurons
• Chronic low-dose LPS promoted expression of proteins with orexigenic profiles
• After 5 weeks of chronic low-dose LPS treatment rats became hyperphagic
• Chronic LPS treatment attenuates CCK-induced inhibition of food intake
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Bacterially derived factors are implicated in the causation and persistence of obesity. Ingestion of a high fat diet
in rodents and obesity in human subjects is associatedwith chronic elevation of low plasma levels of lipopolysac-
charide (LPS), a breakdown product of Gram-negative bacteria. The terminals of vagal afferent neurons are
positioned within the gut mucosa to convey information from the gut to the brain to regulate food intake and
are responsive to LPS. We hypothesized that chronic elevation of LPS could alter vagal afferent signaling. We
surgically implanted osmotic mini-pumps that delivered a constant, low-dose of LPS into the intraperitoneal
cavity of rats (12.5 μg/kg/hr for 6 weeks). LPS-treated rats developed hyperphagia and showed marked changes
in vagal afferent neuron function. Chronic LPS treatment reduced vagal afferent leptin signaling, characterized by
a decrease in leptin-induced STAT3 phosphorylation. In addition, LPS treatment decreased cholecystokinin-
induced satiety. There was no alteration in leptin signaling in the hypothalamus. These findings offer a mecha-
nism by which a change in gut microflora can promote hyperphagia, possibly leading to obesity.

© 2014 Published by Elsevier Inc.
1. Introduction

Recent studies have underlined a role for the gastrointestinal (GI)
microflora in the development and progression of obesity. Obesity in
humans and rodents is associated with significant modifications in
microflora composition when compared to lean controls [1–3]. Similar
changes can be induced by increasing dietary fat consumption in both
rodent models and humans [4,5]. A causal role for the GI microflora in
the development of obesity has been suggested from studies where
colonization of germ-free mice with GI microflora from either an
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obese or lean donor resulted in recapitulation of the donor phenotype
[2,5]; however, the pathways and mechanisms by which microflora
composition affects food intake and adiposity are not fully understood.

One possible mechanism is modulation of host physiology by
bacterially-derived factors. Genetic and high fat (HF) diet-induced
obese mice display a constant increase in low plasma levels of the
bacterial breakdown product lipopolysaccharide (LPS), referred to as
“metabolic endotoxemia” [6–8]. Metabolic endotoxemia has also been
described in humans fed a western type diet for four weeks [9]. We
have previously shown that in rats prone to HF diet-induced obesity,
weight gain is associated with small but significant increases in plasma
levels of LPS compared to lean littermates [10]. Furthermore, knocking
out the LPS receptor (Toll-like receptor 4, TLR4) or the TLR4 adapter
protein, CD14, confers resistance to HF diet-induced obesity [6,11].
One report has shown that chronic administration of a low-dose of
LPS in mice can increase adiposity, but the mechanism was not identi-
fied [6].

Themajority of previous work has focused on effects of HF diets and
TLR4 on inflammatory responses and alteration in neuronal signaling in
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the hypothalamus, yet other neuronal populations involved in regula-
tion of food intake and body weight, including vagal afferent neurons,
express TLR4. The peripheral terminals of vagal afferent neurons are
positioned within the gut mucosa to respond to mediators released
from gut epithelial cells, such as gut hormones, or to factors that cross
the epithelium from the gut lumen, like LPS. Acutely, high levels of LPS
such as those seen in sepsis activates vagal afferent neurons resulting
in hypophagia and loss of body weight [12]. However, no studies have
been performed to assess the effect of low, chronic elevation of plasma
LPS, such as seen in obesity and in HF-feeding, on vagal afferent neu-
rons. We have previously shown in cultured vagal afferent neurons
that LPS upregulates expression of suppressor of cytokine 3 (SOCS3),
and inhibits leptin-induced phosphorylation of signal transducer and
activator of transcription 3, STAT3.Moreover, leptin resistance develops
in vagal afferent neurons in response to 6 weeks of HF diet resulting in
reduced cholecystokinin (CCK) signaling and satiation [13]. Recently,
we have shown that deletion of leptin receptors in vagal afferent
neurons is sufficient to induce obesity in chow fed mice.[14]

In the present study, we tested the hypothesis that chronic low-dose
treatment with LPS would induce leptin-resistance in vagal afferent
neurons.We aimed to determine the effects of chronic 6-week adminis-
tration of low-doses of LPS on vagal afferent nerve function, and on food
intake and body weight. Chronic LPS treatment activates TLR4 in vagal
afferent neurons, up-regulates expression of SOCS3 and inhibits
leptin-induced STAT3 phosphorylation. LPS treatment prevented CCK-
induced inhibition of food intake and changes in neuropeptide expres-
sion. These changes occurred in the absence of increased circulating
leptin, and in the absence of changes in leptin signaling in the arcuate
nucleus of the hypothalamus. Taken together, these data suggest that
bacterially-derived LPS may influence the function of vagal afferent
neurons leading to alterations in signaling of satiety from the gut to
the brain.

2. Methods and methods

2.1. Animals

Four week study: Male Wistar rats (initial BW= 237± 9.4 g) were
singly housed in a temperature controlled room with 12 hrs light/dark
cycle. Animals were fed a low fat (LF) diet (Research Diets D12450B).
A subset of animals were implanted with an osmotic pump (# 2004,
Alzet, Cupertino, CA, USA) delivering either saline (n = 5) or chronic
low-dose LPS (12.5 μg/hr/day; IP, n = 6). Body weight and food intake
were recorded 3 times a week.

Six week study: Male Wistar rats (initial BW = 324.4 ± 18.7 g)
were singly housed in a temperature controlled room with 12 hrs
light/dark cycle. Animals were fed a LF diet (Research Diets D12450B).
Half of the animals (n = 9) were implanted with an osmotic pump
(# 2006, Alzet, Cupertino, CA, USA) delivering chronic low-dose LPS
(12.5 μg/hr/day; IP). Body weight and food intake were recorded 3
times a week.

All experiments were performed in accordance with protocols
reviewed and approved by the Institutional Animal Care and Use
Committee, UC Davis.

2.2. CCK feeding study

After 5 weeks of treatment, animals were fasted for 12 hrs on wire
bottom cages and injected 1 hr into the dark cycle with either CCK8s
(0.3 μg/kg, IP, Bachem, Torrance, CA, USA) or saline (400μl; vehicle).
Food intake was recorded for 2 hrs following injection.

2.3. Tissue collection

After 6 weeks of treatment, animals either fed ad libitum (n = 3/
group) or fasted for 12 hr (n = 6/group) were deeply anesthetized
with a mixture of sodium phenytoin and sodium pentobarbital
(0.2 ml/100 g, Beuthanasia-D Special C-III, Shering, Kenilworth, NJ,
USA). Fasted rats received leptin (80 μg/kg, IP; n = 3; Sigma, St Louis,
MO, USA) or saline (400ul, n = 3) 1 hr prior to euthanasia. Blood was
collected by cardiac puncture; serumwas stored at−80 °C. Epididymal,
mesenteric and retroperitoneal fat tissues were weighed and collected.
Left and right nodose ganglia were dissected; for each rat, one ganglion
was fixed for immunohistochemistry (4% paraformaldehyde, 2 hrs) and
stored in 25% sucrose at 4 °C, the otherwas directly stored at−80 °C for
protein analysis. All other tissue was flash frozen and stored at−80 °C.

2.4. Quantification of serum leptin and LPS

Circulating leptin levels weremeasured in serum by ELISA according
to the manufacturer intructions (#22-LEP-06, ALPCO Diagnostics,
Salem, NH, USA). LPS in serumwasmeasuredwith a Pyrochrome Lysate
Mix, a quantitative chromogenic reagent, (Associate of Cape Cod, East
Falmouth, MA, USA) diluted in Glucashield buffer (Associate of Cape
Cod, East Falmouth, MA, USA) which inhibits cross-reactivity with
(1→ 3)-β-D-Glucans. Briefly, serum samples were diluted 1:6 in Pyro-
gen free water (Lonza, Basel, Switzerland) and heated for 10 min at
70 °C. Samples and reactive solution were incubated at 37 °C for
80 min and absorbance was read at 405 nm.

2.5. Immunohistochemistry

Cryostat sections of fixed nodose ganglia (5 μm) were mounted
on polysine-coated slides (Polysine; MenzelGlaser, Braunschweig,
Germany). Slides were incubated with primary antibodies (CART
55–102, Phoenix Laboratories, San Antonio, TX, USA; pro-MCH, C-20,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4 °C, and
incubated with secondary antibodies conjugated to AlexaFluor 488
(Invitrogen, Carlsbad, CA, USA) for 1 hr at 37 °C. Images were collected
using an Olympus spinning disc confocal microscope (BX61 System,
Olympus, Melville, NY, USA).

2.6. Western blot

Tissues were homogenized in Mammalian protein extraction
reagent (M-PER, ThermoScientific, Waltham, MA, USA). Western blots
were run as previously described [13]. Briefly 10 μg of protein was run
on a 10% BisTris gel. Primary antibodies were incubated overnight
(phosphoSTAT3 #9145, and SOCS3 #2923 Cell signaling, Danvers, MA,
USA; TNF-alpha (ab6671) and MyD88 (ab2064) Abcam, Cambridge,
MA, USA; TLR4 (img-579A) Imgenex San Diego CA, USA; TLR4-MD2
(14-9924-81) eBioscience San Diego CA, USA). GAPDH was used as a
loading control (#2118, Cell Signaling). Secondary antibody was incu-
bated 1 hour (Anti-rabbit IgG HRP-linked, Cell Signaling). The mem-
brane was exposed to film for 5–45 minutes and developed in a 100
Plus automatic X-Ray film Processor (All Pro Imaging, Hicksville, NJ,
USA). The filmwas analyzed by Imagequant v 5.1 software (Biosciences,
Amersham, UK).

2.7. Myeloperoxidase assay

MPO activity was determined as previously described [15]. Absor-
bance was read at 450 nm at 12 min. Activity was expressed as the
difference between the absorbance after a 12 min reaction time and
the baseline absorbance per ml of supernatant and per mg of tissues.

2.8. Statistical analysis

Statistical analysis was performed using Prism software (Prism 6.0,
GraphPad Software Inc., La Jolla, CA, USA). For the four week experi-
ment, one way ANOVA with LF, Saline or LPS treatment as variable
was used (Fisher comparison post-hoc). For the six week experiment,
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two-tailed T test with LF or LPS treatment as the variable. Paired T-test
was used to analyze food intake experiment following IP injection of
CCK. When tested for normality (Kolmogorov-Smirnov test), the data
for the plasma LPS distribution was not Gaussian; therefore, the Mann
Whitney test was used. Differences were considered significant if
p b 0.05. Data are mean ± SEM. * represents p b 0.05, ** p b 0.01, ***
p b 0.001.

3. Results

3.1. Chronic low-dose LPS treatment increases bodyweight gain and energy
intake

In the first study, we determined the effect of chronic LPS exposure
for four weeks on weight gain and energy intake. Both saline- and
LPS-treated rats lost weight in the immediate post-surgical period com-
pared to un-operated, LF fed controls; however, LPS-treated rats had a
greater post-surgery weight reduction compared to saline-treated rats
(Fig. 1A; post-surgery day 2, p b 0.01). Ten days post-surgery, there
was no difference in weight between the LPS and saline groups, and
by 21 days there was no difference between the LF, saline and LPS
groups (Fig. 1A). During the last week of the experiment, LPS-treated
animals consumed significantly more kcal than the LF group (p b 0.05,
Fig. 1B); there was no difference in food intake between the LF
and saline-treated groups. Saline-treated rats consumed less kcal than
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Fig. 1. Four weeks of chronic LPS treatment leaded to an increase in food intake.
(A) Weight gain in grams. Surgical implantation of minipumps reduced initial weight
gain. LPS treatment reduced weight gain further than saline treatment in the first few
days ; however after fourweeks of treatment all groups gained similarweight. (No surgery
controls [LF]weighmore than Saline controls day 2–15 p b 0.001; LFweighmore than LPS
days 2–15 p b 0.001; Saline weigh more than LPS days 1–7 p b 0.01; two-way anova).
(B) By week 4, LPS treated rats consumed significantly more kcal than LF animals
(p b 0.05, one-way anova) Saline animals intake was not different from LF rats and was
lower than LPS treated rats although it did not reach significance (p = 0.06). Data are
mean ± SEM. * represents p b 0.05, ** p b 0.01, *** p b 0.001.
LPS-treated animals although the difference did not reach statistical
significance (p= 0.06). The results from this preliminary study indicat-
ed that animals recovered from the acute effects of surgery and initial
exposure to LPS in 10 days and that a trend towards increased food in-
take developed at week 4. In order to determine the effects of longer
term LPS treatment, we repeated the study using pumps that chronical-
ly released LPS for six weeks and used a LF-fed group as control.

LPS-treated rats lost a significant amount of body weight in the im-
mediate post-surgical period (b7 days) (Fig. 2A), which was associated
with hypophagia (Fig. 2D). After 15 days, there was no statistical differ-
ence in body weight observed between LF-fed and LPS-treated rats
(p N 0.05; Fig. 2A) and no difference in food intake between LF-fed
and LPS-treated rats, suggesting full recovery from surgery and any
acute anorectic effects of LPS treatment. Four weeks post-implantation,
LPS-treated rats consumed significantly more kcal than LF-fed rats
(p b 0.05) and remained hyperphagic for the rest of the experiment
(week 5, p b 0.001, week 6, p b 0.01). During the same period, LPS-
treated rats gained more weight than LF fed controls; this difference in
weight gain reach significance in week 6 (19.5 ± 0.9 vs. 14.6 ± 2.3 g,
p b 0.05) (Fig. 2B), although there was no significant difference in final
body weight between LPS-treated and LF-fed rats. Chronic LPS treat-
ment led to a redistribution of adiposity characterized by a decrease in
epidydimal fat (8.8 ± 0.2 vs. 10.7 ± 0.8 g, p b 0.05) and an increase in
mesenteric fat (8.3 ± 0.4 vs. 7.0 ± 0.2 g, p b 0.05) (Fig. 2C).

Determination of circulating LPS confirmed that the pump implanta-
tion led to a significant increase in circulating LPS (0.2 ± 0.1 vs. 0.07 ±
0.02 EU, p b 0.01). There was no significant difference in fasted plasma
levels of leptin between LF-fed rats and LPS-treated rats (1.1 ± 0.3 vs.
1.2 ± 0.2 ng/ml, ns).

3.2. Chronic low-dose LPS treatment induces leptin resistance in vagal
afferent neurons

Protein expression of TLR4 in the cell bodies of vagal afferent neu-
rons was unaltered by LPS treatment (ns; Fig. 3A). However, the active
formof TLR4 bound toMD2was significantly increased in vagal afferent
neurons of LPS-treated animals compared to LF-fed rats (p b 0.01;
Fig. 3B). This was associated with an increased abundance of the TLR4
signaling molecule, MyD88 (p b 0.01; Fig. 3C).

Expression of SOCS3 proteinwas increased in vagal afferent neurons
of LPS-treated rats compared to LF-fed rats (p b 0.001; Fig. 3D). STAT3
phosphorylation in vagal afferent neurons induced by acute leptin ad-
ministration (80ug/kg; ip.) was significantly reduced in LPS-treated
compared to LF-fed rats (LPS vs LF p b 0.01, Fig. 3E), indicative of
leptin-resistance. However, despite clear evidence for leptin-resistance
in vagal afferent neurons in response to chronic low-dose treatment
with LPS, there was no evidence of leptin resistance in the arcuate nu-
cleus of the hypothalamus in LPS-treated rats. There was no significant
reduction in phosphorylated STAT3 in response to leptin (80ug/kg, IP)
in the arcuate nucleus of LPS-treated compared to control rats (ns,
Fig. 3F).

3.3. Chronic low-dose LPS treatment inhibits CCK-induced signaling and
satiation

We previously demonstrated that leptin resistance in vagal afferent
neurons reduces CCK-induced signaling in vagal afferent neurons and
CCK-induced satiation [13]. Administration of CCK8S (0.3 μg/kg, IP)
significantly reduced food intake in LF-fed rats (p b 0.05) while there
was no decrease in food intake in response to CCK8S administration in
LPS-treated rats (ns; Fig. 4A).We previously reported that in vagal affer-
ent neurons, feeding or administration of CCK to fasted rats up-regulates
the expression of the putative anorectic neuropeptide, cocaine and am-
phetamine regulated transcript (CART) and down-regulates the expres-
sion of the putative orexigenic neuropeptide, melanin concentrating
hormone (MCH) expression [16–18]. In the present study, feeding failed
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Fig. 2. Chronic low-dose LPS treatment increases body weight gain and energy intake. (A) Weight in grams. Pump implantation initially significantly reduced weight (LPS vs. LF day 1–8,
p b 0.01), there was no significant differences in body weight throughout the rest of the study. There was a trend towards a higher body weight in the LPS group day 28–42. (B) Body
weight gain (g) during the last three weeks of the study. Byweek 6, LPS treated rats were gaining more weight than LF control (p b 0.05). (C)Weight (g) of epidydimal (EPI), mesenteric
(MES) and retroperitoneal (RET) fat depots after 6 weeks of treatment. Chronic LPS treatment leaded to a decrease in epidydimal fat (p b 0.05) and an increase inmesenteric fat (p b 0.05).
(D) Averageweekly energy intake per 100 g of bodyweight. Following pump implantation LPS treated animals were hyperphagic (p b 0.01). During the last threeweeks of the study they
consumed more kcal than LF rats (week 4 p b 0.05, week 5 p b 0.001, week 6 p b 0.01). Data are mean ± SEM. * represents p b 0.05, ** p b 0.01, *** p b 0.001.
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to increase CART expression (Fig. 4B), while MCH expression remained
constitutively high (Fig. 4C) in rats treated with low-dose chronic LPS.
This findings are consistent with the loss of plasticity seen in a rat
model of diet-induced obesity [13}.

3.4. Chronic low-dose LPS treatment had no effect on inflammatory
mediators

We have previously shown that HF feeding induces inflammation in
the ileal mucosa. In the present study, chronic low-dose LPS treatment
had no effect on myeloperoxidase (MPO) activity, a marker of neutro-
phils, suggesting an absence of inflammation in the ileum (MPO:
1.1 ± 0.1 vs. 1.3 ± 0.2 ΔAbs/ml/mg, ns). LPS treatment led to a small
but non-significant increase in circulating TNF-α (2.0 ± 0.7 vs. 2.7 ±
0.3 pg/ml; ns) and no difference was observed in TNF-α protein levels
in the arcuate nucleus of the hypothalamus (0.01 ± 0.005 vs. 0.01 ±
0.002 n-fold GAPDH, ns) or in mesenteric fat (0.03 ± 0.008 vs.
0.05 ± 0.02,ns).

4. Discussion

Obesity andmodels of obesity induced by ingestion of HF-diet in ro-
dents are associated with chronically elevated circulating levels of LPS;
however, the consequences of thismetabolic endotoxemia on pathways
that regulate food intake and body weight are not fully understood.
Here we show for the first time that chronic low-dose administration
of LPS induces leptin-resistance in vagal afferent neurons and abolition
of CCK-induced inhibition of food intake. The vagal afferent pathway is
the major neuronal pathway involved in transmission of information
from the gut to the brain and plays a significant role in the control of
food intake. The terminals of vagal afferent neurons sense signals
released from the gut in response to ingested nutrients; the gut hor-
mone CCK, acts via a vagal afferent pathway to prompt meal termina-
tion. The close proximity of vagal afferent fibers to the basement
membrane and expression of TLR4 [19] make vagal afferent neurons a
possible target of LPS action. HF fat feeding has been shown to enhance
gastrointestinal permeability promoting the translocation of LPS to the
circulation [8,15]. We have previously reported that treatment of cul-
tured vagal afferent neurons with LPS leads to an increase in SOCS3 ex-
pression [20]. SOCS3 is a negative regulator of leptin signaling and we
have shown in HF diet-induced obese rats that SOCS3 is an important
mechanism by which leptin resistance develops in vagal afferent neu-
rons and coincideswith the onset of hyperphagia [13].We have recently
shown that leptin signaling in vagal afferent neurons is both necessary
and sufficient to induce hyperphagia and prevent the onset of HF diet
induced obesity [14]. Taken together, the data provides a mechanism
linking changes in gut microbiota induced by ingestion of HF diets to
dysregulation of food intake and body weight.

Chronic low-dose LPS treatment induced TLR4 activation and
MyD88 signaling in vagal afferent neurons, associated with increased
SOCS3 expression and reduced leptin-signaling, characterized by the
absence of leptin-induced pSTAT3. Importantly, we found no evidence
of leptin resistance in the arcuate nucleus of LPS-treated rats, strongly
suggesting that the site of action of LPS is vagal afferent neurons. We
observed a significant increase in energy intake in the LPS-treated rats
during the last weeks of treatment. We demonstrate that this chronic
low dose LPS is sufficient to induce leptin–resistance in vagal afferent
neurons, reduced sensitivity to the satiating effects of CCK, and loss of
vagal afferent plasticity. Similar changes in vagal afferent neurons
occur in response to long term ingestion of aHFdiet [13], whichhas pre-
viously shown to increase plasma levels of LPS [21,22]. Together with
recent evidence that loss of leptin signaling in vagal afferent neurons
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Fig. 3. Chronic low-dose LPS treatment induces leptin resistance in VAN. Western blot analysis was performed in nodose ganglia of rats (A-E) and arcuate nucleus of the hypothalamus
(F) after 6 weeks of LPS treatment. (A) TLR4 protein expression was unchanged in nodose ganglia; however (B) nodose ganglia of LPS rats had significantly increased active TLR4
bound toMD2 (p b 0.01). (C)MyD88, a downstream signalingmolecule of TLR4was also elevated in nodose ganglia of LPS-treated rats (p b 0.01). Results from (B) and (C) were gathered
from the same immunoblot. (D) SOCS3was elevated in the nodose ganglia of LPS-treated rats (p b 0.001), and this was associatedwith (E) a decreased expression of leptin (80ug/kg, ip)-
induced phosphorylated STAT-3protein expression (pb 0.05). However, (F) no change in leptin (80ug/kg, ip)-induced phosphorylated STAT-3protein expression in the arcuate nucleus of
the hypothalamus was observed in LPS-treated rats. GAPDH was used as a loading control. Data are mean ± SEM* represents p b 0.05, ** p b 0.01, *** p b 0.001.
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drives hyperphagia and obesity [14], it suggests that the increase in food
intake and body weight we observed at week 6 in the LPS treated rats
may be caused by LPS-induced leptin resistance.

Recent evidence has shown that food intake, and gut hormones such
as CCK, not only activate vagal afferent neurons but also induce changes
in neuronal phenotype [13,16–18,23]; for example, expression of the
neuropeptide transmitter CART in vagal afferent neurons is low during
fasting but increased by feeding or peripheral administration of CCK
[18]. In contrast, expression of MCH is high in fasting and reduced by
feeding or CCK administration [16,17]. One consequence of leptin-
resistance in vagal afferent neurons induced by HF feeding is inhibition
of this alteration in phenotype; expression of MCH remains high and
CART low in vagal afferent neurons of HF fed rats, regardless of fed
status [24]. A similar result was found in the present study in response
to LPS treatment. LPS-induced vagal leptin resistance may be, at least
partially, responsible for the alteration in vagal signaling and associated
hyperphagia observed in HF diet-induced obesity. These data correlate
with human studies inwhich endotoxemia has been shown to correlate
with energy intake [25].

Cani et al. showed that chronic LPS treatment of mice for four weeks
increased bodyweight [6]. In our study, LPS-treated rats did not show a
significant increase in overall body weight when compared to LF-fed
controls; however, we observed a significant increase in food intake
after 4 weeks of LPS treatment. In the last week of the study, we
observed a significant increase in weight gain in the LPS- treated rats,
presumably resulting from increased calorie intake. Due to technical
limitations, LPS treatment cannot readily be prolonged as this would
involve further surgical intervention and reimplantation of fresh
minipumps. In addition, because there was no difference between
controls and saline infusion in the first study, we did not include a saline
infusion control in the 6 week study, which is a potential limitation.

Cani et al. found that chronic LPS treatment of mice for four weeks
increased subcutaneous fat [6], whilewe found an increase inmesenter-
ic fat in LPS-treated rats. This difference could be due to species differ-
ences (mice vs rats) or to the site of LPS release. Cani et al. [6]
implantedminipumps subcutaneouslywhichwould release LPS directly
onto subcutaneous fat, whereas we implanted theminipumps in the in-
traperitoneal space which would release LPS in close proximity to mes-
enteric fat, which may suggest that chronic low dose LPS promotes
adipogenesis of local fat pads. The increase in mesenteric fat observed
in LPS treated rats in this study correlateswith our previous observation
of increasedmesenteric adipose tissue in rats prone to obesity [26]. Vis-
ceral fat is believed to be a source of inflammatorymediators [27]; thus,
mesenteric fat has been suggested to propagate systemic inflammation
in response to HFdiets. Over the sixweeks of the study using the dose of
LPS that we used we observed no elevation in TNF-α protein levels in
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Fig. 4.Chronic low-dose LPS treatmentmarkedly inhibits CCK-induced signaling and satiation. (A) Rats treated for 5 weekswere fasted 12 h and injectedwith CCK8S (0.22 nmol/kg; IP) or
vehicle (400ul). CCK significantly inhibited food intake compared to vehicle in LF rats (p b 0.05), but not in LPS-treated rats. Representative immunohistochemistry of nodose ganglia of LF
and LPS-treated rats after 6 weeks of treatment (upper panel, fasted; lower panel, fed ad libitum. Scale bars, 100um). (B) CART abundance is high in vagal afferent neurons of fed controls
and reducedwith fasting, but is constitutively low in LPS-treated rats. (C)MCHabundance is high in vagal afferent neurons of fasted controls and reducedwith feeding, but is constitutively
expressed in LPS-treated rats.
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mesenteric fat, and although there was a trend towards an increase in
circulating TNF-α in LPS-treated rats, the difference was not significant
and did not provide evidence for systemic inflammation.

Acute administration of LPS (50-1000 μg/kg) induces hypophagia in
rodents [28–31]. We observed LPS-induced hypophagia in the immedi-
ate post-surgical period in this study. Release of pro-inflammatory cyto-
kines (interleukin-1, TNFα and IL-6) has been identified as mediating
acute LPS-induced hypophagia [30,32,33]. There is also evidence that
leptin is required for LPS-induced hypophagia; acute LPS treatment
results in hyperleptinemia and enhanced leptin signaling in the arcuate
nucleus [34] and the absence of functional leptin receptor in db/dbmice
and fa/fa rats reduces LPS-induced hypophagia [35,36]. We found no
evidence of elevated serum leptin or TNF-α following chronic low-
dose LPS treatment, indicating that the subsequent LPS-induced hyper-
phagia, whichmanifests after more than four weeks of treatment, likely
occurs via different mechanisms.

We conclude that chronic low-dose LPS is sufficient to induce leptin
resistance in vagal afferent neurons and this is associated with an in-
creased in energy intake. High fat fed animals have also been observed
to develop vagal leptin resistance [13,20] and metabolic endotoxemia
[6,10,37]. A number of studies have reported that a HF diet alters CCK
signaling in vagal afferent neurons characterized by an increase
in orexigenic pathways and a failure to upregulate anorexigenic path-
ways by feeding [20,38,39]. Here we demonstrate that metabolic
endotoxemia is sufficient to abolish CCK-induced signaling in vagal
afferent neurons and CCK-induced satiation. Mimicking metabolic
endotoxemia alters signaling in vagal afferent neurons in the same
manner as that observed during HF diet treatment offering a potential
pathway by which chronic ingestion of a HF diet disrupts transmission
of anorexigenic signals from the gut. Moreover, the data provides a
mechanism linking changes in gut microbiota induced by ingestion of
HF diets to dysregulation of food intake and body weight.
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